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Resposta ao Degrau Unit?rio

1

09+ 1 _
0.8 _G1<S) :s —|—11 .
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Teorema do valor inicial =0
R(s) = 1/s y,(t) = lim Slﬁ =0 =0
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11 () = lim s———— = =
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Resposta ao Degrau Unit?rio

09 1 -

0.8 - —Gils) s —|—11 5

0.7 —— Gy(s) :(s—|—1)2 i

0.6 - 1 -

> 05 G?’(S) :(S—|—1)3 _

Yo% 0.4 ——Gy(s) = L 3

s=sym('s') o5l (s +1)* ]

g1s=1/(S+1) 0:1_ :
g2s=1/(s+1)"2 0 | | | | | |

g3s=1/(s+1)"3 0 2 4 6 . 8 10 12 1.

g4s=1/(s+1)M

ilaplace(1/s*g1s) = 1 - exp(-t)

ilaplace(1/s*g2s) = 1 - t*exp(-t) - exp(-t)
ilaplace(1/s*g3s) = 1 - t*exp(-t) - (t*2%exp(-t))/2 - exp(-t)

ilaplace(1/s*g4s) = 1 - t*exp(-t) - (t"2%exp(-t))/2 - (1*3*exp(-t))/6 - exp(-t)
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Resposta ao Degrau Unitario
| | I

1.8

Respostas no tempo

ii) Zeros lentos
tornam o sistema
subamortecido

c(t)

~ 4(s+0.25)

(s +1)%

7 8

ilaplace(1/s*g1s) = 1 - t*exp(-t) - exp(-t)
ilaplace(1/s*g2s) = 1 - (4*t"exp(-t))/5 - exp(-t)
ilaplace(1/s*g3s) = 1 - (t*exp(-t))/2 - exp(-t)
ilaplace(1/s*g4s) = 1+ 3*t"exp(-t) - exp(-t)
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Respostas no tempo

lii) Polos Dominantes aproximam a a resposta

Resposta ao Degrau Unitario
I

1.2 T
1_ —
0.8 S
06 8
@) =Gr2s 2j>(s+)2 ~2j)
8

BN IR TI T b7 gy

G(s) :(s + 2+ 25)(s 48_02 —25)(s+2)
0.2

Gals) T (s+2+25)(s+2—25)(s + 10)
% : 2 3 4 : 6 .

Dindmica Dominante de 2a

t/[s]
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iv) Resposta W(s)/R(s)

|

erro atuante

Perturbacao

I

u_Sat n

>/

1

Scope
[]
>

(s+1)(s+2)
TO do processo Referencia Controlador ?2}:;%%?;) Processo
y _m ~ +/-Sat
fisico tem perturbacoes 4:|
(modeladas/refletidas 10
na entrada do processo) (+10)
Sensor
X K =10; Sat = 10;
D
Y(s) s+1)(s+2
R(S) = ( K )( ) 10 12 . Malha fecada ?om Sattllracao .
1+ P RIA —
(s+1(s+2)(s+10) )
0.8
Y(s) K, (s + 10) So6f
= 0.4
R(s) (s+1)(s+2)(s+10)+ 10K, ool
0O 2 4 6 é; 10 1I2 1I4 1;3 1;3 20
t/[s]
1 Atuador
Y(s) GTDGT2) N 1]
W 1, K 10 | ==
(s+1)(s+2)(s+10) 2 4|
Al
Y(s) G (s) (s +10) ol N—
— S) =
W) 7 GHDEHDEHIN ALK, o e a
t/[s]
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r
Scope
Perturbacao D
1 »:l N

iv) Resposta U(s)/R(s) erro atuante
J_ ’u_>_4|/_ u_Sat + 1 !
‘ (s+1)(s+2)
Referencia Controlador Saturacao Processo
(Atuador)
Todo processo +-Sat
fisico tem saturacao - :l
(s+10) ¢
Sensor

ucs) Kp

R(s) K, 10
R NI CES)

Uucs) G _ Kp(s+1D(s+2)(s +10)
s - O T I Der G101 10K,

Teorema do valor inicial

R(s) = 1/s
U(s) = R(s)Gy(s)
1 Ky(s+1)(s+2)(s+10)

+\ — 15 —_ =
“(0)_SIL'&SS(H1)(s+2)(s+10)+101{p P

CSD: Exercicios 7
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iv) Resposta U(s)/R(s)
é importante

Perturbacao

I

erro atuante

|

u _/_ u_Sat n
——P +

1

(s+1)(s+2)
Referencia Controlador Saturacao Processo
(Atuador)
Todo processo HlESiat 4:|
fisico tem saturacao -
(s+10) N
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Malha Fecada com Saturacao
2.5 T T T T T T T T
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2 —_—
- w P
1.5 - c _
T
1+
0.5 =]
0 I | | | | | 1
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t/[s]
Atuador
20 T T T T T T
uSat
15 | u .
. 10 m
=1
5F _
e
0r |
_5 I 1 | | I | 1 1
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t/[s]

Adaptado de Nise — Eng. de Sist. de Controle, 3* Ed. © LTC S.A. - © John Wiley, Inc.

CSD: Exercicios

Scope




Exercicio Complementar 1

Projete um circuito com resistores e capacitores comerciais que implemente
uma funcgao de transferéncia de 22 ordem, que apresente a um degrau de
entrada, 16 % de sobrepasso e tempo de acomodacao de 1 ms.

Quais os valores de M, e t, efetivamente obtidos?

Resolucao

1) Escolha da topologia.

- Diversas topologias (realizagdes) sdo possiveis.

- Um sistema de 22 ordem precisa de 2 armazenadores independentes de energia.
- Um sistema de controle (c(s) segue r(s)) € um processo passa-baixas.

- Um circuito RC, com tens&o no capacitor € um passa baixa de 12 ordem.

- Cascata de dois filtros RC implementam um passa baixas de 22 ordem.

R, R,

NWNT AN
() oz

F5(s)

/|
S
Ay
J+
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Exercicio Complementar 1
Circuito de 2% ordem,, M| = 16% {1 ms.

Resolucgao...

2) Funcao de Transferéncia.

) R,
- Lei das malhas:
— A\ AN —T—\/\/\— C,C
R ! I ! L=V, Cs B C :'ZC
( 1 +E) 1 - E 2=V Vi(s) ﬂ_‘) m;: m; V5(s5) 1 I, 2
1 +(R +i+i)1 = Y LY 2=
1 2 S 2

sCy

I/ [+

- Regra de Cramer

1 v
it sCy g L(s) = 1 RE R 1
_ 1 0 R A A AT
sCq
IZ=
1 1
fits, 75 e ;
1 1 1 Vi(s) S2RiR,C,C, + s(R.Cy + R,C, + R1Cy) + 1
——— Ry, + +
SCl SC]_ SC2

Adaptado de Nise — Eng. de Sist. de Controle, 3* Ed. © LTC S.A. - © John Wiley, Inc. CSD: Exercicios 10



Exercicio Complementar 1
Circuito de 2% ordem,, M| = 16% {1 ms.

Resolucgao...

R
3) Funcao de Transferéncia na forma padrao. 4/\/\/\/*‘/\/\/\/*

+
V,(s) w? Vi(s) j) m;: m;: V()
- 1Y LY

Vi(s)  s2 4+ 2{w,s + w?

Va(s) 1
Vi(s) s2R,R,C,C, + s(R,C; + R,C, + R,C,) + 1

Va(s) _ 1/RR,C, G,
V.(s) s?+s(1/R,C,+1/R,C,+1/R,C,)+ 1/RR,C,C,

Adaptado de Nise — Eng. de Sist. de Controle, 3* Ed. © LTC S.A. - © John Wiley, Inc. CSD: Exercicios 11



Exercicio Complementar 1
Circuito de 2% ordem,, M| = 16% {1 ms.

Resolucgao...

R
3) Funcao de Transferéncia na forma padrao. 4/\/\/\/*‘/\/\/\/*

+
V,(s) w? Vi(s) j) m;: m;: V()
- 1Y LY

Vi(s)  s2 4+ 2{w,s + w?

Va(s) 1
Vi(s) s2R,R,C,C, + s(R,C; + R,C, + R,C,) + 1

Va(s) _ 1/RR,C, G,
V.(s) s?+s(1/R,C,+1/R,C,+1/R,C,)+ 1/RR,C,C,

Adaptado de Nise — Eng. de Sist. de Controle, 3* Ed. © LTC S.A. - © John Wiley, Inc. CSD: Exercicios 12



Exercicio Complementar 1

Circuito de 2% ordem,, M| = 16% {1 ms.

Resolucgao...
4) Especificagoes.

M,(¢) - Sistema 2¢ ordem sem zeros

100
90 - VZ(S) — wle
Vi(s) 5%+ 2{w,s + w2
80
ol V,5(s) - 1le8
Vi(s) s%+9938s+ 1e8
60
& sl rad
2 %0 wy, = 184?
0r ¢ =0,4969
30 -
20
10 - E
0 | | ‘
0 0.2 0.4 0.6 0.8 1

¢

Adaptado de Nise — Eng. de Sist. de Controle, 3* Ed. © LTC S.A. - © John Wiley, Inc.

zeta=0.5; % Mp=16%
ts=1e-3 s ; sigma=4/ts;
tr=0.18e-3;

wn=1.8/tr

tp=.4e-3

s, = 4969 + /8678

Especificacoes no plano s = ¢ + jw

CSD: Exercicios
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10000 | _
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Especificacoes no plano s = ¢ + jw

12000 I
[ I — i i
Exercicio Complementar 1 \ | S e
Circuito de 2% ordem,, M, = 16% t, = 1 ms. o} P L
Y:8678 4 -
<. I
8000 - ; 7 ‘ |
= 1
Resolucao... .’
# I
.3, 6000t A :
e |
5) Especificacoes. R |
4000 | / [
/ I
/ |
. I
V2 (s) Wy 2000 4 .
Vi(s) 52 + 2{w,s + w? ! :
|
0 . ‘ . I :
V2 (S) _ 138 -12000 -10000 -8000 -6(0;)0 -4000 -2000 0

. 2

Vi(s) s2+9938s + 18 LR\ R,C,Cy =168
rad 1/R,C; +1/R,C, +1/R,C, = 161 2C2 + Ry G = 9938

wn_le4 / 1%1 / 2%2 / 2%1 R1C1R262

S
¢ =0,4969

Va(s) _ 1/R1R,C, G,
V.(s) s?+s(1/R,C;+1/R,C, +1/R,C;)+ 1/R{R,C,C,

Adaptado de Nise — Eng. de Sist. de Controle, 3* Ed. © LTC S.A. - © John Wiley, Inc. CSD: Exercicios 14



Exercicio Complementar 1
Circuito de 2% ordem, M, = 16% {, = 1 ms.

V2 (s) _ 1/R4R,C,C,
RGSO'UgéO... Vi(s) s?+s(1/RC+1/R,C,+1/R,C,) + 1/RR,C1C,

Arbitrando C,=C, = le-6
RiR,=1e4

(2R, + R,) =9,938e9
(2e4/R, + R,) =9,938e9

4) Escolha dos Componentes.

V2(s) _ wy,
Vi(s)  s2 + 2{wys + w?

R> —9,938R, +2e4 =0
V,(s) 1e8

Vi(s) s2+49938s + 1e8 Raizes: R, ; = 2e — 6; R, , = 9,938e9;

rad
w, = le4 —

S
¢ = 0,4969

1/R,R,C,C,=1€8
1/R,C, + 1/R,C, +
R,C,
R,C, + R,C, + R,C
— 1%1 2%2 1%-2 — 9938

R,C.R,C,

Adaptado de Nise — Eng. de Sist. de Controle, 3* Ed. © LTC S.A. - © John Wiley, Inc. CSD: Exercicios 15




Exercicio Complementar 1
Circuito de 2% ordem,, M, = 16% t, = 1 ms.

Resolucgao...

4) Escolha dos Componentes.

V2(s) _ wy,
Vi(s)  s2 + 2{wys + w?

V,(s) 1e8
Vi(s) s2+49938s + 1e8

R]_Rz C]_CZ = 18‘8

R]_Cl + RzCz+ R1CZ - 99388 - 8

V2(s) _ 1/R1R,C1C

Vi(s)  s2+4s(1/R,C; + 1/R,C, + 1/R,Cy) + 1/R1R,C,C,

Adaptado de Nise — Eng. de Sist. de Controle, 3* Ed. © LTC S.A. - © John Wiley, Inc.

Arbitrando C, =C, =10e-6
Rle C]_Cz=1e_8 R1R2 =1€4

(2R, + R,) *1e-5=9938*1e-8
(2R, + R,) =9,938

(2e4/R, + R,) =9,938

RZ —9,938R, +2e4 =0

Raizes: R, 1., = (0,04969 + j1,413) * 1e2; ‘s

Arbitrando C, =10e-6; R, =1e3

R1R2C162=1e_8 R]_Rz =16'4

(2R, + R,) *1e-5=9938*1e-8
(2R, + R,) =9,938

(2e4/R, + R,) =9,938
R? —9,938R, +2e4 =0

Raizes: R, 1., = (0,04969 + j1,413 )  1e2;

CSD: Exercicios 16



Exercicio Complementar 1

Circuito de 2% ordem,, M, = 16% t, = 1 ms.

Resolucgao...

4) Escolha dos Componentes.

V2(s) _ wy,
Vi(s)  s2 + 2{wys + w?

V,(s) 1e8
Vi(s) s2+49938s + 1e8

rad
w, = le4 —

S
¢ = 0,4969

R1R26162=1E‘8
1/R,C, + 1/R,C, + 1/R,C, =9938

R,C, + R,C, + R,C, = 9938e — 8

Adaptado de Nise — Eng. de Sist. de Controle, 3* Ed. © LTC S.A. - © John Wiley, Inc.

Arbitrando C,=C, = le-6
R1R2 =led

(2R, + R,) =9938e-2
(2e4/R, + R,) =99,38

R5 —99,38R, +2e4 =0

Raizes: R, = (0,4969 + j1.324) * 1e2

Arbitrando C,=C, =1e-9
R1R26162=1B—8 R]_RZ =1610

(2R, + R,) *1e-9=9938*1e-8
(2R, + R,) =99380

(2e10/R, + R,) =99380
RZ — 99380R, +2e10 =0

Raizes: R, 1., = (0,4969 + j1,324 ) * 1e5;

Arbitrando R; = 1le3 e C, = le-6
R1R2 Cl Cz=1e_8 Rz Cz =1 8'11

(1e-3 +1e-11+1e3C,) =9938*1e-8
C, =-9,0062e-7

CSD: Exercicios
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1e6
s2+3e4s+1e6

r = R1 R2
Exercicio Complementar 1 =T Transfer Fcn2
X) =
Solver
M =16% t,1 ms. Con.
Resolucio... oo 4mls | o ]
. o Signal Voltage .| Voltage Scope3
2) Funcao de Transferéncia. Seuree = Sensor
- Lei das malhas:
(Ry + sL)I; —~ slilz =V o LV
2(5) =
—sLl; + (Rz +sL + E) I;=0 s212 + sL(R, +R,) + R,R, + % + s% — s2]2
- Regra de Cramer %Vi
Vo(s) =
Ry +sL Vi| sL(R, +R,) + R{R, +%+ f—é
I, = —sL 0
27 IR, + sL —SL‘
1
- — L
Vi) 52L(R, +R,) + S(RiR, + 2) + 2
I
V, = —
27 sC
CSD: Exercicios 18
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1e8
s2+1eds+1e8

Transfer Fcn2

Exercicio Complementar 1

M =16% t,1 ms.

Resolucéo... ool L ls T " ]
- .| Slgnal Voltage Voltage Scope3
2) Funcéo de Transferéncia. " Source = Sensor
- Lei das malhas:
R + Ry)I —R,I, =V,
( 1 2) 1 %-2 L IZ(S)
—R,I, + (Rz +sL+ E) I, =0 _ RaVi
Ry(Ry +R)) + sL(R, +R,) +2rFe_gip,
- Regra de Cramer &V-
Ry+R;, V Va(s) = 7
‘ 1t Ry Vi SLR; + RyR; +R, Ry + “112
~R, 0 s
I2= — — R
1 = ¢
—R;  Rytsl+7 Vi(s)  s2LR, + s(RyR, +R, Ry) + At 2 '([ZRZ
R
—_— T/
, b Vas) CLR, "
27 sC Vi(S)  s2 4 5(RyR, +R, Ry)/LR, + -2
CLR,
CSD: Exercicios 19
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Exercicio Complementar 1

M =16% t,1 ms.

Resolucgao...

oooo

1e8

s2+1eds+1e8

Transfer Fcn2

L+

e

00 \%
~ . Sighal Voltage Voltage
2) Funcéo de Transferéncia. " Source = Sensor
- Lei das malhas:
Arbitrando C = le-4; L= le-2
2=1e2  (RyRp +R, R;)/R; = 99,38
&V '
V2(s) CLR, " R,
A TR 2=99 R, +R,99 =99,38
1 SZ + S(RIRZ +R2 Rz)/LRl + E‘L—}?lz 1

Va(s) Aw?
Vi(s)  s? + 2{w,s + w?

Va(s) 1e8
Vi(s) s2+9938s + 1e8

Ri+Ra_
CLR,

1le8

(R,R, +R, R,)/LR, = 9938

Adaptado de Nise — Eng. de Sist. de Controle, 3* Ed. © LTC S.A. - © John Wiley, Inc.

100R2=199,38
R2=10,9938 R1=10,01

Arbitrando C =1e-3; L= 1e-3

1

%2299 R, +R,99 =9,938

1

R2=0,09938
R1 =0,0009947

=1e2  (R,R, +R, R,)/R, = 9,938

CSD: Exercicios
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SISTEMAS DE NIVEL DE LiQUIDO

Balango de Massa p/ Fluxo Turbulento
lQ- +4, Equagdes Dif. Nao Lineares (Q = K\/H)

dH
—=Q; - K,/ H; — H;
dH
lQJrq —2 = = Ky,/Hy — H, — K;/H,
Qi

—Q_i+Qi; Q12 = Q12+Q12;Qo = Qo + qo;
H1=H1+h1;H2=H2+h2;

Ponto de operacdo: Q; = Q1, = Q, = Q
Ponto de operacio: Hy; H,

“X” — grande sinal, “x” — pequeno sinal

Q = K12,}H1 - Hz = Kz,fﬁz

Adaptado de Nise — Eng. de Sist. de Controle, 3* Ed. © LTC S.A. - © John Wiley, Inc. CSD: Exercicios 21




SISTEMAS DE NIVEL DE LiQUIDO

Reservatorio ‘

Adaptado de Nise — Eng. de Sist. de Controle, 3* Ed. © LTC S.A. - © John Wiley, Inc.

AsH;(s) = Q;(s) — aHy(s) + aH;(s)
AsH,(s) = aH,(s) — (a + b)H,(s)
(As +a)H,(s) - aH,(s) = Q;(s)

- aHl(S)+ (AS +a-+ b)Hz(S) =0

|As+a Q; (s)

HZ(S) As+a —a
—-a As+a+b

Hz(s) - a
Qi(s) A?s2+As(2a+b)+ab

Modelo Linearizado
(para pequena excursao em torno
de um Ponto de Operacao)

CSD: Exercicios
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SISTEMAS DE NIVEL DE LiQUIDO

jl—[z"‘hz

Tanque 1 Tanque 2

K> K

0+,
Moto- >

%mba O, +4;

’ Reservatorio ‘

Adaptado de Nise — Eng. de Sist. de Controle, 3* Ed. © LTC S.A. - © John Wiley, Inc.

AsHq(s) = Q;(s) — aH;(s) + aH(s)

AsH,(s) = aH,(s) — (a + b)H,(s)

(As +a)H,(s) - aHy(s) = Qi(s)

- aHl(S)+ (AS +a-+ b)Hz(S) =0

|Qi(5) —-a
H1(5)= Asql-a Astg+b

—-a As+a+b

Hqs) _ As+a+b
Qi(s) AZ2s2+As(2a+b)+ab

Modelo Linearizado
(para pequena excursao em torno
de um Ponto de Operacao)

CSD: Exercicios
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SISTEMAS DE NIVEL DE LiQUIDO

dh
Ad—t1 = —ah, + ah,

A=2 =g, +ah, — (a+ b)h,

K>

K12
a=

= — _;b
2/H, — H,

// \ iQ+q,~
:/-—Qibﬁ#ﬁ

Tanque 1 Tanque 2

Q"’%
Moto- >
’%ﬁiba O+q,

Reservatorio ‘

Adaptado de Nise — Eng. de Sist. de Controle, 3* Ed. © LTC S.A. - © John Wiley, Inc.

AsH,(s) = —aH,(s) + aH,(s)

AsH,(s) =Q;(s) + aHy(s) — (a + b)Hz(s)

(As +a)H,(s) - aH,(s) =0

-aH;{(s)+ (As + a + b)H,(s) = Q;(s)

0 -a
_ |Qi(s) As+a+b

Hl(s) ~ l4s+a —-a

-a As+a+b

Hys) _ a
Qi(s) A2%s2+As(2a+b)+ab

As+a 0 |
_ -a Qi(s
HZ(S) ~ 1As+a i(ns:.)

—-a As+a+b

Hy) _ As+a
Qi(s) A2s2+As(2a+b)+ab

CSD: Exercicios
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SISTEMAS DE NIVEL DE LiQUIDO

Balang¢o de Massa p/ Fluxo Turbulento
f\\l 0 +q, Equacdes Dif. Nao Lineares (Q = K,/H)
1

E/-EHM :/Q i} A E = Qi— Ko JH — Hy
Hy+h

de _
Tanque 1 Tanque 2 K12 ' /Hl H2 Kz JH

| Q"’% = — K, |H, = —Ki h
Moro: !% :%—\—‘l do = Qo 2|12 = 3 Ny 2
’%mba 0, +4,

A1sH,(s) = Q;(s) — aHy(s) + aH3(s)
A,sH,(s) = aH{(s) — (a + b)H,(s)

Reservatorio ‘

A, 2 = g, — ahy + ah, (A1s +a)Hy(s) - aH(s) = Qi(s)
dt - aHl(S)+ (AzS +a+ b)Hz(S) =0
AZ dhz = ah1 - (a + b)hz A13+a Qi(s) |
b, Hy(s) = msva—=a
-a Ays+a+b
Q= K> b= K;
2\H, - H,  2H, Ha) = a

Qi(s) AiA,s%+s(A1(a+b)+Aa)+a?+ab—a?

Adaptado de Nise — Eng. de Sist. de Controle, 3* Ed. © LTC S.A. - © John Wiley, Inc. CSD: Exercicios



SISTEMAS DE NIVEL DE LiQUIDO

0;:\iQ+%
'::f//fi?i .
H+h :/@]M

Tanque 1 Tanque 2
R R,
== 0+,
Moto- —>

%Bomba Q+q,
’ \ Reservatorio ‘

A1%= q; — ahy + ah,

dt
A, %2 = ahy — (a + b)h,
qo = bh;
K 1 K
a= 12 =—;h=—02 =—;A; =Cj;

Adaptado de Nise — Eng. de Sist. de Controle, 3* Ed. © LTC S.A. - © John Wiley, Inc.

Ha a
Qi(s) A1A,s%2+s(A;(a+b)+Aa)+a%+ab—a?

Qo(s) _ ab
Qi(s) A1A35%+s(A1(a+b)+Aza)+ab

Qo(s) _ ab/A,4;

QL(S) A1A252+S((a+b)/A2+a/A1)+abfA1A2

1
Qo(s) _ R1R2C1C

Qi(s) 52+s( 1, 1 1 ). 1

C2R1 C2Rz CyR, ) R1R1C1C2

Qo(s) _ 1
QL(S) R1R1C16'232+S(C1R2+61R1+C'2R2)+1

CSD: Exercicios 26



SISTEMAS DE NiVEL DE LiQUIDO
COM INTERACAO

hl o h; hl i f”h dhz
Rl = H: (f2 Cl—fﬁzq—q} Cz?r: ll_'fh
0+q,
f\\i:/@
=
Tanque 1 Tanque 2
R, R,
=k 3%1?%
Moto- >
%mba O+q,
’ \ Reservatorio ‘

Qz{ﬁ'] 4 ]
0) RCRLS + RC, + RCy+ RLs + |

Adaptado de Nise — Eng. de Sist. de Controle, 3* Ed. © LTC S.A. - © John Wiley, Inc. CSD: Exercicios
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