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Figure 1.2: Comparison of control theories
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gboboogbouogbobbooobboobobobuooobooobooon
gogbobobogggobooogo

(0.255 +1)(s + 1)sy = u, (1.1)

v = sy. (1.2)

UbbUL0000000000000000y000000000 sOOO
O00000d/dt00000000 PD(Proportional and Differential) O O O
ggbouggbobuggbbouoogbuoobobooobooobboogn
ggbbooogbobboooooboo

u=ko(y, — y) — kyv. (1.3)

Ubdy 00boobbdkUb0bodb0KRbOOD0DbOO0ObO0ObDDbO
bbb «00bb0b0dy Uy ooooobboooon

(0.255% 4+ 1.255% + s + ks + ko)y = koy,. (1.4)
D00D00y00000D0DO000 P(s)000OO
P(s) = 0.255% + 1.255% + (1 + k;)s + ko. (1.5)

oo nmbOkDOODOODOOOOOOOOOOODOODOODODODOD
gogbboooobbboooobbobooobbo

gogbbobooobbbuooobbbuooobbboo bbuobogg
gogbobobogogobooogo

n
P(s) = ns 4 an1s" 4+ ars+ag = Y a;s’. (1.6)
1=0
00000000000 -000000000000

v =ai/(apais),  i=1,--,n—1. (1.7)

T =ai/ay. (1.8)
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googubbbbbbdooouobbbooooobbbooogaon
OMogooooboooooooooboobobboomobobbooon
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gbobouoooobbodooon

Vo1 =" =13 ="y = 2, V= 2.5. (19)

gbboodgbboodobboodgbooooobbooobbobooon
OO00000000D00000D0000OUOequivalent time constant[) O 0 [
gouogobuogoobboob yhoobboobobooboboooo
U250 3000000000000 0O00O0O0O00O0LO0OLODbDO0ObLOOnOn
gbobouoooon

goobbbbbbbtuodouuoooooboobobbbbbooggy
wO000O0O0OO000 (=2, =25)0000000000000000
gboboogoobboooobobbuoooon

ay =1+ ki = a5/ (azy) = 1.25%/(0.25 x 2) = 3.125, (1.10)
ap = ko = ai/(azy1) = 3.125%/(1.25 x 2.5) = 3.125.
0000000000000
ki =a, —1=2125  ky=3.125  7=1. (1.11)

gbbuogobuogbboogbbouoobbuogbuooobboooon
gouodgbogbboboboobogbuoubbob r=100000 25
~J3sec HUOUOOOODODODOOOO0OOOOODOUOOOOOOLOODOOO
gboboggooboooooooboo
doddoodoooubobiobbioooobuobibly > 20
wm=25000kK=2125~000000000000000000OO

ko = ag = a3/(aoy1) = (1 +k1)?/(1.25 x 2.5) = 0.32(1 + ky)?,  (1.12)

Yo = a3/(aza;) = 1.25%/[0.25(1 + k;)] = 6.25/(1 + k;) > 2,
T =ay/ap = 3.125/(1 + ky).
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U000 kRO00000000000000Oky =0.3207, =6.2507 =3.125
0000 0o0obo0obOoboboob0obO0dn k=009, =6.250y >
2500000k =032~000000000000O00O00O0O0OO

v = a?/(azap) = 1/(1.25k) > 2.5, (1.13)

T = al/ag = ]_/k'g > 3.125.

gboodbogobobooobobobboobuooboobuogboooan
gbbooobobuoggbboogbooooboboooboobbuooon
gogbbobouoooobbbuoogoon

g000ooooooooooobobobobbobo0ooooooonon Table
lLioggbbbodgbobboobobbturogbb 100b0203.12505 00
gogbbuogobuogbboobobboobobbuoooooobboogon
oo obbobboyn =250000000
LOODOODODOUOO»OOOUODOOOODOO0000y =6.250k =00
ooboobotkbUibo0bo0OynOO00oO0DbO0O0DO00n Fig. 140
gbooobbugugbbuubbbogbboobboobd--.0n
U000b0obobOoob0obbObb0Ocasexl 0D O0ODO0ODOODOO

a; =[as as a1 ag] =[0.25 1.25 3.125 3.125]. (1.14)

D000 -000000000000Fig. 1.50000000000000
000000000000000

Table 1.200k 000000000000000~ 000000000
0000000000 Fig 16000000000 Fig. 170000000
00+ 000000000000000000000000000000
000

00000000000 -0000000000000000000, 7
D000000000000000000000000000000000
0000000000000000000000~0000000i000
D000000000000000000000000000000000
0000000000000000000000000000000000
D000000000000000000000000000000000
D0000000000000000000000000000000000
Do00o0o00oo0ooon

0000000k D kK O000000000C0O000Fig. 1.80000
000000000000000Oay>00asa; >a3a0 00000000
00000000000

0<ky<0.2/(1+ k). (1.15)
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gbooboogbbuogbbouogbuoogbbugbbooobbooobo
00000 vy =a?/(akae) 0 25000000 7000000000000
gobbouogogogoobood

ko = 0.32(1 + k;)*. (1.16)

googbobgobobuogbboobuooboobbuouobogg 0o
gouogbobooboobooboobooywobboobooboooo
gbbuogobuggbboobbuoobodgbbooobbooonn
OO000#100-00000000C00DOOOOODOOOOODOOOOD
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P(s) = Py(s) + Px(s), (1.17)

Py(s) = 0.255> + 1.255” + s,
Pk(S) = k18 + ko.

000 P(s)000000000000000PR(s)00000000000
D00000000000000Fig 1.90000000 R(s)00000
DoOO00OP(s)000000000000000000000000000
0000000000000000000000000000000000
00000000P(s)000000000000000000000000
000000000000000000000000000000000
000000000000000 R(s)000000000000000
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000000 P(s)00000000 P(s)00Py(s)0 P(s)0000000
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0000000000000000000000000000000000
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Table 1.1: 7 variation

11

case k1 ko T T2 | N
#1 | 2.125 3.125 1 2 2.5
#2 | 0.5625 | 0.78125 2 4 2.5
#3 0 0.32 3.125 1 6.25 | 2.5
#4 0 0.2 ) 6.25 | 4
Table 1.2: v, variation
case ]{71 ]{70 T Yo Y1
#1 | 2.125 | 3.125 1 2| 25
#5 12125 6.25 | 05| 2 | 1.25
#6 | 2.125 | 1.5625 | 2 2 5)
Position Eeference Motor Input _
Command Power Amp Voltage pfetor Weloaty Position
=3 hg
», + u 1 E | 1 v=roh1
& _ - Te+1 | Ts+1
k|-
hy Lt

Figure 1.3: Position control system
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Figure 1.4: Coefficient diagram 7 variation
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Figure 1.5: Step response, 7 variation
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Figure 1.6: Coefficient diagram v, variation
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Figure 1.7: Step response, v, variation
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Figure 1.9: Coefficient diagram, coefficient shaping
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1.3 0O00oon

gbooogbboogbuobbbuobbooobooobboooobo
gbobogobbooobboobboogobboooouoboogon
goboggbbogbbouogbbbooboboogbboooboboobo
0000000 (Franklin, 1994, p47) 0O OO0 O0O0O00O0O0O0O0OOO
gboboogbbuogbbuoobbouooobuoobbooobbooobo
gobbbbbbuouuoooooobbbbbbotboooooooon
0000 (COM)0000000000000000000OoOO0OO0O0OO
gboboggbbuoggbouogbbooobbuogboogbbooooo
gbobooggbbogbbogobbuoobogobuoogbbooooboo
gbbobuooobbbouooobbbodoooobboooon

gogobbbbbbbobbdououooobobbobbbobboogy
gbobuoggbbogbbuooobbogobbuobbobouoobobooogn
gbobogdgbbuoggbogbbooobbuogobooobbooooboo
gbobbouoggdgobood

Oo000ooooooooooooooooooooooonoogon
Oodooodoooooooooooooon
d3y d?y dy du
—_— —_— — =b;— + bpu. 1.18
agdt3+a2dt2+a1dt+agy ldt+ ow ( )
000 «0000y0000t000000000000000 d/dt0 s0O
Oo0ooooooooooonon

A(s)y = B(s)u, (1.19)
A(s) = a3s® + aps® + ars + ag, (1.20)
B(5) = bys® + bys + by. (1.21)

0(1.19)00y=B(s)x 0000000000 000000000000
goboogg

A(s)x = u, y = B(s)z. (1.22)

00000000 (1.22)0 (1.199000000000000000ODO0O0OO
000000 (Right Polynomial Fraction, RPF) D 000000 OO O (Left
Polynomial Fraction, LPF)0 0 0000000000000 00O00OOO0O
00000000 A(s)00 B(s)DOOODODOODODOOODODOOOOOOOO
oo bobobbooooooooooooon
gddjddoooodouoooooooobbbobbbboobbobbooon
O0O00O00OFig 1100 111 0000000000000000O0OOO
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00000000000000 (1.22)000 (1199 00000000000
000000000000 G(s)00000o0oooooooo

B(s),
A(s)

y=G(s)u= (1.23)
00000 (1.22)0000 (1.1990000000000000000000O
oooodoooooo

0000000 Multi-Input-Multi-Output, MIMOO O OO OO OOOO
O O Single-Input-Single-Output, SISOO 00 O0D0OO0OOOOOOOOOO0OO
0000000000000 Right Polynomial Matrix Fraction, RPMFOO O

A(s)x = u, y = B(s)z, (1.24)

0000000000000 D OO0 Left Polynomial Matrix Fraction, LPMFO
O0o00obooDon
A*(s)y = B*(s)u. (1.25)

D00 20y0v00000000000000000000A(s)0B(s)0A4%(s)0
B*(s)00000000000000000000000000O0O000O0
0000000000000000000000000000000000
000000000000

A*(s)B(s) = B*(s)A(s) (1.26)

00000000000000000000A4%(s)0B*(s)0 A(s)0 B(s) O
00000000000
D00000000000000000000000RIngd00000
0D00000000000000000000000000Fieldd0000
0000000000000000000000000000000000
D000 s?00000000000000000 2ysy0000000
00 d*y/d*000000000000000000sYy 00000
0D00000000000000000000000000000000
0 Fractional Order System, FOSOOOO0O0000000000000000O
00000000 s“0000s0000000000000000

gboogbuogobooboobogbooboooboobuoobag
gbboobobuobbboobboobbooobbooobbooon
gbuogboobobooboobudbooboboobuogboobon
gbboogbbuoogbbuoodgbbuooobooobooobboon
ggbbobboobboobuooobbbuoobboooobobooon
gbboggbbuogboboooboobobodbboobooobbooon
gbboggbbuogbobooobooboobbogobooobbooon
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gbooboodgbboobbouobbbuobbooobuoogboooobn
gboboogbbogbbouogbbbugbobooobobooobbogoboo
goboggbboogbobuogboooboboogbbogbbooooboo
gooboooddg
gbogdgbobdbbodbbuoobobuoobobbodbbooboboo
gbooboogbbuoggbbuoobbouooobbuooooogbbooobo
goboodgg
goobbbbobbbbbdddoooooooobb«0by0doyd
gobbuooogobouoogoooo

Y (s)/U(s) = G(s) = s/s. (1.27)

000 Y(s)0 U(s)0 yO U(s)0000000000000000000
googoo
sT = u, Yy = Sx. (1.28)

guodbbbbooooooooo
Y =u. (1.29)

guoddooooobbb.bbbdddybbboooooooon
guodoooooooon
sy = su. (1.30)

O00000O0s(y—uw)=00000000
y = u + constant. (1.31)

O00000000000000000 (130)0000y0000w0000O0OO
gobogdgbbuoggbbuogbboooobbugbooobbooooo
gboboggbboogboogbbbugboboogboboogbooogooo
gbbuogobbuooobbdabbooobbbouoobbooobooan
gbbooogbbuooobbbouoodgbbbooobbooobobboon
gboboggooboooooooo

goobbbbbbboddgooooooooobooboooogd
000000000000000 (1.22)0000000000000000
gbbouogobbuoooobbbuoooon

Ty =i =5, T =i=sr, T9=21. (1.32)
guogoooooooobbbod

[To; &1; To) = Alwo; 215 00] + Bu, y = Clxg; x1; 30| + Du, (1.33)
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—a2/a3 —Cll/ag —ag/ag 1/@3
A= 1 0 0 . B=| 0o |,
0 1 0 0

C=[b b b, D=

000 [fy;d1;40] 00000000, 41 470000000000 MAT-
LABOOOOOOOOO0O00000000000000000000000
0D000000000000000000000000000000 200
000 000Basic State Variable0 0 000 0000000000000 =
00000000000000000

0 (1.19)(1.20)(1.21) 00 000000000000000000000
000000000000000000

(azs® + ays® + ars + ag)y = (bys® + bys + by)u. (1.34)
gogoooooooobobon
(05} b2
—y — —u+s[—y— —u+s(—y— a—u—l—sy)] = 0. (1.35)
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Y = 22, (136)
21 = 829 + (az/az)zy — (by/az)u, (1.37)
20 = sz1 + (a1 /az)zy — (by/a3)u, (1.38)
0= szp + (ap/as)z2 — (bo/as)u. (1.39)
gdododoonouoooognooooouoooouoouoog
[29; 21; 20] = Flz2; 215 20) + Gu,  y = Hlzy; 215 20) + Ju. (1.40)
—ag/ag 10 b2/a3
F = —al/ag 0 1 s G= bl/ag s
—ag/ag 0 0 bO/CLg

H=[1 0 0, J=]0]
0000000000000000 (1.36)(1.37)(1.38)00000u0 A(s)z

O000000y=20B(s)x000000000000000OOO0O0O 20
gogboboooogbbbog

22 bys® + bis + bo
z1 = (S + a2/a3)(618 + b()) — {(al/ag)s + Cl()/Clg}bQ Z. (].4].)
20 {s* + (ag/a3)s + (a1/az) }bo — (ap/as)(bzs + by)
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Z9 b2 b1 bO T2

21 = b1 b() + (a2/a3)b1 - (al/ag)bg (ag/ag)bg — (Cl()/ag)bQ T

20 bg (a2/a3)b0 — (ag/ag)b2 (al/ag)bg — (Cl()/ag)bl Zo
(1.42)
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Figure 1.10: Block diagram of polynomial expression, RPF
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Figure 1.11: Block diagram of polynomial expression, LPF
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1.4 00000
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goobbbbbbobobbdouooooobobbobbboooogy
OD0O0000000o0obO00O0OonndodSingle-Input-Single-Output,
SISOOD00O0OFig. 1.120000000000000Multi-Input-Multi-
Output, MIMOUO O ODOOOOODOOODODOODOODOODODODOODO
gboboggbobuoggboogboogbbuogoboogbbooooo

goobooo
Ay(s)x=u+d, y=By(s)z. (1.43)

000wy d0000000000000000 00000000000
000000 A,(s)0B,(s) 000000000 G,(s)0000000000
0D0000000000000000RPFOOOOOOOOOOOOOOO
0000000000000000000000000000 200000
0oo0o0o0o0o0oo

0000000000000000

Ac(s)u = Ba(8)y, — Be(s)(y + n). (1.44)

000 y,n000000000000000A(s)000000O0OCDODOO
O0000000B,(s)0000000000OB.(s) 0000000 OODOO
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000000000 Gu(s) = Bu(s)/A(s)000000000000000
0000000 G(s) = B,(s)/A(s) 0000000000 0000O00
000000000 booooooLPFOO0ODODOOOOOODODOOOOO
goodbil44ibobooublaoibibibyd 0000000000

googgg
P(s)x = By(s)yr + Ac(s)d — Be(s)n. (1.45)

000 P(s)D0000OD0O0OO00O0OOODOOO

P(s) = A.(s)A,(s) + B.(s)By(s). (1.46)
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goooboboboooobobooooboboboRrRPFODOOO
gbooooboorLpFObOODOOODODOODODDODODOODO
ggboobbouogboboobobboobobobuoooboboobooboan
d0dboboobobobooboobobooooboboooboooonbo
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y=DB,(s)xr, u=A,(s)r—d. (1.47)
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P(s)x = By(s)y, + Ac(s)d — B.(s)n, (1.48)
P(s)y = By(s)[Ba(5)yr + Ac(s)d — B.(s)nl, (1.49)
P(s)u = Ay()[Bulys — Bol)n] - B9)By(9)d.  (1.50)
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0000000000000 000000000000000000000
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P(s)z = P(0)y,, (1.51)
P(s)y = By(s)Ba(s)yr, (1.52)
P(s)y = By(3)A.(5)d, (1.5

P(s)(—y) = B,(s)B.(s)n. (1.54)

0015100 B,(s) = P(0) 00000y 0000 20000000000
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P(s)0000000000000000000000000000000
0000000000000000000000000000000000
001520000000000000000000000000000 W(s)
00000015300000000000000000000000000
07T,(s)00000 (1.54)0000000000000000000000
0000000000 7T(s)000000000000000000000
0ooooo
000000000000000000000000000000000
0001.51,1.53,1.54000000000000 P(s)0000000 By(s)
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Ap(s) = Ac(s)Ap(s),  Bep(s) = Be(s)By(s). (1.55)
00000000000000

G(S) = BCP(S)/ACp(S)v
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000000000000000P(s)00000000000000000
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000000000000000000000Ty(s), W(s), Ty(s), T(s)0 0O
D0000000000000000000000P(s), Al(s), B.(s), Ba(s)0
000000000000000000 P(s)0000000000000
0000000000000000000000000000000000
000000000000000

D0000000000000000000000000000000
00000000000

Ap(s) = dy,s"" + - -+ dys + dy, (1.60)

Bp(s) = 1, s™" + -+ + nys + ny. (1.61)
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0000000000000000000000 m,/n, 000000000
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Ac(s) =l 8™ 4+ lis + o, (1.62)
B.(s) = kp,s™ + - - + k15 + ko, (1.63)
Bq(s) = My, s™* + -+ +mys + my. (1.64)

000, k,m000000000000000n,, m,, m, 100000
000000000000000000 m/n, 0000000000000
B.(s)0 P(s)000000000000000000000000000O
D000000000000000000000000000000000
000 1200000000000000PDOOOOODOOOOOO0
0000000

ne=0, m.=1, my,=0, l():]_, k1 > 0, ko = mg > 0. (165)

O0PDOOOO /00000000000 PIDOOOOOOOOOOOO
oooooood
ne=1, m,=2, m,=2, (1.66)

11:1, 10:0, k2:m2>0, k1:m1>0, ko = mg > 0.

PIDO0OO 2100000000
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A.(s5)Ay(s) + B.(s)By(s) = P(s). (1.67)

OO0O00OO0O0DODODO Diophantine0 OO DODOODOODODOOOOODNOL.62,
e300 buboboooonooboggn

(iﬂlisi)Ap(s) + (i; kis")B,(s) = P(s) = Z a;s' (1.68)

gboodgbboobbuoogbbuoobogbbuoogbbooobo
00000000 1/300000PIDOOOOOO

[ll l[) kg kl kU]M:[a4 a3 a2 ap Cl()], (169)

d3 dy di dy O
d3 dy di dy
ny MNo 0 0 ,
0 ny Ny 0
0 0 ny Ny

llzl, l():O
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yr + 1 1 X J"‘
—w B (5) i) 4,0) = E (5]
+ #
B(5) | y—

Figure 1.12: Standard block diagram of CDM
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gboboogbbooobbooobboobouobbooobboobn
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gobuogbbooobogobbugobougbuoogbobooooboo
OO0b00o0O0b0o0LQGUOO0O0oooooobooboooboooooogoD
OO0bo0booboobooboo0 LQrOgooboooobooboooogo
gboogbbogbbuobbbuobbooobbogboooobn
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OOoobobooobobobobooob QbDuoobobooooooo LG
oooboboooooboU0 He,oboooobooooooboooo
gobooogobboooobbobuoogoobooo

oogoooobobobobi140b0b0obobbobobobon
gboboogbboogbbobbbugbbooobbooobooobo
O0O00ooooD Fig 130000000000 0O00O0DOO0OODOO0O
goboodg

Ge(s) = Be(s)[Ac(s),  Gals) = Ba(s)/Ac(s), (1.70)
Ao(s) = ln. + -+ ls + Iy, (1.71)

Be(5) = km, + -+ + k15 + ko, (1.72)

By(s) = my,, + -+ -+ mys + my, (1.73)

000G (s)0000000000000000000000G,(s)00D0O0O
00000000000 0oooo0o0oooooooddm/n.0000
O000000000000000000000000002/2000000
003/30000000000000000000000O00O0ODOOOO0O
gboboogbboogbbuooobbuogbooobbooobboobo
L=1 l,=00000000O

. k282 + le + k()
N lys2 + s

Ge(s) , (1.74)
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gbobobobboboobobobbobobobuobprPIDObODO
gboooboooboob pPIDO0ODUO0ODODDORRO KROO0DOODOO
goooo ,obobobuoobobobooobobobobouoooobo
goprPIDOODODOOODOOOODODOODLDOOLDODODODODOODO
goooooobooboooogo PIDD LQGOOOOODOOOOOOODO
ERERE

gooobooboboboboooboooboooboobo pPIDODbOOO
ggboooogooo

1
GC(S) = K(l + ﬁ + TDS), (175)

00000000000000000PIDOOODO 2/2000000000
gogbbbooogobboooooboo

lg == 0, ll = ]_, lg = 0, (176)

k2 - KTD, kl - K, ko - K/T[

gboboboboobobogp0bO0obobbobo0obbobobDuobooobo
gbbuoogboobbooobbuooobbooobooobbooon
gboboboboobrpibDOobO0bbOobOobOobOo0ooobobOobo
gogbboooogn
ggboboboogoboboogobobbuoogooo

1+ O[1T18 1+ CYQTQS
Gc =K )
() 1+Tis 1+4+1T5s

(1.77)

ar>1, 0<ay <1, 0<T1<T2,

gbboogbbuoogbbuoobboobbboobobooobooon
000 2/20000000000000000000O0C0COOOOOO

l2 == TlTQ, ll == T1 +T2 ,l() == ]., (178)

kg = K(OéloéngTQ), kl = K(Olel + OéQTQ), ko =K.

ggbbuooboobbooobbuooobuooobbooobbooon
goorPiDObOO0OO0bDOobDOO0bDObOObO0O0DOoO0bOobO0ODbOo
ggbgbobuogobboobbooobboogbboooobboogn
gogboboooooboboooon
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gboboogob mostbuggubboodgobboogobooogbn
gobbouooobboogoobobuoogobbobuooobboboo

u = Ga(s)yr - Gc(s)ya (179)

000 G,(s) 0000000000000 0000000000O0O0OO0OO
goo

LQG OO (Linear Quadratic Gaussian) 00000 0OFig. 1.140000
000000000000 0000000D Fig. 113000000000
OO000000O00DOO0O0DOO0oO0bOO0oDoOooDoooooooood

_ Cadj(sI — A)B

y=C(sI —A) 'Bu= det(sT — A) (1.80)
guoodooboobobbboooad

(sI — A)z = L(y — My, — CZ) + Bu, (1.81)

u= Ny, — K&. (1.82)

0000 (1.81) 0«00 (1.82) 0 « 0000000000 20 yO w00
00000000000 z00 (1.82)000000000O00O0OOODOO
gobouooogn

u= Ny, — K(sI — A+ LC + BK)™'[L(My, —y) — BNy,]. (1.83)
0000000000000 0DO00000O

s —-A+LC+BK B

P,(s) = det[s] — A+ LC]| = det % 1

(1.84)

=det[s] — A+ LC + BK][1 — K(sI — A+ LC + BK) 'B].
000000Do0o00d

i P,(s)Ny, + Kadj(sI — A+ BK + LC)L(My, — y) (1.85)
B det(s] — A+ LC + BK) ' '

gugooooooobbbboooooooon
A,(s) =det(sI — A), (1.86)

B,(s) = Cadj(sI — A)B, (1.87)
A.(s) =det(s] — A+ BK + LC), (1.88)
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B.(s) = Kadj(sI — A+ BK + LC)L, (1.89)
Ba(s) = P,(s)N + B.(s)M. (1.90)
0000000000 Diophantine 0 00000000000

P.(s) = det(s] — A+ BK), (1.91)
P,(s) = det(s] — A+ LC), (1.92)
P(s) = Po(s)Pe(s) = Ac(s)Ap(s) + Be(s)Bp(s). (1.93)

00000000000000000000000 P(s)0000000
00000 P(s)000000000000 KO LO Ackerman 00000
000000000000000000 Al(s)0 Be(s) 00 (1.88,1.89) 00
00000000000000000000 (1.93) 0 Diophantine 0 0 0 O
O000A(s)0 B(s)00000000000

LQGOO0O00000000000000000 (n,—1)/n,00000
0000000000000000000000000000000000
0000000000000000000000000000000000
B,(s)0000 R(s)0000000000000000000000000
0000000000000000000000LQGOO0O000000
0000000000000000000000000000000000
LQGOOO0O000O00000000000 B,(s)00MONOOOOODO
00 LQGOO0000000000

00 LQR(Augmented Linear Quadratic Regulator) 0 000 LOQ OO
0000000000000 00000000ooOODO2/3000000
gdooodoootoouoouoouoouoodgo

Ay(s) = 8° + dps® + dis + dy, (1.94)

B,(5) = nys® + ny1s + ne. (1.95)
gooo2bbbogoooooooobooobboobd

s*u = v, (1.96)
A, (s)r = u, (1.97)
y = By(s)r, (1.98)

0000.000000000000000000w=3B,(s)u000000
gogbbbuoouooobobooooobbogo

s*u = v, (1.99)
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w = B,(s)u = (ngas® + nys + ng)u, (1.100)
Ay(s)y = (8° + dos® + dys + dp)y = w. (1.101)

D0000000000u;, = su, uyp =u, Yo =8>y, y1 = sy, yo =y 100
O00o0oo0oooobooboobogobo

[Ul; Uo; Y23 Y1; ZJU] = A[U1; Uo; Y25 Y15 yo] + B, (1-102)

y = Clur; wos; Y23 Y15 Yo)

0 0 0 0 0 1

-1 0 0 0 0 0
A= ny Ny —d2 —d1 —do y B = %) 5

0 0 -1 0 0 0

o 0 o0 -1 0 0

C=[0 00 0 1.
0000000000000000000000000

v = (m232 + mySs + mg)yr — (llul + ZOUO) — (kaQ + k1y1 + k‘gyo). (1103)

O00v=s00000000000000000000000000O00
gbbooogbbooooobo

A (s)u = By(s)y, — Be(s)y, (1.104)

AC(S) = 32 + 118 + lg,
BC(S) = k‘282 + k'IS + k‘g,
B,(s) = mys® +mys + my.

Ooooooooooobobdddbdn0bOD Fig. 115000000
000 Fig. 1.130000000000000O000O00O0O0DOO0OODOO0
OOoo00o0oooo0oooboo LQrROoobooooooobobobobOoo
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Oooooooo0o0ooooobob0 LQrRuboboboobobooboboo
gbobouoooobbooooobbogo
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00 H,O0OOoOoooooooooboboooobobooooobobooo
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goboobboobobOoob Fig l1700b0o0oobooboboonbobo
ggboggobbuooogboboooan

n=y— My, —Cz, (1.105)
(sI — A)& = Ly + Bu, (1.106)
u= Ny, — K&+, (1.107)
r= Q7' (s)Qu(s)n. (1.108)

0 (1.105)0 z00 (1.106) 0000000000000 O0OOODOOOO
[1+C(sI —A)~'Lln =y — My, — C(sI — A)~"Bu. (1.109)
0((1.84)0000000000000000O000O000ODO00OO0O0ODbDDOO
Po(s)n = Ap(s)(y — Myy) — By(s)u. (1.110)

0 (1.106) 0 00 (1.105) 0000000000 «00 (1.107) 00000
00000000000000

(s — A+ LC + BK)%# = L(y — My,) + B(Ny, + ). (1.111)
0 (1.107)0 z00 (1.111) 0000000000000 00000OO0O
u=[1—-K(sI —A+LC+ BK)'B](Ny, +r) (1.112)
+K(sI — A+ LC + BK) 'L(My, — y)
0(1.84)0 0000000000000 00000O0O0OOODOOO00OO
Ac(s)u = By(s)y, — Be(s)y + P,(s)r. (1.113)

0 (1.110,1.113)0 Fig. 1.1700000000000

000 Fig. 1.1700Fig. 1.180000000000000000000
000000000000000 A% (s)0B(s)0000 B (s)000000
00000

A%(s) = Qa(s)Ac(s) + QnBy(s), (1.114)
B(s) = Qa(s)B.(s) — Qu(s)Ap(s),
BX(s) = MB:(s) + NQu(s)P,(s).
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000 Qu(s)=10Q,(s)=00000000000LQGOO000000
00000000000000000000 P(s)00000000000

P*(s) = Ac(s)Ap(5) + B.(s) Bp(9) (1.115)

= Qu(s)[Ac(5)Ap(s) + Be(s) Bp(9)] = Qu(5) P (5)-

000 P*(s) 000 LOGOOODOOOOOOQ.s)D0O00000O0OODOO
0000000000000 00000000O00000 S*(s)ooooo
00 T*(s)000000ooooog
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Controller Plant

Y + 1 + ¥+ 1

— B (5] -
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Figure 1.13: CDM standard block diagram

B
Figure 1.14: LQG block diagram
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Figure 1.15: Augmented LQR block diagram

Figure 1.16: LQG with Q-parameterization
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Figure 1.17: Polynomial block diagram for LQG with Q-parameterization
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Figure 1.18: CDM standard block diagram for LQG with Q-parameterization
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Figure 1.19: Kessler’s canonical multi-loop structure
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