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Torque Calculado

Valores estimados de M(q) e b(q, q̇)

τ = M̂(q)(q̈d − u) + b̂(q, q̇)

Torque Calculado + PD

τ = M̂(q)(q̈d + Kv ė + Kpe) + b̂(q, q̇)

Equação dinâmica do erro

ë + Kv ė + Kpe = ∆(Kv ė + Kpe) + ∆q̈d + M(q)−1δ

sendo

∆ = M(q)−1[M(q)− M̂(q)] = I −M(q)−1M̂(q)

δ = b(q, q̇)− b̂(q, q̇)
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Torque Calculado+PD Robusto

Hipóteses:
1

µ2
≤

∥∥M−1(q)
∥∥ ≤ 1

µ1
, µ1 6= 0

‖∆‖ ≤ a < 1

‖δ‖ ≤ β0 + β1 ‖e‖+ β2 ‖e‖2∥∥∥q̈d∥∥∥ ≤ c

e(0) = ė(0) = 0

Controlador:

τ = M̂(q)(q̈d + 2aė + 4ae) + b̂(q, q̇)

M̂(q) > µ2I

a > 1 +
1

µ1
[β1 + 2(β2β0 + β2(µ1 + µ2)c)1/2]
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Controle combinado:
Torque Calculado + PD + Robusto

Torque Calculado + PD + Robusto

τ = M̂(q)(q̈d + Kv ė + Kpe + uR) + b̂(q, q̇)

Equação no espaço de estados com distúrbio w[
ė
ë

]
=

[
0 I
−Kp −Kv

] [
e
ė

]
+

[
0
I

]
uR +

[
0
I

]
w

y = e = [I 0]x

ẋ = Ax + B1w + B2uR
y = C2x
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Controle H∞ linear

Considere o sistema linear

ẋ = Ax + B1w + B2u
z = C1x + D12u
y = C2x + D21w

Controlador K
ẋ = AKx + BKy
u = CKx + DKy

Controle sub-ótimo H∞ linear

‖Tzw‖∞ < γ
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Controle H∞ linear

Hipóteses simplificadoras

(A, B1) é estabilizável e (C1, A) é detectável

(A, B2) é estabilizável e (C2, A) é detectável

DT
12[C1 D12] = [0 I ][
B1

D21

]
DT

21 =

[
0
I

]

SEM5875 - Controle de Sistemas Robóticos Universidade de São Paulo Adriano A. G. SiqueiraAula 5 - Controle Robusto



Controle H∞ linear

Solução

AK = A− B2B
T
2 X + γ−2B1B

T
1 X +−(I − γ−2YX )−1YCT

2 C2

BK = (I − γ−2YX )−1YCT
2

CK = −BT
2 X

DK = 0

sendo X e Y as soluções das equações algébricas de Ricatti
relacionadas com as Hamiltonianas

H∞ =

[
A γ−2B1B

T
1 − B2B

T
2

−CT
1 C1 −AT

]
e

J∞ =

[
AT γ−2CT

1 C1 − CT
2 C2

−BT
1 B1 −A

]
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Controle por Estrutura Variável

Idéia

τi =

{
τ+
i se ri (ei , q̇i ) > 0
τ−i se ri (ei , q̇i ) < 0

par i = 1, · · · , n e ri são as superf́ıcies de deslizamento

ri (ei , q̇i ) = λiei + q̇i
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Controle por Estrutura Variável

Sejam r =Λe + ė

q̇r =Λe + q̇d

Λ =diag[λ1, λ2, · · · , λn], λi > 0

sgn(r) =[sgn(r1), sgn(r2), · · · , sgn(rn)]T

sendo

sgn(ri ) = +1 se ri > 0, sgn(ri ) = −1 se ri < 0

Controlador

τ = M̂(q)q̈r + Ĉ (q, q̇)q̇r + Ĝ (q) + K sgn(r)

sendo
K = diag[k1, k2, · · · , kn], ki > 0
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