Projeto no LGR (Nise - Cap. 9)

Controladores Dinamicos

-Atraso
-Avanco

-PID
-Avanco-Atraso



Melhoria da resposta dinamica -
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Gain Plant
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Compensator Plant

R(s) + @ K(s + a) C(s)
Compensador | :

Proporcional-Integral

Jjw

s-plane
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Exemplo: P x Pl

Gain Plant
R(s) + E(s) 1 C(s)
— K B : : =
b (s+1)(s+2)(s+10)
(a)
Compensator Plant
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Controlador P £=0.174
Especificacao: ~0.694 + j3.926 X - j4
Fator de amortecimento = 0,174 E=1048 Sl
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100.02Y
- X ] | ] VAN BV \ - O
1161 -10 8 -6 -4 2 1-1 |o
- __]2

X = Closed-loop pole
X = Open-loop pole




Controlador PI

Especificacgao:
Fator de amortecimento = 0,174

<_x x | |

£=0.174

~0.678 + j3.837
K =158.2

-11.55 -10 -8 -6

X = Closed-loop pole
X = Open-loop pole

Jj

¥Fourth closed-loop

-~ —j2 pole at — 0.0902
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Controlador PI

Canal Integral + Canal Proporcional
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Controlador em Atraso
— ganho em baixas frequéncias — reducao do erro.
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Gain Plant
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Controlador em Atraso

— ganho em baixas frequéncias — reducao do erro.

Jj

s-plane
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(b)
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s-plane



Exemplo: Controlador em Atraso

— ganho em baixas frequéncias = 0,111/0,01 (s — 0)

KV.\' = K\'o l > K"o
P
Compensator Plant
R(s) + ® E(s) | K(s+0.111) | C(s)
—_— - -
(s +0.01) (s+ D(s+2)(s + 10)




Jjow

£=0.174

—-0.678 + j3.836
K =158.1
s-plane
100.02Y
e X ' ' L M) \ - O
-11.55 - -6 -4 = 0
11 10 -8 2 \_/Compensator pole
at —0.01

X = Closed-loop pole
X = Open-loop pole

> Fourth closed-loop
7% poleat —0.101




c(t)

1.4
1.2
1.0
0.8
0.6
0.4

0.2 H

Parameter Uncompensated Lag-compensated
Plant and compensator R Kis +0111)
P G+D+2)(5+10)  (s+1)(5+2)(s+10)is +001)
K 164.6 158.1
K, 8.23 87.75
e(00) 0.108 0.011
Dominant second-order poles ~ —0.694 + j3.926 —0.678 + j3.836
Third pole -11.61 -11.55
Fourth pole None -0.101
Zero None -0.111
Lag-compensated
W: Uncompensated
5 10 E 0

Time (seconds)



Comparacao de Compensadores em Atraso

— pouca influéncia na resp. dinamica
realizavel ?

A
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Controlador Proporcional ¢ lento

.

A Y [ ] J(l)
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=04 — ]ﬁ
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Controlador Proporcional Derivativo

— “zero” melhora a resposta transitoria
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Contr. Proporcional Derivativo - alternativas

=04
—2.437 + j5.583
K=3534
Third
pole
| X——L%—0O
-6 -5 4 3

X = Closed-loop pole

X = Open-loop pole
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Ex. Alternativas Controlador PD

Uncompensated Compensation b Compensation ¢ Compensation d
K K(s+2 K(s+3 K(s+4
Plant and compensator 7w TS Gy 1)(‘5 n 2)()s 5 (5+1 )(.E 12) 25 15 (st 1)(‘5 n 2)()s 9)
Dom, poles -0.939 +;2.151 -3+j6.874 -2.437 £j5.583 —-1.869 + j4.282
K 23.72 51.25 35.34 20.76
¢ 0.4 0.4 0.4 0.4
Wn 2.347 7.5 6.091 4.673
%08 25.38 25.38 25.38 25.38
T, 4.26 1.33 1.64 2.14
T, 1.46 0.46 0.56 0.733
K, 2.372 10.25 10.6 8.304
e(00) 0.297 0.089 0.086 0.107
Third pole -6.123 None -3.127 —-4.262
Zero None None -3 —4
Comments Second-order Pure Second-order Second-order
approx. OK second-order approx. OK approx. OK




Contr. Proporcional Derivativo - alternativas

A Zero at —2 Zero at —4 Uncompensated
[ 55 Zero at —3

oo} "\\ o

0 1 1 1 -

0 o 3.0 4.5
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Exemplo: Controle Proporcional Derivativo

Especificagdo: M, = 16% — (= 0,5

K C(s) _
s(s + 4)(s + 6)




Exemplo: Controle Proporcional Derivativo

Jw

Especificagdo: M, = 16% — (= 0,5 A
¢=0.504

s-plane

—-1.205 + j2.064
K =43.35
1 J1
\‘120.26Y
———— X ' X R > O
—7.59 -7 -6 SO - -3 -2 —1 0
X = Closed-loop pole &

X = Open-loop pole



Exemplo: Controle Proporcional Derivativo

Jjw
A
¢=0.504 Desired 1 7
compensated J
-3.613 + j6.193 X dominantpole | ..
7 JS
174 s-plane
173

Uncompensated
dominant pole

—1.205 + j2.064 J1
\‘120.26Y
SR VAR X 1 % D - O
-759-7 -6 -5 -4 3 21]-1 0
X = Closed-loop pole &
X = Open-loop pole



Exemplo: Controle Proporcional Derivativo

jm

¢ =0.504 A
1 J7

Desired
-3.613 + j6.193 compensated 1
dominant pole J
1 P
- j4 s-plane

1 3

Uncompensated

dominant pole —1.205 + j2.064

'\'120.26°
- ()

X = Closed-loop pole -0
X = Open-loop pole



Exemplo: Controle Proporcional Derivativo

Jo

-~ 0.50¢ E
£ =0.504 17
-3.613 + j6.193 Compensated 16
K =4745 dominant pole /
173

- j4 s-plane

173
1 72
J1
\;2().26\”
: »— (O -0
F wg b —4 —3T 2 -1 0

=2.775

X = Closed-loop pole
X = Open-loop pole



Exemplo: Controle Proporcional Derivativo

A Compensated Uncompensated

.

l | | | l l |

0 0.5 1.0 1S 2.0 2.5 3.0 3D 4.0
Time (seconds)




Exemplo: Controle Proporcional Derivativo

Uncompensated Simulation Compensated Simulation
K K(s+ 3.006
Plant and compensator SCTGT6) s(s(+ s 1 (1)
Dominant poles —1.205 £ j2.064 —3.613 +£;6.193
K 43.35 47.45
'Y 0.504 0.504
Wn 2.39 717
%08 16 14.8 16 11.8
T, 3.320 3.6 1.107 1.2
T, 1.522 1.7 0.507 0.5
K, 1.806 5.94
e(00) 0.554 0.168
Third pole —7.591 =2.775
Zero None —3.006
Comments Second-order Pole-zero

approx. OK

not canceling




Controle Proporcional Derivativo
Canal Proporcional + Canal Derivativo | Xp T &as
Ganho + Zero | K(s+2)

Forma ISA (Industria) | K(+7;s)

Ty

R(s) + 8 J ok Lt X ” C(s)




Compensador em Avanco

J

Desired pole L
e location

s-plane




Compensador em Avanco

- Varias opcoes -

Desired

pole
location

Jw

A

s-plane

Pe,

ey

3 Z 3




Exemplo 9.4:

£=10.358

J
Desired A
compensated 16
dominant pole J
-2.014 + j5.252 15

Uncompensated
dominant pole

s-plane
—1.007 + j2.627
K=063.21
110.98Y
| x | x | l -
=F = = ~4 =5 = =] 0

X = Closed-loop pole

X = Open-loop pole



Exemplo 9.4:

Desired —y /¢

compensated -—4 J5.252
dominant pole

s-plane
7.31Y

. —2.014

X = Closed-loop pole
X = Open-loop pole

Note: This figure 1s not drawn to scale.



Ex. 94

Uncompensated Compensation a Compensation b Compensation ¢
Plant and K . Ks i ) , Ks i Y Ks i 2
compensator s(s+4)(s +6) S(s+4)(s+06)(s+4296)  s(s+4)(s+6)(s+20.09) s(s+4)(s+06)(s+8971)
Dominant poles  —1.007 £ j2.627 -2.014 £ j5.252 -2.014 £/5.252 —-2.014 £ j5.252
K 63.21 1423 698.1 345.6
¢ 0.358 0.358 0.358 0.358
Wn 2.813 5.625 5.625 5.625
%0S" 30 (28) 30 (30.7) 30(28.2) 30 (14.5)
T 3972 (4) 1.986 (2) 1.986 (2) 1.986 (1.7)
T, 196 (1.3) 0.598 (0.6) 0.598 (0.6) 0.598 (0.7)
K, 2.634 6.9 5.791 3.21
e(o0) 0.380 0.145 0.173 0.312
Other poles ~7.986 —43.8, =5.134 -22.06 ~13.3, -1.642
Zero None -5 None -2
Comments Second-order Second-order Second-order No pole-zero

approx. OK

approx. OK

approx. OK

cancellation

"Simulation results are shown in parentheses.



Exemplo 9.4...

jw
A
s-plane
-— XX Mo XNt X -0
—42.96 -6 -5 4 0

X = Closed-loop pole
X = Open-loop pole

Note: This figure is not drawn to scale.



Exemplo 9.4...

c(1)

1.4
1.2
1.0
0.8
0.6
0.4

0.2

A

Compensation a, b
Compensation ¢
Uncompensated

/
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Melhorando ey e a resposta transitoria: PID

s \‘
+
+
R(s) + Y

—>®7—> K —i@—» G(s) Cs) =




Exemplo 9.5...

R(s) + 8 El(s)

£=0.456
-5.415+ j10.57 Uncompensated
K=121.5 dominant pole
K(s +8) C(s)
|
(s +3)(s +6)(s + 10)

j(l)

- j6 s-plane

_12

\17.13Y
- O

P

*$— X%
-10 -8 -6 K-A, -3 -2

-8.169 -5.5 -46

h
]

X = Closed-loop pole
X = Open-loop pole

0




Exemplo 9.5...

jw
PD-compensated A
dominant pole ——| 1587
s-plane
O > O
—z. -8.13

X = Closed-loop pole

Note: This figure 1s not drawn to scale.



Jjo

A
Exemplo 905000 £=10.456
PD-compensated
dominant pole
-8.13 + j15.87
K =534 s-plane
T~
117.13Y
-~ O X ¥+X \' - O
-106 -55.92 -10 -8 -6/-3 O

|

X = Closed-loop pole
X = Open-loop pole

Note: This figure is not drawn to scale.




Exemplo 9.5...
A PID

L2 |

1.0 -

0.8

A~
Y
-t
N

0.6 PD Uncompensated

0.4

0.2

| | | |

0 04 0.8 1.2 1.6
Time (seconds)



Exemplo 9.5...

Uncompensated PD-compensated PID-compensated
Plant and compensator K(s+8) K(s+8)(s +55.92) K(s+8)(s +55.92)(s +0.5)
(s+3)(s+6)(s+10) (s +3)(s +6)(s + 10) (s+3)(s+6)(s+ 10)s
Dominant poles —=5.415 £+ j10.57 —~8.13 £ j15.87 ~7.516 £]14.67
K 121.5 5.34 4.6
¢ 0.456 0.456 0.456
Wn 11.88 17.83 16.49
%08 20 20 20
T, 0.739 0.492 0.532
T, 0.297 0.198 0.214
Ky 54 1327 0
e(o0) 0.156 0.070 0
Other poles -8.169 -8.079 -8.099, —0.468
Zeros -8 -8, —=55.92 -8, =55.92, -0.5
Comments Second-order Second-order Zeros at —55.92

approx. OK

approx. OK

and —0.5 not canceled




jow

Exemplo 9.5... £=0.456

PID-compensated

~7.516 + j14.67 dominant pole

K=4.6 s-plane

~106 -55.92

\ F &

X = Closed-loop pole
X = Open-loop pole

Note: This figure is not drawn to scale.



Compensador Avanco-Atraso

Exemplo 9.6

R(s) + E(s) C(s)
® §(5‘+6)(9+ 10)




Exemplo 9.6

Compensador Avanco-Atraso Jjo
&=0.456 4
- j4
~1.794 + j3.501 Uncompensated dominant pole
K=192.1 1 J3
s-plane
| J2
Jl
\1'17.13\”
q_x 1 1 x 1 1 | x ! ] Poa— = ()
b 12109 8 7 6 5 4 3|2 -1 o
~12.41

X = Closed-loop pole
X = Open-loop pole




Exemplo 9.6

jm

- -} j7.003

s-plane

- O

X = Closed-loop pole
X = Open-loop pole



Exemplo 9.6

£=0.456

~3.588 + j7.003

j

N

s-plane

179

Compensated dominant pole

K=1977 4 J6
73
\‘11713\”
—lyly | 1 ! 1 1 VAT, - > O
—33f 30 -27 24 -21 -18 -15 -12 -9 -6 | -3 0

-31.91

X = Closed-loop pole
X = Open-loop pole




Jjw

A

Exemplo 9.6

£ =0.456
-3.574 + j6.976 Compensated
K=1971 dominant pole s-plane

117.13Y

- %X x> \ - O

-29.1 -10 0
-31.91 ~0.0474 ~0.01
X = Closed-loop pole

X = Open-loop pole

Note: This figure is not drawn to scale.



Exemplo 9.6

A
125 L / Lead- and lag-lead-compensated

Uncompensated

Time (seconds)



Exemplo 9.6

c(t)

(1)

5.0
4.5
4.0
35
3.0
2.5
2.0
| P
1.0
0.5

W ok B
wn O

— NN W
nh © nh © nh O

1.0
0.5

I

I

I

T

T

T

Input

Lead-compensated

= Uncompensated

1

1

\

Time (seconds)

(a)

Input

A

Lag-lead-compensated

Time (seconds)

(b)



Exemplo 9.6...

Uncompensated Lead-compensated Lag-lead-compensated

Plant and compensator K K K(s +0.04713)

s(s 4 6)(s + 10) s(s+ 10)(s +29.1) s(s+10)(s +29.1)(s + 0.01)
Dominant poles —1.794 £ j3.501 —-3.588 £ j7.003 -3.574 £ j6.976
K 192.1 1977 1971
¢ 0.456 0.456 0.456
Wn 3.934 7.869 7.838
%08 20 20 20
/ 2.230 [.115 1.119
T, 0.897 0.449 0.450
K, 3.202 6.794 31.92
e(o0) 0.312 0.147 0.0313
Third pole —-12.41 —-31.92 —-31.91, -0.0474
Zero None None —0.04713

Comments Second-order approx. OK Second-order approx. OK Second-order approx. OK




