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W i = W g +W c

W i W g W c



≃





m

l

j

α

c̈x

px cx

mg(px − cx) = jα ≈ −ml2
c̈x

l

c̈x = ω2
0(cx − px)

ω0 =
√

g/l

cx(t) = px + (cx(0)− px)cosh(ω0t) +
ċx(0)

ω0

sinh(ω0t)

cx(t) ≤ px

cx +
ċx

ω0

≤ px

cx +
ċx
ω0



≃



≃
∫ tk+T

tk
‖c(n)x ‖2dt















cx +
ċx

ω0

≤ px

px

cx +
ċx
ω0



c̈x = ω2(cx − px)

ω =
√

g/h

ELIP =
1

2
ċ2x −

g

2h
(cx − px)

2

px = xcapt = cx +
ċx

ω



xcapt

xcapt

xcapt

xcapt = cx +
ċx

ω
± τmax

mg
[
eωTR2 − 2eω(TR2−TR1) + 1

eωTR2

]

τmax TR1 TR2



l

l

ċx = −l cosθ θ̇, ċz = −l sinθ θ̇



ċ+x − ċ−x
ċ+z − ċ−z

= tanθ

ċ−x ċ+x

ċ−z ċ+z

ċ+z = 0

ċ+x = ċ−x − ċ−z tanθ

cx +
ċ+x
ω0

= 0

θ̇ = ω
sinθcos1/2θ

cos2θ

θ

2θ





θc

θ0 tcont

θc = θ0cosh(

√

3g

2l
− 3ka

ml2
tcont)

θc

Fmax

α = 2θc

tcont



√
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nd

st

τmax = 190N.m

◦
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st

st

20.8 ± 6.4 cm



nd 13±4.6 cm

1st





tk L
T

∫ tk+T

tk

L(q(t), q̇(t), q̈(t), u(t), λ(t))dt

u(t)

tk+1



N

T c

ĉk =

⎡

⎢

⎢

⎣

ck

ċk

c̈k

⎤

⎥

⎥

⎦

,

tk

Ck+1 =

⎡

⎢

⎢

⎣

ck+1

ck+N

⎤

⎥

⎥

⎦

, Ċk+1 =

⎡

⎢

⎢

⎣

ċk+1

ċk+N

⎤

⎥

⎥

⎦

, C̈k+1 =

⎡

⎢

⎢

⎣

c̈k+1

c̈k+N

⎤

⎥

⎥

⎦



Ck+1 =

⎡

⎢

⎢

⎣

c k+1

c k+N

⎤

⎥

⎥

⎦

Ck+1 = Spĉk + UpCk,

Ċk+1 = Sv ĉk + UvCk,

C̈k+1 = Saĉk + UaCk.

zx = cx −
h

g
c̈x

px zx

Zk+1 =

⎡

⎢

⎢

⎣

zk+1

zk+N

⎤

⎥

⎥

⎦

Ck

Zk+1 = Sz ĉk + UzCk,



Sz = Sp −
h

g
Sa,

Uz = Up −
h

g
Ua.

f ′

i

‖ḟ ′

i‖ ≤ ḟ ′ .

zx

D(zi − fi) ≤ b,

D b

fi

Ċk+1

Ċ
ref
k+1

Ck

Zk+1 Fk+1



1

c21
‖Ċk+1 − Ċ

ref
k+1‖2 +

1

c22
‖Ck‖2 +

1

c23
‖Zk+1 − Fk+1‖2,

c1 c2 c3

u =

[

Ck

F̄k+1

]

Ck

F̄k+1



Ċk+1 = 0

T = 1

T = 25



m

T



T

T

T = T + T + T T

T

T

T T + T

l ×
lf ×

a × lf
×



θ H Treac Tprep

Tstep

H θ Treac Tprep Tstep

m.s−1

c1 c3

c1 = 1 m.s−1

c2 c3 100

×

c1
−1

c2
−3

c2
lf

vmax
−1



T

±



±
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mh c̈x + j θ̈ = mg(cx − zx)

cx zx θ

j g

N T

c θ

θ̂k =

⎡

⎢
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⎣

θk

θ̇k

θ̈k

⎤

⎥
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⎦

tk
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Θk+1 = Spθ̂k + UpΘk,

Θ̇k+1 = Svθ̂k + UvΘk,

Θ̈k+1 = Saθ̂k + UaΘk.

Sp, Up

z = cx −
h

g
c̈x −

j

mg
θ̈.

Zk+1 =

⎡
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⎣

zk+1

zk+N

⎤

⎥
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Ck Θk

Zk+1 = Sz

[

ĉk

θ̂k

]

+ Uz

[

Ck

Θk

]

,

Sz =
[

Sp − h
g
Sa − j

mg
Sa

]

,

Uz =
[

Up − h
g
Ua − j

mg
Ua

]
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i ∈ [k + 1, . . . k +N ]

θ ≤ θi ≤ θ .

j|θ̈i| ≤ τ

fi ti

‖cix − fi‖ ≤ l .
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Ċk+1

Θ̇k+1

F̈ ′

k+1

1

c21
‖Ċk+1‖2 +

1

c22
‖Θ̇k+1‖2 +

1

c23
‖F̈ ′

k+1‖2.

Ck Θk

Zk+1 Fk+1

1

c21
‖Ċk+1‖2 +

1

c22
‖Θ̇k+1‖2 +

1

c23
‖F̈ ′

k+1‖2

+
1

c24
‖Ck‖2 +

1

c25
‖Θk‖2 +

1

c26
‖Zk+1 − Fk+1‖2,

u =
[

Ck Θk F̄k+1

]T

c1

c6



H

m

h = 0.575×H

lf = 0.152×H

0.81× lf
0.19× lf
θ π/2
θ −π/2
j 2

τmax

1

c21
‖Ċk+1‖2 +

1

c22
‖Θ̇k+1‖2.

u =
[

Ck Θk

]T



π
2

N.m



τmax θmax

−1

−1

τmax = 190N.m θmax = π
2

−1 −1



−1

‖Ck‖2

−1

c4 c5 c4 c5
−3 −3





−1

‖Ċk+1‖2

F̈ ′

k+1

‖F̈ ′

k+1‖2



1
c2
1

‖Ċk+1‖2 + 1
c2
3

‖F̈ ′

k+1‖2 c3
c1

−2



c3

c4 c5

c1
−1 c4

−3

c5
−3

c2 c3 c2

c2
−1

c3

‖F̈ ′

k+1‖2 103 104

‖Ċk+1‖2



c1
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Tstep
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θ π/2
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c̈x =
g

h
(cx − zx)−

j

mh
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h
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j
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θ̈ ± ẍ

pf
Fcast

ẍ
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W i = W g +W c

W i W g W c
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c21
‖Ċk+1 − Ċ

ref
k+1‖2 +

1

c22
‖Ck‖2 +

1

c23
‖Zk+1 − Fk+1‖2,

c1 c2 c3 u =

[

Ck

F̄k+1

]

Ck F̄k+1





mh c̈x + j θ̈ = mg(cx − zx)

z = cx −
h

g
c̈x −

j

mg
θ̈.

j θ

Ċk+1

Θ̇k+1

F̈ ′

k+1
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‖Ċk+1‖2 +
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1

c23
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Ck Θk F̄k+1

]T
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