Controle de Sistemas Dinamicos

CSD - Exercicios

Prof. Adolfo Bauchspiess
ENE/UnB

(Material de aula Complementar)



Exercicio Complementar 1

Projete um circuito com resistores, indutores e capacitores comerciais que
implemente uma funcao de transferéncia de 22 ordem, que apresente a um
degrau de entrada, 16 % de sobrepasso e tempo de acomodacéao de 1 ms.
Quais os valores de M, e t; efetivamente obtidos?

Resolucao

1) Escolha da topologia.

- Diversas topologias (realizagdes) séo possiveis.

- Um sistema de 2% 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 (Subamortecido?)

R, R

MM

o () amm a5

1+
N
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Exercicio Complementar 1
Circuito de 22 ordem,, Mp =16% t,1 ms.

Resolucao...

2) Funcao de Transferéncia.
- Lei das malhas: R

1 1 G = C.+C
<R1+—>Il - —1 =V | | e 11+C2
—y1I +(Ry+—+— |1 =0 I I 2

sCy | ( e sc2> , 1 2 sC,
- Regra de Cramer
1 .
SC1 I (S) — sCy
1 i RR+—— = 2]
—— 0 2 a0, 7 oser T ose s
2
I, =
1 1
R +— ——
1 sCy sCy Vy(s) _ 1
_ 1 p+L 4L Vis)  SPRIRCIC + 5(R,C + RyGy + RiGy) + 1
SCl 2 SC1 SC2
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Exercicio Complementar 1
Circuito de 22 ordem,, Mp =16% t,1 ms.

Resolucgao...

3) Funcéo de Transferéncia na forma padrao.

Vo(s) W,

n

Vis) s2+ 2{w s + o}

Vo(s) 1
Vi(s)  s2R{Ry,CC, + s(R,C + R,Cy + R,Cy) + 1

I/2(S) _ 1/R1R2C1C2
I/l(S) B S2 + S(l/Rlcl + 1/R2C2 + 1/R2C1) + 1/R1R2C1C2
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Exercicio Complementar 1

Circuito de 22 ordem,, Mp =16% t,1 ms.

Resolucgao...

4) Especificacoes.

100

90

80

70 |

60 -

30 [

20 -

10 -

0

M, (¢) - Sistema 2% ordem sem zeros

E 50

40

Vy(s) ,
Vis) s+ 20w, s + w2
Va(s) le8
Vi(s)  s2+9938s + le8
rad
w, = le4d—
S
¢=0,4969
0 0.‘2 0.‘4 I 016 018 1

¢
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Jw

zeta=0.5; % Mp=16%

ts=1e-3 s ; sigma=4/ts;
tr=0.18e-3;

wn=1.8/tr

tp=.4e-3

5o = -4969 + /8678

Especificacoes no plano s = 0 + jw

12000 ‘ ;
| - -t
| — {5
Mp
10000 - , —
X: -4969 I
Y: 8678 4+~
v~
a"
7
8000 - s, I
Ve
7 |
’
’ |
6000 /
/ |
/ |
/ |
4000 - / I
/ I
U |
! |
2000 - 1 I
! |
! |
0 \' Il l Il
-12000 -10000 -8000 -6000 -4000 -2000
o
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Exercicio Complementar 1
Circuito de 2° ordem,, M, = 16% {, = 1 ms. 100

Resolucgao...

5) Especificagdes.

Vo(s) wp

n

Vis) s+ 20w s + w2

Vi(s) 1e8

Vi(s)  s2+9938s + le8
rad
w, = le4d—

S
¢=0,4969

Vis)

12000

Especificacoes no plano s = ¢ + jw

8000 -

Jw

6000 -

4000 -

2000 -

G

|
|
|
|
Y: 8678 4
|
|
|

-— -

el

Mp
tp

-12000

l/R] R2C1 C2=168

1/R,R,C,C,

I/I(S) B 52+ S(I/RlCl + 1/R2C2 + 1/R2C1) + 1/R1R2C1C2
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RC+RG+RGC oo

R,C{R,C,
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Exercicio Complementar 1

Circuito de 22 ordem, Mp =16% t

Resolucgao...

4) Escolha dos Componentes.
Vy(s) »?

n

Vi(s) o2+ 20w s + o}

V,5(s) _ le8
Vi(s)  s2+9938s + 1e8
rad
w, = led—
S
¢ =0,4969

1/R1 R2C] C2=168
1
1/RC; + 1/R,C, + ——
1~1 2%-2 Récl
_ RICI + R2C2 + Rl 2) _ 9938
RC\R,C,

=1 ms.

Vy(s) 1/R,R,C,C,
Vi(s)  s2+s(1/R,C; + 1/RyC, + 1/ RyCy) + 1/R, R,Cy G,

Arbitrando C, =C, = le-6
R, R,=1¢4

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

R3?—-9,938R, + 2e4 =0
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Exercicio Complementar 1
Circuito de 22 ordem,, Mp =16% t, = 1 ms.

Resolucgao...

4) Escolha dos Componentes.
Vy(s) »?

n

Vi(s) o2+ 20w s + o}

V,5(s) _ le8
Vi(s)  s2+9938s + 1e8

Vi(s) 1/R,R,C,C,

Vi(s) 52+ s(1/R,C; + 1/RyCy + 1/ RyCy) + 1/R, Ry,C, G,
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Arbitrando C, =C, = 10e-6

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

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

R2-9,938R, + 2e4 =0

Raizes: R, ., = (0,04969 + j1,413 ) x le2;
Arbitrando C, = 10e-6; R,=1e3

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

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

R2—9,938R, + 2e4 =0

Raizes: R, ., = (0,04969 + j1,413 ) = 1e2©
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Exercicio Complementar 1
Circuito de 22 ordem,, Mp =16% t, = 1 ms.

Resolucgao...

4) Escolha dos Componentes.

n

Vi(s) o2+ 20w s + o}

Vy(s) o

V,5(s) _ le8
Vi(s)  s2+9938s + 1e8

rad
w, = led—

s
¢=0,4969

Rl RZC] C2=1e‘8
1/R,C; + 1/R,C, + 1/R,C; =9938

R]C] + R2C2 + R]C2 == 9938@ - 8
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Arbitrando C, =C, = le-6
R, R,=1e4

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

R2—99,38R, + 2e4 =0

Raizes: R, = (0,4969 * j1.324) x le2

Arbitrando C, =C, = 1e-9

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

(2e10/R, + R,) =99380

R2—99380R, + 2e10=0

Raizes: R, ., = (0,4969 £ j1,324 ) « le5;

Arbitrando R1 =1e3 e C, = le-6

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



Exercicio Complementar 1

M, =16% {1 ms.
Resolucao...

2) Funcao de Transferéncia.

- Lei das malhas:
(R +sL)I, —sLI, =
—sLI; + (R2 +sL + —)

- Regra de Cramer

R, +sL V
—sL 0
I, =
1214‘51; —'Sl;
—sL R2+SL+%
I
Vy=—
sC

oooo
00

1e6
s2+3ed4s+1eb6

Transfer Fcn2

R1 R2

Signal
Gen.

+ L+
DENE v [ ]
Voltage Voltage Scope3
Source = Sensor
sLV;
IQ(S ) =

L R,
s2L2+ sL(R+R,) + R R+ ¢+ —s2L?

L

~V

C .
Va(s) = l TR,
SL(Ri+Ry) + R Ry + ¢+~

L

V(s) e

- —
i) 2L(R+R,) + S(R Ry+¢) +
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Exercicio Complementar 1

M, =16% {1 ms.
Resolucao...

oooo
00

1e8
s2+1e4s+1e8

Transfer Fcn2

+

[+ T

. R i Signal
2) Funcao de Transferéncia. Gen
- Lei das malhas:

1
~Ryl, + <R2+SL+—>I =0
S

- Regra de Cramer
R +R, V,

1

R, O

L=
R1+R2 —SL

1
—R2 R2+SL+E

I,
V,=—
2 sC

¢S

Voltage Voltage Scope3
Source — Sensor
R2V,~
I(s) = R+ R,
Ry(Ri+R;) + sL(Ri+Ry) + ———sLR,
R,
sC
I/Z(S) = : R+ Ry
SLRl + R1R2+R2R2 + C
R,
V(s) <,
Vi) S2LR, + s(R Ryt RyRy) + 2
Ry
V,(s) B CLR; ",

R+ Ry

Vi($) 524 s(R,Ry+ RyRo)/ LR, + S

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



Exercicio Complementar 1

M, =16% {1 ms.
Resolucao...

oooo
00

1e8

+

. R i Signal
2) Funcao de Transferéncia. Gen
- Lei das malhas:

R,
‘[/Z(S) _ CLRI i
Vi(s) 52+ s(R R+ Ry R))/ LR, + RCI;RIT2

Va(s) Aw,
Vi(s) 524 20w s + o}

Va(s) le8
Vi(s)  s2+9938s + le8

¢S

s2+1e4s+1e8

Transfer Fcn2

[+ T

Voltage
Source

Voltage Scope3

Sensor
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Arbitrando C =1e-4; L= 1e-2

R, + R,

TzleZ (R1R2+ R2R2)/R1 = 99, 38
RZ

299 R,+R,99 = 99,38
Rl

100R2= 99,38

R2=10,9938 R1 =0,01
Arbitrando C = 1e-3; L= 1e-3
R, + R,

R2

299 Ry+R,99 =9,938
R,

R2=0,09938

R1 =0,0009947
12



SISTEMAS DE NIVEL DE LIQUIDO

Balanco de Massa p/ Fluxo Turbulento
Equacdes Dif. Ndo Lineares (Q = Ky/ H)

H.
AT = Ki\/H, - H, - K)\/H,

112,44, _ _ _
i Q;=0,+q; 0 =0,+q2:0,= 0, + 4,

Ponto de operagdo: O, = Q,, =0, =0
Ponto de operacdo: Hy; H,

“X” — grande sinal, “x” — pequeno sinal
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SISTEMAS DE NIVEL DE LIQUIDO

Adh1 h, + ah
—=q;,—a a
dt QI 1 2
Adh2 h, — (a + b)h

— =an; — (a

dt 1 2

K K

g = 12 b= 2

-1, +h,

Tanque 1 Tanque 2

K K

0,+4,
Moto- e
’%Omba O, +4,

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

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

As+a Qis)
—a 0
Hy(s) =
As+a —a
‘ —a As+a+b‘
Hy _
Q;(s)

A%s?2 + As(2a + b) + ab

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

14



SISTEMAS DE NIVEL DE LIQUIDO

Adh1 h, + ah
—=q;,—a a
dt QI 1 2
Adh2 h, — (a + b)h

— =an; — (a

dt 1 2

K K

g = 12 b= 2

Tanque 1 Tanque 2
K K

:u‘q— 0,+4,
Moto- >
’%{)mba On+4,

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

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

Q,(s) —a
0 As+a+b
H(s) =
As+a —a
‘ —a As+a+b‘
Hy _
O;(s)

As+a+b
A2s2+ AsQa+ b) + ab

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

15



SISTEMAS DE NIVEL

dh,
A— = —ah; + ah,
dt

dh,
A7 =q,+ah; —(a+ b)h,

Tanque 1 Tanque 2
R R,
I !— 0 +q,
Moto- >
’%ﬂba = ‘
Reservatorio
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AsH(s) = —aH(s) + aH,(s)

AsHy(S) =0,(s) + aH(s) — (a + b)H,(s)

(As+a)H (s) - aH,(s) = 0
-aH(s)* (As+a+ b)Hy(sS) = O(s)

0 —a
O.(s) As+a+b
H(s) =
As+a —a
Hio _| —a As+a+b
Qi(s)
A2s2+ AsQQa+ b) + ab
As+a O
—d Qi(s)
H,y(s) =
As+a —a
—a As+a+b
Hy _
Qi(s)
As+a
A?s?2+ As(2a + b) + ab

16



SISTEMAS DE NIVEL

Balanco de Massa p/ Fluxo Turbulento
Equag¢des Dif. Nao Lineares (0 = K+/ H)

mi G4 A17 =0Q,—-K»WH, - H,
l/._éiﬁ +h [/
1 1 o de

===H,+h A2

ar = K/ H, — Hy — Ky\/H,
Tanque 1 Tanque 2 K
2

Ky, K 9= Q,~ Kz\/ H, = —
=X 0.+ Vi
e |
A;sH (s) = O.(s) — aH(s) + aHy(s)

Moto- _-
Bomba O +41,
’ A,sHy(S) = aH(s) — (a + b)H,(s)
Reservatorio

(A;s+a)H (s) - aH,(s) = Q,(s)
dh,

hy

-aH(s)* (Ays +a+b)H,(s) =0

A17 = q; — ahl + ahz AIS +a Qj(S)
—a 0
dh, Hys) =
Ay— == ahy = (a+b)hy Ais+a —a
q0=bh2 —a A2S+a+b
. ; Hyiy
a = = ;b= = Q,-(S) a

24/ H — H, 24/ H,
A Ay + s(A\(a+ b) + Aa) + a* +ab —a*
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SISTEMAS DE NIVEL

- =1, +h
Tanque 1 Tanque 2
R R,
:%k Q"‘%
Moto- >
%mba Q +q1
’ \\ Reservatorio ‘
a2 h, + ah
—=q —a a
" g 1 2
a2 (a + b)h
—— =ah; — (a
2 dt 1 2
qO == bh2
K 1 K 1
a = 12 = : b = 2 = ’A = Cl’

o -H, B 2/,
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a

A Ays* + s(A,(a + b) + Ara) + a® + ab — a?

Q()(S) _
Qi(s)

ab
A Ay + s(A(a+ b) + Aya) + ab

QO(S) _
Qi(s)

ab/ A, A,

A1 Ays* + s((a + b)/ Ay + al A)) + abl A, A,
Q()(S) _

Qi(S) |
R1R2C1C2
) 1 | 1 1
s“+ s + + +
QO(S) =< CZRl C2R2 ClRl > R1R1C1C2
Qi(S) {

R R,C,Cys” + s(Ci R, + CiR, + CR)) +1



SISTEMAS DE NIVEL DE LIQUIDO
COM INTERAGAO

1 e ]\ hw
..I_l__L = q] — ‘l‘ C dh} dhz

R, PR I Ui A [ el TRl

/_\i Q + Qi
) :]/@
)
———H,+h,
Tanque 1 Tanque 2
R R,
= 0+,
Moto- e
%mba Q + ql
’ \ Reservatorio ‘

((s) 4 ]
06)  RCRL + RC, + RCy + RCs + |
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