
1

2015 12 2

ohtsuka@i.kyoto-u.ac.jp

2

C

3

�

�

�

�

C

4



5

T x(T )

ẋ(t) = f(x(t), u(t))

x(0) = x0 (given)

J = ϕ(x(T )) +
∫ T

0
L(x(t), u(t))dt

C(x(t), u(t)) = 0

x(t) u(t)

C ≤ 0 C + v2 = 0 v:

J u
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ẋ = f(x, u), x(0) = x0,

λ̇ = −

(
∂H

∂x

)T

(x, u, λ, μ), λ(T ) =

(
∂ϕ

∂x

)T

(x(T )),

∂H

∂u
(x, u, λ, μ) = 0,

C(x, u) = 0.

H(x, u, λ, μ) = L(x, u) + λTf(x, u) + μTC(x, u) ,

λ μ

[Animation]
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Model Predictive Control (MPC)
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Model Predictive Control (MPC)
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ẋ(t) = f(x(t), u(t))

J = ϕ(x(t+ T )) +
∫ t+T

t
L(x(τ), u(τ))dτ

C(x(t), u(t)) = 0

C ≤ 0 C + v2 = 0 v:

x(t)

uopt(τ ; t, x(t)) (t ≤ τ ≤ t+ T )

u(t) = uopt(t; t, x(t)) · · ·
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t

t t+T

u

Receding Horizon

recede · · ·
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t T

U(t) = [u∗T0 (t), μ∗T
0 (t), u∗T1 (t), μ∗T

1 (t), . . . , u∗TN−1(t), μ
∗T
N−1(t)]

T

u(t) = u∗0(t) C = 0 μ∗
i

� Δτ �= Δt
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J(U(t), (t), t) = ϕ(x∗N(t)) +
∑N−1

i=0 L(x∗i (t), u
∗
i (t))Δτ

x∗0(t) = x(t)

x∗i+1(t) = x∗i (t) + f(x∗i (t), u
∗
i (t))Δτ

λ∗N (t) =
(
∂ϕ
∂x

)T
(x∗N(t))

λ∗i (t) = λ∗i+1(t) +
(
∂H
∂x

)T
(x∗i (t), u

∗
i (t), λ

∗
i+1(t), μ

∗
i (t))Δτ

∂H
∂u

(x∗i (t), u
∗
i (t), λ

∗
i+1(t), μ

∗
i (t)) = 0

C(x∗i (t), u
∗
i (t)) = 0

H(x, λ, u, μ) = L+ λTf + μTC

x∗i (t), λ∗i (t) U(t) x∗0(t) = x(t)
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F (U(t), x(t), t) =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

∂H
∂u

(x∗0(t), u
∗
0(t), λ

∗
1(t), μ

∗
0(t))

C(x∗0(t), u
∗
0(t))

...

∂H
∂u

(x∗N−1(t), u
∗
N−1(t), λ

∗
N (t), μ

∗
N−1(t))

C(x∗N−1(t), u
∗
N−1(t))

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
= 0

U(t) = [u∗T0 (t), μ∗T
0 (t), u∗T1 (t), μ∗T

1 (t), . . . , u∗TN−1(t), μ
∗T
N−1(t)]

T

F (U, x, t) 0 U
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F (U(t), x(t), t) = 0

18

t U(t) F (U(t), x(t), t) = 0

⇔
d

dt
F (U(t), x(t), t) = 0, F (U(0), x(0), 0) = 0

⇔
d

dt
F (U(t), x(t), t) = −ζF (U(t), x(t), t), F (U(0), x(0), 0) = 0

ζ > 0 F �= 0 F = 0

⇔
U̇ =

(
∂F
∂U

)−1 (
−ζF − ∂F

∂x
ẋ− ∂F

∂t

)
,

F (U(0), x(0), 0) = 0

U̇(t)

U(t)

F(U,x(t),t)=0

t

U

U(t)
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Continuation/GMRES

x(t)

U̇ 1 ∂F
∂U
U̇ = −ζF − ∂F

∂x
ẋ− ∂F

∂t

U̇(t) U(t) U(t+Δt) = U(t) + U̇(t)Δt

1 1

1 GMRES

� T 0 U(0)

( ’02; O. ’04)
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1

GMRES
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2

q2

q1

s1

s2

l1

l2

m1

m2

u1

u2

 J1

 J2

x = [q1 q2 q̇1 q̇2]
T

u = [u1 u2]
T

J =
1

2
(x(t+ T )− xf )

TSf (x(t+ T )− xf )

+
1

2

∫ t+T

t
((x− xf )

TQ(x− xf ) + uTRu)dτ

( ’02; O. ’04)
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μ

u1 2 |u1| ≤ u1max

[Animation 1: |u1| ≤ 5 ] [Animation 2: |u1| ≤ 2.5 ]
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356 [mm] 212 [mm], 142 [mm], 0.894 [kg]

(Seguchi, O. ’03)
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x = [x y θ ẋ ẏ θ̇]T ∈ R
6

u = [u1 u2]
T ∈ {umin, 0, umax}

2

J =
1

2
(x(t+ T )− xf )

TSf (x(t+ T )− xf)

+
1

2

∫ t+T

t
((x− xf )

TQ(x− xf ) + uTRu)dτ
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[Movie 1: θ(0) = −π ] [Movie 2: θ(0) = π/2 ] [Movie 3: disturbance ]
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x

y

u

v

Ψ

N

X

Y

(x,y)

WP
i

WP
i+1

x
i

y
i

x
i+1

y
i+1

Guide Point

L

Ship

Target Point

x = [x, u, y, v, ψ, r,X, Y,N ]T

u = [Xr, Yr, Nr]
T

J = 1
2
(x(t+ T )− xref )

TSf (x(t+ T )− xref )

+ 1
2

∫ t+T
t ((x− xref )

TQ(x− xref ) + u
TRu)dτ

( ’02, ’08)
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(90× 30m 3m) ( ’05, ’08) [More]
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(Independent System Operator; ISO)

⇒

( ’14)
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n

• d s

• v(d) c(s)

• HEMS (Home Energy Management System)

•

ISO

• λ

•

•
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ISO

0
0

J = xT(t+ T )Q1x(t+ T )︸ ︷︷ ︸+
∫ t+T

t

(
xT(τ)Q2x(τ)︸ ︷︷ ︸+

n∑
i=1

Φi(λi)
)
dτ

Φi = −r1
(
λisi − ci(si)︸ ︷︷ ︸ + vi(di)− λidi︸ ︷︷ ︸

)
+ r2

(
si − di︸ ︷︷ ︸

)2

vi(di) = 2
√
di, ci(si) = s2i /2
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10

θi

(i = 1, · · · , 10)

λi

(i = 1, · · · , 10)

0.33 ms ⇒

35

(Okazaki, O. ’06)

MuPAL-α

( ’05, ’06, ’09)

( ’10)

LHC (Noga et al. ’10, ’11)

(Hashimoto et al. ’10, ’12)

Moving Horizon Receding Horizon
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Maple C

Mathematica
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∂H/∂u
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http://www.symlab.sys.i.kyoto-u.ac.jp/˜ohtsuka/index j.htm
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