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gbbogbogooboboobboobbuoobbodobbogboooboooboon
goobooo

0 0 0
0 0 0
1
Su = 0 t + 0 Uo = 513U13 + SQUQ (316)
-1 0 us 1
0 1 1
0 —1 0
N000000000000000000000 4,0000000 20000
O = S3§
= ST M(q)'Y (q)(Si3ui3 + Sous — h(q,q)) — Sy M(q) ' J(q)" X (q) "' (q,4)d
= AH(‘])”Q + BH(‘L q) (3'17)
0ooooooQ
An(q) == S; M(q)"'Y (q)S: (3.18)
Bu(g,q) = S3 M(q) 'Y (q)(Sizu13 — h(q.q)) — S, M(q) 'J(q)" X (q) ' J(q.9)d
(3.19)
00006, =v,0000000000
uy = Ax(q)”(va — Bu(q, q)) (3.20)
00000v,0
vy = Opa(t) + Kp(Oua(t) — 0x) + Kp(Oga(t) — 0) (3.21)

0000 6y —»0x(t) 000000000000
000000 6p()000000500000000 04(t) = ast® + ast* + astd + ag O
0000000000000

01a(0") = o, Opa(Tier) = a, éHd(0+> = éHd(Tset) = éHd(0+) = éHd(Tset) =0
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g 310000040

myg 10.0 kg ai,as 0.3 m

mi 1.0 kg bl,bg 0.2 m

o 0.6 rad Lo 05 m
R 0.5 m Uq 10 Nm

Tset 0.4 S u9 40 N-m

goooooooooooooobooboooo
6(a — ' —15(ac — o/ 10(av — o/
a5:%,a4:%,a3:%,aoza’

set set set

O0000J/0000I00000oooooood

OO0 m

O00t=T,(>T)[s|0000000CC PDOOOOOOOODODOOODODODOOOOO
O0000D0O0ODOO0ODO0O00O00O000O000O00ODO0ODOO0O0DODOO0O (315020000

i ="
= S"M(q) 'Y (q)(Su—h(q,q) — S"M(q) "' J(q)" X (q)"'J(q.q)q
= Ap(q)u — Br(q, q) (3.22)
00o0oo0o0oo
An(q) := S"M(q) 'Y (q)S (3.23)
Bu(q,q) == S™M(q) " (Y(q)h(q,4) + J(@)" X (q) ' J(q.¢)q) (3.24)
0000§=»0000000000
u = An(q)”"' (v + Bul(q, q)) (3.25)
0000, vO

) —Kpj + Kp(ym — Y1)
—Kpys + Kp(ysa — y3)

OboobooooboobboobuoobboobodbDDy0ys0 LeglOODO Leg2
0000000000000 0000000000000 y14 = Brad]0 ysq = —p [rad]
Oooobobobooooooobooboobobo pwhegbys, oo ooooogno
oboooboooooopbbOO0ObDOoobDooDOnO
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03400000000000000000000000000000000000 3.1
00000D000PDOOOO Kp =600Kp =9000000000007; = 0.05[s]0
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00034(h)000Lgl00000000000000000000000000000
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00000 XA0MDDO0D0000DLSO00000000000000000 3.4(c)0
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00000000000 MO000000 A0000000000000000000
0000PDOOOOOOMOONOOOOOONONONDNONOO00000NO000O0O0OO
000000000000000000000000000000000034(d)00
00000000034(b)(c)000000 MO Leg2000000000000000
00000000000000000000000000MO00000000000
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d 61/dt [rad/s]

_’I 1 l 1
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0336000000

gbobobuoooobbbuooobbbuoooobood
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0kegl 00000000 m+meO 10kg] OOO00O DLSOOOOOOOOOOOOOO
gbb2000000b0000bbuobboogbbooubboobboooboo
gbobobooooboboboooooon

3.3 UU0U00O0O0O0oooogDbLsuoooog

000000000000000000000000DLS/SLSO00000ooon
gboogbogboobooogbogbbooboobooboobobobooboon
obobbobooboobooboos3siobooboobonn
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3.3.1 0UUoooon

035()000000000 m O 10k 0000000000 mO000000
0M\,00000000000000035(k)000m=64[kg000 A,000000
000O0O00DLSO0O0D000000O0000000000000035(h)0000
000000 m,0 1.0kg] 0000000000 mOO0O000D0000 A,O000O0O
000000000035 (b)0000000000000000 000000000
00000000MO00000000000000Lee20000000000000
00000000000 Lee200000000000000000000000OOO0O
0000000000000 000DLSO0000000000SLSO000000000
0000000000000000000000000000000000000000
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000000000000 ®ooo00ooo00ooooooooooooon a0
000000000000 00o0O035(Mh) 0000000000000 Ay,O000000
00000000035 () 0000000000ODODODODO0O0ODO0OAN,00000000
OooooooobooOoooooboOoooooboobLSOoOobboooooooboobooo
OOobOooboboooobs3libooooboobooooooooboDbLsooooogo
0000000000000 0 (bo0o00ooOO0)0ooOooo0oOoDOooDoooDOoooo
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0.1

-0.1

-0.2

3 4 5 6 7
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——mu=5.0 [kg]

—=—m,=10.0 [kq]
——m;=20.0 [kq]
——mu=30.0 [kg]

m, [kq]
(b)) 00O

O36:00000000000000O00O0O0O A4
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40 00000000 DLSOOO O

OOobooboboboooboobooboo bLSOboobobobooooooooooboDn
sobboboodddoooooobbbooobbbboddoooooooooobobobon
DLSOODbOOO0OOOoOoOoboobOoboboboooooboboobobOobooboonD 3g
googob3iogbobodbooobuoobboooooobobooboboboon
OOo0oOoboOoDLSOOobobooooooooobooDon

4.1 0O0OO0O0OO0O0OO

gbobog4i100b0ooogooboogbbbogg20bbooooboobobood
goodobbboduooobobbbbooooobbbbbuooodoobbbooood
goobbogdgbobboogboooboooboooboooooboooboon
oobobobobobobobo20b0b003b0b0oboboboboboooonon

4.1.1 O00O0OOOOOO

SDDDDDDDDDDDDDDDDDDDDDDDDDDqL:hz%@ﬂk&%]
07000000000000000000

M(q)g + h(q,q) = Su+J(g)"A
J(g)g=0
0000000000000 100000000000000000000

[0 0 0
0 0
1 0
Su=|-11
0 —1
0 0 —1
0 0 0 -1

_ o O O

0
0
0
0
1
0
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(x,2)

U 41: 0000000000004 20000

DoobboOoRWOODOooOooDoooo200b0b0obobobooobobobog
000000000 (42)000000000000000 4.1)42) 0000000 DOO
OAOOOOD0OODOODOobOOooooogo

M(q)g = Y(q)(Su—h(q.q)) — J(q)" X (q) I (q,4)q (4.4)
X (q) = J(q)M(q)"'J(q)" (4.5)
Y(q) = I; — J(q)" X (q)"'J(q)M(q)"" (4.6)

gboobbooboobbooboobobooboooboobboobooobobo
DO0O0000DbO00bO0b00bObO0ODLeglD Leg2000D00O00OOOOODODO
000000000 ¢ 000000000 ¢gfrO00000O0ODODODOODODODOODOOO
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gooo

M(q)gt = M(q)qg + J(q)" A,
Ji(g)g" =0
N0000000000000000000
q" = (I —M(q) ' J(q@)" X (q) " T1(q)a~ (4.9)
X(q) == Ji(@M(q)"'Ji(q)" (4.10)

obobogboJg,obo20000b00b000b0o0boobooboobonon

4.1.2 00O0O0OO

OO0 DLSODO0bOO0bOOoO0oOoO0ooOoboobo0oboboboooboooDooDoOoDbOoDbo
gboboobodao

OO0l

O00000t=0[s)]J00000000000O0O0OO0O0O0OOODOOOODOOOODOO
ooboobobobobobobpbDbOO0bO0ObObObOObDODODODODLOODOOD
gbbbuoooooooboboogobobobuoooooon
gboboboogogn

Y1 01 — 0
Y= Y2 | _ 02 = 03 =Cq (4.11)
Y3 03 — 0,
| Y4 05
[ C, 001—-10 00
C, 0001 =100
C: p—
C, 0000 1 =10
C, 0000 0 01

gboobooboogbodgbbuoobbuoubuoobboobboooboogbooon
gboobgao

0 0 O 0
0 0 O 0
1 0 0 Uy 0
Su=|-11 0 Us | + | 0 | ug = Sia3u123 + Sauy (4.12)
0 =1 1 | |us 1
0 0 —1 0
(00 0 -1




godddooooobbooooooobbb ywwooobbbbo 20000,
ys = Cuq
= C,M(q) 'Y (q)(S123u193 + Ssus — h(q, q))
—~C,M(q)"'J(q)"X(q) ' J(q.q)q

= Ai(q)us + Bi(q, q) (4.13)
ogopooggo
Ai(q) = C:M(q) 'Y (q)S, (4.14)
Bi(q,q) == —CiM(q) (Y (q)h(q,q) — J(q)" X (q) "I (q,4)q) (4.15)
U000y, =0, 0000000000
us = Ai(q) " (vs + Bi(q, q)) (4.16)
ogood, v
vy = —Kpys + Kp(ysa — ya) (4.17)

O0000000000000000000000000000000000 y4q = ¢rad]
obobobooboobooboobooopbbobbOobOoOobOOD

ooono

O00t=Ti(>0)[s|]0 Leg20 0 0000000000000 wy0us000000O0O
ooooooboboob pbObO0Ob0O000bDO0O0bOO0ObObDOObODbODODbDODO
gbsgbbudbbodbuoobobugbbobooboobobuoobbooboon
oboobooboboobobooobuoobobooboboooboobo Ibobnooo
gbbobuogoobbbuoobbbbooodbbbuooooooobobbooon

[0 0] 0 0
0 0 0 0
1 0 0 0
Su=|-10]|]+]1 0 [“2 = Sisuis + Sostiz (4.18)
0 1| L™ 11 | L™
0 —1 0 0
0 0 | 0 -1
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T
DDDDDDDDDDDDDDDDDDDDDDDDDDDy24:[y2y4] ooogog
O020000

. ey,

You = C, q

= CyuM(q) 'Y (q)(S13u13 + Sosuzs — h(q,q))
—C2uM(q)"'J(q)" X (q )_lj(an)q
= An(q)uzs + Bi(q, q) (4.19)
ogooooood

Au(q) = CouM(q)"'Y (q)Sas (4.20)
By(q,q) = CouM(q)" 'Y (q)(S13u13 — h(q,q))
—C2M(q) ' J(q)" X (q) ' (q,9)q (4.21)
U000y =v 0000000000
Uy = Ag(q) ' (v24 — Br(q, q)) (4.22)

O0000wvy O
e | | G2a(t) + Kp(ga(t) — 92) + Kp(yaa(t) — y2)
Voy = = . (4.23)
on —Kpys + Kp(Ysa — ya)

0000 y, — yoa()0ys —» 9000000000000
000000 y) 000000500000000 yeq(t) = ast® + ast* + ast® + ao 0 O
000000000000

y2d(0+) = O/a de(Tset> = «, de(0+) = de(Tset) = y2d(0+) - y2d(Tset) =0
goooooooooooooooobooono
6(a — a’ —15(a — o 10(av — o/
a5 = ( )7a4: (j—,4 )7a3: (T3 >7a0:O/

set set set

O000J0000NI00D0D0000000000

o0 m

O00t=Ty(>T)[s|00000000PDOOOOODOOOODOOOOOOOOOO
pODO0OD0ODOODOO0ODODOOODOODODOODOODOODODOODODOOn
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0000 (4.11)0 20000

i = Ci
= CM(q) 'Y (q)(Su—h(q,q)) — CM(q)"'J(q)" X (q)"'J(q.q)q
= An(q)u — Bu(q, q) (4.24)
00000000
An(q) := CM(q)"'Y(q)S (4.25)
Bu(q,q) := CM(q) (Y (q)h(q,q) + J(@)" X (q) ' J(q,4)q) (4.26)
0000§=v0000000000
u = An(q) (v + Bul(q,q)) (4.27)
0000, v0O

—Kpih + Kp(Y1a — 1)
v — | P2a®) + Kp(laa(t) = 42) + Kp(y2a(t) - v2) (4.28)
—Kpys + Kp(Ysa — y3)

—Kpis + Kp(Yaa — Ya)

ObhodboooobuoobboobuoobbuoobodbDibDyb0ys 0 LeglOODO Leg2
00000000000000000000000000 y19 = Brad]0ysq = —p [rad]
gbbooboooobboobboboobbodypbylys Uy, 00o0oogooon
OOoooboboooopbDOO0OODODODOOO

4.2 OJOO0O0OOOOO0OO0

000000 m = 0[kg 0000000 L, = 1.0m]000PDOODOO Kp =
60, Kp = 9000 00000000000000000000D0O0O00O00OO0000
000000000000000000000000000000000000000
0000000000000000000000000000000000000000
Ty =0.05[s)07, = 0.13[s]0 Tie, = 0.3[s] 0000000000000 NO000000
000000000000000000000031000000000004.20 6,0
0000000000000000010000000000000000000000
00430000043()0000000000000000000000000000
00000000000000000000000000004.3()00000000
T,000000000 X\, A0000000DLSO00000000000000 4.3(c)
000000000000000000000000PDO0OO0OO0000 6sq=0.2]rad]
000000D000000000000000000000000000000000
0000000000000000000000000000001000000000
0000000000000 00000000 00000000000 1000000
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T
1

Immediately before impact
Immediately after impact

o
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T

|

State error norm [rad/s]
>
T
1

04 ]
02 1
0 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9
Step number
Os5l: 00000000000 o0ooooooood
14 T T T T T T T T
® |mmediately before impact (DLS:12%)
12 = |mmediately after impact (DLS:12%) h
v ; ® Immediately before impact (DLS:22%)
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= " ® |mmediately before impact (DLS:30%)
€ ° = Immediately after impact (DLS:30%)
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OOooooobOobooboosLsg bLSOoooooboboboboooboobooooogo
gobboooobobooobbbooobbbooobbbooobbboooboboo
gboooao

Y

(pLs : (5.3)
867
A A6, ]|
Qsis = (5.4)
[PAC

0000000000000000000000000000000Af™ 00000
DLSOO SLSO00000000000000000000000000000000 5
000 QpsDQgs 000000000000 0000000000000000000
00Qps0Qss 0051 0000000053000000000000000 SLSOO
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O 5.1: DLSOO0D0OO0O0OO0O0DOO0OO0DOOOOD

’ DLS [%] ‘ QL ‘ Qprs [ ‘ Qsts [- ‘ QR[] ‘

12.3 0.540 | 0.952 0.581 0.675
22.1 0.483 | 0.946 0.507 | 0.560
30.3 0.367 | 0.939 0.413 0.462
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O00000000000000000000 (Specificresistance) 000000000000

P== Z i (6; — 0i01)|dt (5.7)

(5.8)

Specific resistance =
gu

OOoo0oroooboooMOO0bbOO0oO0bDOobooOobooos200000000D000O
00000000 (02003)0000000000O00000OO0OOOOOOOOOOO
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O 52 DLSO0O0OO0OO0OODOODOO

’ DLS [%)] ‘ v [m/s] ‘ Cadence [step/min] ‘ p[J/s] ‘ Specific resistance [-] ‘
12 0.92 93.6 46.1 0.16

22 0.90 91.5 90.3 0.33
30 0.81 83.2 150.0 0.58
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