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Fig. 1.1: 2 link robot arm
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Fig. 1.2: Adaptive control system
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h(t) == Dt (t); p(0) € G (23.3)

0000v(#)0 (216 00000000000

r(t):=~-®(t)/No(t); v>0 (2.3.4)
P(p(t)) ‘ O T
&(t):=T T (2.3.5)
o |I.
No(t) = [0 + trace{®T (1) B (1)} ; 1o > 0 (2.3.6)

0000 TeRPPO C,000000000D000000O0O

- - -1

mi1 mi2 o Mg | Mik+1 -0 Mip
ma1 M22 - Mok | M k41 - M2p
T:= S ST (2.3.7)
ME1 ME2 - Mk | Mg+l -0 Mip
(0 Ip—k

0000(237)0000000000000000 myy(i=1,2,---,k)0000000000
0000000k=30p=50000a(p(t)(i=1,2,---,5) 0000000000

a1 (p(t)) = [mi1,mi 2, m13,mia,mis5,] P(t) (2.3.8a)
az(p(t)) = [ma,1, ma2, ma 3, M4, mas,] P(t) (2.3.8b)
az(p(t)) = [m3,1,m32,Mm33,M34,m335,] p(t) (2.3.8¢)

00000(238a)0(238) 000 000O0O0OODO0OO0MODODODODODMOODODODODOODOO

T := [Tll le} (2.3.9)
mi1 mie M3 mi4 mis
Tiu=| mgy mopmag | T12:=| myy mys (2.3.10)

m31 ms32 M33 msg4 M3

oonooooooooibobbooooOob00oooooooooboboboDbDD Ek=300000DDO0O
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(2.3.12)00 Py(p(t)) 0000000000000
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00000 33)00ooooooooood |
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a(p(t) =T ' p(t) (2.3.15)

0000a(p(t) = [er(p(t), aa(p(t)), - ,ap(p(t))T 000. 000000000 0000OO
a(p(t))0000 &(t)000000(23.15)000000(23.3)000000 &(+)000000
0oo0o0O

SN S — RDG
a(t) = No®@) ; ‘I B [B(t) — R(t)&(t)]
L Qi) >0 (i=1~p), [&0)] < oo (2.3.16)

O00ON()DDODOOD @000 p(t)0 Ta&@)DDO0O000000000000p(t) :=
T'p()OR(t) :=TTRHOTOOOOp(t) 0 R(t) O (2.1.8)00 (21.9)00000000000
0P(T&) 000000000

P (T&) = diag{¢1(Ta), p2(Tax), - -+, o (Ta)} (2.3.17)
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Table 3.1: Symbols of parameters

l; 000000 [m]
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T4 0:00000004+00000000 [m]

I; | 0:i000000000000000000 [kgm?]
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00006 =[01,60)T rad] 000 M3.1.1000000 7=[r, )" [Nm] 0000000000
0D00D3.1.1000000 M(9,p)0 0C(6,0,p)0 000 B(p) DODODOODODODOOOOMO
00000000000000000000000000000000000000000000
p000D000D00O0D0O0OON0OOOONOOM(A,p)0C(0,0,p) UB(p) 000 pOOD0

Y

Fig. 3.1: Definition of link angles 6, 62
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00000 pi(i=1~5)00000000000000
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6, 6 ¢ 61 0
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Fig. 3.4: Switching type parameter projection method
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Fig. 3.6: Simulation results based on Middleton et al.’s method (Switching type parameter
projection algorithm is adopted in an adaptation law)
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Fig. 4.6: MRACS based on DyCE principle for the first-order delay system in the presence of
switching type projection algorithm
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Fig. 4.7 MRACS based on DyCE principle [33] for the first-order delay system (Smooth type
projection algorithm is adopted in an adaptation law)
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Fig. 4.10: MRACS based on DyCE principle for the first-order delay system (Proposed smooth
type projection algorithm is adopted in an adaptation law : scheme 1)
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0000(.1.7)00 (2.3.7)000
a(p(t)) =T p(1) (5.2.8)

0000 a(p®)) = [a1(p(t), az(p(t), - ,ae(pt))* 000. 0000000000000
0 a(p(t)) 0000 &(t)000000(5.28)000000(5.21)000000 &t)00000
0o0o0o0o0O

a(t) = No(t)

[p(t) — R(t)o(t)]
o ‘ I2n7k

L di(t) >0 (i =1~ 2n), [|6(0)] < oo (5.2.9)

O0O0OONy(t) 00 (235000000000 @#)000 p(t) 0 Ta(t) 000O0ODOOOOO
00000p@t) :=TT'p)0R(E):=TTRHOTOOOOp(t)0 R()O (5.2.2)0000 (5.2.3) 0
000000000D00000 P(T&) 000000000

P (Ta) = diag{¢1(Tar), ¢2(T@), -+, ¢p(Tx)} (5.2.10)
P(Té)000000000000

A. Scheme 1

(@i — ai(t)) (qs(t) — o)
A;

$:i(Té) = (5.2.11)

71



(N
[\
—~
N
s
H
S
g

Qo "7 i
i H
Cpa E ﬁal
----------- A ——————>
Q --- P |
a; Mea ay
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B. Scheme 2

(@ — di(1)* (Qu(t) — a;)°
e

000000 ¢, 00((.28) 0000000000000 0O00O0O0O0O0OO0OOO0O0O0OO
obobobobo

$i(Té) = (5.2.12)

Cpo = {G(t) |a; < Gi(t) <@i;i=1~k, k< 2n} (5.2.13)

O000On=10k=2000 Fig.5300000000000000%q, n,;(i=1,2) 000
gboboboboboboboo

00000000((P)O0 (P5)O00000DN00 &t)000000000000000
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gooooobooobbooobooobobooboboobooobbooobooobn
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gboobogooooboboboboobooboboboboobobobooboboboobo
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(P2) 0000 Scheme1 000 Scheme2 0000000000000 OODO0OOOE=2n00
0000000oooooooVvV(epyOooooo

A. Scheme 1
ROB S CUE R CE T
n g Ei;yai [aiai—_d;(it) i a%i—_d:?(f) B 1]
* 2Ni(t) /t OO/OT h(r — 0)eX(0)dodr (5.2.14)
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0000a:= [0, a9, 02,70 &) 00000000

B. Scheme 2

_ o — U; In olz-(t)—gi _lnai_di(t)
24, Q —
1

; — & 0%}
/ / h(t — o)X (o)dodr (5.2.15)
t Jo

(52.9)000000000 V(@#)0OO0O0O000

JO) (@)
4No(t) = No(?)

ooboooooooboo pooDoon

" 2No(t)

V(t) < (5.2.16)

V() <00 V() >0000 @t)00000006() €L 00000000V 00000
0000000000 (5.29) 000 é(-) €L 00000000 (52.8)000 (P2)00000

(P3)000O0O (h216)00D00OO0DOOOOO

. b J(o) NG
V(o)do < —/ do + do 5.2.17
to ( ) to 4N0(U) to NO(U) ( )
goooooooooobooooo
¢ J(o) ! 2x(0)
do < Vi(tg) =V(t) + d 5.2.18
o Wo() 27 = V0=V | o) (5218)
gooao
t+T t+T
S(w) = {:c,w / xT (7)x(r)dr < co/ w(7)dr + ¢1, V4, T > 0} (5.2.19)
t t

co,c1>0000000+JI()/No() € S(2n/No) 00 D000O0D0OD (5230000 (5.2.7)
000 RYV2()T(a—a(-)/Ny2() € S(ax/No) DO 0 D000 (52.9) 000 &) € S(zn/No)
00000000 (5.2.8)000 (P3)00000

(P4)0000 OO [28,33)0000000000000000

(P5)000O0O (PHODOODO (5.2.1)0(5.28)000 (5.29)000000000O00O0OODOOOO
O000000O0O0O00DO0OD (28,33 000 Q.E.D.

gbods-10o0boobouooooboboboboboboboooobobobobooboobao
000 MRACSOOOUOODOOOODOOOODODODOODO [31)(pp. 634-773) 00 0000O0O0O0ODO
gbobobobobobobobobobo |
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Fig. 5.4: Definition of convex set C,, Cs and normal vectors

5.3 UoUon
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0000000 d,(t) 0000 1[sec]00000.05000000000000000000000
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000000023700 70000000000

1 VEI+1 —yk3+1

T—— - (5.3.3)

—hR1 T K2 K/Q\/m —K,l\/m
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200 (2.3.3)00000 pg=0.2,e=0.1,6=010000
000 5-20Z.Cai0 000 44] 0000000000000 OOOOOOOOOOODOOOOO
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|
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Fig. 6.1: Appearance of 2 DOF flexible link robot arm [55]
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Fig. 6.2: Definition of ¢; and 6; (i = 1,2)
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M50 + MG+ C210 + Cog + Alq) + B2g =0 (6.2.4)
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OD000000A(q)0qO0000000000O0O0O0OODOODOOOOOD0OOB;(i=1,2)0
0000000000 JO0000(6.2.3)0(6.24) 00000 M0 0M;§0M50 000 Mg
0Ch60C1g0Cx6 000 Crp¢l 0000000000 ONNNNONNNONNONONNONNO
0D000000B60B,q0 000000000000 OOA(g) 000000000 00O0ODO
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goooooboognd

Aip=r (6.2.5)
Asp=0 (6.2.6)
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Fig. 6.3: Experimental results of PD control (6, 6)
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6.3 UUUObUOOOoObLbObbooooooobon

00000000000 re(p00000T=7(p)00000ODOO0OODOO
godg

Tt(p) = W(Q1 81 + My Q2) (6.3.1)
W = (Q) + My QM) ™!

(6.3.1)000000000ODO
Tt(p) == WQ1B1t + WM, QaMoM; ' Bas (6.3.3)

0000/ 00000000000000000000M,;!8x 0000000000000
D0000WQ, 000 WMIQ:M, 0080 My'Bx0000000000000000
0000Q:0Q20 Q:= M 'Q M '0Q, := M,,'QM,,'01Q,,Q00000000000
00B;0By 00B0B 0 1/(s+f); f>0000000000000000000MOM,0
4000 B, 0000000000

M := My — My My, MY (6.3.4)
My := M5M! (6.3.5)
By := P11+ M(6* — Kpb — Kpf) — Mey; (6.3.6)

Bi1 == (C11 — M2 M, ' Cy1 + B1)0 + {Cy2 - M2 M,,,! (Cao + B)}q
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— M1, My, A(q) (6.3.7)
e =0+ Kpb + Kpf (6.3.8)
Ba = Ba1 + MyTet(p) + Masear + Mo (Fng + Fpq) (6.3.9)
Ba1 := —(Coz 4+ B3)q — A(q) — C210 + MyB1, (6.3.10)
e := ¢+ Fpq+ Fpq (6.3.11)

Kp(:= diag{kp1, kp2} > 0)0 Kp(:= diag{kq1, ke2} > 0) 00000000000 PDOOOOO
000 Fp(:= diag{fy1, fp2} > 0)0 Fp(:= diag{fa1, fao} >0) 00000000000 PDOOD
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M = (6.3.12)

M}, Mo
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ooooooo |

000 6-40(6.2.3)0(6.24)000 gO0O0O00O0O0OO0DO0O0UO0OOOODOOOOUDOOOOUOOOO
Mei =7 — B ; Bro = B1+ Mey (6.3.13)

oo (6.2.3)|:|(6.2.4)|:||:|[| 000000000000 000D0D000DND0N0NO0Nooon
Myses = Bag — Mo ;5 Bao := B2 — Myesys — My (6.3.14)

DO00D(6.3.13)0(6.3.14)000000000 1/(s+f)000000000000000

el =M (7r — Bup) (6.3.15)
esr = My, (8o — M) (6.3.16)

(6.3.1)00000000M Mg —Bir) O My (Bx— Myr) 0000000 20000000
00000000000000000

J(1e) = {(Tf - ﬁlf)TM*l} & {Mﬁl(Tf - 51f)}
+{(Bar — MoTe)" Ms,' } Q0 { M, (Bor — MoTe) } (6.3.17)

gboboboboboboboob
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000 6-10]g| < 5ldeg] (i =1,2)00000(6.3.1)000000 (6.2.3)0(6.24) 0000
0000000000 12000000000 «00000000000000000000

t=Kz+ H(x,K,Q,Q)x (6.3.18)
0 C 0252 O2x4 O2x2
q O2x4 O2x2 C O2x2
| = x (6.3.19)
0 CK,; —CG1WOM0 Os54 CG1W0
i q ] i 02><4 _CGQ(I — MQWO)MQ CKQ CGQ(I— M()W[)) ]
ooon
Wy = W(Q,Q)M{ Q- , K := Blockdiag{ K1, F, Ko, F} (6.3.20)
O2x2 I O2x2  Iaxo
K1 = y K2 = (6321)
—Kp —Kp —Fp —Ip
F :=diag{—f,—f}; f>0, C:=[-F, Irx9] (6.3.22)
02><2 O2><2
G, = . , Go = (6.3.23)
M1 M,,!

H(m,K,Ql,Qg) = [HlT(m,Q]_,QQ),HQT(m,Q]_,QQ),H§($,K,Q]_,QQ),
HY (2, K,Q, Q)] (6.3.24)
H(z,Q1,Q3) := [Osx4, —G1 WMy, Osx4, G1 W] (6.3.25)

Hy(x, K,Q,Q,) := |-MKpC + (S, - MKp)CK},

(81 — MKp)CG1WoM, + MM~ W, M,

—SQCGQ(I — MQWO)MQ, —M12M231AOC + S>2C Ko,

(81 — MKp)CG Wy — MM ™'W,

+SQCG2(I — M[)W())] (6.3.26)

Hs(x,Q1, Q) := [O4x4, —Go(I — MyWy) My, Oyxq, Go(I — MyWy)] (6.3.27)
Hy(x, K,Q, Q) := [(MyS; — C2)CK,,—(MyS; — C2)CGWyM,

+MyW Qy — Moy M ~2%(I — MyW,) M

—{M()SQ - (CQQ + BQ) + MQQFD}CGQ(I - M()WO)M(),

{ My, Fp — (MoM2M,,' + I)Ao}C

+{M()SQ — (Ca2+ Bs) + MQQFD}CKQ,

(MyS; — Ca1)CG1W, + My Wy + Moy, My, (T — MyWy)

+{MySy — (Ca + By) + Mo Fp}CGo(I — MyWy)] (6.3.28)

Sy = C11 — M12M,' Co1 + By, Sz := Ci2 — M1sMj,' (Cas + Bo) (6.3.29)
8pg (2cos 2q1 + 3sec? ¢ 0
Ag = (20053 ) (6.3.30)
0 3p10ec? g2
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D wy(i=1,2)000000000000000000000000000000COO0
OOoooOooo

B)o0quiiodooMhi()booooooooouooY, =1I000000 Q0000
ooboooobooooooQ000bo0bo00oboooobooooobboOooooo
Q000000

0QI0000000000((R)000000000000000000O0O00ODODODODOO
ocooQ0fdb00oboobooooooooobooobooooobobobobooDboOoo
oooooon

(4)0 ()00 3)0000 KOQ,0Q,0000 K+Hy0O0OO0OO0O0OORe)(K +Hp) <
0(i=1,2,---,12)0000000000000000ReN(K+Hy)>0000000K0O
2000 QI00000000ReN(K+Hy)<0000000000000

ooo 6—6DDDDDDDDDDDDDDDDDDDDDDTf:,BlfDTf:MO_l,BngDDDDD
goboboobbooboboobboooboobobooobooobboooboboooboo
goboboobooobobooobboooboooboboobbooobooboboobooboo
DDI:IDI]DDDDI:IDDDDI:IDI]DDDDDDDDDDDDDDTf:,BlfDTf:Mo_l,BgfD
gboogboobooooboo200b0oooboooboooooboooboobooobooono
gobooboogoboooon |

6.4 U0OOO

0000000000000 00000000000000000000000000000
00000 6(0)=00g(0) =0 [deg]0 00000 6(0) =00¢(0) =0 [deg/sec] 00D D000
00 6*=[30,60]" [deg] 00 0000000000000 0Table6.1000000000000
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Fig. 6.6: Simulation results 1 (221 = I, Qs = 0.0551)

00 ms=1.0kg]000. 00000p,000000000

p = [3.6835, 1.0611, 0.0612, 0.1020, 0.0245, 0.0384, 0.0714, 0.0212, 2.8769, 22.4923,

0.5000, 0.5000, 0.0300, 0.0800] ™

00000000000000000000000000700000000000 1 [deg] O
000000 1000000000000000000 10000 |g| <0.5[deg](i=1,2)000
00000000 f=160000

000000000000000000000000000

Kp =361 0 Kp =121 0 Fp = 1691 O Fp, = 2610
00000000000000000000000000 Q,=10Q,=0.055I00000000
00000 || <05[deg](¢ =1,2) 000000000000000000 Q=100 =031
0000

0000000000 ReA(K+H,) 0000000000000000000000000O
0ooooooon
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Fig. 6.7: Simulation results 2 (2, = I,Qy = 0.31)

() Q=I0Q=0055I0000

Re MK + Hy) := [~1.1009, —1.1009, —2.6347, —2.6347, —3.8736, —3.8736,
—5.7417, —5.7417, —19.9942, —16.5117, —15.9987, —16.0064]T  (6.4.1)

(i) =I0Q,=03I0000

Re A\(K + Hp) := [~1.5000, —1.5000, —5.8175, —5.8175, —1.8653, —1.8653,
—4.9360, —4.9360, —22.4555, —18.0898, —15.9930, —16.0355]"  (6.4.2)

0000000 Fig6.6000 Fig.6.70000Figure 660000 ;=100 =0.0551 0
OO00D0Fig670000 1 =1I00N=03/000000000000000O0000D 600
Ubd g0 r-~0O0b00Ob0O0ObOOD

Figure 6.6 000 Fig6.7r0O0 OO0 O0O00OO00O0OO0DO0O0OOOO0O0OO0ODOOO0OO0OOOODOODOO
U0 Q O000bdoboobobogboobooboobooooogoooDnooD Q29 =031
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Table 6.1: Parameter of robot arms

link 1 link 2
000000 [m] Ly 0.202 Lo 0.20185
000000 [kgl my 15 ™ 15
00000 [kg/m?] o1 | 9.591603x10% | o5 | 1.096998x10°
0000000 [m?) Hy 7.74192x107° Hsy 6.77418x107°
DDDDDDDDDDDDDDDDD[kng] Ji 2.5 Js 1.0
00000000 [N/m?) Ey 2.0684x 10 Es 2.0684x 10"
00000000000 [m?] ;| 6.659703x10712 | @y | 1.784592x 10~
000000 [Nms/rad] B 0.5 By 0.03
000000 [Nms/rad) Bia 0.5 Bss 0.08
gobodboobooobuooboboobuoobboobg
—’—Prol;‘)osed method —’—Prol;‘)osed method
or - PD control | or - PD control
__ 50t 4 1 __ 50t )
0 . 4 9 g
=, S, |
-100 f -100 f
-150 -150 ‘ ‘
-1 0 1 2 -1 0 1 2
10 10 10 10 10 10 10 10
w [rad/sec] w [rad/sec]
Fig. 6.8: Simulation results of frequency Fig. 6.9: Simulation results of frequency
response ¢ for 61 response ¢o for 6

O00Fig68000 Fig690000000000000000000000 (Q=1, Q=
037000000 (i)00000)0000000000000000000000PDOOOO
0000000PDOOOOOOOOKp =361, Kp=12I 0000
000000000000000¢;(t) 0000 (0000.05000000.2[rad] ~ 40[rad]) 0000
0000 ¢ 000000000000006;(t) 0000 (0000.05000000.2[rad] ~ 40[rad))
00000000 . 0000000000000000000000000000000000
0000000000 A2)000000000000Fig68000 Fig6.9 0000000 PD
000000000000000000000000000000
000 6-70ReMK +Hy) 0000000000000000000000000
Kp=26I0Kp,=12I0Fp=I0F,=2I0Q,=10Q,=03I00000

Re A\(K + H)) := [1.6067,1.6067, 8.2659, 8.2659, —25.9223, —13.0565,

—13.0565, —16.2709, —16.2709, —14.9962, —14.9962, —11.9282]T  (6.4.3)
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ooboooboooobooooOooooobodooObD poobobobOobbOObbOOObD 6100
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6.5.1 0OO0OOO

ubogbgbuobuobodn pobobobuobooboboboboooooobobobooo
OooooooooooobD p0ooOoOoOOOOOO0O0O0OOODODOOODOOO pOoOOOO
goboodoboooooooboboooooonoog

000000000 pO00000DODOO0COOO0ODOO0OOOOOOO(@MODOODO)O

Melf = Tot(p) — Bur — Arrp + Mia My, Agepp
—h%ﬂ%§+MﬁM§Ami (6.5.1)
Msexr = Bog — Moter(p) + MoAisp — (I + M0M12M2_21> Asxp
— {M0A1fp~}f
%MMMM@+%MMQMMh%ﬁM¢ (6.5.2)
O00D0p:=p—p0000Ap0dAxp 000000000000 ODOODOOOODOODOO

(6.5.1)0000 (652)0000A;p0Axp 0000000000 pO00000000(6.5.1)
0000 (65.2)00000 74(p) 000000000000000000000O 400000
0000000000000000000000000000000000000000000
0000000000000000000000

() 0000000000000 0O0000O00U0OO0O0DUDDO0OODUODOOUDODOOOOO
gbooobooobooboobobobobobooboo20b00bo0oboobooobon
good

gboogd

7= 7o(p%) (6.5.3)

uoo

MQ:anw—R@mﬂ;mmeaa (6.5.4)

0000 0000000000000000000000000000O7.(p”)000
goo0o0oO00O0O0OO0O0O0O0OO0OO0OO0OO0O0OLOU0ODUODODUDUUOO e (t)ybOboOOOMOO
ugbogbuodgbouoobobobobobbooobobobobobooobooboboboobo
ooboooobooboooooooboogoooooboo"boobo0ouDbpepbOOD
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00000 pO0OO00D0O0OODOOOOOODO

L(t) :=~-®(p)/No(t); ¥ >0, ®(p) :=TP(p)T"
No(t) = [po + trace{®T(p)®(p)}]
P(p) = dlag{¢1( 0), 92(p), -+, P14(p)}
(p):=T"'p

= [¢1(P), $2(p), -+, d1a(p)]"
p(t) = —\ip(t) + Al ¢/N3(t); p(0) =0
R(t) = —\R(t) + AT A/N?(t); R(0) =
A >0, N(t):={n+ trace(As A} )} 2.9 >0
Ap = (AT, Ay]T

<

DDDDCPDDDDDDDDDDD coooooooono
C:={pt)|M(p)>0,00, p1 ~ p14 > 0} (6.5.5)
gopoooogood M([))DDDDD

M, M
M — 1T1 12 (6.5.6)
My My
0000000 p0 p00000000000000T 00000 T7'5000 ¢(p)(i=
1~14)00000000 p0000

Cp = {ﬁ(t) | ¢Z(ﬁ) >0,00, p1 ~ p1a > O} (657)

ooooobocobooooooToooo0o0 cpODOCOOOOODODOOOOOO
0000000000000 0OD0 CpO0O0O0O0O0ODODODOODOOOM(pLODODOOOOOO
0000000000000 0000O0O0Cp CcCODODOODODOOOOOOOOOO ¢i(p)
gooooo

(i) 000000000000000000000000 J@¢)000000000000000
00000 |Ap|<e 000 pO0OO0ODOD0

[ m(0) ] — A0)p(1)

t
J(t) := / e~ M (=9) dé (6.5.8)
0

000 680M(p)00DD0DD0DD0OD0O0O0O0O0ODO0O0O0D0O0OOD0O0ODO pi(i=1~14)000
000000000p; >0i=1~14)00000000000O00O0O |

gbooe90obboobooonoboobuoobobboooboonoboobooonobooooan
Oo000O00ooooooOo00ooooooooOoO0OooooDoD AqpODOOOCDOOOOp
goooooooooo0oOoooooooobo0oOoooooDob poOOOOOOOOODOO
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oobOp0OO0OOO0OOOO0ODOOOOODOODOOOOOOODOODOOOODOOODOOOO
ggbobodobobuoobbobooobboobboooobobobooobooobbooobobd
ooooooooooooD pOoOOOCODOOO0O0OO0OOODOOOOOODOOOOOOOOO
0000000000000000000000000000 p7”0 (6.31)00 p000000
gobobooboboobbooboboobbuoooboooboboobooooboboobooboo
oboobobo pDODODOODODODOO |

gbbogboobbooboobooobuooboooboobboobd

gbobe2000000000000000O00O000O

(a-1) p(-) € Loo

(a-2) RY/2(-)p(-) € Ly 0 p(+) € Loo N Ly
(a-3) A¢(-)p(")/N(-) € Lo
O0O00p(t):=p—pt)0000

ooooooNOOO

6.5.2 0J0O0OO0OODOOOOpODOOODOOOO

000000000000 000000 pO (63.1)00 p0000O0OOOODODOOOOOOO
O000000O00000O00000 p0 (63.1)00 pOO000OCOOOOOOOOODOOOODO
oooobooon

000 6-30|¢| < 5[deg] (i =1,2)0000050000 (6.3.1)000000 (6.2.3)0(6.2.4)
0000000000000000200000000000000000000

& =K+ H(z, K,Q,Q)x+ E(x)Asp (6.5.9)
6 C 0242 O2y4 0242
(0 (0) C (0)
? _ 2x4 AQXAZ ) AZXQA - (6.5.10)
0 CK1 —CG1WOM0 02><4 CG1W0
qd| | Owa —CGy(I-MWy)My CKy CGo(I— MyWy) |

A~

H vathﬂQ) = [I:IF(mvﬂlaQ2)aI:Ig(wa91792)aﬁ§(m7K791792)7

AT T
Hy (%K’Ql,QQ)] (6.5.11)

D0D0000000000 0O0000000p0 p0000000000000000A:p
0000000000000 000000OC00O0E(x)DODODDOOOOOO
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E(z) := [E{ (z), E; (), E5 (z), E] ()] (6.5.12)
E\(z) = Gy [—I2x2, M12M2_21i| (6.5.13)
By () := [0, — (MizMg' + MMy, )| (6.5.14)
_Egm);:ca[ﬂz%<—<I4-Nﬁﬂlmﬂziﬁ} (6.5.15)
Ey(z) = [_Mo, (MOMHM;; + NIyMio ;! + MOM12M231)] (6.5.16)

0oooo
(i) |g:| <5[degl(i=1,2)0000(659) 00000 200 0000000000000
DDDﬂw+ﬁﬂ%KJhQﬁDDDDDDDDDDDDDDﬁy:(%ﬁ ,0o0C

r=
gooood ||h1($,K,Ql,QQ)H S ’V(K,Ql,ﬂg)H%Hz goooogn ’Y(K,Ql,ﬂg) RN
0ooo

(i) |gi| < 5[deg](i = 1,2) 0000E(x)Ap 0 2 000000000000000
IE(x)Ap|| < yo(e)|lz| DODDDODO y(e) DOO0O0DODO

Doooooogoo
gbooboooooooooooo

000 6-20 | <5[deg] (i=1,2) 000 OReA(K +Hp) <0(i=1,2,---,12) 0000

0000000 KOOO © 0Q,000000000000000000000 AcR!?
boooooooooboobobooobobooboobooobooboooooon

O000|g| <b5[deg] 0ODOO((6.59) 00000200 0000000000000z =010
goboooooboog

00000000 V(x)OOOODOODOOODOOO
V(z):=a"Px (6.5.17)

D000POOOOOOOOO (K+H)"P+P(K+Hy)=-QUO0000QOO0OOOOO
0000000g| <5[deg) (i=1,2)00000(6.5.9) 00000200 Hox+h(z, K, Q, Q)
0D000000(65.9) 000000000 (65.17)0000000000000

V(z) = —2"Qx + 22" Phy(x, K,Q, Q) + 22" PE(x) Asp (6.5.18)
000 <5[deg] (i=1,2) 0000

(2, K, 1, Q)| = v(K, Q1, Q) ||]|? (6.5.19)
| E(x)Aspl| < 70(e)lz (6.5.20)

0000000(6.5.18)00 000000000000

V(@) < ~{Min(Q) — 2Amax(P)Y (K, @1, Qo) | 2]| — 2Amax(P)y0(e)}H|2|*  (6.5.21)
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O00O0O0K, 9,9 0 ReN(K+Hy) <0(i=1,2,---,12)0000000000000000
0D00000000000000000O0

)\min(Q) - 2>‘HlaX(P)70(€) }

xzeR?||z| < A 6.5.22
{ Il < 2 Amax(P)v(K, 1, Q) ( )
00000000000000000000 |

gobe-100000000000D00O0O00DOOODOOODOOOOODOODOOOOODOODbOO
0000000000000 D00O0000000O0O00000D [3]0pp.144-15800 00000
000000000000 00 (659 0000000000000 DO0O0ODUODOUDOOOOOO
(6.59)0000030000000000O0O0OO0O000OOOOOODOOOODOOOODOODD
gboobooooobobobooooboboboboboooboboboboboboboDbo
00(6.59)00000200000000000000000000000DDOODOOOOOO
oooOo00o0O0oO0boo0o0oDOoOobob AppO0D000000O0ODOODOOOODOODOO |

ubobooboooboooobooooon

<goooooooogd >

gbe3000000000000O00OOOOOOOOOODOOOOOOOODOOODOOODO
goobobobobobobobobobobobobobobobbobobo

(1)0 KpOKpOOOOQ, =I0Q,=000000000000006+ Kpb+Kpb =00
0000000000000 0000000000000000000 KeOKpOOOOD
0000 Kp = diag{2¢ Wkn1, 2(owin2 }0 Kp := diag{w? ,w? ,} 000 (u(i = 1,2) 0
we(i=1,2) 0000000000000000000000000000000000
oooo

)0 FROFO00ON, =00Q=100000000500000000000¢+ Fpq+
Fpq=0000000000000000000000000000000000 FpOFpO
00000000F, = diag{2¢n w1, 2(pwms }0 Fp = diag{w? ;,wi,} 000 = 1,2)
0Owy(i=1,2)0000000000000000000000000000O00OO0O0
oooooooo

B30 yqiiddo()o(@)pobooooooooooYy=1I000000 QO000
ooboooobooooooQOoobooobo0oobooobooooobboooooo
Q000000

0QI0000000000((R)0D00000000000000000000OODODODOO
ocooQ00db00oboobooooooooobooobooooobobobbooDboOoo
oooooon

(4)0 ()00 3)0000 KOQ,0Q,0000 K+Hy0O0O0O0O0O00O0ORe (K +Hp) <
0(=1,2,---,12)0000000000000000ReN(K+Hy) >0000000K0O
Q000 QO000000000ReN(K+Hy)<0000000000000O
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6.6 0OOOO
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gobooboooboobboooboon

6.6.1 0ODUO0O0OOOOOO

000000 Quanser 00 2DOF Serial Flexible Link 0 0 O [55]0 Fig.6.1100 000000

Fig. 6.11: The appearance of 2 DOF flexible link robot arm [55]

O0000Fig6.1200000000000000000PCOO Matlab Simulink 000000
D00QuaRCO0000000000D0000000D0000000000000000000
000000000000 0000000000000000000000000000000
00 0004,096 [counts/rev]0 000000 1.534 x 1073 [rad/count] 000000000000
00000000001.35x 1074 [strain/V]D DO O00O000000000D000D0O0ODOO0OO
w2 /(8% +2Cwy +w?) (( =0.9, w, =8xfrad/sec])) 0000000000000 D0000DOO0
00000000000000000000 sw2/(s? 4 2Cw, +w?) (¢ = 0.9, w, = 8r[rad/sec))
0000000000000 000000000000000000000000000000

~LYD
T
0" deg] = [30, 60] K —
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Fig. 6.12: Block diagram of the experimental system
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00000000000D00000D00000DO0000o0o0ooooooooooooon B

6.6.2 0UU0OUO0

uboboboggbboobboobbuobobooobbobobooobboobbooobo
goboooboobooooboooboooboobooboooboooobobooboboooD PODODOO
000000000000 O0O0O0Oo PDSOOOOOOOOOOPDSOODOOOO (72000
goboooboboooooo

71 1= —kp161(t) — kq101(t) (6.6.1)
82w2(l2, t)

Ty 1= —kyals(t) — kasba(t) + (ks — 1) Ealy - 2
alQ lo=0

(6.6.2)

0000000000000 000Quanser 000000000 (Table6.100)0 p0O0OO
gobobooboboooboboobobooobob s 0000 100bo00o0ooboooobooag
oorgogogooogobon

H | O
T :=
O | I
1 11/3 1 1/3 1 4/3  5.8/3]
010 0 1/3 1 0.3 0.9
001 0 0 0 0.4 0.4
g |000 1 0 0 0.9 0.9
00 0 0 11/105 4/9 9.9/105 0.4
000 0 11/60 2/3 9.9/60 0.6
000 0 0 0 0.5 1
00 0 0 0 0 0125 1/3]

(6.5.3) 000 (6.5.4)0 0000000000000 ||Aspl <0.0500000000000000

000000000 p = [0.4668,0.1009,0.0408, 0.0606,0.0135,0.0212, 0.0405, 0.0119, 0.2547,
10.855,0.0466,0.0464,0.0499,0.05]T 0 0000000000000 (630)0000000000
0000000000000 6(0)=0, q(0)=0 [deg] , 6(0) =0, ¢(0) =0 [deg/sec] DO OO
0000006 =[30,60]T[deg] 0000 00000000000000000OD0 070000
00000000 1[deg000000100000000010000 |g| < 0.5[deg](i =1,2) 0
0000000000

000000000000000000000

PDOOOOOO0OOONONONONONONONONONONONONONONONONONONONONONONO000O0OOOOO0OOO
0000000 Kp = diag{80.1,89.6}0 Kp = diag{12.52,3.79}0
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Fig. 6.13: Experimental results of PD control method

Fig. 6.14: Experimental results of PDS control method

102



Fig. 6.15: Experimental results of Proposed method
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~*“PD control
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Fig. 6.16: Experimental results of frequency response ¢ for 61
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Fig. 6.17: Experimental results of frequency response ¢ for 69
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Fig.1.5: Deflection of link 1
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Ols Br \[2k—5 )+ 0 (1.28)
0000C,0000000000(@1.28)00000000000 wy(le,t)0000000
CF(t) (Lyy, 13
wg(lg,t) =Bl < 5 l2 6 + C1ls + Cy0 (129)
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c,0C, 0000000 (I.28)00O(I29) 000000000 OOOODOOO
(I28) 000000000 O0DL=00000000

Bws(la, 1)
al

ooooooCG,=00000000(I29)0D000000O0O0OODOKL=00000000

=00 (1.30)

wa(la,t) = 0 (L31)

000000C,=00000000000000 we(le,t)0000O0OOODODO
(1)

:-EE?(3L2@4—13) (1.32)

w2(l2, t)

F)OOOODO0O00D000000000000000000000000000 ez, y,¢)00
00 (1.32) 00000000
00000000 M(z,)00000 p(z,)00000 ez,y,¢) 00000000000

M(z,t) = F(t)(Ls — ) (1.33)
1 M(z,t)
plx,t)  EI (134
_ Y
62(:C7 Y, t) - p(CC, t) (135)

(133)00 (134) 00000000000 (135)0000000000000000

F(t)(La — x)y
EI

O000z=2Uy=7/20000000000000 (I36)000000O00F(t)0D0O0O0OO
ooooo

ea(z,y,t) = (1.36)

2ET T
Ft)Ol ——m——— —.t 1.37
DDDDDD(IB?)DD (I.BQ)DDDDDDDDDDD wg(lg,t)DDDDDDDDDDDD
T
62($0’5vt) 2 3
lo,t) = ———=—(3Lsl5 — 1 1.38
wa(l2, 1) 3(L2—w0)T(3 2ly — 13) (1.38)

00000(L38)000000 () 000000000000(1.38)00 1, 00000010, =Ly
0000000000

8w2(l2,t) € (x07 %J) 2
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Fig.1.7: Slope at the position of the tip link
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L3 T
tan qg(t) = mﬁg <x0, §,t> (140)

(140) 00000 (1.38) 000000000000 wa(le,t) 0000000000

1
'LUQ(ZQ, t) = ﬁ(ngl% — lg) tan q2 (1.41)
2
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0J

B;(i=1,2j=12000

mii mii2
M (p) = (K.1)
milz  M212
mi3 Mmii4
Mz (p) = (K.2)
mo13  M214
m313  M314
M (p) = (K.3)
m3ia Mai4
M1 o= p1 + psT1 + pata + P53 + 2p784 + Apswars (K.4)
M1 = p2 + P53 + Pra + 2p8T3Ts5 (K.5)
2 4
mi1g 1= P36 + pat7 + P78 + P8 (K.6)
Mi14 1= PeT10 + 2P8T4T10 (K.7)
Ma12 1= p2 + P53 (K.8)
2 4
M213 i= S PTL + 3879 (K.9)
m214 := P6L10 (K.10)
Mmg13 1= P4z + p3T1y (K.11)
4
M314 1= 3P8TET10 (K.12)
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. 2
mq14 = P51

T '——sin22 —nging tan —i—itan2
1= 14 3lh 70 3(]1 q1 105 q1

L2
o :=sin® =
2 3Q1
T3 = tanqe
.2
T4 1= cos By + sin §q1 sin 0

2
5 := sinfy — sin §Q1 cos 05

2
Tg 1= 0 Cos §q1 + 0 sec? q1

T7 := - COS <
7 3 3Q1

2
T8 i= COS ng cos 05

2
Tg 1= COS §q1 sin 05 tan g9

10 = — Sec2 q2
T11 = 200822 + 9 Cos2 sec? + 8 sec?
11 = z 3Lh 35 3(]1 q1 105 q1
C111  C112
Cu(p) =
C113 C114
C121 €122
Cia2(p) =
C123 C124
C211 €212
Co(p) =
C213 (€214
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C221 (222

€223 €224

. . 1 4 8

ci11 := 02 [—2pras + 4dpsxsxa] + 1 | p3y1 + 3Pz T 501Ys — 2 PsYs (K.29)

+qo [—4psxsT10 — 2p523210)] (K.30)

cr12 := Oz [—pras + 2psaars] + 4o [—4pszsTio — 2p573210)] (K.31)
) 4 8 )

c113 := 01 [pras — 2psr3rs) + 41 3P7Ys — 5psYs| + a2 [—2p573710] (K.32)

c114 = ¢2 [—2p5x3210) (K.33)
. 4 8

Ci21 5= 1 | paya + pays — 5PTY6 — G PsYT (K.34)

c122 = G2 [4psr3zaz10 + 2p623%10) (K.35)
. 4 8

c123 = {1 [—§P7y6 - §P8y7} (K.36)

c124 := ¢2 [2ps3210) (K.37)
. 1 2 2 4

€211 1 [ 2P3y1 3P4y2 3P7y3 + 3P8?/8:| ( )

. 4 8 . 8
02 | =3 prys + 3psys| +d2 | —3psYsTL0 (K.39)

. 2 4 . 8

c212 1= b —§P7y3 + gpsys + q2 —§P8?J3~T10 (K.40)
) . 08

c213 1= 01 [2pgw5210 + psaxio] + 02 [2p523210] + 1 3/8Y3%10 (K.41)

ca14 = 02 [ps32:10)] (K.42)
T 8

221 = q1 | p3yy — 2—7P4y2] (K.43)
I8

€222 1= (2 §,089010y8] (K.44)
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. 8
€223 = {1 [——Pswmyﬁ] (K.45)

9
€994 = (o [2p5x3x%0] (K.46)
2 2 2 oo 29 2o 16,
‘= — CcOSs —qj sin — —— sec” gy sin - —— cos —q; tan —— sec an
YL 7 COS UM AL T 7 SEC QLS gL T 35 COS gAL PR AL T 75 50C @ 1A dL
(K.47)
2 2
Yo 1= COS §q1 sin §q1 (K.48)
2
ys == cos zq sin 02 (K.49)
1 2 7
Yq = 5 sin §q1 + 30 sec? q1 tan qq (K.50)
4 2
Ys = —gsingaq (K.51)
L2
Y6 := cos b sin 30 (K.52)
.2
Y7 := sin §q1 sin 05 tan g9 (K.53)
2
Yg = COS §QI cos 0o tan ¢o (K.54)
2 42 B o 29 2,
i= —— C0S —q1 Sin =1 — — sec” ¢ sin — —— cos —(q1 sec an
Y9 21 BQI SQI 35 q1 SQI 35 SQI q1 q1
16
+E sect g1 tan ¢ (K.55)

09 (8 cos 2% + 12sec? q1) (sin 2% + tan ql)

A(q) = (K.56)
4’”% sec? qo tan go
0
B = |™ (K.57)
0 pi2
0
By = | (K.58)
0 pus
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U UK 0OO0000000OPp

O0000000 p0000 140000p := [p1,p2, 03, P1, P55 P65 P75 P85 P9 P10, P11, P12, P13, P14) 1
oooooooooood

pro= it LR+ molR 4 mLR 4y Tl mal3 (3.1)
po = Jo + %mgL% + m L3 (J.2)
p3 = miL? (J.3)
p4 = moL? + mL? (J.4)
ps = %mng + gmng (1.5)
p6 = %mgL% + %msL% (J.6)
p7 = %mngLg +mgeL1Lo (J.7)
P8 = émngLg + %msLng (J.8)
po = E{fh (J.9)
P10 = E;jz (J.10)
p11 = Bi (J.11)
p12 := Bia (J.12)
p13 = Ba (J.13)
p14 := By (J.14)

oo DB’L] (’L = 1,2,j = 1,2) ooooooao Bl(:: diag{BH,Blg}) oono BQ(Z: diag{Bgl,BQQ})
gooooon
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OOL 00 AO000A000

A
A= ! (L.1)
Ay
[ T
a
Al = rlra (L.2)
| 31b
) T
QAly = _allaa Q12a, A13a, Al4a, A15a; A16a, A17a, A18a, A19a; A110a, Allla; A112a, A113a; A114a
(L.3)
a11a == 6y (L.4)
194 = b2 (L.5)
a13a = 101 + 261 + y161d1 + yad? (L.6)
. .4 .9
A14a = T201 + 2741 + §y291q1 + Y541 (L.7)
a15a = x§é1 + wgéz — 2232100142 — 2737100242 (L.8)
a16a := T10G2 + 22371045 (L.9)
. .2 4 . .. o4
a17a = 22401 + 2402 + 37801 + §y391q1 — 2x50102 — w505 — gvedi (L.10)
.. .. 4 . 8 . . -
a18a = 432501 + 2237502 + 32001 + 22471042 — §y891Q1 — 4x57100142
+4$3$49192 + 2$31‘49§ — 4$5l‘1092(]2 — §y7q% + 4$3x4x10q§ (L.ll)
a19s =0 (L.12)
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aiia =0 (L.13)

ar1ta = 01 (L.14)
a112a =0 (L.15)
a113a :=0 (L.16)
a114a ;=0 (L.17)
T

@1b ‘= |G11b, A12b, A13b, A14b; A15b; A16b; G17hs A18bs A19bs A110b, a111b,a112b,a113b,a114b]
(L.18)
aip =0 (L.19)
aron = 01 + 6 (L.20)
asp =0 (L.21)
aap =0 (L.22)
a15h 1= ac?;ﬂl + x%@z — 2x3x10(91 + 92)(}2 (L.23)
argh = T10d2 + 20371045 (L.24)
arm = x40y + ;xsfh + §y391q'1 + @507 — gyb‘(ﬁ (L.25)
aigp = 237501 + %969471 - §y891Q1 — 2x3240% — dzsr100240 — g?/?@if (L.26)
aigh =0 (L.27)
aiioh :=0 (L.28)
a1y =0 (L.29)
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aj12p = 92 (L30)

arzp =0 (L.31)
aiiap =0 (L.32)
[ T
a
Ayi= | & (L.33)
al
| @21
_ T
A2, 1= _a21a7 A22a, A23a, A24a, A25a, A26a, A27a, A28a, (29a, A210a, A211a; #212a, A213a, A214a
(L.34)
a21a =0 (L.35)
a2, =0 (L.36)
. 1 . _ )
a23a := Teb1 — 5@/19% +y9d? + z1161 (L.37)
i 9. 2 9 8
a24a := 701 + 2741 — Y207 — =5 Y247 (L.38)
3 27
a25a =0 (L.39)
az6a =0 (L.40)
9 . . 9 . -
a7, = §x8(91 +6s) — §y3(91 +62) (L.41)

4 .. 4 4 8 T 8 _
a2g8a = §x9(91 + 02) + —wsr10G2 + Zys(01 + 62)? — §y3x1OQ2(91 + 69)% + gysa?wqg (L.42)

3 3
2 9 2
99, := | 8cos §q1 + 12sec” 1 sin §q1 + tan qq (L.43)
a210a :=0 (L.44)
az11a =0 (L.45)
ag12a - — 0 (L.46)
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a213a = q1 (L.47)
az14a =0 (L.48)
T

@2b '= |G21b, A22b, A23b, A24b, A25b, A26h, G27h, (28hs A29h, G210b; A211b, 3212b, A213b; a214b]
(L.49)
asp =0 (L.50)
asp =0 (L.51)
assp =0 (L.52)
asap, = 0 (L.53)
agsh = w3061 + z3x10(61 + 62)? + 2372043 (L.54)
asgn == w10(61 + 62) (L.55)
asry =0 (L.56)
assh = 22471001 + %xsmodl + 2251007 + §$10y391611 - gfvloyesq'% (L.57)
asgp := 0 (L.58)
azion = 3 sec? g9 tan ¢o (L.59)
aziip =0 (L.60)
astap =0 (L.61)
asap =0 (L.62)
a14n = G2 (L.63)
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(6.2.3)D(6.2.4)DDD qgUO000O0O0D0O0ODODOO000000ooooooooooon
Me; =1 — Bio(z, K) ; Bio(z, K) := Bi(x, K) + Mey; (M.1)

000 (6.2.3)0(6.24)000 f0000D000000000000D0000000000000
oon

Mases = Bap(x, K) — Mot ; Boo(z, K) := Ba(x, K) — Mageys — M (M.2)
D0DO(M1)O(M2) 000000000 1/(s+f)000000000000000

Mey; = 1t — Bis(z, K) (M.3)
Masesr = Bot(x, K) — Moy (M.4)

(6.3.1)00 (M.3)0(M.4)00000000000000000000000FigM.10000
00000

Bas(z, K
lf(w‘ ) Lflm €61 (e, K)

o | s+

& = Kz + G1WM(;FQ2(Z22 — Myx12) 6
0= Czx11

@91 = Kp@gy + Go(I — MoW M Q2) (@22 — Mo15) >
q=Czy

ﬁbxz < Ba(z, K)
Bat(z, K) — =2

Fig. M.1: Block diagram of position control system

00000|g| <5[deg) (i=1,2) 000 A(q) 00000 A(g) :=Apq 000000000
0000zO0O0OOOOOOOOOO0OO0O0O00O000000000000000000000
(6.3.18)0 000 (6.3.19)0000000000(6.3.18)00000 200000000000
00000000000000]g <5ldeg) (i=1,2)00000(6.3.18)0000020000
0000000 (63.18)0000000000000 [79, 80]0
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O000H,:=(%%) _,0000000000

Hy = [HJ (1, Qs), Hb (R, Q) H (K, Q1, Q), HY (K, 91, Q20)] "
Ho1 (21, Q2) := [Oaxa, —G W M), O4x4, Gy W] (M.7)
Hy(K,$21,89) := [_MKPC +(B1 — MKp)CK;,

—(B1 = MKp)CG WM, + M, M, BoCGy(I — MW o) M,,

—M12M521AOC - M12M521 ByCK;, (B - MKD)CQIEO

_M12M2_2132CQ2(I - Momo)] (M.8)
Ho3($21,22) := [Ouaxa, =G (I — MW) M, Osxa, Go(I — MW,)] (M.9)
Hoy(K,Q,$0) = [M,B,CK,,-M,B,CG, W M,

H(I + MM ,M5;) By — My, Fp}CGo(I — MW o) M,

{Mo Fp — (MM ;M + I)Ag}C

—{(I + MM ,M5,)B; — M, Fp}CK>, MyB,CG, W,

H{— (MM ,M5; + I)By + My, Fp}CGo(I — MW,)] (M.10)

G,0G,0 W0 MO MOM,0M;;0M, 000 Ay00M,;(i=1,2 =12 00000
r=0000000 p000 @ 0000000000000000D0(6.3.18)00000 200

How—i-hl(:E,K,Ql,QQ) (M.ll)

O000000O00000O000O0O(e3.18) 000002000 00000000O0OO0OOODOO
O00000000000000(6.3.18) 00000200 000000000 hy(x, K,Q21,Q9)
Ozs0000000|«| 000000000000 0DOO0ODO0O0OO0O0O0Ay(x,K,Q,Q) 0
00000000 «0000200000000000000000 ([M9)00000O

[hi(z, K, Q, Q) || = v(K, Q, Q)| (M.12)

0000 ~(K,Q,Q) 00000000 Q.E.D.
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UCEDS Hoto) - 00) -oitorm | 2420 (N.1)

DDDD@@HNMM+@@W{%%FDDDﬁzpDDDDDDDWQDDDDDDDDDD
(654) 000000000 W(p) 00000000000 W(p)=—pTRApOOOOOODODOD

W(p)<00000O0O0OO0O0O0DOOO00000000000000000000000Q.E.D.
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() O0OOoO0O0DO0D00O0OoO0OO0O0OO0O0oDO0DO0DOoOOOMOOOOOODOOOODOOOOO

Mei =1 — Bio(x, K) ; Buo(x, K) = Bi(z, K) + Mey (0.1)
Moses = Boo(x, K) — Mot ; Boo(x, K) := Ba(z, K) — Masess — M1t (0.2)

(0.1)00 (02)00 7(p) 0000000 O0O0000O00OO0

M€1:Tc(ﬁ)—310+510—,310+ (M—M) el (0.3)
Mases = Bag — MoTe(p) — <BQO - ,320) + (Mo - Mo) T(p) + (M22 - M22) €
(0.4)

oo0D0OO0p 0B, 000000 pOd0D0O0O0OO0OO0OOO0DOOOOODODOOd
ﬁl :Alp—Mel —M12M2_21A2p (05)
Bo = Moses + MyA1p — (I+M0M12M2_21) Asp (06)

(0.3)00 (0400000000 (0.50(0.6)00 (0.50(0.6)00 p0 pO00D0D00000
000000000000

Me; = 7.(p) — Bio — A1p+ M2 M,  Aspp (0.7)
Mases = By — MoTe(p) + MoAyp — (I + MOMHMQ_Ql) Asp (0.8)
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11(, K) ;ffmemz,m

T2 | s+
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é:Czn
\ 4
@ QE(:D) b 7 ()
9() 3 5355 [ (@) A7
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Fig. O.1: Block diagram of position control system with nominal parameter p
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