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1.1 O00oooooooogn

gbogogboboogbboobbbouooob,ubboooooooooobobooonoon
ooo0, Fig. 1.10000000.

Plant

Y
Y

Controller

Y

z:c 210

Fig. 1.1: Closed loop system

goobod,gboooboo,ugbdbdgoboogbobbbuoobboob,oobo
opoobobooooboobobooobob,0obooboo0obob booobo’'o
00 (Fig. 1.2). 000000,00,00000000000,0000000000000.

gogbbgbobubogboooobog,bbobogogbobobbiod « . 0bboo
gbgbdudud«bboobboooobbuodgobooubo,bbooboooogoboo
goooogbgboobuodb.obobo,bboboooooboo, kg 11ggooob
oboooooooonD, kg 1200000000000000000000.

gbogogo,boogbbgoo,boboggbooboboboobogob,gbbabon
gbobbboooobobobdoooobbobobbobboobo.ggbobb,boo
guogbobbouobdgoboouoboobooobobb.obobo,oobobuoouabaon
gbobooodgobbouogg,bbubobobbboobobobodgbobon.

State Constraints
Actuator e d-------o---

— u u o | Y
Controller : /_ = Plant .

Y

Y

Y

pIN Control Constraints | >y |

Fig. 1.2: Closed loop system with state and control constraints



1.2 0000

gbogbooubogobbobbooobobobo,bbgbbuobbobg,googoboo
gbobbooogbbbuoobboobooobobb.boboob,bbuoo0obbboon
gb,ggogooob,bobodgboobboboobboo,guobbobbooooboobobon.
gbobob,bdgoogbobbboooobboooogooob,bbobooboboo
g.oggod,bbgggbobouboogoogboobobooob,bbb,gbbodgobg
gbouboogoobobogbdgbobooogboobobboo.bobbb,o0o0bboo
gobgogobobobobuboobooobboobo,ggbobooboboodgaog
gboboubbbdogobooobobbbobooo,boubbuooouooobbobbb
goooo.

goboooooboobobo,gbbobbobooooboobbboouobooon
000000000000 00000 [40o0o0O0ooooOOoboooooO 16,1700
g.ogoubobooobbbbooooobuoobbobb,bboobobbboobobban
gobobdbuodgooouogoooooboboobbbodbooo. oo ooboba
guobugboogboibbubdobbuouobbobobob,bbuooobbdobbobo
gobbodguobogooo.guouobo,oobbobooooboboooobboon
gbboboduobooouoobooobobobobobo.

O00000000000,000000 (positively invariant set) 0 00 0 OO0 (state con-
straint set) 0000 0000000000000 O00O0O0O0O0O0O0O. 0000000, 000
goddgobobbbdooobobobboooobbboobobouono. boboboboboo
g, ggubobooobogubuoggbbbooooobobobobobboo.bbbuoooobb
goboogbboggoooggbbubgbboooboboooogoobo,oooaoda
0000000000000000000. 0000000000000 (error governor) [2],
000000000 (reference governor) [3,7/000000000000000000O. O
gogbbouoguogdgbbbooobobobo,obbouoogobbobooo.obobo
gogoobbobbbbogbouogbbuoboooooouooboogguoo. bobo
gboboobooubgoggbbuobuoubooobbooooo,gbobuoboggb,0oubbog
goobobooooboubo. bbb oboooouob.ogoobobobboboboon
guobboouboobu,ggugbboboboboobouobboouabuobbabobooogoo
oooole s 9. 000000000, 0000000000000 0O00O0O0O0,000
gogbgoogbobbbbuobboobbboobuoobobooobbooooo. oo
gobouod,ggouooboudggoboboobooboog,guooobooog
gbuogbdobooo.gogboboobbbubobbuobbbuoooooobboobon
000000000000 000,000000ooo0o0oooooooooOoO e, 8,0
godoguoouubbobobboboouoooooo.gboooboooobboobobon
gobbuogboogobboooboobuobboogooboboobboobooo,og
gobobooogoon.
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1.3 0000nooonbn

O0000,00000000000000O0DO0000bO0DO0DoOoOoDoOOobO.OoODbOOo
godobdooobobooobooobbooboooobbooooDoobUobO,ooDobbOoo
0000000000000 O00obOo0o0o00o0.ODbobObOobOO0obOo,0DO0o0ob0o0oOoon
oooo0o0,0o0gdobobobo0ob00b00obbooboobboboobobOobooOUoo
oo.

Oo0oboobooboooboooboobooooooo.

2000,000000000D000O0OOOODO0O0O0. ODOODOOODOOOOODOOn
O00d.00o0b0ooooboooooooooooooboboboboo.ooboobo
0000000000000 0o0obO00o0ooO0o0obO0ooDOooDOooOoObODbO.0bobOooob,00
goooooboobbooooobooDooboo0bUooOo,boobobbUooooUoUobo
O00.00000000D0000DO00DO00bO0OD0DO0OOO,000D000bO0O00000
Oooooooboboo,obbobboooo0ooboooboobo0.oboobooobo
oooooooo.

jubo,jbodobbooodgoboob b bobDobb.ob,bo
O000000000b0o0bOboO0obOO0oDbOOobOoODOoOo0ooDOooobOoOoOobObOoDO,o00
oob0o0oobo0oobOoobbooobooobobooboboooobooboo,oboooooo
000000000, CPIODO (constrained positively invariant set) D000 00000, 00
o000 cPIDOODDOO0ODOO0OCPIDO0OUODDODUOO. DODODOODbOoUOOogg CrI
OO0000O00O00,0000000000000O0DOO00DOO0ODOO0oDbOOoDbOoOD.0DbODbOo
CePl0O0O0,00000000DO00OODOODDODOODODDbDObDbOODbDOO.

4000,0000000DL000O000O0O0O0O0ODDODOODODO0O0O00O0ODODDDODDO
good. 0000, 0bo0dbodoboobo0ob bbb ooboooooo
O00000. 00000000000 0O00O0DOO00bOO0O0bO0obOoO0o0DbOobOO, 000
Oooboboooooboobobooooobobooo. Dobooobboboooooo
0000000000 CPlODO0O0ODOOO,00Db0D0D0O00DDODDOODODDODOOOOODO0
O.0ddb0odobooooboo,booooboogooobooo. oo, ooobo
O00000D0O0DOD0ooooooooo.

S5000,0000000000 Set-ValuedDOOODOODOOOOOODODODOO. Set-Valued
00000, 00000000bO00bO0obODODbO0o0DODO0bO0oD,DboobOooDOoOooDOo
o0ooooobbboob0ob0obooobboboobo.obooooboDbbUooobbbbOobo
000000, 000000000D0O0O0ObOOobObOO0bObOOoDO0O0,0b000b000000
ooooogooobooboobobgoob. o000 boonoobooboo
000000000 ODOoboODODOO0o0O00o00o0o0obOo0oooDDboUobOO00. Obooooo
Oo00o0bOoobobobboboobooboboobooo.

6000,0000000000 Set-ValuedOODOODOOOODO,00000000000
O0o0dbooooooboooooooobbobo .40 oDooobDboooo
O000000000000D0. 000000 0obobobObo0oobODoooDooooboooo
O0,00000000000000000, Set-ValuedDDO OOOOODOOoOooOOoODOOO
0000000000 O0Oo cCcPlODO0OD0DOO0ODODODDOD. OO0ODOODOOOoOOoOO
Oobo0oboodoooboooooogobobobooo, bbb oOoo
O0000000,0000000D0DO000000000,00Db00bO0DOO0OODO0DO0

3



gobobbodgoobdaod.
rubo,bogboodouogoboboboboooon.

00:AT000 ADDODD,A'000 ADODDOOOOO. AeR™"0000, Auy
000 ADD «000000,beR™0000,b,00000 b0 j0000000000.
00 Z+0000000000000.000000000,/0000000000. 00,
|z|0 x000000000000000.
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21 0O0O0OO

gboddg,ggooobggubuobboooobobobuoooo. goboooooooo
gbobbouoggobuobuoogubboobbobboo.obbuooobo,bobodgo
goboguoogbbboobooobobogo,bbogoobooboooobboo. o
gbboogobbogobbooobbooobba,bbooobooobbooaooban
gobogg,bgubboobbodbooobooo. oo ooouoooooobooon
gog.

22 OJ0OO0OOOOO

00 2.1. Set(M,m)0, {z, € R": Mz, <m}, M e R"", m e R'O00D0O0OODOOO
Doooo0ooo.
0000000000 SO0000.

S = {z, € R": Myz, + Mow <my,Jw € R}, My e R™", My e R", meR" (2.1)
0000, (21)0 Set(M,m) 00000,0000
S =Set(M,m) (={z,eR": Mz, <m}, M ecR>" mecR)
gooooood.

O0oo00o0oooo0,(21) 00000000000 wOOOODODDOOOODOOOOOO.
0000, Fourier-Motzkin 0 0O 0O [4,13,15]000000000.

gooooo 2.1. (M,T_n)DDDDDDDDD
Data: Ml, MQ, mq

Stepl: D000 QO0QOOoOOOOn.
1Y = {i: Moy = 0}, It = {i: Moy > 0}, I~ ={i: Moy < 0}.
00000000000 (cardinality) 0,00 00000000.
s¥ = card(1°), s = card(I"), s~ = card(I™).

Step2: C' = [M; —my| e R O00. 0000,00 [M —m) e RXOHD [ =504 5ts™
000000000000,
{C(iy;) 11 E ]0}, {Mg(iy:)C(j,:) — Mg(j7:)0(i’:) 1 E I+, VRS [_}
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ggboouooboud, bbb wdooobboouobbobo.bboooooao
0000000 (M,m)0000,000000000000000.

Rack[(M; M), mi] = {(M,m) € R*" x R': § = Set(M,m)} (2.2)

00000 w0 k000000000000 ,00000 Rack]O kOO0O0OODOOOOO
goggobbooogo.gbbood

Rack?|(My My), m1] = Rack|Rack[(M, Ms), m]]

Rack®[(M, M), m;] = Rack[Rack*~[(M; My), m,]]
goooobood,
S={z, € R": Myz, + Maw < my,Jw € R¥}

0000, Rackk[(M; M,),m,) 000000000, S0 Set(M,m)0000000000.
00 Rack*[(M; My),m;] 0000000,0000 n+k 00000000000,n00
000000000000000000000000000.

b 21. 00000ogoobooogoo (M,m)DDDDDDDDDDDDDDDD,xpD
gbogodgbuogbbbobibobobobogooboobb.oobboobbobodggoo
gooouogobbo,bbbbuobobuoobboouooobuoo.ooog,oobobooo
guogdbbbdoogbbobuoouobb.oouobbuoooogooboboog.

00 2.1. 500000000000000000000000 (Fig. 2.1).
goboobddood 0000, 000000000000 d.

S={z, e R": Myz, + Mow < my,3w € R} (2.3)

god,ogbooubobogn.

T

T T
M =[-2 11 5-4], A@:[1()4 19 —4 , mlzkss 28 &)o].

000000000000000,0 (23)0000000 w 0000, Set(M,m) = {z, €
R, Mz, <m}0000000.

Stepl: I°'={2}, I"™={1,3}, I"={4,5} =1, st=2 s =2

o 6T
1 8

Step2: C = [Ml —ml} =1 =7
5 —60
-4 0 |

[M ﬂﬂmDDDDDD,
0(27:) — [1 —8i|,
My Clay — Moy Ciayy = [—19 —132] . My yCisy — My Ciayy = [—6 —6},



Ll N N D N e

M2(3,:)C(4,:) - M2(4,:)C(3,:) = [32 _576:| ) M2(3,:)C(5,:) - MZ(B,:)C(S,:) = |:_15 _28:| 0

0,

gogd.

(2.4)

0000, Set(M,m)={z, e R, Mz, <m}0000,00 2,0000000000000

oo.00bbdd, -, 0000

—1<qz,<3000,0000000000 z,00000

0000 2, 00000000 (Fig.2.1). 000,00 (240000 2z, 0000000000
gobd,1,3gbobuadgbobb,ogoudg 3gubogogooagg.

X +4w =28
P

5x_-12w = 60
P

Fig. 2.1: Projections of convex sets

12
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23 O0O0O0O0OOOOOOO

MeRX", meRDOOO,S=_Set(M,m)={x, e R": Mz, <m} 0000.(M,m)0O
00000000000000,000000000000000000(@0O0000000
0000000000)S00000000,00000000000.0000000000
0000000000000,000000000000000000000.000000
00 Rack[|00000000,00001000000000000 ()?200000000
0.0000000000000000000000.

00, Muyz, <mp0000000000000.000000000000 Mgz, <
mep 000000000000000 Mz, <mO000, S=Set(M,m) 00000,

000000000000000000000000000000.

000000 22.0000000000000O0OO
Data: M € R>*™, m € R/
Stepl: i=1

Step2: >100000.
Mz, <mDO Myyz,<mu D000000000000000 Mz, <mO000.

Step3: DO OOO0O
h = maximize (M 1,), subject to M, < 1h

000.0000,h<mg 000 Mugz,<me O0000000000.:00000
00,i+1000000000000 M,mOO0O0O00.l=[-1000 Step2000.
h>m 000 Muaz,<mepO0000000000.i=i+1000 Step2000.

000000000000000000000000000000. 00,00000 (M, m)
00000000000 0000, Elim(M,m)000000000CO.
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3.1 0000

gooodogod,ggbuogooobboboogbobbuooboboooug,oooobo,
goggobbbobbbououbooboouobbobobdooodo. ooooobooboodg,
guoddboboooaodgb,bbbougogbboooobooooo,bobogobgan
gobbouogbogbbobbbb. ogooo,uooboobbbbobobdo,b0oo0go
guoggboobobobogbbbogoooobo.

gogggobbbbbbdubbbduoduuudbooooooboobbobobobbon
. bogogggo,bbgouobgbogobbooogbbbobobbboooobob. o
gobobodab,bbouabgooboboubdobboouogooobooabboob. o
guodbboogbobooob,bugoboboooooobbooobbooooobobb
00000000000 [2,3,5,6,7,8. 00000000000000O0O0ODOOOOOO
gogooob,ggdubogggoooooooooobooboon.

gbodb,bbugbuouugobouboboobobobobboooobbobbbb
I I I

3.2 0UO0OOO

0000000000000 0000oooooO (Fig. 3.1).

- z(k+1) = Ax(k) (3.1)

O00 zeR"0O00, 2,eRPOIDODODOODOO0O0O0O0OOOOODOOO00O0O, 2(k) €
JCcRrRePOOoooooboobo.0ob ZOoo4obo,0bbooooobooooobo.

Z={2€eRV: Fzo< f}, FER™, feTR". (3.2)
A C,0D00D0ODOO0o00ooooooag.

00 3.1. 00000 ¥00000 (AD000000oog), (C,A)DD0DoDoooood
O0.00,2k00000000000000000000O000OO0O,0eintZ00000.
gog zZzooooobooobg.
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| u y !

l Controller »  Plant a State & Cf)ntrol
| + 7, Constraints

| Ye EP i 20 € Z

I : E

______________________________________

Fig. 3.1: Constrained system

00 3.1.00000000000000 2000000 =, z30000.

ok +1) = [_0%6 8111] (k) + [_015(’] u(k), (k) = [xl("”]

u(k) = — [1.0 —0.2] x(k), x5 = [275] , rp = [350] ,

ooooooooog, uw <£300000000000. ODOODO, 320000, M =

[—1 1]T,m:[3 S]TDDDDDDDDDDDD.DDDDDDDDDDDDDDDDDD
0,Fig. 320000. 0000« 000000 «/0,00000000000000000
00000,2:000000 «+*0,000000000000000.0000000000
gbobobodbb,oobbouoobboooooboounobbb.

Fig. 3.2: Control input u(k)

10
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3.3 0O0OCPIOO

goob,gbduobgbougoboboboobbboooobuooboooobo,og
Oo0OcPiIDO0O0O0oDOOObOObOOObOObDbDOODbObDbDODbDObOOOOODOoOO.
gobbogbooobooboobooobooboog.

00 3.1. (0000O0O0)
00000000000000000.

XCOZ:{JZ'GRTL’CO.I’EZ}. (33)

0000000000000000000000000000000000000000
00.000000000000000000000,00000000000000000
00O00o0000O00o00o.

00000000000000000000.00 ScROO0D0O0O00OO0O0O0O000.00
000000000 2(0)eS000000000 SO0000000000000,S000
ooooooood.

000000000,00 S C Xe,0000000, SO CPI(constrained positively
invariant) 000 0000. 000000000000000,0000000 %(0)e SO0
0000 z(k)eS,0000 z(k) e Xe,0000000000000000000000.

000,CPI00O0O0OO0O0O00.CPIOOD,‘0000000000000000000
00000000’ 000000,00000000000000000000000.000
000 CPID0OODO00O000O0 CPIDONOOODOO0O0OOOO.

00 3.2. (00 CPIOO ) [5]
7o =2(0)000. 000000 CPIOO 0,,00000000000.

Oso = { 29 € R" | 29(k) = CoA*ny € Z, Ve ZT }. (3.4)

00 3.1. 00CPIOOO,X00000000CPIODOOOOOO0O0OO0 CPIOOOOO.
0000000000 #00) €0,000000000 2000000 2(k) € Ox00 2(k) €
Z0O00O0.000000,¥000000000000000000000, 2(0)€ 000
nDooooooo.

OO0 3.2. 00 CPIDO O ,0U00DO0OO0OODODOOO,000D0000000DOOOODO
gobod,buogoobboboogan.

Ooo = {xo eR": MO'IO S mo}, MO € Rgxn, mo € RY. (35)

ooo M, meO,0000 O 000000000000 DOODODODODO,g00ODODO
gobdgo.ggbbooooooo, bbb obooboooobooboo.oo
CPIOO0OO0OO,00000000000000,00 [2,5l0000000000.

11
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(a) Maximal CPI set 1 (b) Maximal CPI set 2

Fig. 3.3: Maximal CPI set

00 3.2. 00 3100000000000000000,00 CPIOOOOOO,00000
Do0000000O0DOooon.

00 CPIODO OO, Fig. 33()0000000000000000.000000000
0000000 Xe,,000.00,%,'+000,0000 x5:[7 25]T,xg:[5 30}T
000.2200000000000000000000000,420 X,0000000

0,0, 00000000000000D0D0. Xe,zO0,00CPIOO O ,00000D0O0O
gobbob,gbbobooobb,0oan

z(k) € O = z(k+1) € Oy (3.6)

000000000,000000000000000000000.000,,,230000
000000000 z;,220000,Fig. 3.3b)000000O,z2000,00000000
gboboouoboboouogoobobobon.

OOoOoooboboobbooooooooooobooboobo,ob0bobooooo ccrPInDO

oooooooooobo.ocoobo,0oboo cePlboooobooooboboobooboon
goboboobogooboog.

12
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4.1 0000

gbuooggug,bgbgbbuogodgbbooobbooobuooboboooooo
goboooogdo. gbbobbobubuoo,bobbuobooboobboooooooobooaon
gobobbdob. boboboobbbboooob,ouoobobbobobobo,bobo
gbodogooobogbooobbooobbobbobboooog.

ggdogbbobobooooobobo,u0,obbooboobbboboooobon
0oo0od [6,8,9. 000000000,00000000O00O0OODO0O0ODODOODO,O0O
000000000000000000000000000000000 (Fig. 4.1). 00O
gogobda,obggoboboogob,bbbbbogoobbuoobooboobon
guogobbooogbbooboouoob.booboobobob,bobobooobbboo
I o A A A
gobbooboobdabogn.

O000,00 (0000000000000 O0O000O00ODO,00D00oOoDooOO
gobbobbbubobbodobouooboubbboob.ooooboooubogooo
ooobooboooooooooobo crPlObDbODbO0OOO0DODbDODDOO.

i —————— i . State & Control
1 1 0

| ! + — ,  Constraints
i I :i Controller2 |—0/ ¢ w 1 i 20 € Z

i ZE > Plant — i

: : Zp :

1 g 0 i ControllerN |—0’ — !

| Supervisor

A

| SNy ‘[ |
| o ; x :
Initial State z*(7) P |

Fig. 4.1: Switching control

13
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4.2 0O0O0OO

0000,0000 %,0000, NOOOOO ¥, 2...,2¥N0000,0000000
oo guoonouooon (Fig.4.1).
godogodg ZPDDDD.
zp(k + 1) = Ay, (k) + Byu(k)
s, (k) = Cpray (k) (4.1)
y(k) = Cpozp(k)
gogg IPG'R"PDDDDDDDD,UERmDDDDD,ZlERDDDDDDDD. 0gd
yeR»OO000OO0O, A, B, Cy,C,,00000000000000DO.
gogdno ZPDDDDDDDDDDDD,DDDDDDDDDDDDDDDDDDD ZZD
gdd.
zo(k +1) = Az (k) + Bly(k)
000 2t e R 0000000, A, B, Ci, D)O0000D0N0NO00N00OND.0000

000 n,0OOO0DO00O000000000.0000000000000,420000,0
0 ne =0, uw(k)=Diy(k) 000000000000.

00 4.1. 0000000000O0OOOOO, 000000 %,¢=1,---,NOODODDOOOO
000000000000000000.00000,¥Y000000000000000.
gogbboboooguououogboobboooboob oo, obobbbbobobbb o
0000 [6,80000,0000000000O0O000DOOOODODOODOOOODOOOOO.

¥, 0000000000000 »¥Oobhooooooo.
o' (k+1) = A'2' (k)
21 (k) = Ca'(k)

%
c

(4.2)

¥ (4.3)

T S
oooooo x:[:z:T (xi)T} eR" ni:=n,+n,;, 000,000000000000.

p c

A, + B,DiCyy B,C"

Al = . ‘
B (Z:CPQ Af:

e RMm C=|Cy 0] erx

00000000 ¥O00OOO0OOooooooooooooooooo0o000 k)00
gog.

Zo(k) = Copl'p(k) + DoU(k)

v (4.4)
=Ci'(k) e ZCRP
00 ZOOOO,0000000000000A0d.
Z={2€eRP: Fz0< f}, FER™ feR". (4.5)

00 4.1. 00000 ¥¥00000(A000000000D0), (Ci,AY 000000000
O.00,2k0000000000000000O0D0OODO0OO0O0O0O,0eintZ00000.
god Zzooooooooao.

14
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4.3 00O CPIOO

gboobogoub,gbbooodgbooboobobuogoooboboboooob,boo
OooooOocrPIDOooooooooboDg.
00 (43)0000000 ¥000000CPIDDOODOOOOOOOO.

00 4.1. (00 CPIOO )
i =2(0)000. 000000 CPIO0 O, 00000000000.

Ol ={xh e R" | z(k) = Ci(A)exh € Z, Vke 27}, i=1,---,N. (4.6)

00 4.2. 0 #0,i=1,--- NOOD.O, O 00000000 CPIODOOOOODOO
000 CPIODDODOO. 0000 O\,0,000000 ¥O00OOOOoO0oOoO0oooooOooo
00000.0000000 24(0)e0, 000000000 ¥¥000000 2'(k) €00
0 %(k)€Zz00O00. 000000, 0000000000000000000, 2%0) € 0%,
Dooooooooa.

00 4.3. 00 CPIODO O, 00000000000,00000000000000000
O000,0000000000000 6, 8.

Ol ={z} € R Mixh <mb}y, M e RI ™ my € R (4.7)

000 M, mi0, 0000 O, 000000000000000O000O, ¢00000
gobgdo.ggooooobdogb,gggooboogobobboooobboog.

000000000000000,00 0, 000000000000000000000
goo.ugbuobboooobuoouogoaoob.

4.4 0O0O0OOOOOO

gobbuoggbbuooobboobooobdobo,obbooabob.
00 4.2. 0000 £,000 z,(k)000000D0D0O.

0000000000000 000,00CPIOD O, 00000000000000 =,(k)
gobobo,bbogobobbobogbobobbuggouougooooboobooooon.oon
god,gboobobbbbooob,

e JUUOUOUOLODOODODO
e JUUOUODLDDLDDLODOUOOODLDOOO

gogbbuooouoobuooooo.gbbobbooaba.
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(0ooooo)

000000000000000000000 2,()0000000.00000,000
00 z,(k)00000000000000,0000000000000000000000
ooooooa.

0000000000,0000000000000CPIDOOOO. O O0,000000
00000000000 n,+n,0000000000000.0000000000000
D00D000000Dooooon.

ng:{a¢e7yw|1¢e7@w,kﬁ €O}, i=1,--- N (4.8)

[

0 0,0000000000,0000000 0,,0000000000. 0,000
00000, 200000 Fourier-Motzkin 0 0 000 00000000000000. O
0 0., 00000,000 £00000000000, (k) €0, 000000.

noo,

N .
Ouep = JOL,
=1

000. Ow0O,000000000000000000000000000 %,00000
00000000.2,€ 04,0000, I(z,)={i|z,€0,,}000000,000000
0 2,0000000000000000000000000000OO0O. 0000000
00000000000000000000, I(z(k)00000000000000000
0D000000.000000000000,000000000000000000000
ooo.

i(k) = max{ i | z,(k) € O, }. (4.9)

0000000 4i(r) #4r—1)0000000 000000000000, 000000
0000000,00000000000 200000 xi(T)(T)DDDDDDDDDDDD
gooo.

(00D00O00O0O0O000)

00000000000 S 00000 270000000, 2700000000
00000000000

P%h) e O (4.10)

ze" (7)

00O0. 0,000 (48)00,00000 «7(r000000,000000000000
0000000000000000000000000. 0000000000000 ,(0)
00000000000000000000, |#/|00000000000,0000000
00000,000000 200000000000

minimize (z°)"z! subject to Max! < mf — Mix,(1) (4.11)
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0000000000 (47)0,
My =M Mj]eR"™™, MjeR"™™, Mje R
D0D000D000.0000000 #4000 (410)000000000.

00 44. 000,(410)00000000000000,000000000000000O
gbobbuooboboboobo,gbobbooobboouoobobbooboboaao. o
guobogbbgodg,boobbboduguooobboooobobooboobobbon
000,00000000000000000 [9].

00 4.5. 000000000000 0O00O00ODO (n =0)000000000000000
gg.

gbogooogobboboobobououogoooooo.

00 4.1. 00 41,2,(00 € 0,0 000000000. 0000O,0000 %,,000 %, i=
1,---,NOOO (49),4.10000000000000000000000O0ODO0OOC0OOOO0
O00.000000,0000 k) ezZ00000000O0O0O0OOO0OODO.

(00)000000000000,00 4100000000 $00000000. 000
O CPIDOOO0O0OO, z(k) € 0L, — a,(k+1) €0, 00000.0000,0000 ¢O
000, 2,(t) € 04,0 0000000, 2,(7) €000 7>t000000, T8 — T+ O
000000000000.00000,000000000 (4.9),(410)000,00000
00 2,(0) € Ox, 00 00000000,000000,00000000 $000000
000 i(k)0000000000000.000,0000 %) eZ0000000000
ooooogd.
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4.5 OO
00 4.1. 2000000

(1) = [—00.01 —01.04] z(t) + [0.%1] ut), =(t) = [28]
2(t) = y(t) = [1 o] 2(t).

0000.000000000, ju<200000000000.
gobouoggoobd 40b0004d.

e u(t) = —y(t)

- a%(t):: —0.51962 22(t) + 1.0392 y(t)
’ u(t) =5 x3(t) — 15 y(t)

- 23(t) = —1.7156 x3(t) + 6.1743 y(t)
‘ u(t) = 15 23(t) — 68.9837 y(t)

- zA(t) = —2.1445 x2(t) + 7.7179 y(t)
‘ u(t) = 45 x2(t) — 206.951 y(t)

gbobogbbogoooobbooobouobou.ggbbooboooboogbbon

00000000000 2,(00°=[150)’000000000000 Fig. 4.2, Fig. 430 0
0.Fig. 4300, 00000000000000000000,000000000000
00000O00000.00000000000000000000.

60
0
40+
) —
= n PR (=
820- e N i
2 Sel g -90r
= N\ e £
g st S
52 RSN
-20¢ -
5 -180
_40 c L L
107 10" 10° 107 107 10°
w [rad/sec] w [rad/sec]
(a) Gain diagram (b) Phase diagram

Fig. 4.2: Bode diagram
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2 [rad]

‘‘‘‘‘
-,

O N < x
B X (0)=[L50]"
P
= i _

-1 XC(O)—O |

0 20 40 60 0 20 40 60
t[s] tfs]
(a) State variable xp1(= 21) (b) State variable zp2

=== Constraints

20 40 60
tls]

(¢) Control input u
Fig. 4.3: Initial condition response ¥¢, i =1,--- .4
00000000 T=05s]00000000O0OO00ODOOO0DOODOOODO,ODO00ODO0OOO

gbogodbou.gubbgbbuoobobduoboboooboobbooobobbboo
googo.

0.99876  0.49483 0.00124
. Tp(k +1) = [_0,00495 0.97897] )+ 0-00495] "
) zp1 (k)
(k) =y(k) = [1 o} 7, (K), zp(k) = [xpz(k)]

S k) = —y(k)

52 22k +1) = 0.7712 22(k) + 0.4576 y(k)
’ u(k) =5 x;(k) — 15 y(k)

53 w3k +1) = 0.42409 22 (k) + 2.07264 y(k)
¢ u(k) = 15 22 (k) — 68.9837 y(k)

- w2k +1) = 0.34224 (k) + 2.36723 y(k)
‘ u(k) = 45 z2(k) — 206.951 y(k)
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000000000000000 ¥000000CPID0O O, 0,0000000000
goobd Of)opD Fig. 44000. bOo0bO0o0oboOoobOooobuoboboobbobbodg
gboggbdo.gbggbbogbbboobbooboooobuoooobboooon
gbogoobobooboboon.

0.5
o4 o p
0.3r e °

0.2r

01 -
x: or \

_0_1,
0.2} |
-0.3f o B
_0-4, “““““““““““““““

-0.5

Fig. 4.4: Ol,, i=1,--- .4

0000 2,007 =[15 0000000000000 Fig. 450, 0000000000
0000000000 Fig 46, Fig. 47000. 0000000000000000000,
000 $'000000000000000. Fig. 4.70 Fig. 4.60 0~40[s|0000000
0000000000000 000000. 0000000000000000000,00
0000000000000000000.0000000000,000000000000
00000000 O0000O00.

0.5 ; 0.5
0.4r 0.4+
0.3 0al
0.2 0.2
0.1 0.1
<> 0 ¥ < 0
-0.1 > QR -0.1
-0.2 -0.2
-0.3 -0.3
-0.4+ + Trajectory of X, B -0.4r o Trajectory of x,
_O 5 I I I I I _05 I I I I I
-2 -1 0 1 2 -2 -1 0 1 2
X X
pl pl
(a) Switching control (b) Controller %!

Fig. 4.5: State trajectories
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Switching Control
1
..... -3 |
PSS
2 ., -
. “ ‘\4" hzS )
7 "~ .
R /‘/. —"
. ="
Ay .
s, ’
-1t e i
_2 1 1 1 1
0 20 40 60 80 100
t[s]
(a) State variable xp1 (= 21)
0.3
== Switching Control
cz2r  __ - <l 1
zC
0.1f »° ey |
S N
~ l\' ‘,‘ P -NN,
Q 0 A'\ r 4 &
< . v, K4 S
. ., .’ -
\' v, - —"
-0.1r ! 1
Y
At
Ve
-0.2r 1
_O.S 1 1 1 1
0 20 40 60 80 100
t[s]
(b) State variable z,2
== Switching Control
..... -
[
= === Constraints i
KRN
\' ~/
\0‘ ‘~/. - _‘—"
/~(~ '\O
_2 I M E W O W O WO MW N W NN EEEEEEEEEEEE
0 20 40 60 80 100
t[s]
(¢) Control input u
Fig. 4.6: Initial condition response (Switching control)
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2
Switching Control
51
c -
Switching Point
\'\‘
K4
4\'
\'\
Kd
K
Kd
Kd
'\4
_2 1 - 1 1
0 10 20 30 40
tfs]
(a) State variable xp1 (= 21)
0.3
0.2 1
0.1 - ,m“"'- e
- Ka ‘N
~N - ¢\'
< - K2
S
- P
-0.1f e .
N KA
. .—“\' - Switching Control
-02+ - e - 5t 1
[
- Switching Point
_03 1 - I I
0 10 20 30 40
tfs]
(b) State variable z,2
== Switching Control
~,~/~/
~/
~,
~/
\ V4 KN
Switching Point
=== Constraints
- A
0 10 20 30 40
tfs]

22

(¢) Control input u

Fig. 4.7: Blowup of Fig.4.6 (0 < k < 40)



4.6 0O0OLO

0000000000000000000000,000000000000000000
000000000 I(r,)={il€0,,}000000000,00000000000
000000000000000000000000(00 42).00000000000,0
0000000 «w000000000000000000000000000000000
00,000000000000000000000000000000.00000000
0000000000,0000000000000000000000000000000
0000000000000000000000.00000000000000,0000
00000000000000000000000000,000000000000000
000000,000000000000000000000000000000.0000
000000000000000.000000000000000000000,0000
00000000000 00000000000000000000000.

000000000000000000,000000000000000000000
000 (00000)00000000000000000000000000000000
0000. 000000000000000000000000000000000000,
00000000000000000000000000000000000,000000
0000000000000 00000,00000000000000000000000
0000000000.000000000000000000000000000
000,0000000000000000000000000000000000000
oooo.
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050 Set-Valued U0 O 0OOOONO

5.1 0OOOO

gobobouooogobobboooooobog,ggbobobooobooob, o
00000000000000000000000000O00O0o0oOooOoO [2,3,6,7,9)].
goobooog,bugooobouoooooobbbooobobnoboo,boooboboo
ggodgbobooobbbouoboboodo.bbod,gooobobobbbouobuaouon
gobgoo.ogo,bbooobboooboboo,bboobgbobobbobooboa, o
gobboouogobbbdoobbbooooboooboobobb.

godggoobuooouoogobog,obbobboobbobodooboooogo
000 (00O000) 0000000000000 000000000O0000000ooO00
goob.bogbga,bpuggooobgboobboobooobbooooobboogad
gbouobdgugg,gubbobooobbbboouogbobooob,oooobboo
gobobbobbodggoboooobooooodo. bogoguobuoobuouooo oo
guobbouogooobn.

Shamma 0 [10, 11, 12]0 000000000, Set-ValuedOO OO O (SVO)OODOOODO
goobb. oo, buogobogbobbouoodg,gooboobobbobbogn
gogodbbobooggbboou. ggoobobob,obbboooobbobooobo
guobdgbuogb.ogogbboduobobo,ggoubbuooooobbuooboon
gogoo,ggbbbogbodgbobuoguobooboooobooobn.

oooooo,svobooooobooodo. obooob svouoooooooo. oooo
OOoSvoOo,00000oboobooo0obobobobobobobobg, Fig.b100ooboo,0booog
goggbbbbgogubbbobdoouduuoooooboboobobbbobobubabobon
gd.bgggboogboboogbbouoobuoobbbogboboobbbooboobboo
o00.00b0,0b0osvooboobboooooooooooobooo,boooobo.
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Plant
Xp

Y

X, <«—] Set-Valued J
Observer

A

A Set of Possible States

Fig. 5.1: Set-Valued observer
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5.2 Set-ValuedUO 0O OO

000000,00000000CPID00O0O00OO0O00000000000 Set-Valued
00000 (svo)oooooono.

00,000000 %,0000,200000 %, ¥20000000000000000
0000000000.0000000000 ¥, 32000000 CPIOO OL,02000
000000000000 0000, Fig 5200000 OL,,0%,00000000000
00.0000000000000 2,0 OL,0000000000000 £10000,«,
0 02,00000000000 ¥00000000000,000000000000,0
0000 ¥'0000000000000000000000000.0000000000
00,000000000 2,0000000000000.2,0 0%,0000000000
0000 $20000000,000000000000000000.00000000 4,
000 2,0000000000,00000000000000000000000000
0000, Fig 52()00000000000,00000000000000000000
000000.00000,000000000000000000000,0000000
0000000 X, 00000 S$vOOOOO00000000.00000,0000000
0000000000000000 X,0000000 2,000.00000 Fig. 5.2(b) 0
000,00 X,0 02,000000000000000000000,000000000
ooooo.

(a) Estimation (b) Set-Valued estimation

Fig. 5.2: Concept of Set-Valued estimation
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5.3 SvOoUOdUudo I1-00gooooonon

5.3.1 0OO0OOO

0000,0000000000000000000000000SvOo00000000
000 (Fig. 5.1).
0000000 x,0000.

tp(b+ 1) = Ayzy (k) + Byu(h)
5, A(8) = Cpuzy (b) 5.1
y(k) = Cpowy(k)

000 z, e R»00000000,ueR™"00000,% eRO00O0OO00O. OO
yeRmwOOOO0O0O0OO,A4, B, Cy C,000000000000000.
0000000000000,00000000.

00 56.1. B U R 000 0O0ODODOODODODDODOOODDODODOODOOODOODODOO
go.

BR"p :{IPERan Sll'p§52}, SleRfX”p, SQERf (52)
doooooooooogno Ip(O)EBRnpDDDDDD.

svoU,0000 fk000bo0o0ooooogooobbooooooooo.ooobo
00000000,X,(k)00000. 0000000 X,(k)O00O0OO0ooo0oooooooo
gobogbbbouogon.

00,00 £-10000000000,00000000 «z, 0000000000000
goog.

Xppo (k) ={x, € R" 1 2, = Ay, (k — 1) + Bpu(k — 1), Jap(k — 1) € X, (k- 1)} (5.3)

000,00 k00000 yk)OOOOOOOOOO,00000000 2,000000
ggboooggoon.

Xp(y(k)) = {z, € R™ 1 y(k) = Cpa,}. (5.4)

(5.3), (54)0000000000 2, 000000 £k000000000000000
0 X,(k)000.
000000,000000000000000000000000.
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5.3.2 0UO0OOOOOOO
ok=0,(z,(0)000)

2,(0)0000 (52)0 y(0)00,000000000.

Xp(0) = Brew N {x, € R™ 1 y(0) = Cpamp}
= Brw N X,(y(0))

000, X,(y(0) O,

X,(y(0)) = Set(M.,m(0)), M,=

00000000,0000 X,(0)0,
Sy S,
Xp(0) = Set(M(0), m(0)), M(0)=| |, m(0)=|_ " .
1 (0)
0000000000000.00000,4,0)00000000000.
k=1 (z,(1)000)

z,(1)0000000000000.

Xp(1) = {xp €R"™ : xp, = Apr,(0) + Byu(0), Jz,(0) € Xp(o)}
N {z, e R™ :y(1) = Cpox,} (5.6)
= prre(]'> m Xp(y(l))
000, X,,.(1) 0, 2,00) € X,(0) 00000 2,(0)0,«(0) 0000000000000

goboboogaoo.
A, 0000000,

X

Ppre

(1) ={z, e R™: Ap_lxp - Ap_prU(O) = 1,(0) € X,(0)}

0DOooooo0oo,o0o0o00,

Xpm(l) = {xp € R™ : M(())Apilxp <m(0) + M(O)Apipru(O)}
oooooo.
X,(y(1))0oooo,

£,(y(1)) = Set(J,, (1)), I, = _cof (1) = [_jﬂ
gooooooo,oogon Xp(l)D,
X,(1) = Set(M(1),m(1)), M(1) = M%j‘p‘ , m(1) = lm@) + MSZS B,u(0)
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gobobogogboogadg.
A, 00000000,

prre(l) ={r, e R™ : x, — Apx,(0) = B,u(0), 3z,(0) € X,(0)}
00,0000 X,(1) 0,

X,(1) = {a, € R™ : My(D)z, + May(1)z,(0) < my(1))

I —4, pu(0)
)= | () = z\ﬁ%) L ma(1) = _Bfo(%go)
M, 0 m(1)

000.00000,00 20000000000, Rack[]000 n, 000000, X,(1) =
Set(M(1),m(1))0 0000000,
0000,4,(1) 00000000000,
00000000000,00¢+0000000000000000000000000.

ok=t (z,()000)

z,(t) 00 00000000000.

X,(t) ={z, e R : x, = Ayx,(t — 1)+ Byu(t — 1), 3z,(t — 1) € X,,(t — 1)}
N {z, e R™ :y(t) = Cpowy} (5.7)

= Xp () N Xy(y(1))

(y(t)OODODO,

X

p

X,(y(t)) = Set(M.,m(t)), M.=

00000000,0000 X,(¢) 0,
A, 0000000,

Xp(t) = Set(M(t), m(t)),
m(t—1)+ Mt —1)A, ' Byu(t — 1)
>:[ (1) l

gobobogogboogadg.
A, 000000400,

X,(t) = {w, € R : My(t)a, + Ma(t)a,(t — 1) < my (1))

I —A, Byu(t —1)
e B A, _ | Bput—1)
M (t) = ol My(t) = M(t—1) , ma(t) = m(t—1)
i 0 m(t)
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oo, goooo,oo xp(t—l) 00000000, Rackl] OO0 n, OO,

Rack™[(My(t) Mo(t)),mi(t)] DODDDO, X,(t) = Set(M(t),m(t) 00000000,
DDDD,xp(t)DDDDDDDDDDD.
Oo00oooooooooooooogogan.

000000 5.1. X,(k) DOOOOOODODO

k=0: 3
Xp(0) = Brw 0 X,(y(0))
= Set(M(0), m(0))
_ |5 52 - —Cp| v |=y(0)
o000 = (&) (ot |2~ [&5)- 20- [
k=t>0:
Xp(t) =X, (1) N Xp(y(t))
= Set(M(t),m(t))
(A,000 )
(M(t), m(t)) = (M(t ;\;[?Apl) 7 <m(t - 1)+ M(tTh—(tl))Appru(t — 1))] 7
Y —Cpa| v |—y()
e = Cpo > ) = [y(t)]
(A4,0000 )
I —A, Byu(t — 1)
(M(#), m(t)) € Rack®s | | M(fp_ ol —%(ﬁ;l) |
M. 0 m(t)
Y —Cpa| v |—y()
Me = %z’m@_[Mﬂ]

OO0 5.1. svoOooooooooo,bo0bog,00ooboooooogooooon. o
go,ogogoboboo,bogboobbooobbobooooooboog.

00 5.1. (51)000000000000000, (Cpe,A4,) 0000000000.000
O0,n,—10000SVO0000000,00000000 X,(n,—1)={&(n,—1)} OO
00,00 #,(n,—1)==,(n,—1)00000. (000O0O000)

00 5.2.000000,n,—-100000 SVO00000000,00000 zu(1), 7>
n,—10000000.
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5.3.3 0OU

00 5.1. [DCOOO,00,000000000000000O0O0O0O0OO0OO] [1]
0000 (Fig. 5.3) 000 0000000000000 DO.

Ju Bu

0r, 0 1 0 0 0r, 0
k 3 k
i 0L _ﬁ _f pJeL 0 oL + 0 Vv
dt |0 0 0 0 1 Orr 0
0 kg 0 ke _ Bu+KZ/R 0 Kr
M pJIm P2y I M RJn
0L
0L
@@:y@:[IO()ﬂ )
M
O

00000000 T=01[s¢|000000000000000OOOOOOOOOO0O.
oo,000r—-6, 000 VOODOODOOODOOOOOOOOODOoOO.

1000(9.79292% — 2.18602% — 7.2663z + 2.5556)
1024 — 2.728223 — 3.558522 — 1.3029z — 0.0853

Cc

P oyeooooooooog, Set-Valued DO ODOOODOOODODOOODODOO,
T . . T
ZL’p == ZL’pl l'pg l'pg ZL’p4:| == |:‘9L HL QM 9M

00000000 Fig. 5.4000.
Fig. 540000 ,2, 000 2,000000000000, Max, MinO0 OO z, 0000
0000 4, 0000,00000000.00 Reference 000000000000 (000
00000 #/6rad))00000. 00000000 |z, <1000.
0000000000,00 00000000000, 2, 000000000 k =
3(03s))00000000000000000.2,00000,00 y000000000
00,00 k=0 ([0.0[s) 00000000000,
00,000000000000000 Table5.1000. Elim[]000000000000
0000000000000000000,0000001500000000,000 10+2k (k
000)00000000000000000
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Table 5.1: Number of linear constraints in X,

k o 1 2 3 4 5 6 7 8 9 10
Elim(Mm) | 8 8 7 &8 10 11 13 15 13 12 13
(M,m) 10 12 14 16 18 20 22 24 26 28 30

4
- == Min - == Min
---- Max
—0.8f — % -
ko] ~
I ©
= Reference ©
= ._‘N
Q
x QU
0.4f <
0

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
t[s] t[s]

(a) State variable: zp; (= 6r) (b) State variable: x5 (= 0r)

60
=== Min

[rad]

X4

-5 I I I I -40 I I I I
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

t[s] t[s]

(c) State variable: x,3 (= 6ar) (d) State variable: 2,4 (= far)

Fig. 5.4: Simulation results of position servomechanism model
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54 SvOoUOUOUO0O II-000000000

54.1 0OO0OOO

0000,000000000000000000000000SVO000000000
00 (Fig. 5.5).

21

Y

Plant
Xp

d
—_——— P
u

X, « Set-Valued J + 5

Observer
A Set of Possible States Y

Fig. 5.5: Set-Valued observer
gooooob ¥, 0000.

zp(k 4+ 1) = Apx,(k) + Bpu(k) + Bpad(k)
2p z1(k) = Cpxy(k) (5.8)

y(k) = Cpaxy(k) + n(k)
DDD:KPER”PDDDDDDDD weRTOOO0OO,eRO0OOOO,yeR»O00O00
oooo.00,deR<000000000, neRO00000000q, Ap,

CPQDDDDDDDDDDDDDDD.
guobboooobbbob,oooogooo.

pls p27 Oph

00 8.2, By U R 000 0O0ODODOODODODDODOOODDODODOODOOODOODODOO
go.

By :{IPERan SlIPSSQ}, SleRfX”p, SQERf (59)
goddoooooooogn xp(O)EBRnpDDDDDD.
00 5.3. Brre, Bre, DOO0 O O0O0OO0O0OOOODOOOOoOoOO.

Brra = {d€R"™: Did < Dy}, Dl € R9*"™ D, € RY (5.10)
Brun = {ne€R™: Nid < Ny}, € R N, € R (5.11)

00000000000000 d(k),0000 n(k)000, dk) € Brra, n(k) € Bre 00
oooo.

g 5.3. ybbu,ggbuogoboobbuodbbuobboobobobbb,bbobbo
(00000)0000000000ooDOoo.
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svoU,0000 fk00dboooooooogoouobboooooooo.oooon
00000000, X,(k)00000.0000000 X,(k)00000000000000
gobogbbbouobod.

00,00 £-10000000000,00000000 «z, 0000000000000
goog.

Xy (k) ={x, e R™ 12, = Ay, (k — 1) + Buiu(k — 1) + Bpaod,
dx,(k—1) € X,(k—1), d € Brna} (5.12)

000,00 k00000 yk)OOOOOODOOOO,00000000 «,000000
ggboooogooo.

X,(y(k)) = {z, € R™ : y(k) = Cyyx, +n, n € Bran}. (5.13)

(5.12), (5.13)0 000000000 2, 000000 #000000000000000
0 X,(k)00oo.
000000,000000000000000000000000.

5.4.2 UO0OOOOOOO
o k=0, (z,(0)000)

2,(0)0000 (5.9)0 y(0)00,000000000.

Xp(0) = Brme N {z, € R™ 1 y(0) = Cpawy, + 1, n € Bron}

a (5.14)
= Brw N X,(y(0))

Xp(y(())) = {7, e R"™ :y(0) = Cpoxp + 1, n € Bran }

= {x, e R™ :y(0) — Cpaxy =N € Bron }

== {ZL'p c R"™ —Nlegxp S N2 - le(O)}
oo
X,(y(0)) = Set(M,,m(0)), M, = —NCypy, m(0) =Ny — Nyy(0).

000o0o00o0o,0000 X,(0) 0,

S1 Sy
X,(0) = Set(M(0),m(0)), M(0)= [MJ, m(0) = [fn(O)]
0000000000000.00000,2,(0000000000000.
ok=1,(z,(1)00D0)
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z,(1) 000000000000 O.

X,(1) ={z, e R™: 2z, = Ay, (0) + Bpiu(0) + Bpad, 37,(0) € X,(0), d € Brra}
N {z, € R :y(1) = Cpoxp, +n, n € Brnn } (5.15)
= Xp,e (1) N Xp(?J(D)

000, X,,.(1)0,2,00) € X,(00 00000 ,(000,%0) 000000000 d0000
00000000000000000000O0.

A, 0000000,

X

Ppre

(1) ={z, e R : A, 'z, — A, 'Buu(0) — A, Bpod = 2,(0) € X,(0), d € Brra}
00000000, 0000,

X

Ppre

(1) ={z, € R : M(0)A, 'z,—M(0)A, " Byd < m(0)+M(0)A, ' Byu(0), d € Brna}

gooogo.
X,(y(1)) 00000,

X,(y(1)) = Set(M,,m(1)), M,=—NCpy, m(1) = Ny — Nyy(1).
D0000000,0000 X,(1)0,

X,(1) ={zx, € R™ : My(1)z, + My(1)d < my (1)}

M(0)A! —M(0)A, "' By m(0) + M(0)A, " Byiu(0)
Ml(l) = 0 s Mg(l) = D1 y ml(l) = DQ
M, 0 m(1)

000.00000,00 d00000000, Rack™[(M(1) My(1)),mi(1)] 00000,
X,(1) = Set(M(1),m(1)) 00000000,
A,00000000,

X

Ppre

(1) ={z, € R™ : x, — Buiu(0) — Bpad = A,x,(0) € X,(0), d € Brra}
00,0000 X,(1)0,

X,(1) = {w, € R+ My(1)z, + Mo(1)a,(0) + My (1)d < my (1)}

T —A, —Dp2 Bplu(o)
-1 Ap Byo - p1u<0)
Mi(1)=]0 |, May(l)=1| 0O |, Ms(1)=| Dy |, mi(1)= D,
0 M(0) 0 m(0)
| M, 0 | 0 | | om(l) |
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000.00000,00 z,(0), 00000000, Rack™™a[(M;(1) My(1) Ms(t)), mq(1)]

00000, X,(1) =Set(M(1),m(1)) 00000000,
0000,4,(1)00000000000.
00000000000,00¢+0000000000000000000000000.

ok=t (z,()0D00)

z,(t) 0000000000 000.

X,(t) ={z, e R : x, = Ayx,(t — 1)+ Bpu(t — 1) + Bpd, 3x,(t —1) € X,(t — 1),
d € Brra} N {x, € R™ :y(t) = Cpaxp+n, n € Bran}

:prre(t) A Xp(y(t))
(5.16)

X,(y(#) 00000,
Xp(y(t)) = Set(Mcvm(t))7 Mc = _N10p27 m(t) =Ny — le(t)'

00000000,0000 X,(¢)0,
A, 0000000,

X,(t) ={xp, € R™ : My(t)x, + Ma(t)d < my(t)}
M(t —1)A! —M(t —1)A' By,
My (t) = 0 , My(t) = Dy ,
M. 0
m(t — 1)+ M(t — 1) A" Byyu(t — 1)
m1(t) = D,
m(t)

000.00000,00 d00000000, Rack™[(M(t) M(t),m () 00000,
X,(t) = Set(M(t),m(t)) 00000000 .
A,00000000,

X

Ppre

(t) ={zp, € R™: x, — Bhu(t — 1) — Bpod = Ay, (t — 1) € X,,(t — 1), d € Brra}
00,0000 X,(t) 0,

X,(t) ={z, e R™ : My(t)x, + Mso(t)x,(t — 1) + Ms(t)d < my(t)}

I —A, —Bys| [ Biu(t —1)
1 A, Bys —Bu(t —1)
Mi@t) = | 0|, My(t) = 0 |, Ms(t)=| Dy |, m(t) = Dy
0 M(t—1) 0 m(t —1)
| M, 0] 0 ()
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000.00000,00 z,(t—1), d00000000, Rack[]0000 ny+n 0000

O, Rack™*a[(My(t) My(t) Ms(t)),mi(t)] DOO0OD, X,(t) = Set(M(t),m(t)) D00 O

nooo.
0000,,()00000000000.000000000000000000000.

000000 5.2. X,(k) DOO0OOOODODO

k=0: -
Xp(o) = Bgrmw N Xp(y(o))
= Set(M(0),m(0))
(M(0), m(0)) = (E) : (%)] M, = —N,Cha, 1(0) = Ny — Nyy(0)
k=1t>0:
Xp(t) =X, (1) N Xp(y(t))
= Set(M(t), m(t))
(4,000 )
(M(t),m(t)) €
M(t—1)ASY —M(t —1)AS By, m(t — 1)+ M(t — 1)A ' Byu(t — 1)
Rack™d 0 D, , D, )
M, 0 m(t)
Mc == —Nleg, M(t) = N2 - le(t)
(A,0000 )
[ I —Ap —Dp2 Bpu(t — ].)
—1 A, Byo —Byu(t —1)
(M(t),m(t)) € Rack™ 0 0 D, |, Dy ,
0 M(t—-1) 0 m(t—1)
M, 0 0 m(t)

Mc == —Nleg, M(t) = N2 - le(t)

OO0 5.4. SVOUOOOOOOODOOO,00b00O0,00b00o0obooooooooD.
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5.4.3 0OUO

g s5.2. jgbboboooobooboboobobobobo 20000goooogg.

v+ 1) [095123 0| [2(k)]  [0.04877 |
[xp2(k+ )]~ 0.04877 1] [xpg(k;)] - [0.00123] ulk) + H d(k)
a(k) = :0 1} iiig (5.17)
1 1 w0
y(k) = [0 1} i) +n(k)
do,00dodoodoooooooon.
ol + 1) = 0.60653 2. (k) + 0.62955 (k) — 0.62955 y(k) 5.18)

u(k) = =25 z.(k) + 50 r(k) — 50 y(k)
0000000000000 00000O0O0O,Set-Valued DO ODOOODODOO, 000000
0 z, = [xpl xPQ]TDDDDDDDD Fig. 5.6000. Fig. 560000, 2, 000 x, O
Oooooboodooboo, Max, MinOOO 2z, 00000000 2z, 0000,000000
O0. 00 Reference 00 000000000ODO (DODOO 1)OODOOO. O00OOOOO

0 |z <1000.00,00 5300000 Bru, Bre 00000000000 O0OOO
gboooobo.

110 foa]”
Brra = {deR™: d< |-
= e [—1] —[0.1]}

1 ! OlT

00000000000 0oOoo,|d <01, »/<01000000000000.0000
gdoouooootuoo, oo uoouooooouoan.

000000000000 0000000000D0000 X,(kh)DOo0OoOO0ooooooo
0odno Fig. 5.7000.

0oo0o0o0o0oo0oo0o00,00000000 X,(k)D0OD0O0O0000000000o00o00,o
gdotdoooooouot. gboduoooooouooooboonooo,oueod
ooo.

gd s.3. 00 h2000000b0uooooobobuooobobog.
gooooouon,
d(k) = 0.1cos257(0.05k)
n(k) = 0.05cos67(0.05k)
000.000 Fig. 5.8000.
gobodbobdbdod,guguuob oo bboonoobobobobo,bouooo

00 X,(k)000000000000000000,0000000000000.0000
oboboobobobobooogooboob,0ogrgbogn.

38



J.T. LDVU o - el b

6
- = Min
----- Max ] -
— Xpl
] == Min 1
----- Max
____________________ Xp2
e I Reference
- w : : : -05 : : : :
0 05 1 15 2 25 0 05 1 15 2 25
t[s] t[s]
(a) State variable: (b) State variable: w2 (=y)

Fig. 5.6: State estimation results

15
oy e ® °
[ ]
1+ .°‘0. ] —
[ ]
I~ ®
><Q. 05 L R 4
[
[ ]
Or . 1
Region of X o
L4 Trajectory of xp
-0.5 !
-2 -1 0 1 2 3 4 5 6
Xp 1

~ N .-
RN \, NS \",/"\/*
Min 1

Max

X o

Reference
- ‘ ‘ ‘ ‘ 05 ‘ ‘ ‘ ‘
0 05 1 15 2 25 0 05 1 15 2 2
tfs] tfs]
(a) State variable: xp1 (b) State variable: z,2 (= y)

Fig. 5.8: State estimation results (with disturbance inputs)

5
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Jogooobototdddd

6.1 0O0O0O0O

gooobgbooboooobobobooo,4000000bb0o0bobOooooo. b
godbobbg,bggoooobobogbobbobog,boougbuoogoooa
gbobbbobooobbbuooubobboobooo.bobboooobgo,obooboboo
OOoo00o0,0b0o00ob0ob0ob00bo0oboboboboobDOo Do cPlIob’OoOoOO
ooboooboooobobo.oocooobooobooboboooog,bocecriobooboonog
g, ggoobobogbobb,bbbubooobboboooouoboboboooboo
00000000 (Fig. 41). 00000,00000000000000000000000O
gob,d0dbogbdoggbbbooooon.

gobgbobo,buboobuogobbbbobooboobbo,buobobboogo
gobbbuoooobooboogbbuoo,gbbobobbuobobbooubboboonon
guobob.bboggoobboobobb,oobbbboobbobbuoobbobbdgo
O00,0000000D0000000000 Set-Valued DO ODODOOODOOODOODOO
goooboogog.

OO000,000000 Set-Valued DOOOODDOOOOOODOOODODOODOOOOOO,
000000000000 0000000000000ODO0O0D (Fig.6.1). 0000000
gbobooooooboog.

i ————— i . State & Control
1 1 O

! Ei : > Constraints

B! >| Controller2 I—' ———¢ . “l > % €2
2 > !
i It f ControllerNI—c/ ° J i

| N [
| Initial State z%(7) Xp Set-Valued

' | Supervisor f« D .
! Observer |« !
1

A
9
Q
=
=+

Fig. 6.1: Switching control
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6.2 0U0OOO

000O0,0000 %0000, NOOOOO $L,%2...,2¥0000,0000000
00000000000000000000 (Fig. 6.1).
0000000 x,0000.

2p(k + 1) = Ay, (k) + Byu(k)

Xp z1(k) = Cpay(k) (6.1)
y(k) = Cpowy(k)

00 z, e Re00000000,veR"O0000,~x eRO0OO0OO00O0O00. OO
yeR»OO0D00OO0O, A, B, Cy,C,,0000000000000ODO.
0000 ¥, 000000000000,000000000D00O0DODO0O0O X0
ogg.
zl(k+1) = Alzl(k) + Bly(k
o 1) = Al + Bly(E) .
u(k) = Cee(k) + Dey(k), i=1,--- N

000 £ e R 0000000, A, B, ¢, DI00000000000O0000.000
0000 n,000000000000000.000000O000O00O00O0O,(6.2)0000,
00 ns =0, u(k)=Diy(k)DOODODO0D0OOOO0OO.

00 6.1. 00000000000 ODO0OOO,000000 %, 4=1,---,NOOODOOOO
000000000000000000.00000,3Y000000000000000.

¥, 0000000000000 ¥O0oOooooboooo.

g k)= AT (6.3)
2 (k) = Cz'(k)

[

T S
DDDDDszWﬁ‘@ﬂﬂ eR" ni:=n,+n,;, 000,000000000000.

A, + B,DiCyy B,C!

Al = . ‘
B (Z:CPQ Af:

e RMm C=|Cy 0] erx

00000000 ¥O0O0OOO0OOoooooooooooooooooooo0 2(k)oo
gog.

Zo(k) = Copl'p(k) + DoU(k)

. (6.4)
=Ci'(k) e ZCRP
OO0 Z00O00O0O,0000000000000OO.
Z={2€eRP: Fz0< f}, FER™ feR". (6.5)

00 6.1. 00000 ¥YOOOOO (A0D000000000), (C,A)00000000
00.00, %k0000000000000000000000000,0€eintZ0000
0.000 zOOOOOOOOO.
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6.3 0UO0OCPIUOO

subgubboo,oggooboooobobbooobboobbobooooo,boon
OooooOOocrPIDOoooooooOoboDg.
00 (6.3) 0000000 ¥000000 CPIDDODODODOOOOOOO.

00 6.1. (0O CPIOO )
i =2(0)000. 000000 CPIO0 O, 00000000000.

Ol ={xh e R" | z(k) = Ci(A)exh € Z, Vke 27}, i=1,---,N. (6.6)

00 6.2. 0,#0,i=1,--- NOOD.O\ O 200000000 CPIODOOOOODODO
000 CPIODDODOO. 0000 O\,0,000000 ¥O00OOOOoO0oOoO0oooooOooo
00000.0000000 24(0)e0, 000000000 ¥¥000000 2'(k) €00
0 %(k)€Zz00O00. 000000, 0000000000000000000, 2%0) € 0%,
Dooooooooa.

00 6.3. 00 CPIODO O, 00000000000,00000000000000000
O000,0000000000000 6, 8.

Oéo _ {xa c an : M(Zyﬂ) S m%}, M(z] c Rgixm” m6 c Rgi' (67)

000 M, m{0,0000 O/ . 00000000000O00O0O0OOOOO,¢00000
gbobgdgo.ggoooobobuogo,bbboboobbbooboooouooboon.

000000000000000,00 0,0, 000000000000 0000O0O X,
guoouobuobgbobboodbboooobboobobb.bboooobbbooban
goooo.

64 UU0OOODOOOOO

0000000000000000,00 CPIOO O, 0000000 SsVo(Woooo
0 51)00000000000000 X,(k)0000,0000000000000000
gobogooobobogboboo.ogoooooobobooooooboobg,

e JUUOUUODOODODO
e JUUOUUODLODLODODOUOOODLDOOOO

gogbbdooouogobuooooo.gboobbooooa.
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(0ooooo)

000000000000000000000000 X,(k)0000000.00000,
00000000 X,(k)0D0O0O00000000000,000000000000000
goodoboboogooooogg.

0000000000,0000000000000 CPIOOOOO. 0O O, 000000
ooooooogdgiod n,+n,, DOO0OOOO00OO00000. 0000000000000
guogdboboggbooboood.

Pleol}, i=1,-- N (6.8)

O, ={z, € R™ | Il e R™, L’?

0 0,0000000000,0000000 0,,0000000000. 0,000
00000, 200000 Fourier-Motzkin 0 0 000 00000000000000. O
0 0, 00000,000 £00000000000, X,(k)c0,,000000.

0D0000000000000,00000000000000000000000000
000000000000000,00000000.

00 6.2. 000000000 2,(00,2,(0) €0, 000000.000000000 40
00000.0000,00 510000, Brw =04,000.

ooo,
N

Ouep = JOL,
=1

000.0.,0,000000000000000000000000000 %£,000000
D000000.000,X,C0.,,0000, I(X,)={i|X,c0,}000000,00
00000000 X,0000000000000000000000000000000.
000000000000000000000000000, I(X,(k)000000000
000000000000000.000000000000,0000000000000
0o000o0o0oooo.

i(k) = max{ i | X,(k) C OL, }. (6.9)

00 64. OO0O0ODO0OO0OOO0O,4000000,'00000'00D00ODO CPIDOODOO
Oooooooooooooogo. svouoooooooooboono X, 0000000
gbgdgooouobouooboouoobboogooob.ooobboobuonooboo
goboo.

000000 6.1. 00000 ¥O0O0O0OO0O0CPIDOODODOODOOOOOOOOOOO
O.,000 svooOooOoooooooon0 X,(k)D0O00D0o0o0oooooooon

oop?

0o.
O, = {z, €R™: Mz, <mi}, MieR"™ miecR

X, (k) = {z, e R™: M(k)x, <m(k)}, M(k)eR™™ m(k)ecRM. (6.10)
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000 M, mi, Mx(k), mx(k)0,0000 O, X,(k)000000000000000
00000, ¢, »(k)00000000000.0000000000,0000000000
000000000000,

000, X,(k)cOi, 00000000000000
h = maximize (M;(jy:)xp), subject to M (k) < m(k) (6.11)

000.0000,00000 j=1,---,¢0000 h<m}
ooooo.

;) 000000, X,(k) C O,

OO0 6.5. SvoOOUOUOOoooooOOobobOOooOOoOooobooboobobooobo.oogo, oo
obobogoobobboobooooooobo 40000000 DO0ODLODOOObLDbODO
gboogogoo.

0000000 i) #4¢r—1)0000000 000000000000, 00000
00000000,00000000000 00000 xé(T)(T)DDDDDDDDDDD
gbooogo.

(00000000000)

00000000000 $00000 470000000, 47(¢)00000000
00000000000, z,€ X,(n0000 2,0000

c 0" (6.12)

Lp
2" (7)

0000000000, X,(r) C 0w D000, 0,,000 (68)00,00000 z27(7)
000000,00000000000000000000000000000000000
00. 0000000000000 2,(0)00000000000000000000, |7
00000000000, 000000000000,000000 2000000000
oo.

5 o ] e 2] o

c c

000,710 nexne 00000, M, mO (610)000000000.00 M, M, mi
0 (6.7)0,

M = [M! Mi] € RI*™, MieRI*™, MieRI*"e
0000D000000.0000000 «4000 (612)000000000.

00 6.6. 000, (6.12)00000000000000,000000000000000O0O
gobobuogbbooogbo,gbbobuoggbbogdgbooobooobobooga. o
gobbboubbboobbobbbubbuodbuooououooboobooooobobood
ggd.

45



NN R U ) ) | N Iy N N N N L N L NN O NN I NN I NN N O S S S N S S

00 6.7. 00000000 DOOOOOODODO (n =00000000000000CDOOO
gg.

gbggooobbbobobobououogoooooa.

00 6.1. 00 6.1,620000000000.0000,0000 %, 000 %, i=1,---,N
000 (6.9),612)000000000000000000000000000O0000. O
00000,0000 %(k)eZ0000000000000000.

(00)000000000000,00 6100000000 ¥00000000.00,0
0 CPIOODOO0O0, X,(k) Cc O, — X,(k+1)cO,,00000.0000t0000,
p(t) € O, X,(t) C 0L, 00000000,00 5100 z,(r) € 0%, X,(r) C 01 00
r>t000000,% — ¥ O0000000000000.00000,0000000
00 (6.9),(612)000,0000000 ,(0) €0, ((000)0000000000,00
000000000000 X000000000 #(k)0000000000000.000,

0000 zk)ezZODOODOOOOOOODODOODO.
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6.5 U0

00 6.1. 40000 41000000.00000000000000000000.00 4.1
000000,00000000000000000,8Sv0000000000000000
oooooo.

00,00 6200000,0000000000.

000000000 2,00 Fig. 440 0L, 000000.0000, Bgw =0L,000.
00000000, z,000=[15 0]" €0, 000.

000000000000 410000000000000000000 Fig. 6.2, Fig. 6.3
O00. Fig. 6.20,00000000 X,(k)00000O0000000000 z,(k)000O
0200000000000000. Fig.6.300000000000,000,00000
00,000000000000000000. 0000000 X,(k)0O00 k= 1(0.5[s])
00000000, 0000000000000000. 00000 51000000, O
0z, 000000000000000000,k=0(00s))00000000. Fig.6200
00,k=0000)0000000000000000000O0O0O0O0O0O0OOOO. 000
0svoOooO00oOoOoOo0oOooo0oooooan.

0000000000000,8vo000000000000,000000000000
00000,00000000000000004.1000000.Fig.6300,00000
D000000 ¥l00000000000000000. 000000000000, 00
0000000000000000000000000000.

O0000,svo000000000000o0oooo0o00o0000oooooonooo
00,00000000000000,000000000000000000000000
D00000000.000000000000000

0.5
0.4r
0.3
0.2r
0.1r

_0_1,
_0_2,
_0_3,

+—+ Regionof X
-0.41 o Trajectory of xp

-0.5

-2 -1 0 1 2

Fig. 6.2: State trajectories
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| e o e e e o e S S S SR s |

|y |

2
‘‘‘‘‘‘‘‘ Min
----- Max
X1 J
Switching Point
B -
C 7
-1t e i
_2 1 - 1 1
0 10 20 30 40
t[s]
(a) State variable xp1 (= 21)
0.3
0.2¢ J
]
n P
0.1p - - N
1 : 7
0 1 /\ -
L} - s
-0 1_i Zz T Min i
df y
i R I Max
— ] 4
0.2i X0
03! Switching Point 1
— zl
-0.4 ‘ — "‘
0 10 20 30 40
t[s]
(b) State variable z,2
== Switching Control
Switching Point
=== Constraints 1
1
zC
- A
0 10 20 30 40
t[s]

(¢) Control input u

Fig. 6.3: Initial condition response (Switching control)
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7.1

Jgoogogdd

gobod,bbbbdgugoobboboooooboboobbobuoobob,obo
gboobboooobbooon.
gboggooobbooobbuoboooooan.

gobobuoboooooboboooobbodooooooobooobag. o
oooOooboogooog,0oocrPlobbooboobOobOoooobobboboooD.
OO cPib0d0goobobOoooooooboboboboboooooooDb,boo
gobobubgoobboboooobbooooo,bbboboboog.

gboobbobbobobobbboboobooogbbog,boogbuooobao

g,bboboggobbogoboogbb. booboboob,boggobogo
gogbbobboogg,buoboobbbogouuoobobobboobobobbob
oo0b0ooooboooooboOo. ooboboooobogoogooobo crPiDog,ooO
gbogbbbooobbooouobouodoooob. oobboba,000bboo
Ooo0o0ooobobo,bocPl0b0b0O0OoOo,0b0obDboOobO0obO0o0o0bOooOooD
gd. gbboooobooooboobobbbbobbooooobob,00uogo
gooogoo.ogo,bbbogoug,ggbobboobboooboobooon
gooo.

OO000O0DDO0O0,Set-Valued OO OODODOOOODOODDODODOO. Set-Valued O O
gboogbo,bbooobbbobobbobooooboubobb,bodubgan
gboboobogooooobobobbboboob. bbooboboo,bbbogd
gogboobbbbboboogbbdo. boboboobobbobbo,0obobaon
gogbbboobuoogboodogbobog, oo bbobboboogo
gogbbboogou. ggbbogbobbbooooobbboooobboboboao
gboodggobo,boboggobboobbugbboogobogb.obbbooobon
gbobuoogobbobobobobogodan.

OO0O00oO0o0oOoon,Set-Valued DO OOOO0O0O0,000000000,00000

gogbobbooouogooooboboobbbo. oboboob,boguoooobo
000000000000 (0000000000 O000O)0,00cCcPIDOOOOOO,
gouoboguooboobobooodbb. bbb oobobuoooogo
goggubbogug,bbobbobbooodgobo. opobuooobbooboob
gogbobggdogboooboouoo,ogobobo,gboobooobogn
gboobboog,bbudgggobobbooobbobod.
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0000000000000000000000000000,00000000.
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