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DDDASLHDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
gobogbboooobboobboobubobboobouooobobobooon
godbogbogboobobnbbtbbooobuobooboonbbobobonn
goodgbugobgbogbogbgbodgbuodgougoad

00 23 OO0OO0O0OO0OO0OOOO
u=Fz+Gv
OO0oooooooboobooooboooboobooobooooo 200000000000
0000
i) rank B* =m0

i) 0000 (A,B,C)00000

-+ A B
rank (

&

)<n+1

gbgoxuoooobouooboobogoobonoobnbob g U 20
gubogobobod

22 JUbbUooobotuoobobotuuobootogga

D00000000000000000000000000000000000000
000000000000000000000000000000000000000
0D000000000000000000000000000000000000000
0D0000000000000000000000000000000000000 00
0D000000000000000000000000000000000000000
0000000000000000000 [50][48)[91]00000000 [10][11]0000
000000000000000000000

2.2.1 JOOoOoogoood

googbagoogoagooad
&= Az + Bu, z(0)=x (2.12)
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O000ze RPOy e R"Ow e RMODDDOO000O0DDOO00OOOD 200000
J:/Ooo(yTQy-l—uTRu)dt (2.13)

0000000000 «0000000000000000000000000
y=Cxz (2.14)

D000QOROOOOOOOOOOOO

0000000 (4,B,C)000000000000000000000000000
00000000« 000000000000000000 MOOOO0O0000000
00000000000000000 [69][27]0

u=—-R'BTMz (2.15)
AT + MA - MBR™'B"M +C*QC =0 (2.16)

2.2.2 QJUO0O0O0O0O0OO0OOoOOoOoUoOoUobObobOoOooOobd

000001212)000000000000000000000DOCOO000ODODOO
000000000000000Q=4I0R=J000e— 000000000000
goood

F. =lim ~BT M, (2.17)
1

ATM, + M.A— M.BB" M.+ —C"C =0 (2.18)
€

ODoOOO0DO0O017)oooobbooboobooobooboo
e—- 00000000 Friedland OO O [(0)O0O0OOODORIS)ODO0O0OOOODOOO
OMOODOOMI'OOOOOODOO

M;1:M0+€M1+62M2+"' (219)

ogdbdbiuQ —ool00OO0OODOUOLODOOe—000000 MUMUODODOO
gbood24000000000000MUMDOMUO---000000000
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o0 24 [71 M{OMDOOOODODOOOOOODOOOO

CMy =0

CAM, =0

CM,CT =0 (2.20)
CAM,C"CM, = CA(BB™ — AM,)

CM; = (CABBT A" C") 3 CA(BB" — AM,)

000004, B,C)0(00D00O0DOO0OCODOOOO)DO0COOOODOOLOOO
UOOUOUCB =0UrankCAB =rankCOUO0O00O00O0OOe = 000000000
0000000000000 00000x(0000000000D00o0O0ooDOooOO)O

00 2.1 [10] 00000 (4,B,¢)000000000 CB = 00rankCAB = rankC
00000000000 2400000C2(0)=00CAz(0)=000000000000
0000000000 (000000000000 F,.O0O000O0)0

i=—(1-CTClAT)AT: (2.21)
C

f

= (CoBBTCT) 'C(BBT — AMy) (2.22)
0000000000000000

MoAT(I - CLC)T + (I — CICW)AMy — (I — CFC,)BBT
+MoATCT(CoBBTCTY ' CQAMy = 0 (2.23)

goooboodd

Co=CA (2.24)
cr =BBTCI(C,BBTCT)™! (2.25)

goog

‘D0000000000000000000O0O0O00 C,00000000D000000o0Oo00
rankCB = 00rankCAB = rankC 000000000 O0DODODOOOOOOOOOODOOOOOOOOO
gooog
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(2.12)0000D0000O0DOOz=M0000000C (220000000000
000000000000 z(0)=00000O

sZ(s) = (AT +CTI N (s)CAMTTAT)Z(s) (2.26)
Jo(s) = Q7 's>+cCcAM O

gooo

2.2.3 UO0O0OO0OO0OO0OOOoOoOOoOobobobDOO

00000000000000000000000000000000000000
(000000)000000 (1000000000000 7000000000000
0000000000000000000000000
000(212)000000000000000000000

t=Az+Bu+ D, y=Cxz (2.27)

00100 FOODOODODDe—-o00O0OO0ODODDOOOOO2500000000
00000000000 [rj0obbb¢bbbbooobboboooobo¢e rbbDO
gboooubobobobdgbgubobobooboboonoobn

V* > Im D (2.28)
V'O Ker 0000000 A-BOOOOODO

00 2.5 [7] (A4,B,C)000000000000000000F, 000000000
De—00000000000000000000000000000000O0O00OO0
ImPOOO00000000000000CB =00rank CAB =rank CO00000¢0
0000000000000000m(Cc! (¢;A)7)0000

00 2.6 0000 (A+BF.,B,C)0000e—0000000000O0O000O00O0O0O
googbotgbotboobouobobogbogbodaoo
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(00 ):
0000000000000 0000000O0OCODODOODO0O000OooOoooo [e90
Jddddidooddiouteobboooobooboobooo

. (All(e) An(e)

Ann(e) A22<e>>”3“’ y=(C 0)z (2.29)

00 2500000000e—0000000000000e— 00 Ap(e)— 00000
000000000000000000000000000 An()000000000
D0000An()000000000000000 (0oo)

000000000000000000000000000000000000000
00 (600000

23 UUObbuuobobobdoobbtugobbotougn

2.3.1 UO00O0OoOoOoOooooobobbobbooboood

O00(12)000000 (A,B,C)00O0000ODOOOOO CB=00rankCAB =
rankCOOOO0O00O0OO0O0OOOO0OOOO0OOOo0oooboobboobooubOoon
goobgg

000 (A, B,C)0b000ODODOOOO0O0OOObOODD

BY(—sI — ATy 1CTC(sI — A)'B
=B (—sI — ATy 'HTH(sI — A)'B (2.30)

Oo0oOOoO0O0000 (A,B,H)000D0O0ODODODODLOD (A,B,c)00O0O00O0O0OO0OOO
gogbdbobobuou guboguoooobobobobobobobobon
U «=Fe:00000DO0O0O0DOOO FOOR=IOUOOOODOODOODOOOO
googd

[I + BT (—jwl — AT) 'FT[I 4 F(jwl — A) ' B)
=1+ BT (—jwl — ATY1CTC(jwl — A)'B
=1+ BT (—jwl — ATy *HTH(jwl — A)'B (2.31)
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b0 AUbdbogobooobogubooobboubnoooboobnboonoon
000 NOOOOOODOOoOOoOOoOoNIoDooo

N.'=No+eN, + Ny + - - (2.32)

googbdbdtdbz=NzsU00D0OU0UOOe—=000000000O0DO0ODOOODOOO
googbooboododgbobnbgbodbobddnN, N, Ny ---00ogoogon

00 2.2 [7] 0000 (4,B,C)000000000(A,B,H)000000000 H
00000000 Hez(0)=00HAz(0)=00000000000000000000

b= —(I —HTH'AT)AT, (2.33)
H! = (H,BBTHI)'H,(BBT — ANy) (2.34)

goooobogbogboagod

NoA™(I — HYH,)" + (I — H} H,) AN,
—(I — HYH,)BB”

+NoATHY(H,BBTHY) " H, ANy = 0 (2.35)
Dooooog
H,=HA (2.36)
H}=BBTHY(H,BBTHI)™ (2.37)
o000

b 21 Jodgogobogoognooobgubguboubonoounooun
godbdudbobooboobouooboboobobobooobouobooon
000 odboobo0doobO0o0obo0bo0oobO0oooooooooooDoooo
ERERE

2.3.2 UOU0O0OO0OO0O0OO0OOOoOoOoooobbobOOoOn

gobdbgbdbobogooooobooboobn Frobogbooobboboo
OO00000000o00ooooooooooogoooog 7o
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(227)0000C0OD0DOOOO0O0OA,B,C,D)00000O0O0O0OCODODOOODOOOO
go2rgogog.

00 2.7 [7] 0000 (A,B,¢,D)0000000000000000 (4,B,C¢)00
000 z

—z2I+A B
zo = {z | rank ( c 0 ) <n+m} (2.38)
0oooo 2
zo={z| rank(_ZI+A Y D) < n+m} (2.39)
C 0 0

ol bibitddbobobudooboboobboogbooog Ff~obd
OO0 (A, B,H)ODDODODODOO (A+BF,B,H)OODOODOOODOOOODOODODODO
O00 (A+BF,B,C)0000000OO0 Im DOOODOOOOOOOOO (A,B,H,D)
googoogoooood

00 2.2 (A,B,H)00000000000000 FFOO0(A+BF*,B,H)000000
00000000000 000000000000000000000 FO0000C0
(4,B,C) 0000000000 (A, B, H)0000000000000000000
000000000000000(A+BF+C)00000000 (4,B,0)000000
00000000000000

gogbobbobgbtubobobonbbbobiobobonoboogbgbogobd
ooOoOOoooooboboooooobbOoooooobDOo (bbooooobbboOoOooo
ODDOO000000)o

00 2.8 [7 (A,B,C,D)00000O0O0000OOCOOOODOOO0OOQOOODOO
gogbdgdbodbobdobogboboubobobobobobobonobogn
ERERE
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20000

o 21000

000000000000 00000000000000000000000000
000
i=(A-BB"M)z, z(0)=0

»=Mz000000
i=(MAM™' — M.BB"M,)z, 2(0)=0
Do0o0oo0ooood
—(AT +Cc*QCMY) = M. AM, — M _BB*
00O

= —(AT+CTQCMz
= ATz - C", v=QCM 'z

0000000000 0.0000
Q= -CM 1 ATz —CM'C"v
O0000000oooOoo

Q' = —CM'AT: - OoM7'CTY
= (CM AT +CcM'CTQOoM_1)AT 2
+HCeM AT yecMretQeM YT

D000CB=00000000
CM AT = —CAM ' - CcM*ctQoM ™
DO0000000oOoon
Qo =—-CAM ATz — CAM*CTv
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googuobooboooooboanbg
Q 's*Y(s) = —CAM_*ATZ(s) — CAMCTY(s)
goodooood

() = Iy (s){~CAM, AT Z(s)}
Jo(s) = Qs> + CAM*CT

0000000000000000000000
sZ(s) = {—AT + CTJ,1C M AT} Z(s)

goog
000000000000000000000Q =(1/64)I0R=1000000000
gogoouogogbdaod

1
AT™M.+ M A — M.BB" M.+ C"C =0
€
00000000 M '00000
1
M AT + AM, — BBT + S M 'CTCM; ' =0
€

D000M 0
MY = Mo+ eM; + €My + - -
000000000000 0000000000000.000000000
CM():O
MoAT + AMy + M,CTCM, — BBT =0 (2.40)
00000000 (240) 00000 ¢cOo0O0 ¢T™00OO CB=00CM,=00000

N
CMlcT - 0

000000000 co0Oo ¢cB=00CN,CT=0000000
CAMy =20
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D0000000(240)00000 cADODODO CAM,=000000
CAM,CT"CM, = CA(BB" — AM,) (2.41)
000000000 (240000000 cAODODO ATcT 00000
CAM,CT = (CABBT ATCT)Y2U (2.42)

000000000000t =100000000(241)00 (242)0000CABOODO
goooooogban

CM, = U Y CABBTATCT)V2CA(BBT — AM,)
D0000000 (240)0000000000000000000000

MyAT(I — CLC)" + (I — CICQ)AMy — (I — CYC,)BB”
+MoATCT(CWBBTCT) ' CAMy = 0

Co = CA

¢t =BBTCY(C,BBTCI) ™
ooooo0og
000000000000000000000CT;'cM.0e—0000000000
ooOooood

lim ctistoM, = Ct(CM ATCTY oM,
oooo
h%(ﬂﬁ;%ma::CWOABB%Mt@r%LﬂBBT—Aw%)

0000000000000000000000000000000000O000000
000000O0ooo

i=—(1-CTClAT)AT:
C

f

= (CoBBTCEH)*C(BBT — AMy)

goooon
gbobgboobooboboboobobbouboubo 240000
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U0 25000

rank CAB=rank CO0000:0000000000000000 Im (CF (CTA)T)
gouogbouogodes=000000

y; = Cix
y; = CiAx

0000000000004 =00000(226)000
s?Y; = C;,AM Y (= AT + CT I H(s)CAMTT AT Z(s)
0000000000 2400000000

lim C,AM 7Ty (s)
= III% (CzAMlCT + €OZ'AM2CT 4+ .. ')(62[5‘2 + C'AMlch + €01141\42ch 4. ')_1
= C,AMCT(CAMCTY =0 ---10---0)

goddouobobodbtby =0b0bbobobobbbobououooboooun
gb.-00bgbgbgbogodgn o0

Ci

Ci{A+ BF)"!

C; A

0
0000000000:0000000000000000 Im(C7OCA)T)0000:=
1,---,m00000000000000000000000O0O0OOOOOOO000
(0oo)
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o 27000

000000 A+ BFYB,H) 000000000 0OOODODODDOOOOOOO
0000000000 (A+BF,B,H)OODODOODODDOOO

Ar 0 Bu 0
A+BF* ~ [ " ), B~
A5 As, By Bz

H ~ (H 0)
000000000000 w=F2+GO000000000
C(s] —A—BF*)'BG=C(s] — A)7'B(I + F*(s] - A~ BF")'B) G
0000000000
H:(s)=(I+F*(sI-A-BF")'B)G

0000

H; T(=s)BT(=sl — AT) ' HT H(sI — A)"'BH}(s)

H* T(—s)BT(—sI — AT 'CTC(sI — A) ' BH!(s)

OoooooooooobooonoOo (A,B,H)OOO (A)B,c)0D0O0D0OOODDO
0000000000 FFO0000000000000000000000A%,000
L, DO uogbgbgggogoboobobobbooobobooon

At 0
11 A* A* Bll 0
A+ BF* ~ it 2 222 , B~ | Bonx By
2 T B212 0
O A224

C ~ (C 0 0)
000000000000000(4s,)0000000000000000
D;
D~ | D,
D3
0D, =0000000000D,4#00000000000000000O0000000
00D0000Dooooo
00000000 (A,B,H,D)00000000000 FrO000D0DO0O0OOOO
00000000 (A,B,H,D)000000DOOOOOO0O (0O0)
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0o 28000

OoOoOOO0000ooboboobObbOOo0ooobog3g)oooooboo HoooOo

sZ(s) = (AT 4+ HTJ, Y (s)HAN*AT)Z(s)
—HT Jy(s)HADZ(s) — HY Jo(s)H DsZ(s) + N.DE(s)
Jo(s) = Q 's*+ HAN 'HT

oooog
0000 (A,B,C,D)0000O000OO0DOOODOCOOOO((230)00 HOOODOO
2700 HB =0Urank HAB =rank OO OO

HD =0, HAD =0
000000000000000000000000

sZ(s) = (AT + HTJ; Y (s)HAN *AT)Z(s)N.DE(s)
Jo(s) = Q's*+ HAN'HT

00000000000 000000000ODODODODODODOO000 NDE(s)OoDOono
guobdgdubdabgoogbooboobooboboouoboobouoooboboon
gobooboogbobobobooboobobobobooboubooboobd wd
gogoooboobobobobobo

godobobodbdob eubobobbobobbboboboboboboboon
gogooubogogbgbgod (oo0o)
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1 3

oot odboodbotdotoi

gubgbdubbugoubouboobooboubooobooboboooaon
gogobgbgbobobonobonbbbonobonooonoboonooogn
gubdodbobudobouogouogbobgbobobboobouobnoogn
O (4O00OD0O0OCOO00O0000000000OO0OOOODODODOOOOOOoOoOoOOOo
gogguboobobuoouoboubobbooboobooboobobobobooboon
gogogubogbobobobabg

3.1 0000

000000000000000020000000000000000000000
000000000000000 [50] (48] 23000000 [91] [87] 00000000
oooooo

000000000000000000000000000000000000000
00 [101)00000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000

00000000000000000000000000000000000000
000000000000000000000000000000000000000
000000000000000000000000000000000000000
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0 [1000000000 [f]000000000000 [640000000000000
D000000000000000000000000000000001ILQOO000
00 [19] [13]0000000000000000000000000000000000
0D000000000000000000000000000000000000000
00000000000000000000000
000000000000000000000000000000000000000
D000000000000000000000000000000000000000
0D000000000000000000000000000000000000000
000000000000000000000000

3.2 0UUOOO

gbodtoboobobobdobobdobbooobobobo
t=Arx+Bu, y=Cz (3.1)

O000ze RFOye R"O0w e RMOO0O0DOOO0O0OOODO (A,B,C)0000000O0O
gogogudobobobobobbabg

J:/(f@y+ﬂﬁ@ﬁ,@>o,3>o (3.2)
0
0000000000 «0000000 R=10Q— LI (c—0)00000

w=Fz=-B"Mzx
1
ATM,+ M.A — M.BB" M.+ —CTC =0
€

gogbooougoggbobob oo b FOb0b0booobdbnbde—od
godbogogboubonoboobguobnbobbooubidbe—-000nony
gobbgubggbboobooboobbobboobbooogouboobb o
googobgbotubotbbotdbebobouboobonbobbonbonn
googgodobgboobbodgbogbogbooboonooboooboaonoo
gobdgoogbbodgbbodbuguooubodg ¢B =0, rank CAB =rank CU
goubbdubbooggbooobbugubouoggbbooobboonbooboo
goo
gobgbogboogboobogoobboobn
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U bgubgbuodbgubgugubobuooboouooboobouoobog
guoddgubdubdobgbobbobobobboooobbuobuoboooo
gobbootobooooboooonbooboobo

3.3 UUouoduoooodgoon

godbdbdabuoauugboobouououbobdgbbubouoooooa
googbuoguogoouooooad

00 3.1 40000 (A, B,C)000DO0000DOO00ODOODOOOOOODOODOO
gobogoogogd

ng(S) 0
ér(s) = B (3.3)
0 ¢z, (s)

rankD, = m, Ty(s)=C(s[ —A)"'B

SILI& Er(s)To(s) = Do (p < m) (3.4)
00000000

v = Faz+Guw (3.5)
G. = (C(-A-BF)'B)" (3.6)

O0e—00000000000000
h%qﬂ—A—Bﬂy%a
= diag(®1(s) -+ Pp(s)), Pi(0) =1 (3.7)

goggobooooboboooad

003100e—0000000000000000000000000000000
0000000000000000.00000000000000000000000
000000000 310000000000000000&(s)0000000000
000000000 (002200000000 (350036 0000c—00000
00000000000000000000000000 (4]0
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3.4 UO0O0O0OOOOOOOOOOOO

3.4.1 UQUooooboboooooood

3.)oooooooooooOooooUooobDooooDooooooooooooo
OOO000oooOboOoooooboobooobEe2nObObO0o00bobObobOOoobobDboOoOon
googogbobd27vbugbogboobogod 27/dgug sagnoogogooonoo
gogoouos20bubgbobogbobooouboubobgod

00 320000 (A,B,Cc)000O0O0O
Al 0000 (A,B,c)00000ooboboOoboDbobOOO
A200000bouooboooooooo

A3 (A,B,¢)0D000000
rank<_)\+I+A B) <n+p; (3.8)
C; 0
O0D00oXMDOO0O0O0OD0O0ODODOOO0O0ODOO0000CGO cOo 000000000
gy

ODO0DO0000000 35)00@6) 000000000000 O0O0e—00000O
god

lim C(sI — A— BF.) 'BG,

e—0

= diag(®1(s) - By(s), @,(0)=1T (3.9)
boooodggoobooooodon

(0gd):

0000 (4,8,0)0000000000000000(2.30)000000(A,B,H)00
OO00000O0 HODOOOOOO0O (A,B,H)0OO00OO0@3)0ooooooooon
0000000007, =H(s[-A)'BOODO (A, B,H)00000000OOOOOO
340 (33)00(3.4)000D;'000000
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(4,B,H)0 000 ;0000000000i000000000000000
(H;, A, ((BD,Y): (BD,Y);)) 000000000000000000D,D,} =7000
00

lim &, Hi(sl — A)™ ((BDY); (BD:Y);))

§—00

= (0---0 1, 0---0) (3.10)

0000000000i#404, j=1,2,---,p0000H,0 HOOODODODOODOOO
O0(BD;Y).0 BD;'04,;0000000000000000;0000000000 0
0000000000000 (BDY)0;00000000000000 (BDY);(i#7)
000000000000000000000000000000
00000000 w=Fz+D;%200000002500 F.Oe— 000000000
:00000000000000000000000000D00000000:0000
0000000000000 Im((BD;Y),)00000000
lim H,(s] — A— BF.) Y(BD_'); =0 (3.11)

e—0

000000

D0000:i000000000000000000 (H;, (A+ (BDY)(D.F.): +
(BD:Y);(D.F.);, (BD;Y),) 0000 (BD;Y), 000000000000(A4,B,C)00
000000032000 A30000000000000 270000000000
0000000000000000000000000 F.0ce— 000000000
00 2700000000000000000000 ((C, A+ BD*D,F.,(BD,Y),) O
(H,,A+ BD_'D,F.(BD;"),)0000000000000000)0000000 27
000000

e—0

(3.12)
00000000444, k=0,1,---00000000

limC(sI — A— BF.)"'BD;"

e—0
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= block diag (3.13)

goootd
OoOooDOooooobooOoooobbObOOoooobobboOog A,B,C)DOOOOOO

doodgdogoono
d (A B)#O (314)
et .
c 0

000000000 EO0D0OO0D0O00
E.={C(—A—-BF.)"'BD;'}! (3.15)
000000000 (A,BD;,c)0000000O
uw=Fua+ Ev (3.16)
00o0ooooon

rank (C’(s] - A- BFG)*IBDglEe) =m

(3.17)
O0000000&(s)0000000000
oooo
C(sI — A— BF.) 'BD_'E.
=(C(sI—A-BF.)'BD_'{C(—A-BF.)"'BD_'} !
= C(sI — A—- BF.) 'BG. (3.18)

G.=(C(-A-BF)"'B)"

O00000000n0O 35)00@B6) 0000000000000 0O0DOO00e—000
googo

h%qﬂ—A—Bﬂr%a
®1(s)®,(0) 0
= block diag '

(3.19)
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goodguoboboooouoouboon (0oo)
go3200ubgboobooobooobobbsinguoboboboooodded

googbbgboogbogboobooboobbobn
goodg32ugugboogbnoobnogb sipbognoggoouogbogann

0310000 A B,C)ODDOOOO
A1’ 0000 (A,B,C)0D00D0DODDOOOOOOOOO
A2 000000000 (0022)000000

A3 (A,B,C)00000 200

-NI+A B
rank ( 0 ) <n+1 (3.20)

C;

goooaxtobobooooobooboad

00000000000 35)00@6) 000000000000 000e—=0000O
gogogobbogbogbgbaod

b 3.1 00 320bdbugogoggbobgboboboboboobobogn
gubbodggboboogubbogubboogobogobbooobnbboobooo
bbbt oobobobonn
gogooubooboobgbobobobababo

b 3.2 Jdbogbogobgbbobbobogoubooboobouoaog 3.2
gbboggbboogubboooguouoboooobooobbbooobon
oo obobobobonoboogn
gobdgguubouguboooooboag

00 3.3 00000 (4,B,C)000000000000000O0 (A,B,H)0000OO
00 [40000000000000000(0000000)00000 (4,B,¢)00
D00000000000000000000000 A300000000000000
00320000000000000000000
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3.4.2 0O0OO

goo20b200duogoogon

1 -4 -2 1 1 0
-4 2 1 0 0 -1
T = T+ U
1 0 1 0 0 0
0 1 0 0.5 0 0
0 0

(1 0
= T
Y 0O 1 0 O

0000 (A, B,c)O0000O00OCO0ODOO0OOOOOOOLOOODDOUOOOOODLOOOO
guobgbbogbobbobooogbobgobd«+os, +s1000b00boobon
go320000ooboobonooobbobodbibl @ =10/0¢ =100/0Q = 10001
godbdoodggugbbabogbb bbb bobooooobobonoo

Ou=Flz+Glvw00000000000000000O0O0O0OOOOCOOOOO0O
gooogan

o _ | —T9698 48660 111646 21304
0 _4.8669 8.4417 2.5046 6.1236 |
, | —6.1946 3.3939
GlO =
93714  3.8055
. _13.6977 4.4723 —22.2278 1.2285
100 _44723 14.0158 15557 12.3008 |
, _11.5301 1.9846
G —
100
1.0280  10.5859

| 318372 41686 639911 0.448
1000 _ 41686 34.9667 1.1824 33.4167 |

—32.1540 0.7211
0.3510  31.8666

/ —
GlOOO -

goobdubdb-10d1ogbbgoubgbogb200000000000000
igbogubgoogooooboboboboobobboboboobbbibi — oof
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gogboodboboobogooboobobobobobobbbobbouobooon
gobdgbobgboobdogoouooubobobbobobooobobooooonon
b 3200 0bd0bgnbodoobodboubouoobobbobogbonn
goodbbogbbogboodabogbodgbogbogobooboobooboanoo
goooougooubouboubeubuoobobnoauboabnoo
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Reference input: v1=1, v2=0

1 ; : ; ! ; ! 3
Q=1000
-1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8

Time[s]

O 3.1: Step response for closed-loop system(nonminimum phase system)
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3.5 UUOOOOOOOOOOOO

3.5.1 QUudooooooooooudo

gogbodbogogboboboboobobnbobobbobobobobobon
goon

goduodbogs2unbuuogbogboboogonoooobogbnonogn
guodboudgbooobguoobbobobobbobobobobbooboogb beod
guobgubouooobougobuboobouoobooobooboboboon
gobbogobobooooooob bgboboboboboobobobbobonn
OoOoOoOoOOO0O0OD/A0000000000000DCOOO00O0O0OOOOObOOOO
goog

gs320000boobobbbooboonouabobn

9, [rad) : 000000000O00000OO
~[Nm] : 0000000000
m; kgl : 0000000
[m] : 000OOOO
e;m] : 000000000 O00O0O0O0O0O000
D;[Nms] : 000000000
Lkgm? : 0000000000O0000O0O0O0O

gbogoggbobobodugbobbuoboboboo siboogooooooo

[J 3.1: Physical parameters of robot manipulator

Link 1 Link 2

m; [kg] 0.263 0.085

l; [m] 0.150 0.150

a; [m] 0.110 0.075
D;[Nm s] | 4.285x1073 | 0.876x10~°
T; [kg m?] | 1.061x1073 | 0.159x 103
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- : . DC Servo Moter |
Amplifier : Rotary Encoder

M \J

) . Counter
D/A Converter 4'—' Digital Computer T g5ard

0 3.2: General view of robot manipulator
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gbobobbdubouuoubouogbuogboobbobouoboaa

J(0)0 4+ C(0,0) + D = 7 (3.21)
J(G) Il + mla,% + mzl% m2a2l1 cos(t91 — 02)

m2a211 Cos(91 - 02) ]2 + mzag ’
0(07 0) _ m2a211 sin(Gl — 02)9%

—m2a211 sin(91 - 92)9%
_ Di+ Dy —Dy

-D, D, |

0= [91 02]T, T = [’7'1 — T3 TQ]T (322)

DO00O0Jeé0Do00e@,y)0000000000Dp00000000
(3.21) 000000000 (6,4,6,,) 0000000000000 000000000
D0o00o0oo0Q

JO+Dé = 7. (3.23)

googbouobooboobodan

0 I

0
r = T+ U,
0 —=J'D J1
(100 0]
y = x, (3.24)
01 0O

. . T
Ir = 91929192} .
Ooooooo'ooooo

J Il + mla% + m2l% m2a2l1 COS(QH - 012) ]

m2a211 COS(GH — 912) IQ + mza%
u = T.

gooo

000000000000 00o000O0000000o0OoO00o00ooOoooooOooOoDooooo
goboooooooo
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0000000000000 10 05rad 00000000 20 0frad 0000000
00000000000 (6, =0, 0, =7/2)rad] 0000(3.24) 0000000000
031000000000000000000

0 0 1 0 0 0
0 0 0 1 0 0

r = T+ U,
0 0 —0.839 0.143 162.7 —162.9
0 0 1382 —1.381 —0.194 1576
(100 0

y = z
01 0O

(3.24)0000000000DO0OODO10O0000DODODOOOO2000000000
gogboboobbogbogbooubobbgbobnobobobobobonobogn
googbbgoobbdgboouoobogbogbuogbouboouboon

b 34 UOdgoogbobobobnbonboobgubouboounbounbooon
guoboubodubgoboubogbboobogbboubouboooobooboboon
gogbdoboboubogbobbooboboubbobobobobonobogn
googuogbogbouogonboonoud

3.5.2 QOO oboobbobooooood

0000000000000000000000000000000
00: 0000 (6 =0[rad], 6, = 7/2frad] )OO0 D000 10 0.5rad] 00000000
0000000000000000000020000000000000 (3 3.3

ooooooo)o

00000000 10000000020 0rad) 00000000 0OODOOODOO
gogoooooboboboobooobobobobobgd

39



0 3.3: Track of robot manipulator

O000D0ODO00000DOO =2I0000000(35)0,86)000000000O
O000000000000000000000000000oo0o0o0oooooo?d

" —1.409 -0.127 -0.127 -0.013
=2 == 9
! 0.127 —1.409 0.002 —-0.041
| 1.409 0.127
Gq:2 — .
—0.127 1.409

D000000000000000u=F,x+G,,w 0000000000000
0000000000000000000000000000000000000000
3400000000000 10 050rad) 000000000000000 20 0.00[rad]
00000000000000006,000000 0.345 x 10~} [rad] ( 1.98[deg] ) 0O O
0000000000000000000000000000000000000000
000000000000000000000000000000000000 3500
000000000000000000000000000000
000000000000000000000000000000000000000
000000000000000000000000

00000¢=20000000000000000000000000000000000OO00O0O
obooboooobooooobooooboboo pobbo0 A0bObOOoOoOoobOooooboooogo
oojdoodooooooooo rROobboobbObbDbODbODODbOOODOoOoOoOobbOoOobboobobO
ooboooobooon
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—
Al

e
jura

Angle[rad]
=
o

o

1
=
»
-
%
[a—
e
P
.

~G.8

Time[s]

0 3.4: Experimental result: Angles of Link 1 and Link 2

0.8
‘=0.6 |
—=—
=0.4
0.2 |

e[

Input val

-0.2
-0.4

Time[s]

0 3.5: Input value on motor

41




3.6 UUOOO

gogbodogbobgbooboubooooboboubobobouobobon
gogbogboubotobooobbobooobboooooboobooobobboon
gogodogbobdobbobgobobobobobonbbobobonooogn
gogobododbdbodbooobnoooooboobbobonobounooogn
goddboogbgbdbogbobobonobooboobooubobobob
gbbgbboboouboubouboobogbuogbuooboogon
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O3ooon

0o 3.100d

0000 (A,B,C)0D00O000O0O@3)000DO0000DOoODOoODOoDOOon
OoOoOO0DOO000O0Oge1)oo FOODOOODOO

u=F.z+ D;'v

oooo
000000 (¢, A, (BD;' BD;) 0000000004404, j=1,2,p0
000q0 c000+000000000000000D,'0 D,'0,;00000000
000000000000000000000000

lim &r,.ci(sl — A)"Y(BDL!'BD!) = (1,0 -0)

85— 00 P

00000000:000000000040000:0000000000 BD,'Oj
DDDDDDDDDDDDDDDBD;}(i#j)DDDDDDDDDDDDDDDDDD
goodbouguobdubrle—-00bbobnbood.0bonbonboonoonun
guobgubooobboubouobobuobogbobobooboobooooobooon
2500 BD;:DDDDDDDDDDDDDiDDDDDDDDDDDDDDDDDDDD
googobbdgboobbdod

lir% ci(sI — A— BFe)_lBD;j1 =0
O0o00ooo250000000:0000000000000000¢0 Im(BD;jl)DD
ooooooo
lin% C(sI —A— BF.) 'BD_!
i)l(S) 0
= block diag )

goootd
0000000 (4, B,C)0000O0O0O00OOOO

thB 0
e(c 0)¢
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000000000 FO0000000
E' ={C(-A-BF.)'BD'}!
000000000 (4,BDY,C)0000000O
u=F.x+ Ev
00000000
rank (PL% C(sl — A — BFe)‘lBD;1E2> =m

gooo
DDDDDD@(s)DDDDDDDDDDDDD

C(sI — A— BF.) 'BD_'E!
=(C(sI - A-BF.)'BD_'{C(—A-BF.) 'BD_'} !
C(

s — A— BF.) 'BG.
G.=(C(-A-BF)"'B)"

O0o0oooooon
uw=F.z+ Gw

ibidlde—-000000O0O0LDO0bonoonog

lir% C(sI — A— BF.) 'BG.
()@, 1(0) 0
= block diag )

goodggoud saagoogon
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L] 4[]

Juobodotdoooodotod

gubgdgbbooboboboboboobboboboobouboobuoobooogaon
gogbdbobbogbbgbbobobobonoobboboboboonobogn
gogbdoodbobboboboooobooogbbuoboboboonooogn
guddbogbubouoobobouoboubooboboboooouooboooo
gobguobguogobougobobobboooobbobooobboobobn
gogobouogobdaod

4.1 0O0OOO

gbogbuoobgboouogbobbbuogboboobobuoboooobaoon
gobguboguogoboboboguboobgobouoboobouoooboon
gbogbdbodboogbogbobobobobboobooobobonoooon
O0O00o0bOOo0oboobo0oobDoooboD wooooooooboboooo
oo obobonoboooboobooboon
guobgubogbbgoooboobbgobbobooboobobbobobooboon
gogbotbboggbbootubbooobbooooboobboboboobbn
goodgbuoogbogooubouboobogbodgbooguboobooboaon
googboodoodgbouogboogbogbooboooboonboobnoobnboonoo
gogubouogbdgogoon
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4.2 JUO0O0O0O0O0O0OOOOOOOOOOO

gubgbdduoboooooboobuobooobobuboobotb 4o

00 4.1 0000 (A,B,C)00 3.10 A20A 0000O0O0OOCDOODOOODOODOO
BiOB2O OO0 pOOOOOO

Bl (4,B,P)0000000000 (0022000000

B2 (A,B,P)0000000

-NI+A B
rank ( ) <n+1 (4.1)
pi 0

0000OMNOO0OO0000000 A30 2 —-{}0000000000p,0 PO 4
gubogobogbod

(0gd):
Ud BigB20db0g ppOdb0dbouobooboubobbooboboobobobn
oood

0000 (4,B,0)000000000000000000000000 (Ag, Ba,,C)
ooubo FuG,0ob00buiobiAs, =A+BF,UBg, =BG,00000000
OD0DDODO0O000000 pej00o00d

Ap, 0 0
AFd ~ ~ Y
0 A, 0
%gdl e A%“dm Agdm+1
Bg,, 0
BGd ~ ~ ?
0 Ba,.
?gtﬁ Bgdm
Cq 0
C o~ (4.2)

?1
o
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000000000000000000 (A4p,,Be,,C;)0000000000000000

0 1 0 0
AFdi ~ 0 1 ? BGdi ~ !
% * 1
Ci ~ (% % ) (4.3)

D000(+43)00000000000000000000000¢; 0000000000
D00p0p=(10---000000000000000 (4g,,,Be,,5:) 00000000
D000003000000p000000000000(Ag,Be,,P)00000000
D000000 (4,B,P) 0000000 BIOONOODOOOO(A, B, P)ODODOO
OO0 A0 2 —{\}00000000(1)000000000000000000 B2
Ooo0o0oooooooo (0oo)

00000410 POOODOOG)ODODOO0OOODOOOODOOOOOODOOOOO
googbogobbbdobboobgbodgbogbbobaogob

00 4.1 0000 (A, B,C)000 220000000000000O0OGCDOO

J:/wuﬁﬂQPz+ﬁﬁmt (4.4)
0

00000000000000000000000000000F00000000

O00000O00000e—00000O0DOO0OO00OCODOOOODOOOOODOO (4.1)
googgg

(0gd):

D000 (4,B,P)0F0G 00000e—0000000000000000 3.100

0000 (4,B,P)00000 (3.7) 00000000 (0300000000000)0
lim P(sI — A— BF.)*BG

e—0

{P(—A - BF.)'BG}™ (4.7)
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0000000000000GO
pAT'B

G'= : (4.8)
pmA‘szlB

dy = min{k; | p, AR 1B £0}, i=1,-

,m

O000(A,B,P)O00410000000000O0DOO0OOOOC 250000000
gobd410dbgbbooodg oo ogonoonon

~

lim  pi(s] — A— BF,)"'BG

e—0

=(0 -+ 0¢s)0 - 0) (4.9)
0000Ime C Im(pf -+ (pA%)T) 00000

lim  ¢(sl —A— BF)'BG

e—0

—(0--0(s)0---0) (4.10)
0000O0O0o0oO

lim C(sl — A— BFE.)"'BG
{C(—A— BF.)'BG}™!
= diag (¢7(s)¢7'(0),- -, ¢ ()31 (0)) (4.11)
D00000000e—000000000000000000000¢}(0)=10000
(ooo)

U000 0000O0D 410000000 boboboboooboboboon
O0000p0000000000000000O0O00O0(DOO)ODOOOOOODOO
oot bodbuodibl @ ool OOULDOOOOOOO
googougoogbooobooooboobn

4.3 U0OUOOOOOOOOOOOOOOOOO

gubodggboguboboobboobobbobboboboobboooooon
OO00o00O0000O0oOoo wooooooogoooo
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OD0D0O000OD0ODODOO0000D0OD Ty(s)DOODODOOOAT(s)DOoODODoOoooo
0000000 T(s) 0000D0DO0OAT(s) 0000000000000 DOODOO0O0OO
00000000000 G OOODOOO0ODO00DO000DO0b0O00O0OAT(s)0DOO
gboudbutdbotutdbiibliew>0bddboobogbonog

1
S 14 o(1; o) T Gu) Gy )

F(ATy(jw)) (4.12)

O000000000000AT(s) 0000000000000 00AT(s)0D00OO
gdoooobooogooooono

G(AT(w)) _ oyt :

—————— = < 7(Go)a(T, w)T(jw 4.13

5(AT0(]W)) (0)(0(.7)(.7 )) ( )
O000s()0C0D00O0OO0ODO0OOCODOOODOOUOOCODOOODODOOODOOObODOO
0000 (4.12)00 (413)00000000000000

4.4 0O0OO

4.4.1 0OQ0OO0oOood

goo20b200duogoogon
1 -4 =2 1
-4 2 1 0
1 0 -1 0
0 1 0 =05

1 0 0 0
=010
0 1 0 O

0000 (A, B,c)0D000D0O00DO0OO0OCODOODOODOOOOObOOOOOOO
gubgobbobooobobnbodobgbooboubt @ =10/0@ = 10070Q = 10001
guobgubgbgbotoobobbodobobuoooboooubonoooboon
Ou=Fez+ Gl 2f00000000000000000O000OO0OOOOO0O

T+

o O O =
o

FlO =

—5.6487 5.0015 2.1934 0.6607
—5.0015 7.6071 2.3898 1.2215 |
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4.4532 —2.3230
G =
—0.3883 —6.0501

. _11.6074 4.4855 2.1236 0.3030
100 == 9
44855 13.0521 1.7866 1.1925
10.48381 —1.0916
G].OO =
0.3011 —11.4372
32.8257 4.1605 2.0455 0.1033
FIOOO == 9
_ 41695 33.9706 1.2924 1.0759
[ 317803 —0.3760
G].OOU =
01230 —32.1226

000000000+ 000000000000 «200000000000000 4.1
000000000000000Q —c/000000000000000000000
0000000000000000000000000000000
000000000000000000000000000000000000 4.10
000 P,000000000000000000
Pm::<1 0 —hd ’ ) (4.14)
01 0  —X-05
000000000 0000000MDAL000000000000000000 (Ar,)) =
(—1,-5)0(M, M) = (=1,-20) 00000 0000000000000 00000 3.20
00000000000000000000000000000 Q=100/000000
0000000000000 000000000000000000000000000

7 —11.6198 4.4031 2.1243 —0.6949
100(—1,-5 = )
( ) —4.4031 16.4078 1.2199 43.8736
- 10.4865  0.0987
Groo(-1,-5) =
0.1832 —10.0155
P —11.6153 4.2394 2.1287 —-3.0411
100(—1,—20 = 9
( ) —4.2394 24.3515 1.0603 189.8229
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Reference input: v1=1, v2=0

vl

Y RS R SIS IS S A S

O 4.1: Step response for closed-loop system(minimum phase system)
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10.4867 0.1460
0.1731 —9.9999

GIOO(—l,—20) =

000000000001 000000000000+.2000000000000
0042000000000000000000000000000000000000
0000000000000000000000000000000000000000
000000410000000000 Q=1000/0000000000 (0 41000)
000000000000000000000000000000000000000
00000000000000(M,A)=(-1,-2000000000000000000
000000000 Q=100/,1000/ 0000000000000000 4300000
D0000000000000000 1000000000 (043000)0000000
00000000000000Op(A, ) =(-1,-20)00000000(043000)
0000000000000000100/000000000000000000000
0000000000000000000000000000000000000000
D0000000000000000000000000000
0D00000000000000000000000000000000000000
00000000000000000044000000000000450000000
000000(4.12)00 (4.13)00000000000000000000 4.400 4.50
000000 (A,) =(—1,-2000000000000000000 (A, As) = (—1,—5)
D00000000000000000000000000000000 4400 4500
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000000000000000000
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Reference input: v1=1, v2=0 (Q=100I)

_ _ 1© pole=-05, -1
v2
3 4 5 6 7 8

0 1 2 3 4 5 6 7 8
Time[s]

[0 4.2: Step response for closed-loop system with pole placement(minimum phase system)
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Input: ul, u2
20 : : : : : : :

[0 4.3: Input for closed-loop system with pole placement(minimum phase system)
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Stability

1 T T
5 0.8} .
=]
c
g
= 0.6
No pole placement T T TT- .
0.4 L .
0 5 10 15
Frequency[rad/s]
[0 4.4: Stability margin; minimum phase system (—: Pole= —20,—-1, ------ : Pole=
—5,—1, —- —: Pole= —0.5, 1)
Sensitivity
1 L] L] o
0.8f No pole placement
)
So.s}
1= Pole placement at -1, —20
c 0.4F -
=
0.2} .
0 '] ']
0 5 10 15
Frequency[rad/s]
00 4.5: Sensitivity margin; minimum phase system (—: Pole= —20, -1, ------ : Pole=
—5,—1, — - —: Pole= —0.5, —1)
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4.4.2 0O00O0O0OO0OO

godbdgbdbooobouobnoobobobobobobobobobooog
gbobogbougoouboouoobooboaa
gogboodgogbg20b 2b00bg0boooaon
1 -4 =2 1
—4 2 1 0
1 0 1 0
0 1 0
y:<1 0 0 O):U
01 0 O
b 320dboggbooguboubouoest 1o uogunoboonoonn
guobobdubgbo-os50-10000000o0ad
gobdb 410000 pO000O0ODOO0OO0

1 0 —A\+1 0
m:( ) (4.15)
0 1 0 ~X+0.5

T+

o O O =
o

00000000000 (A,X) =(=1,-5)0(A, ) =(-1,-20) 0000000000
D0000000000000000000000000000000000000000
000000000 Q=100/0000000000000000000000000000
0000000000000000000000000000000 = Fa+G,[vl 027
000000

5 | —13.7033 44200 222791 —0.5965
100(=1,=5) _4.4290 17.4045 0.5395  58.7408 |

= 11.5758 —0.0764 ]
G —
100(—1,-5)

0.0315 —10.0077

. | —13.7082 42607 —22.2830 —2.0137
100(~1,20) _42607 253512 0.5852 212.6741 |

él
100(—1,—20) —
0.1541 —9.9999

[ 115748 0.1072 ]
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00+ 000000000000.2000000000000004.6000000
D000000000000000000000000000000000000000
00000000000000000000000000000000000000 3.1
0000000000 Q =1000/0000000000 (031000)0000000
0D000000000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000000000 1000/000000(047000)0000000000
000000000000, A)=(-1,-20000000000(047000)000
0000000000000 100/000000(0470000000000000000

000000000000000000000000000000000000000
0000000000000000048000000000000 4900000000
D0000(412)00 (4.13)00000000000000000000 4.800 4.900
00000 (A, X)) =(—1,-20)00000000000000000 (A, Ay) = (—1,—5)
0000000000000000000000000000000000 4800 4.9
D000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0D000000000000000000000000000000000000000
00000000000
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Reference input: v1=1, v2=0 (Q=100I)

vl © pole=-05, -1

vl Pole§: -1, —5;

0
\; : : -2

vl Pole? -1, —2@

|
Ma : : -2

-1 . . . . . . .
0 1 2 3 4 5 6 7 8
Time[s]

[0 4.6: Step response for closed-loop system with pole placement(nonminimum phase

system)
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-10

-20
0

-10

-20
0

00 4.7: Input for closed-loop system with pole placement(nonminimum phase system)

Input: ul, u2

Q=100l, Pole= -0;5, -1

1 2 3 4
....... R

Q=100l, Pole= -1; -20

1 2 3 4
S A A

Q=1000l; Pole= -0.5, -1

1 2 3 4
Time[s]
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Stability

1 T T
5 0.8} .
=]
'g Pole placement at -1, —20
Soef
No pole placement T ——o-_ = |
0.4 L .
0 5 10 15
Frequency[rad/s]
[0 4.8: Stability margin; nonminimum phase system (—: Pole= —20,—1, ------ Pole=
—5,—1, —- —: Pole= —0.5, 1)
Sensitivity
1 L] L]
0.8
S
30.6F "~
'c Pole placement at -1, —20
)
c 0.4F .
=
0.2F y
0 '] ']
0 5 10 15
Frequency[rad/s]
00 4.9: Sensitivity margin; nonminimum phase system (—: Pole= —20, —1, - - - Pole=
—5,—1, —- —: Pole= —0.5, 1)
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4.4.3 OU00OOOOOOOOODOOO

goo20b200duogoogon

1 -4 -2 1 1 0
—4 2 1 0 0 -1

T = T+ U
1 0 -1 0 0 0
0 1 0 0 0 0

<1 0 0 0)
= T
Y 01 0O

0000 (A, B,c)00D000000O0D0O0ODOOOODOOODOOODOOOCODOOO
gudbdooobogogbgbogbbobonbobobobobouooooun
g32u0foouooboognooanoog

D0000000000000000000000000000000000 w=F'z+
G:[UI’UQ]TDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD 4.1
good pbb0dbO00boobouooobobn

100 0
pZ:( ) (4.16)
01 0 —X

goodtbtdutd 1ububobuugbodb«2000b0bonunoagoon 4.10
gobbdoodgguatodaxbotdbd—-osb-su-20000nogoonoood
goodggoogbboubbboe =100/00dboggoobboooggnoooog
gboguboogogboboboooobobod

ni o
F100(—0.5,—1) -

—11.6077 4.4870 2.1199 0.3231
—4.4870 13.4865 1.5635 6.0888 |

i .
G100(71,720) =

—0.0765 —10.1775

10.4878 —0.6463 ]

- —11.6111 4.3918 2.1257 —0.8544
F100(71,75) = )

—4.3918 16.8947 1.1526 51.0027

Glfoo(—1,—5) =

[ 10.4854  0.1709
0.23902  —10.0005
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- —11.6155 4.2308 2.1290 —3.2305
F100(71,720) = )

—4.2308 24.8451 1.0464 200.9764

[ 10.4865 0.1615

éll _
100(—1,—20) —
0.1844 —9.9988

gubodgbbooobboogboobboobooboubooboobboobooaon
ogbgubgbobboooobboboobouoogubooboooooban
goooooodgod

Reference input: v1=1, v2=0 (Q=100I)

vi Poleé: -0.5, —1
V2
2 3 4 5 6 7 8
vi Poleé: -1,-5
V2
2 3 4 5 6 7 8

[J 4.10: Step response for closed-loop system
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4.5 U0O0O0O0OO0OOOOOOOOOOOn

4.5.1 UUOOOODOOOOOOOO

gobboggbboogonbboogubbooobbboggnbboonboobn
gubodbobdbbogaubobobonoboobobobobobonooogn
godbooogbobguoobobobonobooubonooboobooboooo
gbgbuoogbobogboobbbouoboboooobobooboban
gobgobogbogobbubgobooboboboobbobobobboobboon
googbogbbbbobboobgobodgbogbogoboad

godgodobobdbdogbdgbobobobobobouob 4ngboogn
googgoudu pcnobgbooubooboubobbounbobuboobaouon
gobgobubgobouogoboobogobbuoboubgooboboooboon
gbogbododbobobooboboboatboboobobobobonobogn
OoooooODOoOOOobOOo0obOO0ooo0oOp/A000D000000O0O0OObOOobOOO
googbogoogd
gugubogubgoooubouboobooboobobboooboooban
guoboubgobobioodouboobobboooouboobooboobboon
gbogtootoboogoooboobobogbogbogboobooobaooboua

4.5.2 HOOO0OOOOOOOOO

g411gdgooggououboogubbooggnoooubbooonoooonboon
gooboogod
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O 4.11: General view of SHINANSHA
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rlm] : 000000000

pm] : 00000000
HiNm] : 0000000000000

afad) : 00000000000

frad) : 00D0000D000O0O0O00O0O0O0O0O0OO0
Ikgm? : 0000000000

Llkgm? : 0DO0O0O0O0O0O0O0O0OO

gNs/m] : 0000000
&[Ns/m] : 00000000
T(Nm] : 0000000000000
Milkgl : 00O0D00O0O0O0O0OOOOO

O000000000000000000000000
10, + b2, — r2égce = b(Hy — Hy) — T. (4.17)

D0000000000000000000000000
Ioé + r?égce = T. (4.18)

ooooooD0oo0g@an)og @1y)bbe=60,—0,0000000OOOOOOOO
ULl UIDUOD0OUbOOUbgn

0 0 1 0
. 00 0 1
ro= b2é4r2ég r2¢g T
00 — 7
72 ¢ b2é4+72 ¢ r2¢g r2&
i 00 Io +I I L |
0 0
0 0 H, — H
N (4.19)
I I T
b 1 _ 1
| T I, T |
[1 0 O 0] [ R VA
Y 010 0 1 U Up Uy



(419)00000000ODOODOODOOOOO0O0OCOODOODOOObOUOObLbObOOOO
gogogubogbgbdgbgboobbboboboboobuobobobobon
googggodbbbobbtb410bbodobogd

[J 4.1: Physical parameters of SHINANSHA

Cart Pointer
My, M, [kg] 2.94 0.14
I, Iy kg - m? 0.27 0.03x1072
¢, & [Ns/m] | 0.50x10 | 0.01x10
7[m] 0.03x1071
b[m] 1.30x1071

4.5.3 UUOOOOOOOOOOO0OO0OOOOOOOoOO

gogbgdboboboboooooooooobuobobobobuobobon

O0: J00000D0DD-050rad)DO00DOOOOOOOOOODODOOOOOOO
O0O0O0b0DOOoOoOobo (b 420000000 0000O0O0ODOODO 16s)O0DOO
O00oO00oOooOgoo.20sj0000O

===t
T

[0 4.12: Track of mechanical system
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obddibdd Q=q¢/0d0deg=2000000000O0O0ODOOOOOODOOO
gbogubogogbobdgbgooobobbobobon

- [ 141421 —0.0154 —7.0236 —0.0079
200 = 9
0.0154 —14.1421 0.0006 —0.0922
, 14.1421  0.0154
C7200 - .
_0.0154 14.1421

guodbgbbgbdde=30000bb0bbo0ooobbboboobbuobooun
godbobobobobobooobooobon

. [ 173205 —0.0191 —7.8366 —0.0088
300 == )
0.0101 —17.3205 0.0007 —0.1020
[ 17.3205  0.0191
G300 = .
_0.0191 17.3205

00000000 w=Fez+Ge00000000000000000000000
0000000000000000000000000000000000000000
006000000000006,000000000000000

00000000 ¢=2000000000000004.1300 41400000 4.1300
0000000000000 4140000000000000000000000000
0000000000000000000000000000000000000000
0D000000000000000000006,000000 1.54 x 10-2[rad](0.88[deg])
0000

000000000000 ¢=30000000000000 41500 41600000
4150 000000000000004.16000000000000000000000
0D000000¢=20000000000000000000000000000000
000041400 416000000000 416000000000000000000
00000
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Angle[rad]

Input value

0.6

04 -
62

01

04 | e

-0.6

Time[s]

4.13: Experimental result: no pole placement, () = 200/

10
5 [
/U2
0 | L | 1 | it WJ.._._ el
cW 12 16
_5 \
1
~10 N
_15 L
~20

Time[s]

U 4.14: Input value: no pole placement, ) = 2007
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Angle[rad]

O

Input value

0.6

04 -
62

01

04 | e

-0.6

Time[s]

4.15: Experimental result: no pole placement, () = 3001

10

Time[s]

U 4.16: Input value: no pole placement, ) = 3007
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goggbodogbdbdboooboboobououboobobobobobon
gobgboboboggbgoubobobobboboobouobooooboouboon
gogobodbbbobooboobooboobobobobobooboboooboagbonn
Urx=-0gougoogoogoaog P

(10 =1/x 0
P = <0 R _1/A> (4.20)

bbb =200/0 00000 oogogoog
goooboboguoboodooooogooobabd

ﬁzoo(fs) =

—14.1421 -0.0161 —7.5283 —0.0088
0.0161 —14.1421 0.0037 —2.8299 |

14.1421  0.0161
—0.0161 14.1421

é200(75) =

000000000000000 u= Fyosz+Gasp0 0000000000 4.17
00 41800000 417000000000000000 41800000000000
00000000000000000000000000000 41300 41500000
0000000000000000000000000000000000000000
000 418000000000000 41600000000000000000000
0000000000000000000000000 41900 42000000000
0000000000000000000000000000000000000000
000000000000000000000000'0

\0o000000000000O0
0(00),—0.003, —0.3141
0000000000Q=300/000000000000000
—0.67 + j0.63, —53.70 % 553.70
0000Q=200/00000-50000000000000000
—0.61 & j0.56, —5.0, —941.74

goon
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0.6

04 -
62

Angle[rad]
(e

01

04 | e

-0.6

Time[s]

[0 4.17: Experimental result: pole at —5, ) = 200/

Input value

Time[s]

U 4.18: Input value: pole at —5, ) = 2007
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Stability

1

Q

0.8f
E Pole at -5
c
(@)}
©
= 0.6f Q=200I ~ Q=300I T

0.4 1 1

5 10 15

Frequency[rad/s]

O 4.19: Stability margin of SHINANSHA (—: @ = 200I and Pole = -5, ------ :

Q = 2007, — - —: Q = 3001)
Sensitivity
1 B == T
0.8} ~ Q=300 -
o Q=200I
So.s}
c
0.4}
= Q=200I, Pole at -5
0.2}
0 '] ']
0 5 10 15

Frequency[rad/s]

[0 4.20: Sensitivity margin of SHINANSHA (—: @ = 200/ and Pole = =5, ------ :
Q = 2001, —- —: @ = 3001)
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4.6 U0OOO

godgbduodbooogooboobobobooouobobobobooboobobon
gobggbboooobbobboboboubouboooouboboobouon
gbobogbbogboooboobooboboo

godbdgoodbob2b0dbgbgbobonoooobooboboboobobon
gogbdbogbdoogboobouoobouobonoboooooooooogn
gooudbodgguguouobogbogboobooboobnboobbouobboonoo
gobogbouboooboubguboobouboobboobooboobbooo
goobdgbbodgbogbnbgboobotobobobobboobbobbobd

gougododgbdoooboboboooobboooubobobobobobbn
oo obubobobobobobooboouobooon
gobgubodgbuboobubobobobboboobbooboobbooboboon
OO0O0oooO0o0oooOOo(hodooooOooboOoO)odoooooooogooDo
googoog

b 410 pudbogbogoooogoobogbonboboobooboobon
goudopPpObdbobobbgbobboboboboubobbonoooon
gbogbogoobobobodgboboooobobooooboboobobon
googoooboobobo
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1 50

Juobdotdoodbotdodb oD U
Juodogont

gogbgudboonbobouboboobooboobobobobobouobooon
bbb booobboboono
gbogogboobobobobobbububoboboboboo

5.1 0O0O0OO

D00000000000000000000000000000000000000
D000000000000000000000000000000000000000
0000000000000000000000000000000000000000
D000000000000000000000000000000000000000
000000000 (00000)[722]000000000000000000000
000000000000 00000000000000000000000000000
D000000000000000000000000000000000000000

0D0000000000000000000000000000 LQG/LTROODOO
000 [94[104000000000000000000 (353 00000000000
0000000000000000000000000000000000000000
D000000000000000000000000000000000000000
0000000000000000000000000000000000000000
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gogboouobbogogboboboboboubooboboonbbonobooon
gogoguogboobobobgoobgoboo

gogbodggbgbgbobobobobooboboboobobobobon
gogbouoogogbogbgbouobboobuboboobooboonobonn
gobggogutguogbuggubgbobonobboooobobboogoboga
gogbduoogbougbouobboobobobooonobnboboboooon
O0000000O00000000 [31]e8) 0000000000000 DODOO0O0OO
gboggobobobodbouboboobobobgbooobbbobonoboon
googood

goddbuogugbooboooobooboobooubobbobobooboboon
gobodgbbgooobiboobbobobouboubooboboobooobooon
gogbboggbobogoooooubobobobobooboboouoboon
gboboodboobobobbboobooboboobobobbooobonobogn
gogbdbogbdodbouoboubobouobonobooooouooooan
goog

gubgboubbogbobobooboobooooboobbobboboboooban
gbogbodobobtubbobgboboboobobobobobobonobogn
googoogoogon

5.2 0O0OOO
goooooooodugoooooooboooooogg
t=Ax+ Bu+ D¢, y=Cx (5.1)

OD000ze RO0ye R"Ouve R"O0¢e FOOOOOO0OOO000 (A,B,C)0000
00000000000000000CB =00rank CAB = rank COrank D = r O [
00000000000000000200000

J:/ﬂ¢0y+JRwﬁ,Q>o,R>o
0
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gooooobotdb«bobbogbogbobououoobooaod R:IDQ:S%]D
UO0UOe—00000000000OO0O0O0OOODLDOOODLOOOODLOODLDOO

w=F.2& (5.2)
F. = lim —B" M.
1
ATMe+ M A - MBB"M, + CTC =0
€
000200000000000000000000000

Z:Az—l—éy—l—ju, :%:CAz—i—lA)y (5.3)

OD000ze RFOZe RPOADDDOOOODOOOOOODODOOOOOOODOOODOO
OdUverrrdoooobooobbooobobooon

UA— AU = BC, J=UB, CU+DC =1 (5.4)
0000000000000000000000
i =Az+Bu+ D¢, §=Cz+w (5.5)

D00000000§0000000z€ R*Oj€ R™Oue R™O¢€ ROw e RIOOD
00000000000 (4,6,0)0000000000000000000000000
00000000000 W =/0000000000000V =4/00'000000
0000000000000e—0000000000000000000000000
ooooo (170

& =(A+LC)2¢— Ly+ Bu (5.6)
L:h%—MfT (5.7)
. 1
0=AM,+ M/A" — M.CTCM]+ —DD" (5.8)

€

gogod L bogbogobggoooobobooon
gogboooboobobobobooboobooo

'D000000vOoOoooooooooooooooooooooo Qoooooo Q,000000
gobooooon
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+'7( y:CX
A |
X
L E 7=Az+Bu+Jy
%=Cz+Dy
Observer

[0 5.1: Observer-based control system

O0:. 00000 (A,B,C,D)00000000CO0O0O000O0OCODOOLODOODbO
gbodbobboooooogbogboubobonbooboboobouo
gbogbogbobbgbobboboobuoubbbooboonboabn

5.3 UOO

5.3.1 UO0UOoooooooooodn
ooboooooboobobog
i =Az+ Bu+ D¢, y=Cz, j=Cz (5.9)
O000GYyOOooooOooooooooooooooooooooooooDooo
C1 rank ¢ =m0 rank D = r[J

02 (A,D,C)00000O

Al +A D
rank( >:n—|—r
C 0

googoo
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bbdUle—O0U00bO00boouobboobbobooboobzbobbogn
goguooubogbobdbooubbboboggbobboyooooboo

00 5.1 (4,3,C)000000000000000000000000000000O0
00000000004#00000000000 FROOOO00O0OO0O00000000
0000000(4,D,C)00000000000000ImPO00DN00O00000000O
000CB =00rank CAB =rank C00000000:000000000000000
Im(CT(C;A)T) 0000

(0o ):
(.9)0obboOoboObOO00oOoooobbobobboboOooooooboboDbDOo

i=(A—BB"M.)z + BB"M.e+ CD¢
y=Cz (5.10)

O00D0e=2:—-z000000000000000O0DDOOO0O0OO z(0)=0000O
UOO=M0OU0D0OODDODDOOOOOOOOOLOOOOOOOnDO

i = ATz - CTv+ B*e+ D*¢ (5.11)

v=QCM ™'z, B*= M.BB'M,, D*= M.D
v00000000
Q 'v=—-CM 1 ATz - CM'CTv + CM'B*e + CM'D*¢ (5.12)
oooooooog

Q' = —CM *AT: —CM CTo+ CM'B*¢+ CM_*D*¢

= (CM AT + CMPCTQOM ) AT,
( € € Q €
CM AT + cM'cTQeM M) C v
( € € Q €
—(CM AT + CM*CTQC M Y)B*e
—(CM AT + CMPCTQC M 1) D*¢
+CM'B*¢+ CM*D*¢ (5.13)
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D000000000CB=000000000000000000
CM AT = —-CAM' —CcM*ctQCM™ (5.14)
D00000000000000000 (5.13)0000000
Qo =—CAM *ATz — CAM*CTv 4+ CADE 4+ CDE (5.15)
DO0000D000e(0)=00Q'e0)=CDE0) 00000000000 O0DODDOOO
Q7 's*Y(s) = ~CAM' AT Z(s) — CAMZ'CTY(s) + CADZ(s) + CDsZ(s)  (5.16)
T(s) = JyUs){-CAM'ATZ(s) + CADZ(s) + CDsE(s)} (5.17)
Jo(s) = Q¥+ CAM T CT (5.18)

gooo
(5.11)0000obobobooo0ooogY(s)gbooooobbooooon

sZ(s) = {=AT +CTJ'CMTTATYZ(s) + B*E(s)
~CTJs'CADZ(s) + D*E(s) (5.19)
oooo

0oooon
y=CM 'z (5.20)

000000010000 ¢cB=00000
y=CM Y(—AT —CTQCM 1Y)z + CD¢ (5.21)

O000D0000Ogy0)=CcDhé{o)obpobobobobbbo200bb0000b00oDOoOon
googgon

s°Y(s) = CAM_'sZ(s)+ CDsZ(s)
= CAM Y (—AT + CTJ;,PCAM AT Z(s)
—CAM*CTJ ' CADZ(s)
—CAM*CT Jy O DsE(s)
+CADE(s) + CDs=(s) (5.22)
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000000000000000D0 CcB=00000000
CM AT = —CAM ' — oM *cTQem (5.23)

D0000000000000000e—000000000000000000000
0000000 [7]0

0

E%CMjC%y@)
I

lim CAM.C" Jo(s)
0000
s’Y(s) =0 (5.24)

OUOUe—00000000y=0000000 (0gono)

5.3.2 UUUoubobgbuodbooogboubobogobd

godbouogbouogbgbbbgouoobobonobonbbobobobon
googbuogoogbagobogd

(5.5) 00 0000DOCOO000ODOOOODOODOOUO0ODODODOODOOOOODOO
Ww=I10oubggugogbgobgb vhoouobobobobobooboooooo
0000 LOooooooooooo 1ng

Lfﬂ%—MﬁT
0=AM'+ M!AT + DVDT — M'CTCM!

DDDAHATDCTCHDDTDBHG’TDFGHLeT guoagoo

lim C(sI —A-BF.)'D
<+1H%DT@I——AT——CTL3YJCT
Hh%O@I—A—LxhﬂD (5.25)

gobdoubodgbgbooboogbbouobgbobuobboobobobooboon
gogoooboobobdoboooooo
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00 5.2 0000 (A,C,D)0D0D0O0000O0O0O0OO0O0O0OODOOODODOOOOOOO
gobob bobgogooobobbobdgn

lim C(s] —A- LC)Y'D=0 (5.26)

gooo
UOOe—0000000e=z—-—2=00000

(00 ):
O0000000DO000D0O0O (260000000
gobdgoaood
é=(A+L.Ce+ D¢ (5.27)

goboooboboedn epgoonooon

lim (s —A-LC)'D
=lim (s] — A) " (I + LC(s] = A= L.C) ) D (5.28)

O0000000D0000(G.26) 0000000

lim C(sI —A- LC)'D
=lim C(sI — A) ' (I+ LC(sT - A— LC) ') D=0 (5.29)

e—0

gooobugooubogoogo

lim —L.C(sI—A—LC) =1 (5.30)

e—0

0000000000000000000(.28)00000000000e—00000
ufnln
lim (s/ —A—L.C)'D=0 (5.31)

e—0

b e=00000

O0z2600000000000D00 FODODOOOOODOOOMA+LC)DOODOO
e—00000OCODODODOOOOOODOOOOOODOOODOOOA+LC,B)OO
gobgubgbogbobobiboboobboboobboobobooboobboon
O e odbobbogbogog (ooog)
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00 51 00000000000000
lim (s/ —A—L,C)"'D =0 (5.32)

p—0

OO00OO000000oOboOoDODbObOOOooooooooooooo 8o

54 UUOUOUOUOOOOOOUOOODOOOO

OOooooCoOooOoODbO0OoObUOOoObDOoOobObOOoOobDOoooboOoooobDOoOGy o
O((G3)000000w=Fz+GvOOOODOODOOOOOOOODOODODDODOOO

<m> <A+BF1§C BF(C )(a:)
;) \BC+JFDC A+JrC) \:
BG D
(e ) ()8
JG 0

s = o) 530

z

() (oems )0 oo

00000000000 G33)00000000oonoooooooo

god

~

R
+(BOG (1 - CU) )(5)

y = (c¢ C)( ) (5.35)

5.4.1 UOU00O0O0O0O0OOO0OOOOOOOOOO

z

(5.35)0000000000ODO0O0O000ODO0O00O00O00ODODOOOObOODOOOO
goooon

D=0, U=1 (5.36)



O000(.35)0000000000000000

Tyo(s) C(sI — A— BF)'BG

< )::<w+cu1—A—BF)mw)
U = CO(sI-A-LC)'D

(5.37)

0000000 y00000000 7,,(s) 0600 yO0O000000 Ty(s)OOOooooO
O00G3) 000000 y0 000000000 310000000000 DODOODODOO
rOooboobooobobobobbobbobobeb yoobobooooo 5.2
googbobotgbouboobnooogboubbdg .agobgoo

lim W, +C(s] — A - BF)LY. =0, W =C(s[—A—LC)™'D (5.38)

guobgudbogbooboboobbobooboooboobooboooboon

gogbdgbobogbdbooboabobogbobobvobobooobobooo

gobgbugboouboobogbobbod
goodgbuagobgbouboooad

00 5.1 0000 (A,B,C,D)00D00ODODOODOOOOOOOOOODOO0OO0OOO
oddobdddddB =0Urank CAB =rank CUrank D =000 00goooogn
O0000oo0o0O0o0O 33)00oboooobooboooooo

v = Fi+Go (5.39)
G. = (C(-A-BF)'B)” (5.40)
& = (A+L.C)& — Ly + Bu (5.41)

Ode—00000000

lﬂ(xd—A—BﬂrwGe

= diag(®1(s) -+ Pp(s)), ®i(0)=1 (5.42)
00000000000 00000

(0gd):

OO0O00o0oOobOOo0ooooboobooooG3rnyooobooooG3s)ooooogon
oooob LOogoboebbyoooooboooobobooogydoooooogn
iguobguobouboooboubobooboan (ooo)
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5.4.2 UJ0UOUO0OOOOOO0OOOOOOO0OO0n

godgbgbogbogbobgbbobobobobobobobobobonooog
goooougoooboogooboboobboobnbonod

gogoggod
C
V* = 5.43
(x) 548

O0D0O0000000(r-m)xn 000 pOCOCOOOOOOVOODOOODOODO (5.1)
UUOz=V2UOUOUUOUOUOUOODOO4ooooo

T=Az+ Bu, y=Cz (5.44)
oooo
— 1 An A12 Bl
A=V AV* = _ _ 5 =V*B = _ 3
A21 A22 BZ
C=Ccv*'= (1, 0)
o000

(.9)0J0000COOODODODOOOOO00O000OOOODOODbOObOOOODOOn
gobdgoubogbobobgooobobobobon

D1 rank A;; = mOrank C = mOrank D = r0

D2 (A, D, Ap)00000NO

(—AT1+A22 ED
rank _

)zn—m—l—r
Aiz CD

googoo

bbb ooboaoooad

00 5.3 0000 (5.9000000(C, A)DD00D000D0 (A, A4)00000000
OD00(s26)000000000000000LO0ODOOOO0D000O00O000O0O0O

llI% —EeAlg( sl — AQQ — [_/eAlQ)_l = In—m (545)
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(00 ):
000000000000 00DO0ODO0O0 (2e)000D0DODOOOOO

lim C(sl — A—L.C)™'D

e—0

= lim C(sI — A YI+L.C(sI —A—LC)™*}D

€—

goodbuogoogboagooad (ooo)

O000(G43)00000000000000000DOOO0000O0G4) 00000
O00O000(G.4) 00000000000
A:A22+EA12, j:BZ‘i’EBl:

B — A21 —|— EAA_ll - Agzl—; - EAlzi,

=) (2)o=(5) (5)

U=LC+E (5.46)

00000000000 ooooog
(546) 0000000 O0CC =00CH=/000000000 (535) 0000000
gogogoboooood
<Tév(5)) _ ( C(s[jfl—BF)‘AlBG >
Tye(s) I'D+TDAp(sI — A)~'UD
I' = C(sI—A—BF)™!

(5.47)

0000.00y000000007,(s5)0¢00y00000000 7(s)0000000
D000¢0D0yO0DOO0O0D00D00O0D0000000000
Tle(s) = CC(sI—A)7'UD
+C(sI — A= BF) 'DAy(sI — A)7'UD
+C(sI — A— BF)™'DCD
= TD+TDA(sI — Ay — LAR)TUD (5.48)

(547)00 000 y00OOODOO0OO0OOO 3100000000 F.OOODODOOOO
D00000000000000000¢é00 y000000000

lim TD +TDA(sI — Ay, — L Ap)"'UD

e—0

= 111'% I'D + FDAlz(SI — Azz)_l ([ + EGA]_Q(SI - Azz - Z_—jezilz)_l) UD (549)
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gooogooggbrggbosaguugonoobbooougy roO0gooooo
020000 53000000000000L0O000000O000O0OOOOO

lim D +TDAy(sI — Ayy — L Ap) tUD =0 (5.50)

e—0

godbggbuouguoobouuboboboobouboobobobonoboon
gooo
googooodgbogoobon

00 5.2 0000 (A,B,C)0D00000000OO0DOOOODDOOODODOOCB =00
rank CAB =rank COOOOOOO DIOD20O0O00O0OOOOOOO0OOOODOOO v
000004, B,C,D)0000O0O00O0O00OOODOODOOCOOCODOOOODOCOOO
00 @3)0bhboobooboooooo

v~ it (5.51)
G. = (C(-A-BF)'B) "’ (5.52)

c\ 0 I
(o) () () o
2 = (A + LAp)z
+(A21 + L Ay — ApLe — I_/eAmEe)y
+(By + LBy )u (5.54)
00

lim C(s] —A- BF.) 'BG,
= diag(®1(s) -+ @y(s)), ®:(0) =1 (5.55)

goggoboooouoagouad

(0o ):

OoOoOoOOoOo0oobooobboobbooboboGk4nOobboobobOoboooboobooooo
00000000 FO0D0O0O0OOD0O0O00O0O0O0O0OLO0000e—- 00000000
05100000530 0¢00y000O0ODO0OOO0ODLDOLO0D yOODODOODO
jiguoboguobooobooobooboboood (ooo)
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5.4.3 0U0OU

goodgoagoagoad

1 -4 =2 1 1 0 0 0
-4 2 1 0 0 -1 0 0
I = T+ U+ d
1 0 -1 0 0 0 1 0
0 1 0 -0.5 0 0 0 1

1 0 0 0
(o 10 )
01 00

0000 (4,B,¢)000000000000000000000000000000000
00000 2(0)=00000000000 1w’ =[1000000000000000
D000000000000000000000000000000 u= Fd+G,vlv2)7
0000000000000000000000000000000000000000
00000000000000000000000.001000000000100000
000000

Q =100/000000000000000000000000 Q, = 1007,10007,
100000/0 00 00000000000000000005.20000000000000
000000000000000000000000000000000

P —11.6074 4.4855 2.1236 0.3030

100 = )
—4.4855 13.0521 1.7866 1.1925
10.4838 —1.0916

Gioo =
—0.3011 —11.4372

gbbugouogoboubouogobogood

T
.| -Tiees 5582 58818 13615
100 55822 —8.0851 —1.4336 —8.3324

T
—11.4273  6.2562  24.2047 —7.3732
6.2562  —11.2291 —-7.7587 —27.3749

LI1000 = {

T
—34.2724 10.4644  282.9599 —93.1258
10.4644 —29.3362 —94.9830 —289.5450

/ —
LIOOOOO - |:
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godgbduodbogbboogbooobobobbbooobboobobobobon
gobgbbuboodoobooobdoboboubooboboboobooon
gobgodgtooobbodbboboubooogbbodgbaubogo ss3bgua
gubodgbbobogbbodooboggbbogubooouboagbnbooua
gubobogubobuobogubotbguboouoboobn

goooodgboobbouboobobnbobobgs4aubg sspuugbonog
godovabobooogobood

1 0 0 O

C 01 0 O
V*:( >:

E 0 0 -1 0

0 0 0 1

Uudde, =1007,10007, 10000000 000000O0DL0O0OOOOO0OOOOOLOOOOO
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Reference input: v1=1, v2=0, Q=100I

0 1 2 3 4 5 6 7 8
Time[s]

00 5.2: Step response for closed-loop system(full-order observer-based controller)
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Error of state
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0 1 2 3 4 5 6 7 8
Time[s]

0O 5.3: Error of state(full-order observer-based controller)
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Reference input: v1=1, v2=0, Q=100I

0 1 2 3 4 5 6 7 8
Time[s]

[0 5.4: Step response for closed-loop system(reduced-order observer-based controller)
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Error of state
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O 5.5: Error of state(reduced-order observer-based controller)
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Reference input: v1=1, v2=0, Q=100I

Time[s]

[0 5.6: Step response for closed-loop system with sensor noise (full-order observer-based

controller)

Reference input: v1=1, v2=0, Q=100I

Time[s]

0 5.7: Step response for closed-loop system with sensor noise (reduced-order ob-

server-based controller)
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[l 5.8: Servo system
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U 5.9: System with disturbance input

D0000000G.(s)=(1/s)Gs(s) 000000000 Deyo0) 0 000000000
OO0 Gs(0)=0c 0000000000 00DOGLOO00ODDOOOCOO
O00OGe) 0000000 D Gaw=0000000000000000000O0O
good
t=(A+ BF,)z+BH,w, y=Cx (5.70)

00000000w=000000 A0 H.OOOO0OO0O000000O00

F, = —R'BTP,

H, = (~C(A-BR'B"Py)"'B)
000000Q, »l0R=I00000000000000 FOAO00003000
0000 (35)00 (3.6)0000000000000000000000000000

gubdboboobgboobooooooboboboooboubobonobooo
gogooubobgbdobgbogubobobooboboonn

5.5.2 JUUOUogbooobboognogboood

gubbodogubooguboogubboogonbobboubboonboodon
gbdgutuboogbogboubobuogbboobboobouooobooono

guobduboboubob R=100b,u QUububooogooooogonog
goobooutgoouobooboogod

Fse = 111’% _BTplle

98



Gee = lim =BT P, (5.71)
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Reference input: v1=1, v2=0, Disturbance input: d1=d2=3
1.5 L) L) L) L) L) L] L]

[0 5.10: Step response for closed-loop system with step disturbance (full-order ob-

server-based controller)
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Iron Ball

[J 6.1: Magnetic suspension system
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[J 6.1: Physical parameters of magnetic suspension system

Parameter Value
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X 3.000 x 1073[m]

L 7.720 x 1072[H]
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U 6.2: Step response of Model 1
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U 6.3: Step response of Model 2
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