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A New Method to Reduce the Multi-Model Set Based on Maximum
Stability Margin and Gap Metric

Mahdi Ahmadi, Mohammad Haeri

Abstract: In this paper the multiple model control of linear time invariant systems with wide
uncertainty is studied and a new straightforward and systematic method is proposed to select the
local models. The gap metric is used to measure the distance between local models and the
maximum stability margin is employed to grid the uncertainty space and measure the permissible
distance between local models. The proposed method guarantees the improvement of the maximum
stability margin which has direct influence on the reduction of the number of local models and
computational complexity loads. To evaluate performance of the proposed method, control of a
mass-spring-dashpot system is considered and it is shown that based on our algorithm only a single
local model is adequate to control this system while the existing methods in the literature require
five local models.

Keywords: maximum stability margin, gap metric, linear time invariant systems with a wide

uncertainty, nonlinear systems, state feedback.

b e gt S F] lald 5 (5ladde ile Calisue
5 oasnts s [VFN] 03 28 Coalad e b (gla gt J 257 V1 -0]
Sladde sy (Shs e Aibe 1A910] e sy Joos
gl 5 osle filos 51 (slas sazme & odomy Jilow Ji5 8
el [V cwl ol Pl Jo 695 51 ol dlas o
PID Wil o St @l odd wlis gla by, S Ol

5uw Sy 35 90 ‘5&‘5}7\}:....\&:}”&.4 J =5 (LQR (MPC

dodo — 1
phe (b e e, lyls Aly Glis s s e ‘_;La‘.:..‘.:..»
G b &S s Sl 5 Cale (5 Ll b o3 28 Coabad
Sl Fy oS RS (b g 5y Canyd g Aiten 03 28
23 31500 lopas oot o b 5 o Joe &5 ol b e 2
S8 cladde i cluly et 5 3 Al b OSGl (634

Sladie 55 plizen | (Gl 4 55 3550 5 035 de TSl B3y

o sb i | s o8l gt J S e a5 -0 1 385 31 5 ST Oledige ezl o 557 alee

Sl damms 1L s olge o 55


https://dor.isc.ac/dor/20.1001.1.20088345.1396.11.2.3.2
http://joc.kntu.ac.ir/article-1-356-en.html

[ Downloaded from joc.kntu.ac.ir on 2026-04-27 ]

[ DOR: 20.1001.1.20088345.1396.11.2.3.2 ]

Gap Metric 5 auiw ¢ bl Skl e 68 L (gladie ) 55 lows (ladis 46 gazen (2l (gl it 25, 41, Y

S A dems (el (Gl

SediS 28 iman 358 o dl)) (oIl Skl ulal  diaelsls
Aigh o b e gladle b blze 5 PL ksl b o
03 58 Lonlad e b ot (glapis 3 Shee 5 (6L e ok
R

sladde gy 5 0ap metric il 1 glane )yt Tl caslsl s
s (e as ¥ At 03 e 35 e S Y i 53 46
B o sy dome gladde asgare SBI gl e Cnl o
23S g Ol 1y ok sl by leand B B i 5,8
33,5 w10 o 53 (5,8 e 0L

Lono ) gy —¥

gap metric paisko (S o —1-Y

ol Olge o El-Sakkary s Zames L. s gap metric £ e
Yol @l 5o s (B s Sl 3 Coabiipde anllas 1
e 33 G 4ol (S50 (s oS ol o o3ls DL [YY
il el g 0 e S Eas Ked & Soed QAP MetTiC )
P(s) &S 53 sy Cupm b sladde glad s dlol
b otd ol g Flom g S ialed 515 5 L E s b Lo
¢
P =NM"!, with MM+ NN =1 )
e el bl e Slee Kb () 0 55 & ol
& Sl Hy (slb 5 4 lib 5 ¢ P ol 8 M (s) = M7 (—s)
Soseh
o) = [N]H, ™
Y= SeliSa ol W) slazss el Jald 5 3d 0 S
OLSS 3l 5 Sgudoms da L Py 3 Py (a5 o 55 0w dbols Pu
SoFP N (TS0
8(Py, P) = |Ngep,) = Mgy | \R)
25 Ll g(P) S5y 5 dolaze g2 Tlypy oT s 45:};26» o A
oyl y 3 eslaal U1y (F) dlaly Ol 55 g0 4SSl ol eals Olai [MY]
8Py, P) = max{8(P,, P,), 5(P,, P,)} (f)
8PP 5 Csl Py = NyM3t 5Py = NyMTE 0T 534S 55 aclons

Q)).p‘\{)os_,{)‘:g_.e;-' > ol

> M. M.

32y p) = e [3] - [32] .

(Py, P) INfgen,, N N, Q " )
Soygo 4 Olg oy (F) daly 5 op s 33 5 oo s

6(P;, P,) = max {ianeHw

wlel.}

M; M, .
| N1]_ 1\/z]Q||m'me€]-lDo

[:]-
Nl] Q

P73 s 4 (e 53 G Al b Il 38 e 5L
Sl @lols 8(PLPy) ods (6,8 o3Il alol ol 0l s Ho

L) ORI F PRI ST
KT SPLP) <1 Z (opmen 0<8(PLP)<T

IYY=Y2] 58 oslizal oS de odoes

3 Jobs S ladde ha)y p e iSRS b
o Jon (Sladie 31 (slae gome 4 Aol s 1] ol o o
s SRS S S el oS IR e 5 o
i s 25 g il (s sladie &S5 &S5 (gl 5 0 1)
SIS Sladl g LOT Ll arys 5 O ¢ doms (laduds slda s
S Y] ot 031> ey ol JSb 4 0586 o zn 255 0
Olalbe Sy 5 o S35 2 ke Sl & g0l 51 [YF
enlin 31 b loms (gladile 45 gazme 03557 @l b 315 s 36
Sl 1 oslatal &S Cils 4 g b Cenl aie ol 5o e Jile !
wils O pen S T oS slias 051l 4 Ll 5 o (Jome sladute 5L 5
Sy Slaewy Ol se 4 gap metric il ¢l sladle 55 [YO] Lib
el 4 & 13 s d 5 30 s (glade Ol bl it

3 o sladde o LU s (61 gap metric I ([YY] s
):.ﬁw‘a&a:uul#féuwélﬁHw S J S b
Olojad Sy goo 4 Jows (Sladils Sl (gl 1) gy pioes ol
ool IYFT Wlosls &1 adl> a5 IS5k 2sy a oS d 28 b L
813 4 Lol s gn T | el o glin 5 Sk 5 (5510 ¢ )
Sadde Y81 53 3 ls 5L o Gladde 4 sazme JSKE5 55 4l
ot e ol Hskine 5l ol &K 51 eslizal b Jows
ol bdde Jome 5 el 53 gl LU Sl Obsl 45T L4l
Tl AL/ ISERE- TR I SV
I3 5 s el wlnT Ol 8 o0 1 ol 4Bl s
2 @) Sl s dinoliB ot w1 3,8 o S ygo 4y
s L kT 5 ool AT SIYA 5 V] 53 iises ol
S o bl a4 e 45 Wlos S enlitul dowe e uni (s
350 15 Hoo pglie o diS'J 287 g5 porl o 238 o e sladute
e il oo J ST slae sl Kos Sl 53 Llosls )3 eslizul
5 gt g5 imen 3 g eSS Sole
1z gap metric [l cpoml e ol SIS 53 e S 15 s 3550
Sl o @ly a5 355m 05 28 Coais pde 113 (Gl panm
o slgity Jous Sladie o 1y as 53 (e 2l 03 [V
46 gorme S (6l 0dkd o iyl SkT 4 Saly S el
Sy byl das S o ladie Kspl 5 o Jos sladis
ol & BABLRTLIT s

2 e Sladde 4 geme alS 5 Ol Al tags s
3,8 o N s syse 0358 Sl gl Sl s (sla gt
b A oS 6K (Joee cladie sl 2l (gl
W ol 53 ks 8 Mol anie ol kel pslie b3 y5 o
235 o0 o o5 GOL ST b s GlaotiS J 28T o1 b
Sz caalsl 53 3,08 o s 6 e sladibe slis 5355 5 o
SN S os Nl e 5l e (Sl s 40 gamn Sl

Journal of Control, Vol. 11, No. 2, Summer 2017

IAF Olls ¥ oyled V) tlor 287 e


https://dor.isc.ac/dor/20.1001.1.20088345.1396.11.2.3.2
http://joc.kntu.ac.ir/article-1-356-en.html

[ Downloaded from joc.kntu.ac.ir on 2026-04-27 ]

[ DOR: 20.1001.1.20088345.1396.11.2.3.2 ]

A Gap Metric 5 auiw g bl Skl e 68 L (ladie gy 55 s (o dis 46 gazen (2l (gl it 23, 41,

S A dems (el (Gl

sin"tbp g =sin"'r +sin7'r, )
el 0T [¥V] s sl

Ssh e Jole piamsry =T 51, =0 55 k5L Jl

5 AL L (PK) 255 b 6K gt A7 (55 1] ) Aol
T3 b K e KT 550 5 Py = (PLI6(P,P) <71}
s 5 Sl 5l 55 Py € Py olod (51 (Py, K)

bpg =7 > 8(P,Py). 0
23t U5 o 5 e (5oL ST (sl syl ST L alie
sl Sl

el L LS fus @b Sl sl Py s P SNl Y dogs
S S APy = NgM5T 5P = NMH g3 4 s 5,5
Bl 5 F1s)ls 55 Py 5P 12K Syl

5P:5(PJPA)Sbopt(P)- <\\)

SFNe B S gy -T-Y
SIS b 403 28 Coaladpe Sl o (lags
{x = A(6,)x + B(6,)u
y = C(6,)x + D(6,)u
SUEUCR™ (= 45, x EX SR 0T 55 o8 4,50 5 s 1,

(Y)

Qp ”""‘:'Lgs" Lhu:.-jji- s p s sy L5, %ﬂyengp
S 4 Glaie 8 355 0 5 5 035 e 53 psbrel gla oL 13
917659: ‘5‘,\3‘ -L&l;ksa (_,l:u L;LA@J}.JQ;A b A)Ii.é L;Laﬁ
die Sy sl 3 6, s & gl 0551 {0,:0, <0, <0,)

oyt My (o

{x = A;x + B;u ar)

y = Cix + D;u
Ci = C(6p) B = B(6p) Ai = A(p) 0T 15 45 35 0 (oo $5L
o 53 8 My Jos (sladibe 1 pliST 2 a3k 0 Dy = D(00)
23 OY) prw 51, olgta il 0 5 035 pine Sp LS
Sl F e o Gladie B S S o5 Sy ol
1 OF) gt b ) O 0 KT S, CU Sy & L5 sl
23 8T Sy Jows gladde Sl Sl pwle S 5 O e
Sy 53 (K35 Oljr kiSOl G55 ol codal s S 5
Jom o g dial g Blae ows Jobe 5 (ol gt Lo g 0l oo 5
IS Je il N il e sladile slis o7 555 555 )

Copot s Gadde S S 1S
{a‘c = Y5 0 (O (Aix + Baw)

y = Z2 0,0 (Cx + D)
Jla b ble 5 0l & ls (G55 o6 @i(t) OT 53 &S 348 asla

Q)9)

S35 @8 S Ll 3 (oo S sl (gl Bl pll e

o] Wil 5 Lol i slyls w;(t)
Z?’il w;(t) =1, where 0 < w;(t) < 1. )
s Jool e aw glyls 6B dr gladde is, o IS Sl s

53 T 5l IS a0 5lael Oljes 5 (A, By) (Joms ladie Jous N

8P, P,) = §(P,, Py)
23 5 s 53 (So35 F0b o 4 &K35 8(PyPy) polie Y
Al gr gl Sl 3 0T (555 S0k & 4 6Ks 5
SlodiS Y 27 dns(or OUS o 33 o S8 Aol & ¥
35 O Aol oman 5 LS L 1) 53 8 Wl 0 45 3510 5 s
Wl S S Hoo g 53 a3 ot
dlons alall o 5gde 5 ) Laetenw Ols alols gap metric ¥
AL s S a1y Mg oS Fink S
5,8 515 eslimal 5 4
gap metric poede 53 ;1;&5(.\; ab &S Sl odd esls Ol
WLl 0 3l i s Flam (5 ST slad 53 Conbadpe 4G L Uslas
S r Ol 1y s ge onl ) 4l
Sl s 5 035 b s b e 5l PGs) BTN ) diad
don (5l oT sl P = NM7 o3 ok 0 i (g jile= (s 8
Sl eal 0 << 1

{P:8(P,P) < e} = {Pl: Pr=(N+A0)M+A0y)"Y Ay, Ay €

Ay
=

Oljee b Lok gap metric ldie « 35d n odalin oyl sl

< s}. ®)

Sl ol 013 [¥Y] 4o IQL;'

SVl (ol .l LU 53 s Sl (6,8 isled 5o g;:xlaéc.k;
3,5 oslizl S8 o gladute sl ol 1 015 or combiipde Ko
Gy oy ol 5 &Sl A4S e ealinal s gladde oS 5 31 S

Wl 0k o3lizal [ 5 YY (YA OYF V] 5 ast b (glagTn

Sl 9 gap metric bld o -Y-¥
bl oS I 28 K 5 LS hds b il PST
©P o e it gL ST 5 ol ST il OT ¢l

“o5e

bpx = ”[11(] a+P)1 Pl ' )

oo

bopeP) = {imbesaans [ 1] € + PO P} =
Vi-IlIv #mllf <1 S
Sled G Jyl Glaadep i M5 N 0T 53 8 Wigh o (o
05 S Il s P= M iy s P a5 oS
ST o dzes §abn ol Kby W) 5 (V) Lalyy ool JSCa
23 31 BLl a3 5 0l (b s lS T RS 4 o)l
ol s (Ko e 30 4 Lty @Ol akaT S
S sl OT 515 el Bl (plie wr g 3550 bopt Sns
les ST ealamal Jsles slzs
5 AL Il (P K) 735 b s e 1S 55 1M ¥ Al
Lsi (w5 Ky = {K|0(K,Ky) <15} 5 Py ={P4|6(P,Py) <11}
Ky € Ky 5 Py € Py gols 51 (PaKn) 35 b &S0k i oT
A5 5 Flawl sl 5

Journal of Control, Vol. 11, No. 2, Summer 2017

IAF Olsls ¥ oyles V) tlor o 287 Alone


https://dor.isc.ac/dor/20.1001.1.20088345.1396.11.2.3.2
http://joc.kntu.ac.ir/article-1-356-en.html

[ Downloaded from joc.kntu.ac.ir on 2026-04-27 ]

[ DOR: 20.1001.1.20088345.1396.11.2.3.2 ]

Gap Metric 5 auiw ¢ bl Skl e 68 L (gladie ) 55 lows (ladis 46 gazen (2l (gl it 25, 41, ¥

S A dems (el (Gl

Aol o mis lls (b Jde ¢ gy pl 93 ISy sl Joee
3Ll N amD SI OMuL pedS Sl 5 03y 45 peme slade
oks 51 Y 02, 8 55 e sladide 4 same OS] gy 355 o0
Al

Ny 4 M Jous sladde 46 gazes L‘.;,_);Jt ol Seslial L) S
S wwssamen) p Gl S shie Gged 45 sezman)
Sshs b P bl b Jhe el @) eaiSJ S
b o oSS NG sl 4 ol (e (1 5
255

Ll 5,8 o o3 &Sous Jlas! 36 S gap metric slie ¥ A5
S oslisal W 5 S s 5 e G 50l o)l gen
s slade slaw ol 51, r:w}iﬂ 23 bopr otd sl yslis
O odd S3L dowe Sladde 48 gezme immen Al o Al
N S "

QY] L gl ol sladie Dol (s o S5 02, Y 5705
Conlsiputs (613 o (la 2ol S Sl J gl s
sl & Dl s el S50 LT I K s Sl b g eny
5 S aed A3l K I e S S0 Coaliiede ol
AL g Gl o5 pl ST G g s g0 535 cal s o sline
Sl s, U5 L e s b gl SN
Sl ol ST b (gl 5,5 eslizel LQR L 5 ks
S 58 olisl Ol o v 5 S cpslin dMC PID L3 51 J 28
Sl e PlodiS'J 287 iags opl 5o

A (Sl Sl T ZMo! 1) g 39S

25 1) e gladie 5 ST GunaSs 1) Sy s el )l Sl glias th

by B0 5, 50 LB

Al ) a5l eslizal b owe sladite 511 1 bopr 1o Y o8

s 5 0,8 Ol LS Ol 4 1y bope (258 b e Je X o

S b 0T Gl 1L Dl

Y5 el 50K B s um —Lx T S 4]y SRS ke B
2 e g Dge > s plail sk Pl (e gl Taa |,

S b b 1y Ll 0S5 3 8 i 68w by yolie

Aide gl Gl gs e dlis ol s Bl e dbd
RSP

o B o sl Y

Gddbe e 5 Y 5 ) e 2l dlas pl o
gap ol 31 Y] 55 o S5 oSS i sladide is) 53 (Joms
shls s Slapiage 5o o gladde w1y metric
Slp S 9 (s ol ol eds eslinal o;J;..f ;,.:.daéc.k;
S5 S enlizal b gl gy 03 o8 ol ) IS (oes (slads o
Oyt (SLdb ¢ oo Sladde y ahiold (6l 1 0l el iy ) LT
23 ook @Bl (dowe Gadue (o Sk 55 e S uaSE b bl
& e g oy s Ames Lo e s e kT 4 SIS By,
'“t“”T;J"-J:“'{l‘-;J"-J:‘:“f Lgb\;f;‘,.&@g\é;ﬂP* &b Je Ol g
23 53 s e oY st 3l eslial b e .ol iy (55104
Wb 5 (V) aaly o Wb e S8 56,5 b dde ol bl
ki g el (glad L y3 o 5 p b (6(P, P) < bope(P7))
o e odiled Jows ke &S5 03k a3 4T 358 00 513 63
53108 53 ey cnl 03 (ol (Jowe Jde Sl by Lol (V)
Fr B s Gha PR 0 el e sl e il OS
gap 5 oIl Skl ululy o Gladie as sazme Sl (1,
ol ¢ Joea e sliws J';.Alf Sy romen .;:dea Ol metric
M 3 2l 4 S0 AT 3 g5 o0 ke e L akT 3L
3l Joe glade

By (STl lwT ZMof -1 ¥

i (GyILL kT S n)fua aba>Me «(A) alasly 55 Cds L
B 26 o e p e 4 5 Sl s 6l G15 ko K B
a3 esliel b ST Jle ol el g P Sl (6,08 e s
8 55 T bope slie 4 by il (14655 aalllas 5 ) 50 (e tmlie
s 2Ol )5 ol kT b oS J 28 o1 b 0oyl
e sladie slaw &S 3Ly Ol oo ) 4z Gl eslial b ol by
o8 LRI i sl 1 s &K s Ol ) S AR
ol i opl ol ows ladie sldas J2alST 6l guaSs
Sl s b g il 2 S sla ) 5 015 o s ol s
PUS LY+ T g 4 IS e lie sl 5 285 K8
OOl il 503y Sl b o g L OT 55 4 358 0 43 5 i
el e S8 Gl T e 2505 1y a5l it
PID w5l J 57 Glag sl o3 3l Olg o 8 55500 LIS ok
5,5 eslizl . 5 IMC

035 )8 & Sl o S ) e oL ST Al 6
S S (b Sl bope 2 eS L blne Jowe e 5 ol
Wyl a4 1y ol s ) omy S s g e 3l oslizal 5 ) g0
Sbdbs i sy Ol 4 Ol o0 ) p—'w)ij‘ S eslamal b das e

Journal of Control, Vol. 11, No. 2, Summer 2017

IAF Olls ¥ oyled V) tlor 287 e


https://dor.isc.ac/dor/20.1001.1.20088345.1396.11.2.3.2
http://joc.kntu.ac.ir/article-1-356-en.html

[ Downloaded from joc.kntu.ac.ir on 2026-04-27 ]

[ DOR: 20.1001.1.20088345.1396.11.2.3.2 ]

o Gap Metric 5 auiw g bl Skl e 68 L (ladie gy 55 s (o dis 46 gazen (2l (gl it 23, 41,

S A dems (el (Gl

ol &1, Lyl 5 (W) ddasly el Bslio Ok olas (6l p;(8) 2 0
u::})\ Jg“;”)l-"'@ a:)}Tj. b Vo) A.Ea.l))é [ 9“:5}-" ‘5‘}{

s e holed 4o Do g |y SRagh pl 5o ol &1

Silwdads S -¥
T (6355 S s (R 35 onl 53 alllas 3) 50 s
ol ol 5 Y] il eds als Ol Y IS 3 &S Cel MSD'
oedin Lol il gesy g,:,@?(.x; shlsmy o A Sl ol
jlmojl,pwaldl,- bas OV¥slre . Lzun

{x = A@)x + BO)u

Y Cx (08

Q)}Jﬂghdbﬂaﬁ‘[)-‘—):ﬂ\f

O =[ul) »O [uO HLO" )
T o s 5 ) 0 4 s (S8 o i le 5 el
0 0 1 0 0
[ 0 0 0 1 ] [0]
A=|-fo B bk kgt |
my my my my m
ki _Uatk) by (biby) | o]

my my my my

c=[0 1 0 0]

—| Model Ns%»
Computation |
L] Model 2 of weight [
functions

w i = Model 1

—_—
‘ Control 1
] . i u LPV y
Control 2 Design —0O
System

Control

x
L L
Control A -
| E—

Modified Nonlinear System

o ol s eds wlyl By el ) S

25l p3lie Ghls wew Sla bl 4l My o4 355 e B4
L

by=b, =01, k; =1, ky =0.15, m, = 1 o)

)'lg;wl;;»)l?;MSDr:....:.«LglﬁSg el Ol ek a-U yiomen

Sy = {m;:0.5 <m,; <1.5}. (¥Y)
X1 x2
—> —>
ky ky
u m.
7 ™ b, : by
sy

> i e Y S

! Mass-Spring-Dashpot

oo BB 4e gosme LRS! IY ok 591

Sladde 5 1S ouuaSs BB N 4 1) Sy b bl Sli slas ) o€
S M ={PL =10 NY 4 gaze 5 4l 5 5550 LS o 1) e
Las

) Bope = [bDP‘i]Nx1 s A= =[6PP], ., ool Y o€
s S5

o slan 5 (b 5 L o &Sh (Ml 2, S S sl L Y 0

NXN

s 5% = A(0,)x + B(6,) (—Lx + 1) &y g0 0|

4 gome alali N 4y 8y bl O i (5l sds 0iSs b F (6
s LSS 1, M =Py, = 1,0, N} e Jous sladube

s Bope = [Bope ], 5 B = [Biy] = [8(PuB)],yy somile & o€
.J,_.A;J:QJ

P=T1ams 0388

X1

£=08 a3 5V (;\f
.j:i+1.x:.m)lJ5A(lf
;}gﬁj\»;&;ﬂll{jl:ijll).u_,\?dt,“d,\,wﬁ_a(lf
pre {Pk| min (gygj(&(Pm,Pk)))}
Aol

iy 3l ealial b1y 3 g go Aol oy 220 PY gl )

8* =ir;n"?é(j(6(}3*,13m))
ol s s ds 8 s =T das 3 IKT 6 < e S0 (8
o WY eE 4o
S b 1587 5P 58 06 Sleslizal L g =)= 1 das 13 0Y o
s 3 bp 28 S1asS b 1)K Jows odiS'J S P (gl e
/\r\fA{)e:\:ui.»lfbsQ)}.pd\x&):..b_}ﬁ\/rlf‘\gji:j—l

055 ganans o sladie olos b S 1SS ,umT 1y Sy ool 5 s,

FHGRTESPRUH g ST O L 4

Ny 5 ods 530 (dows Je Ny & (V) (s Sol 55 L
Dot palr oS U 28 ol okl (b (oms o diS'J 25
u(t) = —Lx(t) + Xos, w; (DT () (%)
Jb elal g odds b oS J 28 (1) 0T o oS LT o Conds
t ab>d s el o de b bl S5 GU w;(t) 5 ol pll (s
SlaediS I 28 5113055 (oS 5 pelr oS I RS (o S Dol
doly 51055 e 51y ol S

pi(t)

(t) = AN
@i(® N pi(6) v
EEEEY r‘l &m Jde )L.:&‘ a3 Jial:.v pi(t) QT BE) "y J}JNLSA oslatw!

a5l

_(x(t)—xmi(t))_l}:(x(t)—xmi(t)) OA)

pit)=e
s eag ot GublsS e e T odaly cpl 5o el a6
o Ja bl ol (6) 3 T oy S
Ll p 53 (18) il JAS 55 dOA) daly ool 4l

ol o sl S0 1y S o 2 pll Jowe 01287 28

Journal of Control, Vol. 11, No. 2, Summer 2017

IAF Olsls ¥ oyles V) tlor o 287 Alone


https://dor.isc.ac/dor/20.1001.1.20088345.1396.11.2.3.2
http://joc.kntu.ac.ir/article-1-356-en.html

[ Downloaded from joc.kntu.ac.ir on 2026-04-27 ]

[ DOR: 20.1001.1.20088345.1396.11.2.3.2 ]

Gap Metric 5 auiw ¢ bl Skl e 68 L (gladie ) 55 lows (ladis 46 gazen (2l (gl it 25, 41, 4

S A dems (el (Gl

0.895

10 number 0.865
] 10 20 30

number

bopt oo 3 (G) odd Dol ows (sladde Ol dhols ¥ S

Pl oslu )h:-\,w L' a.J...SdJ’.{ g@-f S35, Ls'fl‘-'-:) ‘5‘}:
2 g;ou o-\..fdj‘:.; .bﬁf@ )bﬁ oaslarwl Sy (K(S)ka‘l'%)
ol CM‘V:M:ML;‘J’ m1=1.09 BE ou\.AT g:,..w.bémdu\a u»l.w‘
&b 5 SSleang o) 5 oS U 2ST l p oaS (6l 1 50 0 o
RS PR abu;”.w‘}.-_)' 4y A
ITAE = [ tle(t)|dt (")
5kp=0.53 Oy @ a-L.'fJ‘,Lf I S ey (l’u\ Bl o
b sl L et w0 S T e iy ky =052
iy J}fhsd odaliv O Jgoi B s L .-\.hb‘-;a olis 8j‘ 3959
befd}j)jw\w‘j(ml2109)‘;bdl>JJ(\i>M
omen ST b3y 456 10.7 S L) L 55% (E3VL ST L
.w\wﬁ»:&u)[)‘})}édﬁéé))}

4 T T T T T

‘ — — —reference 2‘

B . . , , . . , .
0 10 20 30 40 50 60 70 80 90
Time, (sec)

(my =1.09) b I s &P S30s &b :bJﬁ.‘z

v;m_...uQI)QT“.&.'Zfljboxfdf;f:)gk;w)ﬁélﬁdb

22 e 82505 $b2s 5 S o dleslmy Ciliiee i0lie 55 (19)
23 Goleand Gl amT e ol F g e 25 LI
S g e edalie # IS 5o CEa LSl 0l eols 0l £ S
;Sl.\;-\{uba;.\usl,@w5;,),@\4:“;!}:MSDM
ol 3 Cpmmen ST JUs 4l 13 St 0Lj 5 10% Sa VL
o sl s BB 5 Olay sl JAS (63555 I S

Sl 0l 0als QLIS Y J&."u}.ﬁ @})55 S39,8 Lg‘.hu;w‘ Jles!

10 20 30
number

() s @l Dot (s 5 () lowe (sladile Ol o ¥ JST

(Cwly)

SlnT oie hi Yo 4 Sy el Ol 4l gduaSs b
o33 OLas ¥ S 53 Joes (sladits Olie alols 5 by acies (5000
s Ole ahols 457 55 o odalie o ol 53 CE3 Ll ol
S 5l e sladde (5553 S0l 4ty 0 081 4 s
A Sl 4 e ad (GOl Wkl o7 pslae Bk Il
b5 [Y8] 3 ok €l oy s, 5l eslizal L L3 8 o o gladite
Slgiy ows Js 0 Wl Olge bope y3lae &iff)}i <l
m; = {0.5,0.64,0.81,1.05,1.4} ,slis ;5 Jous gladde &5 355 0
St Olys & bope Slie 0S5 S S e T St
Gl doue (sladis 457 358 0 slgitn Jous Jdo B g Sl
AT o Cwymy = {0.56,0.74,0.98,1.3} ;i
T R T A BTN EPL FPCRPN R PR
Sl eslizal by 3,8 a5 a5 5550 bope (2SS 15 4 ekl
@ bopr e 0 S S 5ed e b Dl ¢SS LQR i,

Sl Akl 53 e S8 g e Bl 0 GUST ;= 0.98 (151

) L
0 0 1 0 0
q=| O 0 0 1 p=| 0
-1.02 1.02 -0.102 0.102{’ 1.02|
1 -1.15 0.1 -0.2 0

e R=1 5 Q=diag{[1111]} sl_m b 35 ks L
Cowds K =[121 —0.02 1.81 0.91] &ojsr 4 I &Sds
o ows sladie Ols akpls 5 Bopp oclis el la i AT e
RO PRT-PRPIITA
ot (oIl ST olie a5 555 o odalin P S j5 Cds L
slyls & =A(0p)x + B(6,)(—Kx + &) ol C)Lal (e Sy
Sl s S S Azt Doy € [0.87  0.89] e35des 3 (¢ olas
U ool ls (50 4w Loji Il by €[0.34 0.36] 3
ol s (sl e sladibe 4 gamn Dbl 02, S (51!
oy cpl 53 S LT o S my = 1.09 g 6l 4 (ool Jobs coks

Sz Sole e Sla s Sle

0 0 1 0 0
aAz| 0 0 0 1| g0
-092 092 —0.09 0.09 0.92
1 -115 01 -02 0

Journal of Control, Vol. 11, No. 2, Summer 2017

IAF Olls ¥ oyled V) tlor 287 e


https://dor.isc.ac/dor/20.1001.1.20088345.1396.11.2.3.2
http://joc.kntu.ac.ir/article-1-356-en.html

[ Downloaded from joc.kntu.ac.ir on 2026-04-27 ]

[ DOR: 20.1001.1.20088345.1396.11.2.3.2 ]

v Gap Metric 5 auiw g bl Skl e 68 L (ladie gy 55 s (o dis 46 gazen (2l (gl it 23, 41,

S A dems (el (Gl

e as gz Ol ¢ iagh ol 53 el LOT Canys oS 5
) ol 8|} S L‘:a]aé(a.\r— shls L= ‘_;L&M &g o
e e Gade Sl gl g s Sas b (g ) as 5o
e (slade sl malST (gl ummes LSl o @11 lUL
Gsbie Cpl Gl Sl 0dd (B ma ali (5L akuT kel ol
53355 oslial Sl KA b i, S 4T Sl okd slgiiy
Shre Olge 4 dow sbadde ol alkT s ol e
@ ol (Giluand @ g Ll ol é\) osliinl 550 (Gludiwd
5 oo Gladde a5 gl 56 Mol gy 45T s e 0L
S UES e $3305 b3 Sl ls Slvlows [EER
b o3l 505 51 0ly oo aadl & sl ot 1 b IS ol
e Sl s b odiSTd S as sazes 13 gad esliiul

AR o e |y (doms Gladie sluas 2alS 5 Lol

&l

[1] R. Murray-Smith and T. Johansen, Multiple-
Model Approaches to Nonlinear Modelling and
Control, Taylor & Francis, 1997.

[2] M. Rewienski and J. White, “A trajectory
piecewise-linear approach to model order
reduction and fast simulation of nonlinear circuits
and micromachined devices,” IEEE Transactions
on Computer-Aided Design of Integrated Circuits
and Systems, vol. 22, no. 2, pp. 155-170, 2003.

[3] M. Rewienski and J. White, “Model order
reduction for nonlinear dynamical systems based
on trajectory piecewise-linear approximations,”
Linear Algebra and its Applications, vol. 415, pp.
426-454, 2006.

[4] L. Chen and F. Liu, “Recursive parameter
identification for fermentation processes with the
multiple model technique,” Applied Mathematical
Modelling, vol. 36, pp. 2275-2285, 2012.

[5] G. Angelis, System Analysis, Modelling and
Control with Polytopic Linear Models, PHD
Thesis, Eindhoven University of Technology,
Eindhoven, 2001.

[6] W. Chen, J. Sun, C. Chen, and J. Chen, “Adaptive
control of a class of nonlinear systems using
multiple models with smooth controller,”
International Journal of Robust and Nonlinear
Control, 2013.

[7] J. Du and T.A. Johansen, “Integrated multimodel
control of nonlinear systems based on gap metric
and stability margin,” Industrial & Engineering
Chemistry Research, vol. 53, no. 24, pp. 10206-
10215, 2014.

[8] J. Du, C. Song, and P. Li, “Multilinear model
control of Hammerstein-like systems based on an
included angle dividing method and the MLD-
MPC  strategy,” Industrial & Engineering
Chemistry Research, vol. 48, no. 8, pp. 3934-

2als b S99 JL&:}‘} (':...‘:.: A:JU B —0.5 4.l L &5,}J> JU.J.F‘
ot Jlasl e 4 ¢1 Y0 36,503

4 . .

— — —reference X,

0 10 20 30 40 50 60 70 80 90
Time, (sec)

(05 <my S L5)my il polie gl e o 63555 b2 S

4 - T T T T
3 | I [ —
a — — —reference
=27 i
)
1+ g
< N —
0 . . . .
0 10 20 30 40 50

Time, (sec)

my el polie gly s s G Sl g v S
(05<m; <15)

il p3le gl Alazel Jlesl an f 5 00 g o Sl 2
odd b oSS 4 54 e edalin el odd pwy My
L ezl 31 (So oS (Sa5VLL 5 b Olej Ske 3 ol a2l 5
wbwa{aMdL@;lk}J}fgaj)jw.ﬂcé;&?g
51 oslimal bodd b 0t 287 O jopl ABb s Ol 5 035
(e S pendS DU 3 Rl opl o edd &L ;v—"w}ﬁ‘
KL GKos s Sl Sl 03l @1 1) e 3 Shas dtaail
3 @l S8 &S Cnl U eSS b gl e
Seb dm g Sl C)"Y ny L;J.i.p 4S5 syl Slloes = Sl
oS U S Sl Sl odd b eSS Sol
sl 0313 1y pwlis 5 Shas S2a 53 cpl 3 ol 451, LQR+PI

S5 4o -0

5 Saliode b dblie sl e By 68 lade S
IS Sl iy Sl ealinal LI Ba) ol ol 02 O35 ot 8
o oyl Ol 53 Conlin (55150 4 (ot Glapteen 2
5 e ladie e DBl sy pl 53 S5 o ege Dol

Journal of Control, Vol. 11, No. 2, Summer 2017

IAF Olsls ¥ oyles V) tlor o 287 Alone


https://dor.isc.ac/dor/20.1001.1.20088345.1396.11.2.3.2
http://joc.kntu.ac.ir/article-1-356-en.html

[ Downloaded from joc.kntu.ac.ir on 2026-04-27 ]

[ DOR: 20.1001.1.20088345.1396.11.2.3.2 ]

Gap Metric 5 auiw ¢ bl Skl e 68 L (gladie ) 55 lows (ladis 46 gazen (2l (gl it 25, 41, A

S A dems (el (Gl

reduced dimension by the Loop Shaping Design
Procedure and decomposition based on Laguerre
functions,” Transactions of the Institute of
Measurement and Control, pp. 1-25, 2015.

[22] A.A. Haj Salah, T. Garna J. Ragot, and H.
Messaoud, “Transition and control of nonlinear
systems by combining the loop shaping design
procedure and the gap metric theory,”
Transactions of the Institute of Measurement and
Control, pp. 1-17, 2015.

[23] O. Galan, J.A. Romagnoli, A. Palazoglu, and Y.
Arkun, “Gap metric concept and implications for
multilinear model-based controller design,”
Industrial & Engineering Chemistry Research, vol.
42 pp. 2189-2197, 2003.

[24]W. Tan, HJ. Marquez, T. Chen, and J. Liu,
“Multimodel analysis and controller design for
nonlinear processes,” Computers & Chemical
Engineering, vol. 28, pp. 2667-2675, 2004.

[25] X.R. Li, “Multiple-model estimation with variable
structure: some theoretical considerations,” in
Proceedings of the 33rd IEEE Conference on
Decision and Control, vol.2, pp. 1199-1204, 1994.

[26]J. Du, C. Song, and P. Li, “Application of gap
metric to model bank determination in multilinear
model approach,” Journal of Process Control, vol.
19, no. 2, pp. 231-240, 2009.

[27]J. Du, C. Song, Y. Yao, and P. Li, “Multilinear
model decomposition of mimo nonlinear systems
and its implication for multilinear model-based
control,” Journal of Process Control, vol. 23, no.
3, pp. 271-281, 2013.

[28] J. Du, C. Song, and P. Li, “Multimodel control of
nonlinear systems: An integrated design procedure
based on gap metric and H, loop shaping,”
Industrial & Engineering Chemistry Research, vol.
51, no. 9, pp. 3722-3731, 2012.

[29] H. Mahdianfar, S. Ozgoli, and H.R. Momeni,
“Robust multiple model adaptive control:
Modified using v-gap metric,” International
Journal of Robust and Nonlinear Control, vol. 21,
pp. 2027-2063, 2011.

[30] A. El-Sakkary, “The gap metric: Robustness of
stabilization of feedback systems,” IEEE
Transactions on Automatic Control, vol. 30, pp.
240-247, 1985.

[31] K. Zhou and J.C. Doyle, Essentials of Robust
Control, Prentice Hall, 1998.

[32] J. Du and T.A. Johansen, “Integrated multilinear
model predictive control of nonlinear systems
based on gap metric,” Industrial & Engineering
Chemistry Research, vol. 54, pp. 6002-6011,
2015.

[33] X. Tao, D. Li, Y. Wang, N. Li, and S. Li, “Gap
metric based multiple model predictive control
with polyhedral stability region,” Industrial &
Engineering Chemistry Research, 2015.

3943, 20009.

[9] A.A. Jalali and H. Golmohammad, “An optimal
multiple-model strategy to design a controller for
nonlinear processes: A boiler-turbine unit,”
Computers & Chemical Engineering, vol. 46, pp.
48-58, 2012.

[10] L. Ozkan and M.V. Kothare, “Stability analysis of
a multi-model predictive control algorithm with
application to control of chemical reactors,”
Journal of Process Control, vol. 16, no. 2, pp. 81-
90, 2006.

[11]1 K.S. Narendra and A.M. Annaswamy, Stable
Adaptive Systems, Dover Publications, 2012.

[12] K.S. Narendra and Z. Han, “The changing face of
adaptive control: The use of multiple models,”
Annual Reviews in Control, vol. 35, no. 1, pp. 1-
12, 2011.

[13]1 K.S. Narendra and H. Zhuo, “Location of models
in  multiple-model based adaptive control for
improved performance,” in American Control
Conference (ACC), pp. 117-122, 2010.

[141K.S. Narendra and H. Zhuo, “Discrete-time
adaptive control wusing multiple models,” in
American Control Conference (ACC), pp. 2921-
2926, 2011.

[15] Y.Y. Guo and B. Jiang, “Multiple model-based
adaptive reconfiguration control for actuator
fault,” Acta Automatica Sinica, vol. 35, pp. 1452-
1458, 20009.

[16] R. Hallouzi, Multiple-Model Based Diagnosis for
Adaptive Fault-Tolerant Control, PHD Thesis,
Mechanical Maritime and Materials Engineering,
Delft University of Technology, Netherlands,
2008.

[17]N. Meskin, E. Naderi, and K. Khorasani, “A
multiple model-based approach for fault diagnosis
of jet engines,” IEEE Transactions on Control
Systems Technology, vol. 21, pp. 254-262, 2013.

[18] M. Rodrigues, M. Sahnoun, D. Theilliol, and J.C.
Ponsart, “Sensor fault detection and isolation filter
for polytopic LPV systems: A winding machine
application,” Journal of Process Control, vol. 23,
no. 6, pp. 805-816, 2013.

[19] S.M. Kargar, K. Salahshoor, and M.J.
Yazdanpanah, “Integrated nonlinear model
predictive fault tolerant control and multiple
model based fault detection and diagnosis,”
Chemical Engineering Research and Design, vol.
92, no. 2, pp. 340-349, 2014.

[20] C. Song, B. Wu, J. Zhao, and P. Li, “An integrated
state space partition and optimal control method of
multi-model for nonlinear systems based on
hybrid systems,” Journal of Process Control, vol.
25, pp. 59-69, 2015.

[21] A.A. Haj Salah, T. Garna J. Ragot, and H.
Messaoud, “Synthesis of a robust controller with

Journal of Control, Vol. 11, No. 2, Summer 2017

IAF Olls ¥ oyled V) tlor 287 e


https://dor.isc.ac/dor/20.1001.1.20088345.1396.11.2.3.2
http://joc.kntu.ac.ir/article-1-356-en.html
http://www.tcpdf.org

