
IA888A - FEEC - 1s25 - Profs.: Pedro/Cećılia FolhaA4 - P3 1

Sinais cont́ınuos

GT (t) = u(t+ T/2) − u(t− T/2), δ(t) =
d

dt
u(t) , u(t) =

∫ t

−∞

δ(β)dβ ,

∫ +∞

−∞

f(t)δ(t)dt = f(0)

Laplace (bilateral):

H(s) = L{h(t)} =

∫ +∞

−∞

h(t) exp(−st)dt , s ∈ Ωh ,

∫ +∞

−∞

x(t)dt = X(s)
∣

∣

∣

s=0, 0∈Ωx

L{δ(t)} = 1, s ∈ C , L{x(t) = x1(t) ∗ x2(t)} = L{x1(t)}L{x2(t)} , Ωx = Ωx1
∩ Ωx2

L{y(t) = x(t− τ)} = X(s) exp(−sτ) , Ωy = Ωx , L{exp(−at)u(t)} =
1

s+ a
, Re(s+ a) > 0

L{exp(−αt) cos(βt)u(t)} =
(s+ α)

(s+ α)2 + β2
,L{exp(−αt)sen(βt)u(t)} =

β

(s+ α)2 + β2
, Re(s+ α) > 0

L
{ tm

m!
exp(−at)u(t)

}

=
1

(s+ a)m+1
, Re(s+ a) > 0 , m ∈ N

L
{

y(t) =

∫ t

−∞

x(β)u(β)dβ
}

=
1

s
L{x(t)} , Ωy ⊃ Ωx ∩ {s ∈ C : Re(s) > 0}

L
{ tm

m!
u(t)

}

=
1

sm+1
, Re(s) > 0 , m ∈ N , L{x(−t)} = X(−s) , −s ∈ Ωx

L{y(t) = exp(−at)x(t)} = X(s + a) ; Ωy = (s + a) ∈ Ωx

L{y(t) = tmx(t)} = (−1)m
dmX(s)

dsm
, Ωy = Ωx , m ∈ N , L{ẋ(t)} = sX(s) , Ωẋ ⊃ Ωx

Laplace (unilateral)

L{x(t)} =

∫ +∞

0
x(t) exp(−st)dt, L{ẋ(t)} = sL{x(t)} − x(0) , s ∈ Ωx

L

{

x(m)(t) =
dmx(t)

dtm

}

= smL{x(t)} −

m−1
∑

k=0

sm−k−1x(k)(0)

L
{ tm

m!
exp(−at)u(t)

}

=
1

(s+ a)m+1
, Re(s+ a) > 0 , m ∈ N

L{cos(βt) exp(−at)u(t)} =
s+ a

(s+ a)2 + β2
, Re(s + a) > 0

L{sen(βt) exp(−at)u(t)} =
β

(s+ a)2 + β2
, Re(s+ a) > 0

x(0+) = lim
t→0+

x(t) = lim
s→+∞

sX(s) , lim
t→+∞

x(t) = lim
s→0

sX(s)
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Coeficientes a determinar (equações diferenciais)

D(p)y(t) = 0 ⇒ y(t) =

m
∑

k=1

akfk(t), fk(t) modos próprios (considerando multiplicidades)

Se λ é raiz de multiplicidade r de D(λ), então exp(λt), t exp(λt), . . . , tr−1 exp(λt) são modos próprios.

D(p)y(t) = N(p)x(t) , se D̄(p)x(t) = 0 então D̄(p)D(p)y(t) = 0

Solução forçada: y(t) = yh(t) + yf (t) ⇒ D(p)yf (t) = N(p)x(t) , D(p)yh(t) = 0

yf (t) =
m
∑

k=1

bkgk(t), gk(t) modos forçados (considerando multiplicidades e ressonâncias)

Var. estado: v̇(t) = f(v(t), x(t), t), y(t) = g(v(t), x(t), t) Pontos de equiĺıbrio: v̄ : f(v̄, x̄) = 0, x̄ =cte.

Sistema linear (em torno dos
pontos de equiĺıbrio) A =

[

∂fi
∂vj

]
∣

∣

∣

∣

v̄,x̄

, B =

[

∂fi
∂xj

]
∣

∣

∣

∣

v̄,x̄

, C =

[

∂gi
∂vj

]
∣

∣

∣

∣

v̄,x̄

, D =

[

∂gi
∂xj

]
∣

∣

∣

∣

v̄,x̄

N(p)

D(p)
=

β2p
2 + β1p+ β0

p3 + α2p2 + α1p+ α0
+β3, A =





0 1 0
0 0 1

−α0 −α1 −α2



 , b =





0
0
1



 , c =
[

β0 β1 β2
]

, d =
[

β3
]

v̇ = Av + bx , y = cv + dx ,
N(p)

D(p)
= c(pI−A)−1b+ d = b′(pI−A′)−1c′ + d

v = T v̂ ⇒ Â = T−1AT, b̂ = T−1b, ĉ = cT , T não singular

A representação entrada-sáıda é invariante com transformações de similaridade.

Solução da equação de estado

y(t) = c exp(At)v0 + c
(

exp(At)u(t)
)

∗ (bx(t)) + dx(t), Y (s) = c(sI−A)−1v0 +
(

c(sI−A)−1b+ d
)

X(s)

Cayley-Hamilton: ∆(λ) = det(sI−A) = 0 ⇒ ∆(A) = 0

f(λ) =

n−1
∑

i=0

ρiλ
i , ∆(λ) = 0 ⇒ f(A) =

n−1
∑

i=0

ρiA
i , f

(

diag(A1, . . . , AN )
)

= diag
(

f(A1), . . . , f(AN )
)

Bloco de Jordan: Jk(σ) =











σ 1 · · · 0
0 σ · · · 0
...

...
. . .

...
0 0 · · · σ











, f(Jk(σ)) =











f(λ) ḟ(λ) · · · f (k−1)(λ)/(k − 1)!

0 f(λ) · · · f (k−2)(λ)/(k − 2)!
...

...
. . .

...
0 0 · · · f(λ)











λ=σ

Forma modal: M =

[

σ −ω
ω σ

]

, ∆(λ) = (λ− σ)2 + ω2, exp(Mt) = exp(σt)

[

cos(ωt) −sen(ωt)
sen(ωt) cos(ωt)

]

Forma modal de Jordan:











M I · · · 0
0 M · · · 0
...

...
. . .

...
0 0 · · · M











, exp
(

[

M I
0 M

]

t
)

= t exp(σt)

[

cos(ωt) −sen(ωt)
sen(ωt) cos(ωt)

]

Forma de Jordan de A ∈ R
n×n, ν(Mλ) = n− rank(Mλ) (dimensão do espaço nulo de Mλ = A− λI =

número de blocos de Jordan associados a λ = multiplicidade geométrica do autovalor λ): AQ = QJ ,
J = Q−1AQ, Q formada por autovetores linearmente independentes e autovetores generalizados.

v̇ = Av + bx , y = cv + dx, v(0) , para x solução de x = c̄v̄ , ˙̄v = Āv̄, v̄(0)

⇒ Sistema autônomo aumentado:

[

v̇
˙̄v

]

=

[

A bc̄
0 Ā

] [

v
v̄

]

,

[

v(0)
v̄(0)

]

=

[

v0
v̄0

]

, y =
[

c dc̄
]

[

v
v̄

]


