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[l 2.2: loop for stability analysis.
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0 3.1: SISO Smith method.
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O 3.2: MIMO Smith method.
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1.6 : =

1.2 a

Step response

2 4 6 8 10 12 14 16 18 20
Timel[s]

U4lLw=0000000000000

000P(sMOP,,(sMOC(s)00,(s)00(s) 00000000000000000
00000

[P(stD)];; := pis(s) (4.8)
[Prn(sD)];; := pm, (s) (4.9)
[C(s)];; = cij(s) (4.10)
O(s) := diag[e™ "] (4.11)

O .. (5) := diag[e "] (4.12)

000 0pii(s) € RHeOpm,(s) € RHO ¢ij(s) € RHOe % Oe 0000000
godgodebe, U0O0DOD0O0O00O0O0OO:=10..h0y=10.. L 0OODO DO
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reference  :-=-- — Smith controller—--—; disturbance output

input |1y By

x(s) —> O o(s) POP P60 P O Y ®
i primary controller | plant
HOS— Po(s.0 f—|
T i
i i
i Om(s) [+ Pm(s.0 [« |
i model  ——i

_ %

0 4.3: MIMO Smith method for decomposition plants.
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(32)000000000000000000000W(s) 00 Z(s)00000000

[0 4.4: Uncertainty-Nominal loop for Smith method.
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Z(s) = M(s)W(s)
M(s) := P(s)[1 + C(s)P(sD)] *C(s)

—_~
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OD0D0OO0OC(s)00000000bOobboOoooon
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5.1 00O
e N
M(s)

1
w(s) ' c(s) »| P(s,0 > 2(s)

i controller plant |

RANNEEE I

O, (sP (s)e

\ J

[J 5.1: Uncertainty-Nominal loop for Smith method.

oo 5.1 0510MIMOOODUOUOODOOOLOoooooooon

1
Q> 0Vw > Q0p A (M (jw)) < 5 (5.1)
000000000000000x00000000M(s)0 M(s) := P(s[0)[14+C(s)P(s
m)'C(s) 000000000000 0000A ={A =diag[6;0..3,]: 6 €C} m
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dR > 0042 >0

C,(QOR) :={s € C: [Im s| > Q0| Re s| > R}
C;(QOR) :={s € C: |Im s| < QO|Re s| < R}

(5.2)J000C0C0ODODOs20000000G3)U0O0OODODOOs3ODOODOODO

s

-

~

J

O 5.2: location of the zeros of (5.2)equation.

4 N\
Im
A
Q
»Re
-Q
NG J

0O 5.3: location of the zeros of (5.3)equation.

0000510 M(s)OOODO OO0

AR > 00¥s € C(R) U {oo}Oup(M(s)) < k < o0
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proofinecessity(—) 0000000000

VQ > 008w > QOu A (M(jw)) > % (5.5)
— VR > 00WV > 003s € Co(R) U {00} 030; : [0, — 0] < VDI
det(I — M(s)(@(s)m — O(s))) =0 (5.6)
obobooooooooooon
¥Q > 003w > QOup (M (jw)) > ; (5.7)
— YV > LY, : [0, — 0] < VD
S € R U {00} Ddet(I — M(jw)(@n(jw) — O(jw))) = 0 (5.3)
0000 (s6)000D00C sOODODODODODODODOD pOOOOoOoo
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— YV > 00030, : [0, — 6] < VI
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000030360 =10..00 O

(Om; — 05 <V (5.11)
g i _ =it _ . (5.12)

00000000000000000000 wbg; O (5100000000000
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00000000000000000000000¢ =2 00<p, <1 0000(0

O00p0¢ O000000D0)0DD00ODOO

_efem,'jw(e*]'&'w _ 1) — 2]%6”

cos(Aw) — 1 — jsin(Aw) = —2p;(cos(Opm,w + ¢;) + jsin(0m,w + ¢;))

goon

cos(\w) = —=2p; cos(Opm,w + ¢;) + 1
sin(Aw) = —2p; sin(0,,,w + ¢;)

ggbdddl z=0nw+q UOO0OOOOOOOOOOO

cos(Aw) = —2p; cos(z) + 1
sin(A\w) = —2p; sin(z)

godb0000o00o0o0

1= 4pl2 cos’z —4p;cosz+ 1+ 41012 sin? z

1:4p?—4picosz—|—1

4p;(p; — cosz) = 0
(5170000000000

cosz = p;

0000000000000 0z=40,,,w+¢ 0000(G.18) 00000 w0

Om;w + g =cos ' (p;) +2mn0 n: 00000
<0§pi<1DD[D<cos_1(pi)§2
0000w O
w =0, {cos H(p;) + 2mn — ¢;}
D000000XND000000(5.18) 00 (5.16)0000000
cos(\w) =1—-2p?0 (|1 =2p| < 10000
A\iw = cos (1 — 2p?)
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(5.15)

(5.16)

(5.17)

(5.18)

(5.19)

(5.20)



wO0(518) 0000

cos (1 — 2p7)
Omi{cos™!(p;) + 270 — ¢;}

Ai:

gooooud 0

cos H(1 — 2p?)
‘9;1}{608_1(]?2') + 27n — ¢;}

<V (5.23)

gogooubogbobodgbogoooboobgoboboogn

proof:sufficiency(=-) D0O0O0O0 (5.1) 0000

3Q > 003R > 00Vs € C,(QOR) U {co} 0O OO O

1 7 1 1
M(N<-—t<«-00<dn< = 24
LAl (5))_2 5 <0 <3< g (5.24)

O0D000O000((.24) 000 5400000000

4 N\
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O 5.4: location of the zeros of (5.24)equation.
oo

sup 0(Op(jw) — O(jw)) < 2 (5.25)
weRU{oo}
00006,.(jw) - 0w 0000000000000 R >0000000
sup  0(O,(s) —O(s)) < 4 < 2 (5.26)
s€C4 (Ro)U{o0} 2—-n 1l-—n

O000O0O(B.26)000 550000000
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O 5.5: location of the zeros of (5.26)equation.

ooooo
Vs € (C+(Ro) U{o0}) N (Co(QOR) U {oo})D]
det(f — M(5)(Om(s) — O(s))) # 0 (5.27)
00000000000560000000 MIMOOOOODOO0OOOO0OO000000O0O

e ™
Im

A
‘ Q
|
|
|
|
|
|

- J/

O 5.6: location of the zeros of (5.27)equation.

O000s56000000000000000000<Yw < QOVYY; |0, —06;] <VO

-k <vr<RUOOOUO
. ) 1
E(@m(r—l—jw)—@(r—l—]w))<% (5.28)
ot Ry >00vV>>00tbogobobbobog

0; = O, + ON| < VO i=10..0h (5.29)
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U 5.7: location of the zeros in a low frequency.

00000(5.28)00000

S(On(r + ju) — O(r + jw)) = max|e rilriie) _ ¢ 0150

i (T15w) —(9mi+ki)(T+jw)|

= max |e”? —e
K3

= max{]etm B L - )y

gobodbttd.=10..0L 0000

eI — M|  [eOnr||1 - e MHID (Jeime] = 1000)
_ |€—0mir||€j)\iw NI (|€j>\iw =10 D)
— e tmT||1 — e 4 N
< [ 0|11 — ] 4 e 1)
= e (|1 — M| + | — 1))
(- e 1] 41— e ) (5.30)
(Je™|=100)
oot
¢ = min (im) <1 (5.31)
4k

00000 ¢0000000 ¢00
e L<1000
20(14¢) =2(C+ %)
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2(1+ 1 )
4k = 16k2

RN
=2k 2k
1
=7 32
k (5.32)
e L >1000
1
20(1+¢)=4< o (5.33)
00oooooo
1
20(1+¢) < o (5.34)
00000000 ¢0i=10..00Lh 00000
et < 14 ¢ (5.35)
[1—e™<¢ (5.36)
1 - <¢ (5.37)
0000
E(@m(r +]W) — @(T +]W)) S max{efemi’f‘“l . e*)\ﬂ‘ o 1| 4 |1 o e*]’)\iw )}
<2((1+¢)
1
<% (5.38)

0000002800000 R >00V>0000000
00003500000

e Imt < 14 ¢
1

Om. 7

e ™ >7
14+ ¢

1

1
r > —e—log(l +¢)

my
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1
0< R < gg—kg(1+—{) (5.39)

O00000000000OD0D0OD Rr<RUOOOODOODOOOOG3s)OODOODODO

[1—e ] <¢
—(<l—-e?<¢
—1—(<—eMM<—-14+¢O1-¢>0)
l—C<eM<14¢
log(1 —¢) < —A;r <log(1 + ()
—log(1 + ¢) < Air < —log(1 — () (5.40)

dbdRrR> R 0000

—log(1+¢) < =VRO VR < —log(1 —¢)
log(1+¢) > VRO VR < —log(1 — ()

00000 —VR< VR, <A\r<VROOO(5.40) 000000
VR < min{log(1+¢)0—1log(1 = ¢)}0  (—log(l1—¢{)=+co00D0) (541)
0000 (5.36) 000000000000000 (537)00

|1 — e < ¢
|1 — cos(A\w) + jsin(Aw)| < ¢
(1 — cos(M\w))? + sin*(\w) < ¢?

1 —2cos(Aw) +1 < ¢?

C2
cos(Aw) > 1 — 5
2
0 < |Aw| < cos ™t (1 — E)
C2
0 < |N\|w] < cos™! <1 - 5) O (5.42)
2
<0<C<1DD 0<Cos_1(1—2> g‘f)
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(h42)0000<VWw<QUOOOOODODODODDOOO

2
0 < [N < cos™? (1 — 2)

googbogoood

1 2
A < acos_1 (1 — C2>

goooboggad

1 2
V= ) cos™! (1 — 2) (5.43)
00000000(5.39)00(541)00(5.43) 000 (5.38) 000000 (528) 0000
O0000000oo0oooooon O

o 5.1 duboogubouuboboobbogoubbouboooouooood 6y, =
opbgugbgbobbgbobobobbbobobooobobonoobobo
goououaod e, b obubuuouboubounn

00 5.2 0000000Palomrd [15/0000000MMOODOO0O0O0OOO0C0OO
gogbdbobobobuoboouobobbMiMyoDbooboooooboboo
goodgbobobooobuddMmouiboobbuoboobuooboooogd
Palmor 0 [15/000000000000C

00 5.3 Feng/19/0 00000000 OOOOOO0O0OO0ODODDOOODOOOOO
O000O0O00OQOFeng/19/0000000000O0DOOOODOOOOOOODOOOOO
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goboboboboooboddoboubbodddil Umatlabd simulink 00000 O

e ™
M(s)

1
w(s) c(s) »| P(s,0 > 2(s)

i controller plant |

R 1l

O, (sP (s)e

\ J

[J 6.1: Uncertainty-Nominal loop for Smith method.

00000610 M(s)OOOOOOOOOO

M(S) - 1 s+1
s+4 2.1s+1

s 1
2.05s+1  s+2 ] (6.1)
g ooooon @m(s)—@(s)D

(6.2)

e—% — e—(1+51)s 0 ]

0 % — e—(1-|—62)3
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maximun singular value: - maximun singular value
(¢] O structured singular value
QPO000OOOOO0O0ON
117 : 0g o
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2
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0.7 4
0.6 -
05 G eB0606666606661
| | | | | |
10° 107 10 10° 10 10° 10° 10
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O 6.2: pa(M(jw)) and o(M(jw)).

1
pA(M(jw)) — 0.4878 < §D w— 00 (6.3)

gobdgobooubdn ¢,=00106=02 JUDOUOOOODODODOOOOOOOOOOO
O00e3000000000000O00O0O0OOODOODOOM(s)0OO0OOOOODO

__s 1
M(S) — 2.051s+1 zii ] (64)
s+4 1.85s+1

ODO00D0O0ODOODODODODOODOODODOODODODODO @,(s)—e(s)D0b00bOoboo
gode400d

1
pA(M(jw)) — 0.5405 > §D W — 00 (6.5)
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gogooogbbdodod
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Step response

1.8

1.6

1.4

1.2

0.8

0.6

0.4

0.2

10 20 30 40 50 60 70
Timel[s]

[J 6.3: step responce.
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0 6.4: pua(M(jw)) and o(M(jw)).
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Step response
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[ 6.5: step responce.

34




U 70

HRNRE

71 OO0Ooogogo

goodbboboguboguoogogod

gubodgubuoggboogubogubouobobboouboobnbbooobo
goobogbboobogoboubooobouboubooobabobboobbaon
gogbdoboboooMIiMOUodooooooooooooooooooooon
dgooudgoogboogboubooboboagbboanoo

gooobudbouogbougbbouoonbobnboubouboubouoon o
goouodgod

7.2 OO0O0OO

0000 Palmor O Halevi[15] 00 Feng[19] 0 MIMOOOOOO0O000000000O
D000000000000000000000000000000000000000
00000000000000

D0000000000000000000000000000000

N00000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000

D00000000000000000000000000000000000000

35



goooogogd
gbhdbubogboboobdbubogbobbboobobooouoboba
god

36



HENREN

1] 000 0000000000000 "0000000vold80no0080ppd526-53600
196900

2] DO0O0D0O O00O0O00DO0O00DOo0oboD "00b00bOvelD190n00110ppd
1051-105601 198001

3] 000 DOO0OOO00000C00OD0ODOO"0O00000OvelOd260n00100pp0O
880-886L1 19870

4 OO0O00O00ODODODO DOOOO0O0O0O0ODODOO0"0000oooOOveld280n00
50 1984[]

) DO0DOO0O0O0OODOODOOOODOOOObOODDDbOOOOODI9930

6) 000 DO000000 000019830

[7 D0O0000DO000D0O000DO00000O0000C OppO763-7640 19830
8] OO0 He DO DOOOOO19940

[9) 00000 (0)000D00000 (0)000000-H, 0000000-00000
00000000000 019940

[10) DO0OO0000DODODOOOoO0OoOooooooobbOoo0oooboobobboboooOoo
0o0odoigood

1] O0O00000O000DO0o00ooooooiesrg

(12l DODOO0O0O0OCOODODOOOOOOO1990

37



(13 OO0O00O000O00OOO0OOooODOoODOOoO0oooo0ooobObObOoO0ooUooo
00 19780

[14] ZOPalmor[ Stability properties of smith dead-time compensator controllers” [ Int(]
JU Controll] volJ 3200 noJ 6 ppJ 937-94901 19800

[15] ZO JOPalmor and Y[ Halevill On the design and properties of multivariable dead
time compensators " [l Automaticall volll 190 nolJ 30 ppU 255-26411 19830

[16] OOJOMOSmith[ A controller to overcome dead time "0 ISA JO Ovold60no020
pp 28-330 195900

[17] OOJOMOSmith[ Closed control of loops with dead time "0 Chem Engngd ProgQ]
Uwvoll 530 nold 50 ppU 217-21901 19570

[18] KO Yamanaka and E0 Shimemurall] Effects of mismatched Smith controller on sta-
bility in systems with time-delay ” [ Automaticallvol J23Uno60ppU787-7911119870J

[19] Weng Feng[l On practidal stability of linear multivariable feedback systems with
time-delay " [J Automaticall voll 2700 nol] 200 ppU] 389-394 01 199101

[20] GO Alevisakis and DO E[ Seborgl] An extension of the Smith Predictor method to
multivariable linear systems containing time delays” [l Int[] JLI Controlllvolll 251 nolJ
3U ppU 543-5510 19730

[21] AOLO Tits and KOHO Fanl On the Small-p Theorem ” [0 Automaticall vol[ 310
no0 80 pp 1199-120101 19950

[22] AO Packard and JO CO Doyle[@ The Complex Structured Singular Value " Auto-
maticallvolll 290 noJ 10 ppU 71-10901 1993011

[23] JO CO Doyled BO AQ Franeis and AQ TannenbaumU Feedback Control Theoryl
Macmillan Publishing Company11992 (00 (O 0)OOOOO OOO0ODOOOOOO
000 01996)

[24] GOJOBalasO0JOCODoyleDKOGloberOAOPackard and ROSmith[ p-Analysis and
Synthesis Toolboxl] MUSYN Incl] 0119950

38



[25] SO Skogestad and I00 Postlethwaited Multivariable FeedBack Control: Analysis and
Designl] John Wiley & Sons[] 1996

[26] KOZhouOand JOCODoyle and KO Gloverd Robust and Optimal Controll Prentice
HalllJ 19950

[27] KO ZhouO and JO CO Doyled Essentials of Robust Controlld Prentice Hall(J 19980

[28] ROBellmanand KOLOCooke Differential-Difference Equationst Academic Press[]
19630

39



