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Determination of Gain and Phase Margins in Lur’e Nonlinear
Systems using Extended Circle Criterion

Abolfazl Delavar and Mohammad Haeri

Abstract: Nonlinearity is one of the main behaviors of systems in the real world. Therefore, it
seems necessary to introduce a method to determine the stability margin of these systems. Although
the gain and phase margins are established criteria for the analysis of linear systems, finding a
specific way to determine the true value of these margins in nonlinear systems in general is an
ongoing research in the literature. The main goal of this paper is to introduce a new method to
determine these margins more precisely for particular type of nonlinearities. Based on Lyapunov
theorem, stability conditions are obtained and the stability margins of Lur'e systems are determined
by applying the extended circle criterion. By providing numerical examples, the correctness of the
obtained results is checked and by comparing them with other methods, the accuracy of the obtained
results is evaluated.

Keywords: Stability margins, stability of Lur’e type systems, practical gain and phase margins,
extended circle criterion, bilinear matrix inequality.

[ DOI: 10.52547/j0c.16.2.1]

b e a8l — 01l 335 1) 5 J S Oledtige ezl o =S Al Sl daes ;LK s 0ge ok 5


http://dx.doi.org/10.52547/joc.16.2.1
https://dor.isc.ac/dor/20.1001.1.20088345.1401.16.2.1.5
http://joc-isice.ir/article-1-843-en.html

[ Downloaded from joc-isice.ir on 2026-01-29 ]

[ DOR: 20.1001.1.20088345.1401.16.2.1.5 ]

[ DOI: 10.52547/j0c.16.2.1]

céliw};"aﬁl:)l:.uj\uml\{)}!g;a;'-j:'céur.:_..:.ﬂ):jlébjaﬁ-b;mﬁ Y

L;;bw,»Y:J«éﬂlxl

Slp OO s 8 Sl S b e e
&l 63,8 PM 5 GM .l bl anw 5 [4] 53 NTI St
RS RPN 5% [\\] E) [\'] B Yl) 4..7,& 6&,-.3 S50 a.\..Sd,:S
Sl Gam Sk Sl e (53 s oeks & Y] i
PM , GM (\¥] ,» Aas o @yl 4 L;La(.:...‘.:.» 25 Glae g,luL
sty o5 w5 el slae e Ba) b sl Slaptens Gl
6 by S5 il K fls odd S5 g o Sl ol
CM sbyga Sl LT s 6 5 (o b 5 aliilo 0oty STk
53 "0 bt s le (slual 5 LSM i oslizal b Gt sl
A0] 53CC 5,5, b 15 ol copmman ool 0wy [VF]
G PR sﬂ)ﬁ[\?

NTI s~ _si,_—@})}_si{‘_;uw Wlie oyl ool Coda
(ECC) ailianw 5 0 515 jlne 5,55 55 3l oalizul b o8 Ll o 5 &
2 > el 5 15 g 3y il (s I bl
VJ K] J.:.,\.J c‘}? BE SPR16 (a).@.‘u E) ;}fl{_g ﬂ\:..aﬁ )\ oslaul L Jlae
3 2shs e "MS s> cuodil> (e SO dlws KYPY
PGM ¢ o, S &G 1)) 5 (53lutings Al &5 (b b

53 Bl Og (o b wlg s ) Slapteen (Bme walsl s
& 3w 53 CC sy Cao g 5 92,208 Ll 5 Loyl oY sy
)PGM &EWQTJ‘@JW‘)ECC J}JMCC u:’ﬁJ 4’.«:}3
Sl L olgiin Sy Lol s ads Gileadd 5 ¥ i 53 PPM
.C,.w‘a.a\.iab‘)‘gTb g,ﬁ;’ujbdtna-\e

shael (€ sl b Lk sael dlie 5,5 s L 2oby pide
i 1 RY L e s slael N b s slisl R b i
R™M L bgwm 5 own b b il s R* L 2o n
G3de palae 4o lil Ly R(a,b) Oroeed Lgd 03l ioles
E) (‘L 38} Hldas AL(A) Lol ol eslizwl @, b ER U:JLA L;E._.E;-
OF s u-lfg’»'){ 3 Q’.J:f)}i 554 Amin(4) 5 Amax(4)
e gome ky >k ERY L OCky, ky) il A Sl ol
Sl Glopls J5s 53 a8 das e Ol ) Lalites old I bl
51 515 0.5k, — k) /kyky s 5 —0.5(ky + ky)/Kes kg
ol 03 p J\S 41 L 48 g Co s LY o‘)ua\ C,.@?S(T]) sl
5 SV b pmelate A € R (lite G sle o 3b 51 .ol
5 SIA>0 K5 ojle 4 sl Cte 0T o315 pslie plas S Lo
eb Caid OLS hle Cer oimes Ai(A) >0 5 L

10 Generalized gain margin

1 |yapunov Second Method (LSM)

12 practical Gain/Phase Margin (PGM-PPM)
13 Circle Criterion (CC)

14 Describing Function

15 Linear Matrix Inequality (LMI)

16 Strictly Positive Real (SPR)

17 Kalman, Yakubovich, Popov (KYP)

18 Multi Section (MS)

19 |ipschitz

doio —

ol 8 8 13 w350 s 5 (Salys Sl pien )l
Sl Jolosi s R s 4 J i 4l opl 53 ol Ol
3 ol s ek e (o2 S Sl ool P St 2
o 5 il st el adly S5 (Sla gt o Sl
St Jelo [1] 53 s il 53 T Camdls L Ol (o
S Olge 4 i 4 6 A g e g A g Sl ok &1 s
— 63555885 St (S5 alle 5B 5 o 3 Sl Dl
Ml ab 0T 5ot @t & g o el S
s il sla 2l Olse 4 PM 5 GM s &jbe 4 ol
S cmlie 3805, 6K 5 b e wlid Coalid e flis s
3K D] T U e gy led 4 0 diSJ ST b
GM o il o st sl )3 PM 5 GM Lo (sl 3
bl o3y - he (s 3 65 —(639,55 &0 Glapinm 1 12l PM
3550 55 I Km0 L Slagtes Sl G gadle s
Sl e 3,55, &G [Y] s e Olge 4 Sl 35 15 w0
Sl 0k Ol (9 2 9363505 93 Sl

Sldls 4 S Cul ot = Sl 53 SO aSl-
6 5 Sl ok s S Gl (b s JdoS 3 g
33316 225 PM s GM sl e a4 slaws gl s 5 S
U1 o S 5SGL slme Sl eslinal by ooy 4 o (gla gt
4 ol Gl 51 (S ol 63,07 Sl 1y (5l bl
5 O dai s 6T (il e (e b éber:m:..., PM , GM
oy ol s Ll il 0T gy » ot (sla o I eslizd
oo oy 5 5 350 g0 85 o3l s o b Do pas
S OB i e e S bl (S35 03 5 02 B
u;ﬁ@ag#ﬁbéuwﬁPM 3GM & Slows g
il (sla sy s oy e Cilas 2303 51 gt 48
S 2 0] 7Y Gl 5 [F] PeSa S o ,e anis (V] TISS
Ll 5 Loy T s Ll lods Jlesl st b (glapiun
Sl 53 Goll b Sl Ldr ol S Ll b
P sk 4 gt i 3 Shes Jruiliy Gl (S o 2
FB sk & U e el men 55,8 13 1 0 3550
R

5 LTE Glagt @l o5 & SPMT gy V] 5 [7] 5»
A g kS U S Oy tn ot il o e NTI'
3 S0y e bk 5l ok 11 [A] 53 ol adls el (g5

! Gain Margin (GM)

2 Phase Margin (PM)

3 Nyquist criterion

* Piecewise linearization

5 Small gain theorem

® Lyapunov exponents

7 Singular Perturbation Margin (SPM)
8 Linear Time Invariant (LTI)

® Nonlinear Time Invariant (NTI)

Journal of Control, Vol. 16, No. 2, Summer 2022

VFO) Ol oY o5les OF o oJ =8 dlons


http://dx.doi.org/10.52547/joc.16.2.1
https://dor.isc.ac/dor/20.1001.1.20088345.1401.16.2.1.5
http://joc-isice.ir/article-1-843-en.html

[ Downloaded from joc-isice.ir on 2026-01-29 ]

[ DOR: 20.1001.1.20088345.1401.16.2.1.5 ]

[ DOI: 10.52547/j0c.16.2.1]

¥ A:Aliw}hﬁh)l:njluu:wlb_)}ld]aﬁ-ﬁb5&:‘.:“:,,4):)'&»}%@»@:&

L;;bw,,,‘i:&é.ﬂ\ﬁl

GUQLTlJ@&Q)nyIﬂSI)MJAJ SN
Sl S b Pt ) s e i 6 5 Gryre(S) Lits
.:;@)l})_,i‘;uw 4w 3 esls

)K“"‘Qﬂﬁ'4§°}:"@c;bwb‘f}x’:hﬁﬁ‘)é
A o0 )54

3o ST () s Smsass < e VP2
G5 (Gl 4 Al p i Sss 5 2 hd 25 (4,B,C) Hban
D=0)M\J@r-\.¢a§

W}o:ﬁv:.“:.ud\ﬁ)lf%g‘ﬁix:os«h&;.f PP
B sa ol s & by(a,f) mid mb o b aaii oyl 55 b

ol T (gl iloen Sl il e 26 olie

9 CC 9y o § SOl sblad -Y
MS slwl

o 4t 53 63,8 GLlas 5 Gl o ol o
Al Al g el LT 5l anlsl 43 oS o C}]a.a By 6“‘;'-1*:—“

HE 5 malito o jle SO P E RV WS 55 Ly g8
“}WAKJTLMLMA&N‘&R
ep(H) == {x € R*| 0.5x"Px < H} ®)
gl R? ol 3 08 can oS Sl

G(s)=C(sI—A)™B+D a5 55 [\ (KYP) ) o
T3S Sosb 4 Al (s S 5 63505 D b s R S U
GU A&T L Sl J._:“.l;f("_,‘:.»‘)) (A~, C) C)) )JiJ‘-Ldj:S (A,E)
PE fmeliio 5 0l Lu b ST L 5 51wl SPR G(s)
k€N )EER+ ‘WERKXI) LLEkan LJ’I"’*"“A} ‘Rnxn
S osb il s

PA+A™P =-L"L—eP,PB=CT - L"W,

2> g oo 03wl 81!’ (a,B) sl 3l ap(t,w)

Obo B9 S Loy -Y
5 b it G S LT oo o 51 Sz 5 o) (sla g
SYslee LLTI W.x..fupja Al e adbl Og

Z._{3'5=Ax+B17
T ly=Cx+Dv

Q)]
3535 MV ERP (Il s X € R™ T 53 45 Sl ol 303
C € B € R™?P AER“X"}M@,,;)\aijRq,
ol L e b olab gla s 5L D € RTP RO
S shoe JaS K ERPYT ub o, oS a8 g ol
e 5 Sk 13 g5 ABL gr s 5 2 g0 Ras B0
—63,,,&M4p=q=1u,s,s\,..;.»uuumJi,:ﬁ
PEWR? 5 R s 2w bb 5l dals s 5 oK
Olos b e IS Sl s 5 Bl 05y 'S gy b S
ool o 033 LS gt Koo Olye 4 ) S 3 o Lsb

T gp Sy 25 ) 50 4 Al s SVslae

(Z, by (a, B)) = {; : éj: ::__ gz v=yE—-Ky)

Sope 4Pt ) Skl &b slr i 0L [WV]s
au? < uyp(t,u) < pu? )
b‘; Q‘}’.‘p 4.105<B }a',g E{O;R+} JTJD 63}&@ ;.b_j’.'n'
G5 3 Sl g e o0l alai by (@, B) Wb L 5 dizes o]
Ll sl ol b ot Lilg o oS ol onls 0las ¥ S o jmsd
o s Wb S S B s slacad b bk o Sl
ATl s Sy 55 Sy 4 LTI

U(s)

Grure(s) = 55 = KC(sI = A)'B + KD (¥)

Y

WTW =D +DT.

)

ML (B8 (@, B)) il s 6 (2 gy 4035 ol
AL SPR Grypre (8) 5055 som by (e, B) w6 8115 5 STl
PEU) € o wb b g Ama5ss L L) e
W — Sope & mid Lo cpmen 4K B s 1, R
Gl Sy 5 Sp S asbs S5, ST —Su) <0
Lyb ) add (Ll 53,8 =8> 0 Lo o8 Ll g kb
S g Oy 1y ek 575 agail 0t Gllas (610 Cgr S

(Z,65(51,52)) e e (VY] (CC G&ilwb) \ and
(I+S6())(I + pos &b 582> 51 B sk gllae
G(S)(I + a2l S; = +00 & 5550 55 AL SPRS1G(5))
2L SPRS,G(s))

6wl (&K 6l CC 5 K55 5l Gholed o

2 Minimum realization
3 Globally asymptotically stable

refi.(%f. K = witw 5 G(s) Y

\

GLur/e(S)

v

_Il)(t! u) -

u

Lur'e il e (Sl jla g ) S

ST 0l S ol r 08 (0.5,2) jtd 5 o 1 w5 1 sl 5m Y S

1 Piecewise continuous

Journal of Control, Vol. 16, No. 2, Summer 2022

VF) Ol oY o5les 0F o oJ =8 dlons


http://dx.doi.org/10.52547/joc.16.2.1
https://dor.isc.ac/dor/20.1001.1.20088345.1401.16.2.1.5
http://joc-isice.ir/article-1-843-en.html

[ Downloaded from joc-isice.ir on 2026-01-29 ]

[ DOR: 20.1001.1.20088345.1401.16.2.1.5 ]

[ DOI: 10.52547/j0c.16.2.1]

céliw};"aﬁl:)l:.uj\uml\{)}lg;a;'-j:'céur.:_..:.ﬂ):jlébjaﬁbxtﬁ ¥

L;;bw,”Y:J«éﬂlxl

9r(@.8) = (4,B,C,D) =
(A—aBKC,B,KC(f —a),1).
Sl i it Umay S Ul S Umax 5 LER Gl pomen
sleals (sl o L5 e Z-SECHOT U ol (s 5
% < (KCPICTKT) 12, @
»x e B eERY ke 4 il 4 o&KT sl L5,
55 sl asls 13 gp(0.5(KCPTICTKT) tud L) 0f oo
s dal g 5,5 8p(2Z/€ + 1) Jo1s 058 s 4 390450 Oe
walST x5 4 Ol e Q) Wslasls 5 Y o Sl s oSS Ol
45 gaze &5 Sl e ol 0T )3 4875 S o5l adl gl
Ol 53 5 Jsl assams 0303 53 S S asseme & 4 S5
oo al 4 sl e OT 043 53 5 ey Lialgs 5 gdous
Ll sl ol b ossde i Ol 4 bopss 5 sl 05 oan
g a5 a2 S 4 saree 053 3 (e Sla -
CC 5Ky 5000 (M) dobae V) slasli Z =0 (¢l ¥ F XN
Sl dlas ¥ VJ Cpomed B o 4 | atsadls oML s
O0f i 0T 5 & aS e 0k 1 b
o) das oo Ol 1y oo 4G €p(0.5(KCPTICTKT) " tul oy
el o e 3 T L @ a5 L Ep(22/€) 08 o

Al

Az 253 n 54 3w ol > Ly (@, B) @B MS 4

Uy = & sph um sosb = {(w, )} i € {O,N}
FO Uy <y <UWp s 1 EN il & imean 57 = 0
Sk = [, Bl k € {1, -+, m) Js1s 035m0 dlis K5 53m
e B ER(@,B) 51 zasm Jols oS 555 00 8 8 i 55 5o 5k
s S S NS E P |i—jl <1 50,j €{1,-+,m} s sl
Olg oo & das o OLES 5 Sl 0laT O K 55 ok CAe 42 )

DS el 5 iz 4 L by (@, B) &b

= /
A / //
s‘ / / P
, Ve e
/ Va e
/ / . //
/ / // e
// J/ // e e
a4 e =
/ <
// < ==
// / // /// ///
, -
/ o
///// //
Vs
//
U U U Uy Uz U3 U

Ly(@,B) o= 2 p5MS s i gl ges & K2

S S Pl bt 5 Y WS el ol el 05 e
X b S he $ 505 JSKb 4 (Ligh oo e Z-SECTOT

 Incomplete Stability (IS)

ol 03 she sdalie YOS s L s $SKmo4s
20, B) opls Grure(s) mb s sSSL o1 815 ST ianny
;\.er{O,N}K@frizzéboT,.u{dcbé\)m:;uW
Colo laaie Sy OV 55 Sl Grypre(S) SILLL glac L
Dble Bome bocaalsl Hn L ddb e L atsadl> e K3 0
25 oML Al L1 men 5 p(HU) oo wlg 51 MS
F i 53 digh o 2550 PPMy PGM e sl s
MS ajfjamwdlﬁl)@TuPM}GM % 5l e

R Axa 55

A

1 E

(4 (@, B)) wtstil @t (51, CC 8 uled o 5 ¥ IS5

(@ F) Jo i 6 MS > 35 (06 s (S5I0 G
sl b5 Asb e Z-SECtor I gsie S = [@, Bl € R? o3L s
5 SV osi ol ol 85(@, ) = {8y (@, B) € sectz(S)}
Shigs
(@u—pt,w)Bu -yt w) < Z, W)
raie S L(@B) o 3 s S ZEORTY 0T 55 &
g o3 ¥ S 53 Cl Jda b a2

<A 7
— ——— Lipschits = 7
+~
—— — — Z-Sector = //
> P
_//// ’7—5"
//0 /i,,—:’/—/
/,:—{””// —" u
—_— = // -1
P
i
e
~
e

B(@,B) b a0l 8 51 rlei o 5 &, F S

ol 1y el sl Z-section poeie Sl eolial b caslsl o
23Lul MS Gllas (551l 53 0T 51 MS pgian (o 85 51 g 5035
35 el

2L il e S (B 05(@8)) 48T 55 DALY
b S Gios & (4,B,C,0) 5035 G(S) s wb 5 oy 14571
Cpomen ASLX € R™ Sl ls
(o0 ) = i) w
G 51 KYP s el (P, LW, €) & .l €: PR ob oY

Wt sl o T s “ cu w‘

Journal of Control, Vol. 16, No. 2, Summer 2022

VFO) Ol oY o5les OF o oJ =8 dlons


http://dx.doi.org/10.52547/joc.16.2.1
https://dor.isc.ac/dor/20.1001.1.20088345.1401.16.2.1.5
http://joc-isice.ir/article-1-843-en.html

[ Downloaded from joc-isice.ir on 2026-01-29 ]

[ DOR: 20.1001.1.20088345.1401.16.2.1.5 ]

[ DOI: 10.52547/j0c.16.2.1]

o A:Aliw}hﬁh)l:njluu:.mlb_)}lélaﬁ-ﬁb5&:‘.:“:«4):)'&»}%@»@:&

L;/.?BM)))YJM‘};"

2153 freze MS lsle s (ECC) ¥ o p5dms
s @8 U5 O@pB) mid epls 05 5 Oy Bi)
5k P € R(A,B) w455 b1 55 25 ialss OT 5l (glas sazms 5
O, i) © & 35 ans Ol OC,.) opls Cupw
Slpbs ol 03y 13 4 s b K e 3123k O(a, )
S5 ool Up Oar, Bi) © O(a, B) gl ki jliie
22 E85 S e3gdome & CC wdd 55 i as bl o bl oo
s, ECC 3l Liwles Cao g VS8 555 0 Jie MS 5 S5
o83 s g 3l el okt S 87 0T 46 gram 4l oS 45 e
ol 5 S i gl 1, O(ak, Bie) slwe 1> Gryrre(s) o 5SS
Sty CC 5 S 55 5 ¥ 25 5 ECC psgie Sl g5 4t Ol 5,5
N3 g a3 5 Al o CC LI e ¥ (58 G 15 4T o0
el 0@, B) o213 51 7, (4l s o SUU

@ Bl € (S 5(a% BE)) ol 6 KYP dlw £ 55
AL o U el I3 Y 55 5 o) b el R(@, B)

1 1

Loa T T B‘E
I 7 N I
[ <
| N
WP N
e NS |
tly / ST
V VRNRAP (AN 5L
k\ \y\\ \\];j\ i /A}i\\ i Re
N AN
L X RS
s
I N \
\ N I TS
\ ~ L "
\ D R IR
| i o TN

1 11 1 1 1 1 1
ay a Py az P2 ay Pz P

v:.,.:.utglj(z,[w(a,ﬁ)) q:_a.idbrL..:.»ECC 6;\5;_;4:.‘:,: .VJQ
b

Gl o ) Bl 4 (36 S 9 0@ W) ¥ i y9

S ashe €S o, do il (e IULL S0 b J RS
56 s Rl e e S Dl 4 e sSne S0 - (S0
Ol IGM = 1/gm L 5 3580 S %5 il @t (5)lLL
38505 53 el GG 4 3555 5,0 SMie Gy OT 3 4 348 0
wb @ 2555 5 i U Grupre(S) s w52 o Jile CC
36 53 i Jile K3 (s 3l 2 dals GM s e O(a, )
53 kel o T sSKas 36 A 5 5 d |y (glbl e b J ST dil
Col 0 gy Il Gyt (S) gt 512 CC s Y]
@ el pls . ils wal g Saws by (o, B) eb 3 B i 4 s S
ol (it sSU pSLs 53 5 3yl Gl Coanl i Wb s
3300 O, B) (5L 55 32 50 LAl i 48 5020 4 O(a, B)

s dal g

* Inverse Gain Margin (IGM)
2 Inverse Phase Margin (IPM)

Wl ol bs S sy s ysb 4 Sk 2 612 1H 1S ol 015
ST aloks 43 8 L35 53 gla idw wolde b sl 0L Ol S
U ol Rl sl ols DU llan b g ilae (g5l il ol
d €L, m} ol 4 oS Wps Slsl IS 4 L Sy
pps (22 41) € &, (05(KCPTICTRT) ) ()
bl g ol 23w KYP Al sl € 5 Py Ol 5 a8 sl i3,
Zig1 = (B = a)?uf 5 esp olsds sde & N ERT men
Ol & S j3x € RZ (g1, o8 iw jlowe Lt I 4ses 5
P23 1 () 43 08 Loyl Cgm 05 L3 5 ol ool o el
T o

() 0o TS s 5 408 Giows oS S 53 VAT
) s Salus (4,B,C,0) slagm 5l 48 A3l o 5
0 S diler iy (@, B) ol s 535 mb ripen S 0 ainiie
Cly (@, B)) sl g KT sl ok R
Sslsld €N o gl BTl (6l o ilome 5l

%>Fi, ;=208 -

. -
a)max{ \/A—RKCPR*CTKT, A—"KCP,;LCTKT} ()
€k+1 €k

M= 5 M= Amax(PiPi) 0T 55 S asb iy
s oyl Pre 5 €p & 355 o 55 423l oo Amax(Pic *Pies)
B e e sl BV KYP (b,
SMae d a6l a4 d(0VY) Walasl 53 4S5 S a5 ALY SN
PY(t,u) ol (i1 Wil o3k 03 S « 33 525 k €{1,++,m}
Gl Ko 5 035 Z-S€CHON JIS™ Il 53 Lol (S o 3 gutes )
35 4 S frted asb 3l ol (golie U L 55 oF I dslea

A upL,a::-‘

I 53 b e K (612 MIS s 3 10 S Slans S 5 5SS

X2 5Xq

0g g MS 3,595 b Sslwmbamils Ly 5 ¢
of U=

(o ol 35 MS Sl 58 diwdils> wiwaw PM g GM
3 PGM (o b g ol &1l MS 1 LS 5 Coo 5 Il
S a plies Cgr slang 02081 MS ksl 5 PPM
35 slgin sl oyl 53PPM 5 PGM i (65l 0 40

Journal of Control, Vol. 16, No. 2, Summer 2022

VF) Ol oY o5les 0F o oJ =8 dlons


http://dx.doi.org/10.52547/joc.16.2.1
https://dor.isc.ac/dor/20.1001.1.20088345.1401.16.2.1.5
http://joc-isice.ir/article-1-843-en.html

[ Downloaded from joc-isice.ir on 2026-01-29 ]

[ DOR: 20.1001.1.20088345.1401.16.2.1.5 ]

[ DOI: 10.52547/j0c.16.2.1]

céliw};"aﬁl:)l:.uj\uml\{)}!g;a;'-j:'céur.:_..:.ﬂ):jlébjaﬁ-b;mﬁ 4

L;;bw,»Y:J«éﬂlxl

Bre 5 @ &l otaT Sy slie (VY) alaly b ool ol 5 5
Als opl ol dias 2alS 2 51 g 1 B — @ Ol Al e
k=130, 5088 dalys 15,5 5 5ms 55 Ry s5le filas
9y o o & Ry Bl oy g 03 bl e sl k=M G
© O, Bi) »ls plas 5 4 ol G P(U) o L8 ob
G olge 4 O bos J ol b oS el e bo S
ol s3> e o 4 15 Ry Ol ad 5 A8 el ol ol e o3 guloes
2l jrals

slw) m slie S8, 9 A S golHly s de5 aulid
ol dlas 51 R sl (il e 3Ry 5 (B s e

a u Br T} forall k € {1, -, m}
Ssthyy Su<hgyq

KYPi{Qr(ay, fi)} forallk € {1,---,m}

stir 10 0 w0
- 1 0 0]

0 -I, 1 O|H >0
[0 0 - -T,, 1

omemen il o H = [hy, hy, o R ]T 0T 55 o8 0T o st
daly &g 4 KYP dlem — 1 slaws « KYP{Qr (ar, Br)}
dlons )3 47 5l algs a1y € 5 P gla s jle 5 Ll oo ()
AT g (L Al s 36 (V) s 5o T} ol
SRl s Lo Tf i ite b Sl b (o (e
3355 83 S 33,5 Ml 03,57 s pta b3 sl 15 (V)
5 p3lae g g0 s By 4 a5 L) s s (g5leang dls
Jo e s G s ambe (Sas S e 03 P
Db g 25 O 4 (VW) (luaig Al

Ho= 55 5 5 b s ool 55 ) aRoesl
b Ho adsl o &5 5 peds e Olge 4 [RE, RS, )
A 53 s 5 LT 4k Olpe o 0 <A <A bl
e Gl 4 LSSt il b osliiy o Llap 35
I Hlade Cusly o oS Sl S5 L6230 P Cs Sileaig
Mo LSS T3 dsb ys e 5 58 jasia il 3 R = hy
58 Al i R Slde le L Ll s sl S
J= 3 Heoq e 53 (W) o6 b5 (@, BR) arbons . J 31 Al 30
(4 (@, BE)) wrpiilon sl i o1 KYP{Qr (aF, BE)}
k€ el 5 € s JSul 5 PEoglam sl 4 olaws
a3 o Ol 1y ) SS as ot EN l)l & 558 a5 {1, -+, m}
G polie by T T € {1, ,m — 1} aslous .93 4l 50
N do o y5€f 5 PE SlesaT
IS 4 s s 5 g Al o

0

it Ran )

4l (o 4 4y L ECC sl b 3B v g 0y v
) 40 sas 4>b & ECC wonss pmen 5 CC 5 S5, 3 ol
93955 5 ey JAS a3 0, kS Jilio 4 jle e S S
3 b 38w B 4 5 63,08 0 g - Up O(ag, Br) 4=t
s S (63 ,)8 5B o camb 0T 4 55,5

ECC Jire 15 PPM 5 PGM (s 4 oy L 0 5
J 28 add 56 50 ,e ok Sy 0o O(ay, Br) e pls Cuxd g
3035 (o8 okd e PM s GM sl a0 5 clons (5 5 2ot
s e Ll practical ol e Cow

3POM s Gl Spe 5y sla sy o (S I s
S A3 Sannd ST s s se ECC 2y, )3 PPM
Sl s b i 35 5 53 b iy oy Al e
2S5 el i e LG Al

V= P(U) pb 5 esp b 5l Jam by (a, B) COW') PP
A 2 00 e S0

Aoi={hilhog =0,hy = La L e sl £ o
Sie Canal & U, Ry = Uoo, By == Uy = Ugpq, i €N > 1]
o g Sl dals ST Ugy O 53 &5 b e SRaT sl
Condly 4 b33 8 bl (S5 sae Caulie 5 Ak ML

AL eSS

dlwe U S(Ux O(ag, Br)) il fili= dlw 0 o4
238 sl okt w3 £ L3 55 Jslae X S(O(ag, Bir)) &5l Jilu
o S 2sh g dad o Ol 1) 7] 4 48 gazes -l S(17) OT
O, Br) s> <S80 b & 5 S 15 Lis3l S3ladslas
Che Dol 53 N Oy, Bi) = B 514 osb 4 eo)ls (Ko
K b e b ol Loy aaly KuK sl s
(B S Ol 4y S 3P slie 4 glaws ) lite 4 4 03581
2 S(0(ay, Bi)) ~S(Ur O(ay, Bi)) seds a4y 55 o)
295 gseme Zols (5l Jilu s ol C,Ia.a Sls g b
Ui o SN 4y s 55b 83,8 o 13 i e O(ay, Bie)

g 4 S plss plad Gile il 15 esls (Sow B 5
0.5(Bx—atx)

Pk
b)}'MM\?@Nﬂk_ak u}&b‘ﬂl{b@\a.«\.&uﬂﬂ

min Y7, |

.Bk - )l..l.iﬁ ‘5)\.»:‘)5‘.\:- WL -\.&L@ .Bk > (247 a)b.a.A "y J}.i'
Ll JEU> “ flk = hpy1 — Mg OO Sl oo
07 s

a3 bl e s 2t o b (g, Br) &b i sl Jil

Ze~ 5 e . E - L
o34 03 B (@i Br) 555 o 3,8 )53 Br s @ 3 s 5SS
au? < up(u) < (s or w5 b s Sl 5135 [Rimg, Rigg]
Gl Jles 51 Br 5@y Bl Preui?

_ . YW 5 P

= —, = max —— \Y
% uE[hIirzB"lliH] u ﬁk u€lhj_1,his1] 4"

3L S0l sls dal st a1y By — @y M| Pl (T Sy
b Ry Sie ST Jl s 5ph So S [hiog, Ryl e

Journal of Control, Vol. 16, No. 2, Summer 2022

VFO) Ol oY o5les OF o oJ =8 dlons


http://dx.doi.org/10.52547/joc.16.2.1
https://dor.isc.ac/dor/20.1001.1.20088345.1401.16.2.1.5
http://joc-isice.ir/article-1-843-en.html

[ Downloaded from joc-isice.ir on 2026-01-29 ]

[ DOR: 20.1001.1.20088345.1401.16.2.1.5 ]

[ DOI: 10.52547/j0c.16.2.1]

v A:Aliw}hﬁh)l:njluu:w«lb_)}ld]aﬁ-ﬁb5&:‘.:“:«4):)'&»}%@»@:&

L;/.?BM)))‘YJM‘}‘

slen 53 ks dal gt | Kon (65t Wl ey 4 0o SKar ) g0
bt 0l L3 53 Brog s Arog Sl sl sss o S1OA)
055 p3lie 0T & a5 L bl iy (S8 Sl L il
bl o Ai(Aeq) =1 =Wl 4l A g = Agq sl
Heq S35 55 Hy st lal o Bl ys o1 Kan Fiini 503
Heq b5 Sl 53 Y(R) jmid 5 ot o pls 5 558 Sl
Apog = 015 o ool o bl €3I s s o s,
5035 o0l S pei dme 53 5 Sl Szaa 5 Brog = Beg 5 Aeq
Sl 4 4y LSl S5 LB s wels 1K Hog
35 3 Sl okl OA) 3 &8 Brog s Apeg gl sl
Seel moos E s b T Glalys s W oo ol
ol pls Al e st 4 Brog = Beq 5 Apog = Aeq sl B
oy ol S M1 XS e 0l 6 Sy o
bl 53 Sl sy Al ez S ais ol Ko
il Sl oM >3 (gl bt 50,4 do oS ol ok o305 OLS
sl o € {2,3} 4 Glaze os S35, 5, 31 gl o g ST
Wt e SKan S p3Y 1SS 31s 47355 00 0> ags3laacs )3
Loy dalss SUS W 568 S polie gl T ol Kan 5215 s,
Shibs s 1) 6t o Ken lzsl M oS 87 Ol S !
Ol 53 0dd Gluy Ceb Wiy o w 5 Sl Ko O b
.n)f\;.«.id

b tdn olod sl 0N olsl I o1 Ken 51y ¥ 5
GLo S an S das e 0L 5 Lsd e 03,51, ssld Se 3
Gl a3 5 S Al Stk B 6 3 55 4 53 b e
sl o T s (gl

S M 15 o g gl M EN & laas ol
ol y3 .35 eslizad grid search 5 s, 51 ol 5« PPM 5 PGM
s 53 (@, BD) (AL i s iy Pl o (51 (e
350 3,555y 5 KYP filus Jo owomen s fMincon @b 3o
MATLAB i3lp 5 55 YALMIP 130 51 oslical b 5 ) Gy 3
4 KYP dls L5 o) Cangm 53 35230 3,555 oSl 0l 03lizl
LMI byl Lo 5 OT Jo 5 ' g ile bt 55 (slasslusls dlla

Aol

4w Bo 9 (S 5 gamoll” (S S jludnd -0

Como dagilund 5 gl 5 @3 Jla ¥ &I L idu ol
Sl b OT awlin b g 03,8 gy 1y dlie s odd &)l Ilas
Ok FOWS ECC by e 5 e Sloosast 35250 )
LE Al

el ol onls 35 glaesls 5 (V) SYalas LBy ot S Jbe

A=[_13 _01],B=[(1)],C=[0 1,D = 0. )

! Bilinear Matrix Inequality (BMI)

oo S i 5 3sh g S

A =H,_, - WE, (10)

b s e e SO W OT 53 & pi0 5 i
o s el 5 o Kan 55 & wab e w; ER(0, 1) slawlys
Sie 3ps 43 8 L sw ER(0, 1) s W =wl 5155 aals
AT o oy 5 dslae o&as 51 H,

1 0 0 01,5 o
1 0 I

0 —wri 1 of| " =|(1‘W)h2 (%)

0 0 o —wr, )R] la-whg]

A e (sl 02 S 1SS 5 ) A e 4 c2E5L L A e
Lyb 1 Kan b b ltie & T slie o8 Ly b1, Jol e offy

-r:“s‘“""‘
t LSS bl cw W Olg e oS 250 g U SN

daly 510155 o e Ol gt 45505 > b
83
1+68,t
b )b 81,8, € RY 5osp ) S5 malyb £ OT 5348 5 S oslinl

w(t) =

\2

AL 01 < O T sl s AL e 0l sl 0y

‘s.bi'-“ o p g (Solghiy el (Ko wyy
Db s 3L 25 Sy 4 (10) slus

Hf = A H; + B4, ((SARYY)
Apq =
1-w 0 0
1 —w)wrf? 1-w 0

A —wHW2IE I (1 —w)whit - 0 (AA)

l_[}("=3((1 —w)wrli{z} A-wwlth 1-w
[ whi™

2pt-1pt-1
B, =[w 1“1: I

I, whizi
5 b ol 5 ot JKul 6K Ry OA) SV¥sle ous s

hy, Br =[RS RS -~ RL1T(0IN)

£ Ol 8 534 dibl oo o b ol LT = fie(A1)
Aolas L Wgh o dbes (G3de Dyge 4 5 (Giluang Al
T [ N S PR g S S G R A IRTY)
> dsl et =10l s Hily & sy Brog 5Ar g sl b
e SIS aais 3,8 o )5 a3y (WA (bl dlas caals]
Hyy = AegHog 4 Bog 4y 31 (CIINA) dslae 3 odd sbowl

DIdslp 25 Oy 488 T o Gy

e [ I7h, l

. eqreq eqfeq
B I Y .Fz h, = I .hz (14)

S I AN

Olea ((VA) WJ‘SAL.EJ "y J}fb@ b= (14) -dz.l) % -\>}Sb
S 05 Sl lab s 8 Wil adyl Sleang Al muly
Jds 4 ul“,fq =fk(He_q) Ji_) S ) AT o Sy Skd
phe 5 Abl e polasl e o 51 i Hop pialie 03 paieial
S5 g daly 5 08) doles Gl & )36 () o sl 5525

33 (\A) e &S Sl ol 0315 QLS ade opl 55 3, 35 0

Journal of Control, Vol. 16, No. 2, Summer 2022

VF) Ol oY o5les 0F o oJ =8 dlons


http://dx.doi.org/10.52547/joc.16.2.1
https://dor.isc.ac/dor/20.1001.1.20088345.1401.16.2.1.5
http://joc-isice.ir/article-1-843-en.html

[ Downloaded from joc-isice.ir on 2026-01-29 ]

[ DOR: 20.1001.1.20088345.1401.16.2.1.5 ]

[ DOI: 10.52547/j0c.16.2.1]

A\L‘éliwja_).ih)l::.nj‘aéu.”wl\{)}j#géuW)éjub)eﬁb;ﬁ:ﬁ A

6;‘>MJ)JYJM‘}f‘

ke la o, LY Jbs (65l adl- anglis ) Jpur

Method Practical GM
CC 23.5218 dB
LMI approach [14] 0.08804 dB
Stable CC and DF [13] +o0
ECC 26.6080 dB
Simulation )
400 | 6/
300
200
100
o
0
-100
-200
-300
-500 0 500 1000
X

MS 555 b I s 5l ok s e 5120 S oy N+ S
Lt b0 s s Ep,, (22141 /€101) Sl oz lat g0 S oo
i €{1,2} 5 sl . 65, (0.5(KCPTICTKT) HI2) Sobles sies

o 03ls 5 Sledbl L 5 (V) SVslee L T, e Y Jlho

o\:/-““

-1 -1 0 1
A=|1 0 o0|,B=[0|,C=[0 0.02 03],D=0. (YV)
0 1 0 0

Sope wdy,(0.2,2) Jox o b K =1 e
Y,(w) = (0.2 + 1.8e 01y
hi= 5Uo =108 an =2 0sls 413 L .ol 0 a3 5 L5 o
@B 1 =8 =5 sl bl s (W) dal, w(t) Sl eslizal 51.06
el 0deT Sy 55 &y 300 @0
(hy, hy) = (1.06,12.1357)
(@1, B, @5, 8,) = (0.7348,2,0.2,1.8190)
w5 Al o oML Al s Calites gla gy B (Y Jgd
b Il Gryre Sapis 1y b LMD 555, 558
Sty ol pr 4 Yo (1) s b Y JSE sl el
dslie VY S8l o 033 0las ECC 5,855 5l e oy
ol 1, If o1&\ UK 5 ECC 5 CC sbocdl> ;5 GM

.J\J}LSA

10 1213 u
Y ety (0.2,2) o b wb MS o5 0 S

Sopealy, (01) (b2 ab s K =1 omen
S u>s
Y (u) =satzu = -5 u< -5
Su —-S<uc<s
SECC 5 Ky by dls ol .Cnl § =1 &8 ol s Sl

hy=an =3 0315 J1 51 5 edd )y st H855 bl
sl odaT Sy 25 Sy g0 s w5 W = 0.6 5U = 106 1.4
(A1, Ry, hs) = (1.4,9.7599,464.8612),
(@1:/§1: &’2'/?2'&3'/?3) =

— — CC-Area
........... ECC-Area
—— Plant Nyquist
— % - CC-PGM
—6— ECC-PGM

ECC ,CC )\:mki(Zl,flpl(O,l)) “:““'!4‘5'1"(":"“‘:“"°J€‘.“\" A Ji.z

50 T T Py T é ¢ N N

ol I, = 47.84]

301 1

20¢ 1

0 I, =693
$-90- -0 -0-0--0—0-——0-—6— 9

0 L L L L L L L L

t
VT oK jlages & JSa

(o b SIS LM =2 Hlde (Jbe ol j S 550 ax g
3513 55 (6 a8 Slwlows o 5 Sl 3ls ;M =3 4 655 ol
amlio A S5 Ll odd plnil M= 3 (sl SSleand Jb- ol L
o I If o1 %ed s 5 ECC 5 CC sl 45 GM
b 15 s pded s PMUJe () 50 A S8 4 a5 oo oo
Vo JSE 55 sl L e ¢ J ST il 4 5B 8 Gy
5 ol o 031 LS e Ol a5 sylL 0SS e
o oS5 55 5 Als L3 S Sl e e 03 & das e 0L
slaT oy aigy ey 45T s oo O Sl ) (il o S ke
ol Cj.la.n Jle 51 Calidee sla gy o Slamslin ) Jgd 55 .ol
ECC 5 s, oY) Llub e Sl 4 a3 OLE 5 ol 0T
4 [VF] s ods &1, LMI ;,(;_,”Cchg;f.,;‘_g;wtﬁ'c.ﬂg
Sl S W] L5 eds wlyl CC 5 gy Jl ol Lol ools
Ll azlls (w83 (] Bl anwy Il ‘51‘“(’:‘“—“
(18, (0,1)) awail (s 38 (Gloand D pioer

..U:lfga+00 dél;GM oS Sl 63l Olas

Journal of Control, Vol. 16, No. 2, Summer 2022

VFO) Ol oY o5les OF o oJ =8 dlons


http://dx.doi.org/10.52547/joc.16.2.1
https://dor.isc.ac/dor/20.1001.1.20088345.1401.16.2.1.5
http://joc-isice.ir/article-1-843-en.html

[ Downloaded from joc-isice.ir on 2026-01-29 ]

[ DOR: 20.1001.1.20088345.1401.16.2.1.5 ]

[ DOI: 10.52547/j0c.16.2.1]

q A:Aliw}hﬁh)l:njluu:.mlb_)}lélaﬁ-ﬁb5&:‘.:“:«4):)'&»}%@»@:&

L;/.?BM)))YJM‘};"

@S2 10 JS5 5 ECC 5 CC sacdl= ,5GM aglia VF &
ins e 0L T — - CC-Area ™.
---------- ECC-Area
45 T T T T T T T T —— Plant Nyquist
20 1 —% - CC-PGM
35+ 4 —6— ECC-PGM
I, = 29.13 , ,
. 30F
ok ] 1 08
201 \ I; = 15.791
15 F \O,,~e—e——o——e—-e-—e——o——»
10 . . . . . . . .
1 2 3 4 5 6 7 8 9 10
e
e T oK ylases N0 IS

J.-_Lnﬂ\fé‘,..irﬂb-}?Qﬁw‘e-\.ﬂ'\-rdj-b-jbutwdhu;j)@b
a5 5 BB S Lot (b Il Gl gt ¢l L)
S b il (s oS s o DL VF S 5 8L 0 GM s
O 3 5 a5 m ¥ 1 O, Bi) lss Tz a3 sSSL o SLs oS
e by g el ML e s Cele laa e g
w28 8 dal 15 LU wlT 53 co e ShalS L s B3

it Gl oy LY Jle g llail anslis ¥ J i

12 T T T T T T T T
119 F 1
118+ 1
L 117} \ 1
L‘:ll.ﬁ r \ 1
ust \ T, = 11.431
1141 \ 9

11.3 - . > . - . . -

YT oK lages AT IS

Method Inverse Practical GM Inverse Practical PM
cC 2.9748 dB 21.7724 deg ke gla a5 LY Jle 6 Il adle anlie Y gl
Sir:ucl:;t:ion ;g;g; gg 25‘78?’1 deg Method Practical GM Practical PM
. CC 2.607 dB 21.2567 deg
= e . Stable CC and DF [13] 5dB 39.4768 deg
S5 dxib 9 Sz — ECC 3.4986 dB 24.5226 deg
Simulation 5.2dB -

oslul L Lur'e b= & St oML 4l dlas cpl s
Pl 51 g 5 Sl 43,5 513 (s 350 4Bt 5 0 133 S50 )
2 G o YD w Olse e L Sl 5 Sleand
FL ECC & o5k 4 00, (g At (s 8 61 S bt
b 1y S5 S 3l 0313 #5151 CC oy Cd (6 5 385
5 4L LML glas Sy 4 o ECC 5,055 ez il Bi3 o8
« DF ,Stable CC 5 S5, b oo Jlay 55 6 5Y0 és 51.CC
= Al g cmlie i (il sl b Sl ‘_gbsr:...:.u sy
SYLLMI  Stable CC (CC 4 s ECC 5 505, 53 Slvlons
cuj‘a:ulw“DF J‘)gi})équCC AJQ})Q}EM.JJQLSA
BB 4o Gl s DF 5555 55 8 (o) sb a0 bl o 6
AL s 3 ol 4 Sl (S P(U) Lo

s Glp K oS J 28 b g el (63,55, 4l
Syt ot 4l 02 S b s 5 ol GolLasl 4
G 5l 0l b e 5 @Skl s o Slgal gl S
S 65G8s pelie 4 glaws 1 (W) bos 05 5 joa, 44,5.9
Al s LS Dl 55 50 il r eSO i

&y
[1] R. Dorf, R. Bishop, Modern Control System,
2011.

[2] Z.Y. Nie, M. Wu, Q.G. Wang, Y. He, “A novel
computational method for loop gain and phase
margins of TITO systems”, Journal of Franklin
Institute, vol. 350, pp. 503-520, 2013.

0315 15 DSl 5 (1) S¥slaa L Eg LG gt S Jbio

RS PRV

0 1199 1311 09373 0

a- |0 06239 1 0o [z_|0
0 —0.04906 0.6239 1896 [~ [o|
0 0 0 -07821 4

C=[13502 1.8433 2.0150 1.4407],D=0. (YY)
O g2 4:&1,3(09,3) lea:-J:& chK =0.6 e
P3(u) = (3 —2.1e70thul)y
Ry = 5uUp =10% an =3 0sls 15 L .Col o 3 8 L5 55
4 mb 02 =4 56 =3 Gl Lw(t) 3l eslemal 5 0.22
AT o s 5 s
(R, Ry, h3) = (0.22,3.5382,107.5301),

(@1, By, @3, Br, @5, 5) = (0.9,1.5258,0.9457,3,1.5258,3)
---------- ECC-Area —%— CC-PGM —6— ECC-PGM

— - CC-Area — Plant Nyquist
ECC 5CC jLne L (3,4, (0.9,3)) sl (2w 0,40 1 NF S

Journal of Control, Vol. 16, No. 2, Summer 2022

VF) Ol oY o5les 0F o oJ =8 dlons


http://dx.doi.org/10.52547/joc.16.2.1
https://dor.isc.ac/dor/20.1001.1.20088345.1401.16.2.1.5
http://joc-isice.ir/article-1-843-en.html

[ Downloaded from joc-isice.ir on 2026-01-29 ]

[ DOR: 20.1001.1.20088345.1401.16.2.1.5 ]

[ DOI: 10.52547/j0c.16.2.1]

céliw};"aﬁl:)l:.uj\uml\{)}!#géuw):jubjaﬁb;mﬁ \e

L;;bw,)jvawlxl

[18] D. Materassi, G. Innocenti, R. Genesio, M. Basso,
“A  composite circle criterion”, 46" |EEE
Conference on Decision and Control (CDC), USA,
pp. 4459-4464, 2007.

[19] T.D. Quoc, S. Gumussoy, W. Michiels, M. Diehl,
“Combining convex-concave decompositions and
linearization approaches for solving BMIs, with
application to static output feedback”, IEEE
Transactions on Automatic Control, vol. 57, pp.
1377-1390, 2011.

3t low 4 0T Jis U KYP dle Jor 02, S1) Camigey
LMI Gl Lo 55 0T Jom 5 o o (o5t 55
s b dsles (A) s O 23w 53 SPR (o 5 [14] ¢SS L

BMI
L=ATP+PA+(PE—CT)(D+D7) (PBE—-C") +eP (1-Y)

&LHY HJ‘@JW‘L«MLLSOSQTJ;LML@LZO}

lgC.,w:lJble“stM.eU

~ T ~ ~ ~

(A+3er) P+pP(d+3er) PE-T
2 2

Bp-C -DT—-D
Slsb e P s e gl malyl Oy L BMI dlls S5 o(Y-)) dslasls

X= <0. (A\-Y)

AL F, L =00 aib e P ye € RY 5L Oous s g
Sl s o35 ol s 3 oslizul b ol ol
mxiny
s.t.—yl <X <0
3ty 3 o3lital b S5 (s 1355 00 (b BMI glass L
L bye 055 (o b L BMI G YL oY K s (s
Amax(L) < daly Gb 5 otd Jo LMl (Gloig dls 1SS
Aol g yme KYP s el Olsie 4 6lwaing o Amax (X)
Eopt 4egr bl KYP dls 53 &8 Col 0T a5 65 S5 2

05 3 SAEb e 5o aS Cal T VL OIS 4l

[3] M. G. Safonov, “Stability margins of diagonally
perturbed multivariable feedback systems,” 20%
IEEE Conference on Decision and Control
including the Symposium on Adaptive Processes,
pp. 1472-1478, 1981.

[4] J.C. Doyle, “Analysis of feedback systems with
structured uncertainties”, IEEE Proceedings Part
D, vol. 129, pp. 242-250, 1982.

[5] L. Arnold, V. Wihstutz, Lyapunov exponents: A
survey, Lecture Notes in Math, Springer-Verlag,
New York, pp. 1186-1985, 2006.

[6] X. Yang, J.J. Zhu, “Singular perturbation margin
assessment of linear time-invariant systems via the
Bauer-Fike theorems”, 51% IEEE Conference on
Decision and Control (CDC), pp. 6521-6528,
2013.

[71 X. Yang, J.J. Zhu, “Singular perturbation margin
and generalized gain margin for nonlinear time-
invariant systems”, International Journal of
Control, vol. 89, pp. 451-468, 2016.

[8] A. Rosales, L. Ibarra, P. Ponce, A. Molina, “Fuzzy
sliding mode control design based on stability
margins”, Journal of the Franklin Institute, vol.
356, pp. 5260-5273, 2019.

[9] X. Yang, J.J. Zhu, “Generalized gain margin for
nonlinear systems”, American Control
Conference, pp. 3316-3321, 2012.

[10] A. Rosales, Y. Shtessel, L. Fridman, “Analysis
and design of systems driven by finite-time
convergent controllers”, International Journal of
Control, vol. 91, pp. 2563-2572, 2017.

[11] C.B. Panathula, Y. Shtessel, “Practical stability
margins in continuous higher order sliding mode
control systems”, Journal of the Franklin Institute,
vol. 357, pp. 106-120, 2020.

[12]J. Zhou, “Interpreting Popov criteria in Lur’e
systems with complex scaling stability analysis”,
Communication Nonlinear Science Numerical
Simulation, vol. 59, pp. 306-318, 2018.

[13] S.S. Das, Y. Shtessel, F. Plestan, “Phase and gain
stability margins for a class of nonlinear systems”,
IFAC, vol. 51, pp. 263-268, 2018.

[14] S.S. Das, Y. Shtessel, F. Plestan, “Gain margins in
a class of nonlinear systems: Lyapunov approach”,
IEEE Conference on Control Technology and
Applications (CCTA), pp. 839-844, 2020.

[15] C. Guiver, H. Logemann, “A circle criterion for
strong integral input-to-state stability”,
Automatica, vol. 111,
10.1016/j.automatica.2019.108641, 2020.

[16] B. Jayawardhana, H. Logemann, E.P. Ryan, “The
circle criterion and input-to-state stability”, IEEE
Control Systems Magazine, vol. 31, pp. 32-67,
2011.

[17] H. Khalil, Nonlinear Systems, 3™ edition, 2002.

Journal of Control, Vol. 16, No. 2, Summer 2022

VFO) Ol oY o5les OF o oJ =8 dlons


http://dx.doi.org/10.52547/joc.16.2.1
https://dor.isc.ac/dor/20.1001.1.20088345.1401.16.2.1.5
http://joc-isice.ir/article-1-843-en.html
http://www.tcpdf.org

