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ODE-Systeme

ẋ(t) = f1(x(t), y(t)), x(0) = x0, (1)

ẏ(t) = f2(y(t)) + f3(x(t)) + Γ(y(t))u(t), y(0) = y0. (2)

x : R→ Rn, u, y : R→ Rm; f1, f2, f3 differenzierbar;
Γ : Rm → Rm×m differenzierbar

(1) interne Dynamik

(2) Eingangs-Ausgangs-Verhalten
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ẋ(t) = f1(x(t), y(t)), x(0) = x0, (1)

ẏ(t) = f2(y(t)) + f3(x(t)) + Γ(y(t))u(t), y(0) = y0. (2)

Relativgrad:

ż(t) = f(z(t)) + g(z(t))u(t)

y(t) = h(z(t))

hat strikten Relativgrad r ∈ N :⇐⇒ [Isidori, 1995]

• ∀ ξ ∈ Rn ∀ k = 0, . . . , r − 2 : LgL
k
fh(ξ) = 0,

[Lfh = (∂h/∂z) f ]

• ∀ ξ ∈ Rn : detLgL
r−1
f h(ξ) 6= 0.
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• ∀ ξ ∈ Rn ∀ k = 0, . . . , r − 2 : LgL
k
fh(ξ) = 0,

[Lfh = (∂h/∂z) f ]

• ∀ ξ ∈ Rn : detLgL
r−1
f h(ξ) 6= 0.

(1), (2) hat str. Relativgrad 1 ⇐⇒ det Γ(y) 6= 0 ∀ y ∈ Rm
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ẋ(t) = f1(x(t), y(t)), x(0) = x0, (1)

ẏ(t) = f2(y(t)) + f3(x(t)) + Γ(y(t))u(t), y(0) = y0. (2)

Nulldynamik:

ż(t) = f(z(t)) + g(z(t))u(t)

y(t) = h(z(t))

ZD := { (z, u) | ż(t) = f(z(t)) + g(z(t))u(t), 0 = h(z(t)) } ;

ZD stabil :⇐⇒ ∀ (z, u) ∈ ZD : lim
t→∞

(z(t), u(t)) = 0
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ZD stabil :⇐⇒ ∀ (z, u) ∈ ZD : lim
t→∞

(z(t), u(t)) = 0

ZD(1),(2) stabil, wenn (1) input-to-state stable: [Sontag, 1989]

∃α ∈ KL, β ∈ K ∀ (x0, y) ∈ Rn × C0(R≥0;Rm)

∀ t ≥ 0 : ‖x(t;x0, y)‖ ≤ α(‖x0‖, t) + sup
s∈[0,t]

β(‖y(s)‖),
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ẋ(t) = f1(x(t), y(t)), x(0) = x0, (1)

ẏ(t) = f2(y(t)) + f3(x(t)) + Γ(y(t))u(t), y(0) = y0. (2)

(1),(2)

Funnel-
Regler

y

+
− yrefe

u

t

1
ϕ(t)

‖e(t)‖

[Ilchmann & Ryan, 2009]: Regelung funktioniert wenn

• strikter Relativgrad 1 und “high-gain Matrix” Γ(y) pos. def.
für alle y ∈ Rm

• (1) ist ISS (Nulldynamik ist stabil)
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ẋ(t) = f1(x(t), y(t)), x(0) = x0, (1)

ẏ(t) = f2(y(t)) + f3(x(t)) + Γ(y(t))u(t), y(0) = y0. (2)

⇓
ẋ(t) = f1(x(t), y(t)), x(0) = x0, (3)

Γ̃(y(t)) ẏ(t) = f2(y(t)) + f3(x(t)) + u(t), y(0) = y0. (4)

{(1), (2) mit str. Relativgrad 1}
Γ̃=Γ−1

⊆ {(3), (4)}
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ẋ(t) = f1(x(t), y(t)), x(0) = x0, (1)
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ẋ(t) = f1(x(t), y(t)), x(0) = x0, (3)

Γ̃(y(t)) ẏ(t) = f2(y(t)) + f3(x(t)) + u(t), y(0) = y0. (4)

ẋ(t) = x(t) + y1(t)0 0 0
0 0 0
0 0 1

ẏ1(t)
ẏ2(t)
ẏ3(t)

 =

 0
y2(t)
y3(t)

+

x(t)
0
0

+

u1(t)
u2(t)
u3(t)



y1 = u1 − u̇1 =⇒
∫
y1 =

∫
u1 − u1

G(s) =

s− 1 0 0
0 −1
0 0 1

s−1

 , lim
s→∞

s−1 0 0
0 s0 0
0 0 s1

G(s) ∈ R3×3 inv.
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Theorem (Funnel-Regelung)

ẋ(t) = f1(x(t), y(t)), x(0) = x0, (3)

Γ̃(y(t)) ẏ(t) = f2(y(t)) + f3(x(t)) + u(t), y(0) = y0. (4)

• (3) ist ISS

• Γ̃(y) = RG(y)R>, wobei G(y) > 0 ∀ y ∈ Rm

• imK = kerR> und K>f ′2K beschränkt

• k̂ > ‖(K>K)−1‖ · supy∈Rm ‖K>f ′2(y)K‖
• y0 so dass K>

(
f2(y0) + f3(x0)− k̂(y0 − yref(0))

)
= 0

Dann erreicht der Funnel-Regler

u(t) = −k(t) e(t), wobei e(t) = y(t)− yref(t)

k(t) = k̂/
(
1− ϕ(t)2‖e(t)‖2

)
,

dass: (x, y, k) ∈ L∞, ∧ ∃ ε > 0 ∀ t > 0 : ‖e(t)‖ ≤ ϕ(t)−1 − ε
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k̂-Bedingung

ẋ(t) = f1(x(t), y(t)), x(0) = x0, (3)

Γ̃(y(t)) ẏ(t) = f2(y(t)) + f3(x(t)) + u(t), y(0) = y0. (4)

y(t) = [K,R]

[
(K>K)−1K>

(R>R)−1R>

]
y(t) = [K,R]

(
y1(t)
y2(t)

)
R>(4) : (R>R)G(y(t))R>[K,R]

(
ẏ1(t)
ẏ2(t)

)
=(R>R)G(y(t))(R>R)ẏ2(t)= . . .

K>(4) : 0 = K>
(
f ′2(y(t))ẏ(t) + f ′3(x(t))f1(x(t), y(t))− k̇(t)e(t)− k(t)ė(t)

)
⇒ 0 =

(
K>f ′2(y(t))K − k(t)

(
K>K +H(t, y1(t), y2(t))

)︸ ︷︷ ︸
=:T

)
ẏ1(t)

+ ψ(t, y1(t), y2(t), ẏ2(t))

H ≥ 0, k(t) ≥ k̂ > ‖(K>K)−1‖ · sup
y∈Rm

‖K>f ′2(y)K‖ ⇒ T inv.
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K>(4) : 0 = K>
(
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ẋ(t) = f1(x(t), y(t)), x(0) = x0, (3)
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Vergleich ODEs und DAEs

ẋ(t) = f1(x(t), y(t)), x(0) = x0, (1)

ẏ(t) = f2(y(t)) + f3(x(t)) + Γ(y(t))u(t), y(0) = y0. (2)

ẋ(t) = f1(x(t), y(t)), x(0) = x0, (3)

Γ̃(y(t)) ẏ(t) = f2(y(t)) + f3(x(t)) + u(t), y(0) = y0. (4)

ODEs DAEs

(1) ist ISS (3) ist ISS

Γ > 0 (Relativgrad 1) Γ̃ ≥ 0 (gemischter Relativgrad)

k̂ = 1 k̂ > ‖(K>K)−1‖ · supy∈Rm ‖K>f ′2(y)K‖
y0 ∈ Rm K>

(
f2(y0) + f3(x0)− k̂(y0 − yref(0))

)
= 0
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