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Topicos previstos

» Intro: o que é Resposta em Frequéncia;

» Como graficar resposta em frequéncia;

» Usando Matlab para obter diagramas de Bode;

» Como usar resposta em frequéncia para analisar resposta
transitoria de um sistema;



Introducao

» Estabilidade e projeto da resposta transitoria mediante ajuste de ganho:

Métodos baseados em resposta em frequéncia, diferentes do método
baseado em RL, podem ser realizados sem a obrigatoriedade de una
ferramenta computacional usando aproximacoes assintoticas.

» O projeto da resposta transitoria mediante compensacao em cascata:

Métodos baseados em resposta em frequéncia nao sao tao intuitivos como
os baseados em RL.

» Projeto dos erros de estado estacionario mediante compensacao en cascata:

Métodos baseados em resposta em frequéncia facilitam o projeto de
compensadores derivativos de forma a acelerar a resposta do sistema ao
mesmo tempo respeitando requerimentos de erros de regime
permanente.



Resposta em frequéncia: Definicao...

»  Ondas sinusoidais podem ser representadas como numeros complexos clamados fasores

—|-> x(f) =M, cos(@+¢,)

Spring

|
_ Mass |— f(7) = M; cos(wt + @;)
E |
[
Viscous damper
(@)
"wi (@) Z£0 (W) "wo((l)) V4 ¢0((0)
= M(w) £ @) -
Fasor de Fasor de
entrada (b) saida
1) x(1)
A A
d M

f(t) = entrada de
forca, sinusoidal
neste caso:

Definicao:

_M,(w)

Miw) = M (w)

o (w) =, (W) =9, (w)




e’ =cos @ +ising

Definicoes Matematicas...

Relacoes de Euler:

e/’ = cos@ + jsin0 sin ¢

z=x+jy = |z] [cos(p) + jsin()] = re/”

X = Parte real de z; d -
O|coso 1 Re

y = Parte Imaginaria de z;

r = |z| =4/x* + y* = magnitude de z;

@ = atan2(y, x)

» Definicgo: M (w)ZLd(w)
Magnitude: M(w)=M (w)/ M, (w)
Fase: d(w) =¢,(w) —¢;(w)

» Formatos de expressao: ,
r(t) = Acos(wt) + Bsin(wt) =+ A° + B’ coszt —tan™'(B/ A)

Forma Polar: M .Z¢,
Forma Retangular: A4 - jB
Equagao de Euler: M e’*



Expressoes analiticas p/
resposta em frequéencia

Seja o sistema mostrado na fig. ao lado.
Este sistema é excitado por uma entrada sinusoidal:

r(t) = Acos(wt) + B sin(wt)
r(t) =\ A%+ B? cos [a)t - tan‘l(B/A)]

A resposta forcada do sistema G () para esta entrada resulta em:

C(s) As + Bw G(s)
§)=————-G(s
(s2+ w?)
Expandindo usando fracoes parciais, teremos:
As +Bw K, K, ) o
C(s) = - — = - — + Termos fracoes parciais de G (s)
(s+jo)s —jo) s+jo s—jo
As + Bw 1 . ) 1 . »
= —G(s) = —(A +/B)G(—jw) = —MeiMse %
s —jw sm—jw 2 2
K~ MG
2
As + Bw 1 , . 1 ” ”
, =——G(s) = —(A —-jB)G(jw) = —M;e’?iM;e/?c
s+ jw so—jo 2
K, - M;M;; elht0) = [

2
onde: M; = |G(jw)| e ¢pg = £G(jw).

) x(1)

M,=M;M

>
|
1

N

*

/
N
b

Ris) = :‘zs n ﬁi" C(s)
- G(S) >
Entdo C(s) resulta:
MM —jrpe) MM i)
Cls) = —————+———
s+ jw s —jw

Cuja transformada inversa de Laplace rende:
e—j(wt+¢i+¢g) + e]((l)t+¢l+¢G)

c(t) = MM cos(wt + ¢; + )

c(t) =M,2¢p, = Mi2,;) - (ML)
Note que:

M;2¢; = resposta em frequéncia.

Ou seja:

G(jw) =G(s)

s—jw



1
Exemplo 1: G(s)=_——

Como: s = jw, paraobter: G(jw)=G(s)

s jw

1 1
G‘ p— p—
) =5 = 750
, 1 1 2—jw 22— jw
Gjw) = ——s = =~ s 2
Jw+2 24jw 2—jw 44w

1

Magnitude: |G(jw)| =

1 1
2+jol 2 rw? Jwr+a

Magnitude(dB): | G(jw) | ‘ =20 10g<
dB

=)

. 1 (@
Fase: £G(jw) = = — tan —
tan—1(w/2) 2




1
Exemplo 1: G(s)=_——

Grafico de Magnitude: = 20 log(l/\/ 0>+ 4)

Grafico de Fase: = — tan™! (a) / 2)ode Diagram

0
-10} ] Fmmmmmm e
o) '>> clear all i
s 2| 1 1>> numg=1; |
2 a0l '>> deng=([1 2]); |
8 >> g=tf(numg,deng);
-40; >> zpk(g) |
:Zero/pole/gain: E
: 1 i
(5+2)

Phase (deg)

_____________________________________

10" 10° 10' 10
Frequency (rad/sec)

Ref: URL: http://www.swarthmore.edu/NatSci/echeeve1/Ref/LPSA/Bode/BodeHow.html



Grafico de Magnitude: = 20 log(l/\/ w?+4)ou =20log (1/\/ w? + a2>

Grafico de Fase: = — tan™! (a)/2> Bode Diagram

0

Magnitude (dB)

Phase (deg)

10l
20|
30|

40

10

Exemplo 1: G(s)

s+ 2

Inclinacao: - 20dB/dec
= - 6dB/oitava

Assintoticamente:

_ 1 _ 1
(s+a) ars )

—+1

G(s)

Para baixas freq. (jw<a; suponha w=a/ 10):

G (jw)| = 201og (12) — 2010g (
()" +a?
|G(jw)| = 201log <2)

IG(jw)| = —201log(2) = —6,0205999133 dB

—201og(a)

~ )
Lembrando que:

log,b =x a*=>b

log(1) =0

log(2) = 0,3010299957

log(10) =1

log(100) =2 10?7 = 100
log (1/10) = —log(10) = — 1
log(a - b) = log(a) + log(b)

log (a/b) = log(a) — log(b)

.

v

0

10

1

10

Frequency (rad/sec)

10

Ref: URL: http://www.swarthmore.edu/NatSci/echeeve1/Ref/LPSA/Bode/BodeHow.html

101a?
100

|



Exemplo 1: G(s)

- s+ 2

Grafico de Magnitude: = 20 log(l/\/ w?+4)ou =20log (1/\/ w? + a2>

Grafico de Fase:

Magnitude (dB)

Phase (deg)

0

=10t

=201

30|

40

45|

-90L
10

— tan™! (60/2 Bode Diagram

Inclinacao: - 20dB/dec
= - 6dB/oitava 1

|
[ 10*a
|

. I

10

0

10' 10
Frequency (rad/sec)

2

Assintoticamente:

1 1

(s+a) a{i + 1‘
Para baixas freq. (jw<a; suponha w=a/10):

G (jw)| = 201og (12) — 2010g (
()" +a?
|G(jw)| = 201log <2)

G(w)l

G(s)

101a?
100

|

—201og(a)

—201log(2) = —6,0205999133 dB

Para altas freq. (jw>a; suponha w=10a):

1 1
G(jw)| =201o ——— | =20log <>
G )‘ & ( (10@)2—{-(12) V101a2

; o 1 ~ _
|G(jw)| = 201og <m> = 201og(1) —201og(10a)
0
|G(jw)] = —201og(w)

G(w)l],_ 100 = —20log(2 - 10) = —26,0205999133 dB

E para w = a, teremos:

. 1
6j)| = 20108 (= )
|G(jw)| = —201log(V2a2) = —201log(v/2) —201log a
~————
—3,0103 dB
—201log(v/2) —201og 2 = —9,0309 dB
N——
—3,0103 dB

Ref: URL: http://www.swarthmore.edu/NatSci/echeeve1/Ref/LPSA/Bode/BodeHow.html



Magnitude (dB) Magnitude (dB) Magnitude (dB)

Magnitude (dB)

Bode Plot
40
20 T
ok +20 (db/déc) |
-20 freq (rad/s)
-40 . 2 ,
1072 10™ 10° 10’ 102
Frequéncia (rad/s)
Bode Plot
40 ]

T~

0 —20 (db/déc) |
-20 freq 4 |
-40 R

1072 10° 102

Frequéncia (rad/s)
Bode Plot
40| |
207 +20 (db/déc) |

0 — -

-20 freq

—— (rad/s)
-40 a
1072 10° 102
Frequéncia (rad/s)
Bode Plot

40 .
20

0 —20 (db/déc) |
-20 freq ]

—— (rad/s)
-40 a

1072 10° 102

Angulo (graus)

~

Angulo (graus)

~

Bode Plot

90
45 r
o L
-45 frﬂ (rad/s)
a
'90 C 1 1 7
1072 107" 10° 10’ 102
Frequéncia (rad/s)
Bode Plot
a0
451
o | N
freq
-45 —— (rad/s)
a
-90 :
1072 10° 102
Frequéncia (rad/s)
Bode Plot
a0 |
-45 frﬂ (rad/s)
90 a
1072 10° 102
Frequéncia (rad/s)
Bode Plot
90T frﬂ (rad/s)
451 g
0

10°

102

a)G(s) =5

(Derivador Puro);

1

b) G(s) = —

)
(Integrador Puro);

c)G(s)=(s+a)

d) G(s) = m



bode lado lado.m

% Mostrar diagrama de Bode: Magnitude x Fase, lado a lado
% Entrada: variavel G = tf(.)
% Fernando Passold, em 10.06.2022

w={0.01,100};
[MAG, PHASE ,Wb] = bode(G,W);

% Diagrama de Magnitude

subplot(121);

% bodemag(G,W); % até poderia ser usado
MAG=squeeze(MAG); % reduce dimensions
mag = 20+10gl0(MAG);

semilogx(Wb,mag, 'Linewidth"',3)

grid on

axis([0.01 100 -50 50])

title ('Bode Plot')

xlabel( 'Frequéncia (rad/s)');
ylabel('Magnitude (dB)');

yticks([-40 -20 0 20 40]);

% Diagrama de Fase

subplot(122);

% Detalhe: PHASE =1 x 1 x 41 !!!
PHASE=squeeze(PHASE); % reduce dimensions
semilogx(Wb,PHASE, 'LinewWidth',3)
axis([0.01 100 -100 100])

grid on

title ('Bode Plot')
xlabel('Frequéncia (rad/s)"');
ylabel('Angulo (graus)');
yticks([-90 -45 0 45 90]);

Sinais § Ststemas |



Revisao de tracados de Diagramas de Bode...

» Diagrama de Bode para:

4

4

»

Se s = jw: (Derivador Puro)

G(s)=(s+a)

42 +20loga
. . W bl
G(]w)=(jw+a)=a(]—+]) 36+ 20loga //
a 30+ 20 loga =
= //
wp 241 20loga /
= r
Para baixas frequéncias 5 18+20loga p7
(w<a): 12+ 20 loga
. Slope = 6 dB/oct
G(jw)=a 6+20loga 1~ 20 dB/decade
20log(M) = 201log(a) 20 loga
0.01la 0.1a a 10a 100a
~ . Frequency (rad/s)
Para frequencias elevadas @
(w>a)
G(_]W) = 20 ///a
75 A
20log(M) = 201og(a) = P
g 60
Epy
S 45
2 1| Slope = 45%/decade
£ 30 e
= e
15 o
0
0.01a 0.1a a 10a 100a

Frequency (rad/s)

Sinals § Ststemas |



B)

Phase (deg)

)
o

Magnitude (d

-45

-90

Exemplo 2) 6=k s+ D(s + 100)

1. Calculo do ganho “DC" (ganho de G (s) em regime — K- lim <l> N GRS U 0.1
permanente): s—0 \ & (s + D(s +10) (1)(100) 10
lim g(¢) = lim s - G(s) Degrau
=0 S—

Neste caso: Ganho DC quando aplicado degrau Ganho DC |dB = 20log(K - 1/10) = — 20 + 20 log(K') dB

2. Lembrar que:
cada polo decrementa ganho de: -20 db/déc;
cada zero incrementa ganho de: +20 db/déc.

Bode Diagram
T L)

+20db/dec (zero em s=10)

40 >> G=tf([1 10],poly([-1 -1001))
G =
s + 10

eoOFr————+—+— b Y sl NGy

s*2 + 101 s + 100
-80 >> zpk(G)

0
(s+10)

(s+100) (s+1)

>> bode(G)
>> grid

-2 -1 0 "1 | 2 T 3 4
10 10 10 10 10 10 10
Frequency (rad/s)



B)

Phase (deg)

Magnitude (d

Exemplo 2) 6=k s+ D(s + 100)

1. Calculo do ganho “DC" (ganho de G (s) em regime — K- lim <l> N GRS U 0.1
permanente): 5=0 \ 5 (s + (s + 10) (1)(100) 10
lim g(¢) = lim s - G(s) Degrau
— -

Neste caso: Ganho DC quando aplicado degrau Ganho DC |dB = 20log(K - 1/10) = =20 + 20 log(K') dB
4 N
Valoresem w = 0,1 rad/s de: -20 db/déc;
(1 década abaixo do polo em s = — 1): de: +20 db/déc.
L 5+10 5+10
-20 t G(S) = =
. (s + 1D(s+100) 52+ 101s + 100
40 f , 10 + j0,1 10 + j0,1
: o Glo) = ———— = :
[ (jO,1)2+;10,1 + 100 100 — 0,01 + 10,1
0r i 10 +70.1 \/102 +0,12 2tan=1(0,1/10)
;. G(o) = —— =
80 it 99,99 +710,1 1/99,992 + 10,12 ~tan~!(10,1/99,99)
0 N , 10£0,57°
= lG(jw) =
P 10045,76801
£2G(jw) = — 5,1951°
K ) N . /
107 107 10° 10 10° 10° 10*

Frequency (rad/s)



Magnitude (dB)

Exemplo 2) 6=k s+ D(s + 100)

4 v vvw
b Al ey | v AT Bt

1. Calculo do ganho “DC" (ganho de G (s) em regime — K- lim <l> N GRS U 0.1
permanente): s=0 \ & (s + (s + 10) (1)(100) 10
lim g(¢) = lim s - G(s) Degrau
t—00 s—0
Neste caso: Ganho DC quando aplicado degrau Ganho DC |(iR = 20log(K - 1/10) = — 20 + 20 log(K') dB

~
Valores em @ = 1 rad/s (no péloem s = — 1): déc:
déc.
' 605 s+ 10 s+ 10 e
. S) = =
20 . (s + I)(s +100) s2+4 101s + 100
D 10 +/1 10 +/1
40 - o G(jw) = — , = ,
! (j)*+j101 +100 100 —1+;101
60 | : Gjw) = 10+j1 _ V10% + 12 ztan~1(1/10)
: 99 +j101  1/992 4 1012 £tan-'(101/99)
; V101 £5.7106°
1/ 20002 £45.5730
: 1/1002 + 1002=4/20000
: , 10,0525,7106°
- LaG(jw) = = 0.07106 £« — 39.862°

90 " s 141,432£45.573¢

1072 107 10° | |G(jo)|qg = 2010g(0,07106) = — 22,968 dB
2G(jw) = — 39,862°
\ v




Exemplo 2) G(s) = K - ——mezer

1. Calculo do ganho “DC" (ganho de G (s) em regime — K- lim <l> N A VN L
permanente): 5=0 \ 5 (s + (s + 10) (1)(100) 10
lim g(¢) = lim s - G(s) Degrau
t—00 s—0
Neste caso: Ganho DC quando aplicado degr = : == dB
Valores em @ = 10 rad/s (no pélo em s = —10):
f +10 +10
o G(5) = i = i
Bode Diagra (s + 1)(s+100) 52+ 101s + 100
D0 oy ——————
—~ 10+ ;10 104,10
8 G(jo) = ———— = i
=401 (j10)2+,1010+ 100 100 — 180 + j1010
©
2 Glio) 10410  4/10%+ 10? ztan™'(10/10)
60 - W) = =
g0 7= Ti010 1010 2900
{Gliw) 1/ 200 «45°
@) =
Y010 2900
' ) 14,142 2 45°
G(jw) = = 0.014002 £ —45°
1010 £90°
|G(jw) |4 = 2010g(0.014002) = — 37,076 dB
£G(jw) = —45°
! ] 3 /
-2 1 2 3 4
10 10 Frequer11<(:)y (rad/s) 10 10 10



B)

Magnitude (d

Exemplo 2) o=k

1. Calculo do ganho “DC" (ganho de G (s) em regime — K- lim <l> N A G VN D U 0.1
permanente): 5=0 \ 5 (s + (s + 10) (1)(100) 10
lim g(¢) = lim s - G(s) Degrau
t—00 s—0
Neste caso: Ganho DC quando aplicado degrau fﬁm@d—_iﬂlﬂwm;‘lﬂw%
Valores em @ = 100 rad/s (no polo em s = —100):
Bode Djagram G(s) — s+10 = s+10
L e e (s + 1)(s +100) s2+4 101s + 100
40 - L 10 +;100 _ 10 +,100
Q/O ~ G(Ja)) - . 7 . - 0
: @”7;\"\ (j100)% + ;10100 + 100 100 — 10000 + 710100
-60 - ! e Glim) = —0HJ100 V102 + 100% £tan'(100/10)
/ —9900 +,/10100  1/(=9900)2 + 101002 ~£tan~!(10100/ — 9900)
r , /10100 £ 84,289°
. G(jo) =
! 1/ 200020000 £134,43¢
: _ 100,52 84,289°
; : G(jw) = = 0,007106 £ — 50.138°
! ! 141432 134.430
! ! |G (jw) |dB = 2010g(0,007106) = — 42.968 dB
-90 Ll piiile ol _ . __ 138°
102 10 100 10 102 G(jw) 50,138
Frequency (rad/s)

A\




B)

Magnitude (d

Phase (deg)

Exemplo 2) o=k

1. Calculo do ganho “DC" (ganho de G (s) em regime — K- lim <l> G DN N U 0.1
permanente): 5=0 \ 5 (s + (s + 10) (1)(100) 10
hrpom — lim ¢ . (3(c) - Degrau
Ifl_e): Valores em @ = 1000 rad/s DC |dB = 201log(K - 1/10) = — 20 + 201og(K ) dB

(1 década acima do pélo em s = —100): rar que:
polo decrementa ganho de: -20 db/déc;
G(s) = s+ 10 _ s+ 10 zero incrementa ganho de: +20 db/déc.
(s + 1)(s +100) 52+ 101s + 100
20 =
G(jo) 10 + ;71000 10 + 71000
) = =
40 - / (j1000)% + 10100 + 100 100 — 1000000 + ;10100 €¢ (zero em s=10) >> G=tf([1 10],poly([-1 -1001))
_ 10 + 71000 G =
G(jw) = : s + 10
60 L —999900 + ;10100 1 e
s"2 + 101 s + 100
Glio) /1000100 ~ 89,427° \\,
Jw) = ® L "* B >> zpk(G)
80 7 /9,999 X 101 £ 179,420 - - |
Gy = 0028927 59908 IS
Q) = = 0. — 5 N N
1) = 999950 2 179,420 (5+100) (s+1)
45 F =1/1000 ] >> bode(G)
e >> grid
|G(jw)|4g = 2010g(0.0010001) = —59,999 dB
10 2 ~—60 103 104
£2G(jw) = —90°
A\ /



B)

Phase (deg)

Magnitude (d

Exemplo 2) 6=k (s + 1)(s + 100)

1. Calculo do ganho “DC" (ganho de G (s) em regime — K- lim <l> .
permanente): 520 \ K
lim g(¢) = lim s - G(s) Degrau
[m% 7 - Ganho DC
Neste caso: Ganho DC quando aplicado degrau dB

2. Lembrar que:

5 (s + 10)
(s + D(s +10)

10 1
— =0,

T(1)(100) 10

= 201og(K - 1/10) = — 20 + 20 log(K ) dB

cada polo decrementa ganho de: -20 db/déc;
cada zero incrementa ganho de: +20 db/déc.

Bode Diagram
T L)

)
o

+20db/dec (zero em s=10)

I
o

)
o

ol
S

o

-45

-90
1072

10
Frequency (rad/s)

>> G=tf([1 10],poly([-1 -1001))
s™2 + 101 s + 100

>> zpk(G)
(s+100) (s+1)

>> bode(G)
>> grid



Outros exemplos:

2 Gl (S) = ( Sl()) Bode Diagram
s +
| S
G (s)=—"
10 (S ) )
10 g
E.‘
Linha de base, 50
ganho = 0,1 90
(-20 dB)
g
S 45}
log(10) =1 *
1
log| — | =1log(10™") = -1 o _ - .
Og(lo) 0g(107) 10 - 100 -~ 10" 107 10

Frequency (rad/sec)



_A+20 dB/déc
OUtrOS exemplOS: P A (zero na origem)

S

» Gi(s)=

Zero na origem

log(10) =1

1
log| — | =1log(107") = -1
g(lo) g(10™)

22

Phase (deg)

7

Bode Diagram

Frequency (rad/sec)

Sinais § Ststemas |
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Outros exemplos:

.
7

. A+20 dB/déc
- Z (zero na origem)

S
} G,(s) = * Bode Diagram
1(9) (s +10) e
1 S N
G S . . \
1( ) 10 g a \
—+1| = N .
10 < T S
A 2 N
€ -20 dB/dec N §
= (polo em -1C)‘ >\\
N
Polo real em s = -10
o
S
3
P
log(10) =1 *
1
log| — | =1o 10_1 =-1 oL _ . . . . . . L
g(lO) elo™) 10" 100 — _ 10" 10° 10°
Frequency_(rad/sec)
— ~ —
-900 Sinais § Ststemas | TBTOT FETRAIT, TURSOT




Outros exemplos:

S
> G.(s)= Bode Diagram
1(5) (s+10) 40
G, (s) =100—> 20{ 40 db
(s+10) @
S 0
S+ E g " —— g100
-60
90
=)
3
< 45}
Diferenca: 5
Ganho de magnitude:
log(100) =2 ol : ] = )
10" 10° 10' 10°

Frequency (rad/sec)



Outros exemplos:

s+10
(s +1)(s +100)

10[ = +1
_ 10
(s+1)-100( > +1
100
241
10 (10 )
100 (s+1)‘g+1
100

—— Exact Bode Plot

¥ Gy(s)=

Asymptotic Plot

Zero Value (for reference only)
Constant = 0.1 (-20 dB)

Real Pole at -1e+002

Real Pole at -1

Real Zero at-10

Magnitude Plot

Magnitude - dB

-100 - .

107 10° 10°

Frequency - @, rad-sec™’



Outros exemplos:

s+10
G,(s) = Phase Plot
> Gls) (s +1)(s +100) 135 -
10l 2= +1 90 | e §
— 10 .'-"‘.
Ky g 45 B ._‘."-‘ -
(s+1)-100f —+1 =4
100 o
| o
0w é
100 (s+1) vl
100
—  Exact Bode Plot -13?0_2 1é)° 1(1)2 =
Asymptotic Plot 1

Frequency - @, rad-sec”
Zero Value (for reference only)

Constant = 0.1 (-20 dB)
Real Pole at -1e+002
Real Pole at -1

Real Zero at-10



Outros exemplos:

) G2 (S) _ s+10 200 | Bode Dliagram
(s+D)(s+100) |
10(S+1) g -40|
_ 10 § ol
S =
+1)-100f —+1 2 60|
G+ (100 ) =
70|
241
o [0
100 (s +1) L+1 )
100 g

Frequency (rad/sec)



Outros Exemplos:

s+1
(s +10)(s +100)

(S+1)

10{ > +1]-100( > +1
10 100

(s+1)

1000 > +1) > +1
10 )\ 100

Exact Bode Plot

y Gi(s) =

--------- Asymptotic Plot
Zero Value (for reference only)
Constant = 0.001 (-60 dB)
--------- Real Pole at -1e+002
--------- Real Pole at -10

--------- Real Zero at -1

Magnitude Plot

100
80 | .
60| -
(18]
=
-
=
3
=
o
o
—
100 ' '
102 10° 10° 10

Frequency - o, rad-sec™



Outros Exemplos:

s+1
(s +10)(s +100)

_ (S+1)

100> +1]-100( > +1
10 100

(S+1)

1000 > +1)( -2 +1
10 )\ 100

——— Exact Bode Plot

> Gy(s) =

Asymptotic Plot
Zero Value (for reference only)

Constant = 0.001 (60 dB)

Real Pole at -1e+002

Real Pole at -10

Real Zero at -1

135

Phase Plot

Phase - degrees

-135 '

10 10

Frequency - o, rad-sec”

0

10 10



Outros Exemplos:

» G,(5)= s +100 Magnitude Plot
Y (s +1)(s +10) - .
100[ > +1
_ 100

s
(S+1)‘10(10+1)

S
[i00"]
=10

(s+1)'(S+1)

Magnitude - dB

10
-100 - L
Exact Bode Plot 10-2 100 102 10
--------- Asymptotic Plot

Frequency - o, rad-sec”’
Zero Value (for reference only)

Constant = 10 (20 dB)
--------- Real Pole at -10
--------- Real Pole at -1

--------- Real Zero at -1e+002



Outros Exemplos:

s+100
(s+1)(s+10)

100[ -2 +1
_ 100
S
+1)-10f — +1
(s+1) (10 )

S
[i00"]
=10

(s+1)‘(S+1)

¥ G, (s)=

Phase - degrees

10

Exact Bode Plot

Asymptotic Plot
Zero Value (for reference only)

Constant = 10 (20 dB)

Real Pole at -10

Real Pole at -1

Real Zero at -1e+002

135

Phase Plot

90

451

135+

--------------

180 -
10 10

Frequency - o,

0

rad-sec”



Outros Exemplos:

s+3
s(s+1)(s+2) 60

> G,(s)= Magnitlfde Plot

Magnitude - dB

———  FExact Bode Plot -80 il PR | b St By R T AR e
10° 107 10° 10’ 10

Frequency - o, rad-sec”

-------- Asymptotic Plot
Zero Value (for reference only)
Constant = 1.5 (3.5 dB) 20x1log(3/2)=20x%0,1761=3,5218
-------- Pole at origin
-------- Real Pole at -2
-------- Real Pole at -1

-------- Real Zero at -3



Outros Exemplos:

s+3
s(s+1)(s+2)

3(S+1)
_ 3
s(s+1)-2(;+1)
5]
3.3
2 S(S+1)'(;+1)

——— Exact Bode Plot

P Gi(s) =

-------- Asymptotic Plot
Zero Value (for reference only)
Constant= 1.5 (3.5 dB)

-------- Pole at origin

-------- Real Pole at -2

-------- Real Pole at -1

-------- Real Zero at -3

Phase Plot

135

Phase - degrees

10 10 10 10 10
Frequency - ®, rad-sec”



Outros Exemplos:

Bode Diagram
50 . ————rr—rr : — -
s+3
G (s) = & -
s(s+1)(s+2) o) System: g5
= 20 Frequency (rad/sec): 0.999 -
f ° Magnitude (dB): -0.0146
3 +1 3
3 IR - — o o i i i i i i i i e R A
= L)
S =
s(s+1)-2[ =+1 20 + e
2
_40 1 1 1 "R Tl O P B | 1 1 1 [T T T Y 1] | 1 1 1 1y gedy
S
R - 0 X T T T T T ™ T
3 (3 + 1) 2 : 3 System: g5
=—- Phase Margin (deg): 36.9
2 S Delay Margin (sec): 0.644
s(s+1)- B +1 @ At frequency (rad/sec): 1
S gacl Closed Loop Stable? Yes = _
2
L
o
-180—-—-)—--0—-|—1- ol T T S R T S T T TR T I B e T S Ty 3
=% -1 0 1
10 10 10 10

Sinais § Ststemas |



Sistemas com polos complexos

»  Seja: g2 g
G(s)=s"+2Lw,s+w, =w, | — +20 —+1
Wl’l Wn

» Em baixas frequéncias:

G(s)=w> =w>20° 20log M = 201log|G(jw)| =20logw.

» Em altas frequéncias:
G(s)=s’
G(jw) = -w" =w’/180°

20log M = 201log|G(jw)| =20logw® =40logw

» Detalhes:
w,: frequéncia de corte (quebra).

Fase em w,:

= (w7 —w )+ j20w,w

L. 2 : N ,
em w, o resultado e: JZCWH assim a fase na frequéncia natural e de +900

G(jw) =5 +2Lw s + W’

S—> jw



Sistemas com polos complexos

. o 2
» Seja: G(S) =g’ +2CWnS+W5 = Wj(_sz +2C ° +1)
w w

» Em baixas frequéncias:  G(s) =w, = w20’ 20log M = 201og|G(jw)| = 20log w;
»  Em altas frequéncias:  G(s)~ s 20log M =201log|G(jw)| =20logw® = 40logw
G(jw) = -w" = w*£180°

120 O N Y 0 O
Slope = 12 dB/octave

80 = 40 dB/decade

40 -
_,———"‘/——‘

20 log (M/w,%)

—80

—120
0.01 0.1 1 10 100

w/w,,

(a)

180 -
-

1235, ]

920 H

|

\

45 ]
Slope = 90°/decade

Phase (degrees)

—45

—90
0.01 0.1 1 10 100

w /ey,

Sinais § Ststemas |



Sistemas com polos complexos
Correcoes em diagrama assintotico..

»  Seja:

w w

n n

2
G(s)=s"+20w, s+ W =w§(s—2+2§i+l)

» Um polindmio de 12-ordem resulta numa diferenca nao superior a 3,01 dB na
magnitude e 5,71° em relacao a fase (no ponto do polo).

» Um polindbmio de 2*-ordem pode implicar maior disparidade, depende do valor de
C (na localizacao dos polos complexos):

= (w7 - w* r j2Cw,w

M = \/(w,f —w’)? + (2w, w)’
20w w )

G(jw)=s" +20w, s + W’

s—> jw

2 2
w —-w

n

Fase = tan'l(



Sistemas com polos complexos
Correcoes em diagrama assintotico..

2
> Seja: G(s)=s>+2Cws+w’ = wj(%+2§ Wi+1] M = \/(wj -w?)? +(2Lw,w)’

o 2Cw w
Fase=tanl( E —
W —W
50 180 = — -
=014 A
" [=15 ' 160 025 »4ra
: High-frequency ——__J 0.3 7
o \ asymptote 140 053
30 f 0.7
\ 120 10=
? 7 |.5~
N 100
A, Low-frequency \ \ / _g’
'y asymptote i
2" | [ 7 P v A /
N " -] tof¢ ——
B & 7/
_////’ 60 /I///
0 ]
/ 994
’ B 40 / / / /
5:0.3/ h—-
! i | [N/ i Ll
|| 2 = W P
2 ol =
0. | 10 Y ,
ml. wlo,
. 2 2 .
G(jw)=s>+2Lw s +w.| = (wn -W )+ Jj2Cw w
s—>jw

38 p Sinais § Sistemas |



Sistemas com polos complexos
Correcoes em diagrama assintotico..

G(s)=1/(s"+2{ow s +®))
e The slope 1s —40dB/decade.

e The normalized magnitude at the scaled natural frequency is
—20log2lw;

2 — T 0 ——
Low-frequency =0l §§:\\ | _—-{=01
IO / asymp!OIe /( 012 20 \Q,% ?b\t\\ﬁ/z/o‘
Y H
/ 4;&(“ y NN
/z X N NN ——035
\:\\\‘\\ g \ \\A,
R 60 CTRT—=10
s T\\\X‘ \§>< L5
3 -0 N &
3 N 80
g

\ High-frequency

: 10
o TN aymplote | x-—-Asymptote
\&”ﬁ 120

Phase (degrees)

; | N
w TN NN
b N\ N
40 \ | -160 \‘\\E\ T
i PISSSSSSES
oy | T 1 10
ol olo

39 p Sinais g Sistemas |



Magnitude - dB

Exemplo polos complexos

2
) G@)=ir—l——— (3@)=S2+Xyms+wf=vﬁ(ﬁ7+2§¥i44)
s*+s+100 W w,
1
G(s) = =4/ — - = =
(s) (5+05+ /10)(s + 05— /10) w, 100=10 € =1/2w,=1/20=0,05
Magnitude Plot Phase Plot
40 ——r—rrrrry —r—r—r—rrrry ——r—rrrrry ———r—rrr 45 T
20 @ - 0 N
——— Exact Bode Plot ‘ 7

P R Asymptotic Plot

Zero Value (for reference only)

Constant = 0.01 (-40 dB)

Complex Pole at wn=10, zeta=0.05
(-0.5 +/~- 10j) Circle shows peak height.

-120 - ........o y ........1 ) ........2 . ‘\Ja _225|_1 . ....--.no . .----..-1 . .......-2 , 3
10 10 10 10 10 10 10 10 10 10

- -1
Frequency - ®, rad-sec L Frequency - o, rad-sec

20*log10(1/100)=-40 db



Problemas sugeridos: >

H,(s) =30

Magnitude - dB

s+10

s? +3s+50
Exact Bode Plot

Asymptotic Plot
Zero Value (for reference only)

Constant =6 (16 dB)

Complex Pole at wn=7.1, zeta=0.21
(-1.5 +/- 6.9j) Circle shows peak height.

Real Zero at-10

>> roots([1 3 50])
ans =

-1.5000 + 6.91011
-1.5000 - 6.91011

£ +1 £ +1
10 10
H(s) = 30— = 30— 10 -
s“ + 35+ 50 50 s 3 5
—+—35+1 —+—s5+1
« valor constante = 6, 50 50 50 50

* um zero e s=-10,

« e par de polos complexos conjugados em: raizes de: s2+3s+50=0;

* Polos complexos em s=-1,5 + j6,9 (onde j=sqrt(-1)).

Uma maneira mais comum (e Util para nossos propositos) de expressar isso €
usar a notacao padrao para um polindomio de segunda ordem:

2
[ii]+2§£iq+1 0y = /50 = 7.07, g=%€%=um

O] g
Magnitude Plot Phase Plot
40 135 .
20 90 | s -
0 n o .. |
s 0
20 >
T 45
40} -, : o
", 2 90t
i ", i o
"o o 435}
80 s 180}
10" 10° 10' 10° 10° 10" 10° 10' 10° 10°

Frequency - @, rad-sec”

' Frequency - o, rad-sec”



Problemas sugeridos:

5s

2
s +3s+50
Exact Bode Plot

H,(s)=30

Asymptotic Plot
Zero Value (for reference only)

Constant = 3 (9.5 dB)
Complex Pole at wn=7.1, zeta=0.21

(-1.5 +/- 6.9j) Circle shows peak height.

Zero at origin

= +1 = +1
10 10
H(s) = 30— = 30— 10 = 610
s + 35+ 50 50 s 3 S 3
—t+—5+1 —t+—5+1]
50 50 50 50

« valor constante = 6,
e um zero e s=-10,

* e par de polos complexos conjugados em: raizes de: s2+3s+50=0, ou:

2
[iJ £ 20 [i]+ 1
ol ol

0, =50 =707, = Z‘E—E =0.21

Magnitude Plot Phase Plot
40 . : 135
20}
w
s 8
Q Q
=] -
= ;
= @
S 201 - @
2 g
135¢ -
40} -
. W—
10” 10° 10° 10° 10” 10° 10° 10

Frequency - o,

rad-sec™! 1

Frequency - ©, rad-sec”
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Estabilidade, Margem de Ganho, G, e Margem de Fase, ©,,
atraves do Diagrama de Bode...

M (dB)
A

Gain

0 dB

Phase (degrees)
A

180°

Sinais § Sistemas |



Outros Exemplos:

} Bode Diagram
80 - e - [ :
s+3
Gi(s) = i -
s(s+1)(s+2) o) System: g5
= 20 | Frequency (rad/sec): 0.999 -
3 s +1 g Magnitude (dB): -0.0146
3 IR - — o o i i i i i i i i e R A
= 0
S =
s(s+1)-2[ =+1 20 + e
2
_40 1 1 1 "R Tl O P B | 1 1 1 [T T T Y 1] | 1 1 1 1y gedy
S
R - 0 X T T T T T ™ T
3 (3 + 1) 2 : 3 System: g5
=—- Phase Margin (deg): 36.9
2 S Delay Margin (sec): 0.644
s(s+1)- B +1 @ At frequency (rad/sec): 1
S gacl Closed Loop Stable? Yes = _
2
L
o
-180—-—-)—--0—-|—1- ol T T S R T S T T TR T I B e T S Ty 3
2 -1 0 1
10 10 10 10

Sinais § Ststemas |



Resumo:
Caso de polo simples real...

Magnitude of Simple Real Pole

s 1
G(S)=1+a) =1+.w TSty ey
.] P Asymptotic approximatjon
P @r (transparent magenta line)

Onde w, = freq. de corte (—3 dB neste ponto); 0 % e )\
Exact function _— X
Magnitude: (dotted line) N
2 I
Gw)l = |/ (1+52)| =1/ /i (2) E
P p 3
: 2 |
|G(jw)lap = 20 -logyg |1/4/1+ ( ) -20 | |
Wp
Quando w < < w),, teremos: w/ w, = Oe: Low frequency asymptote
(blue line at 0dB)
1 + (w/‘*}p> ~ ]- ) |G(jw)‘dB ~ _20 10g10(1/1) - O High frequency asymptote
Quando w > > w,,, acontece: a)/a)p—>ooe ol . _”.__"Jtrtj;”,:fbﬂ bib R R
\/1 + w/wp ~ \/(w/wp) ~ w/wp 0.1 1 10 wo 100 1000

w, rad/S

|G(jo)| 5 ~ —201ogp(0/w,)
Se: w= 10w, .. |G(jw)lap = —201log;o(19%7/uy)

|G(jw)|ap = —2010g;((10) = —20 dB
Quando w = ),

Gy a = 2010z (155 o)

|G(jwp)lap = 201ogy, (1/v2) =~ —3 dB
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Resumo:

Caso de polo simples real...

S 1 Angle of Simple Real Pole
G(S)=1+ — — 45 - ey g"p ey S
w, 1 +‘]a)_ ’
» As Hl[ to ic l[ 3| n
0 (transparent magenta line|
Onde w), = freq. de corte (—45° neste ponto); 0 v —
Face: T, -45° at w=w, =30 rad/sec
( jbd) / 1+ J = = Exact function _— o/
3 45} (dotted line) @y
_ _ {w T
LG(jw) = -~ (1 —|—]—) = —tan~! (—) N :
Wp Wp Low frequency asymptote .
(blue line at 0°) oo
Quando @ < < @), teremos: a)/a)p —0Qe: -90 — 4
. ~ —1 __Nno __
£ G(]W) ~ tan (0) =0"=0 rad High frequency asymptote
Quando ® > > w),, acontece: w/w, — © e: 435 L s, (oreenineat-9,) L
) . 0.1 1 01w, 10 w, 100 10w, 1000
Y ___ _—— O [ —
ZG(jw) = —tan™ " (00) = —90° = 5 rad w. rad/S

Quando w = ),

ZG(jw) = —tan™! (1) = —45° = —% rad

Ref.: https://lpsa.swarthmore.edu/Bode/BodeHow.html (acessado Jun/2022)



https://lpsa.swarthmore.edu/Bode/BodeHow.html

Resumo:
Caso de zero simples real...

Ry L
G)=14+—=1+j—
w

< a)Z

40 r
Onde w, = freq. de corte (43 dB neste ponto);
Magnitude:
. . W 20 |
|G(jw)| = ‘14‘]— 0
, =
3
T

Gl = 20 1oy [y/ 1+ (4100

Quando w < < w,, teremos: w/w, — 0 e:

v/ 1+ (w/wp)2 ~1 . |G(jw)|las = 20log,,(1) =0 ol

Quando w > > w,, acontece: co/coZ — 0 e: 0.1
VUt o) o) e
|G (jo) | 5 ~ 20log,o(@/w,)

Se: w=10w, .. |G(jw)|ap = 20log;y(19%/x2)

|G(jw)|ap = 2010g;,(10) = 20 dB
Quando w = ,:

Gl am = 2010550 (/1 (/)

G(jesp)lap = 20log,q (V2) ~ 3 dB

10

Magnitude Plot

100

1000



Resumo:

Caso de zero simples real...

S N0)
Gs)=1+—=14+j—

a)Z a)Z
Onde w, = freq. de corte (+45° neste ponto);

Fase:
LG(jw) = £ (1 + j*/fw,)

LG(jw) =L <1 —l—ji) = tan~ ' (i)

Quando w < < w,, teremos: w/w, — 0 e:
/G(jw) ~tan"! (0) = 0° = 0 rad

Quando w > > w,, acontece: a)/a)z — 0 e:
/G(jw) ~tan"! (c0) = 90° = g rad

Quando w = w;:

ZG(jw) ~tan™! (1) = 45° = % rad

Ref.:

Phase Plot
135 - e v P ey v S '
90 - “_._‘_....-.-...1
Q
S 45+ -
T
N
0 "
45 L PR S PR S | | P T a————
0.1 1 0.1-w, 10 W 100 10-w, 1000
w, rad/S

(acessado Jun/2022)


https://lpsa.swarthmore.edu/Bode/BodeHow.html

Magnitude Plot

Resumo: ]
Polo na origem
1 . 1 J 5. -
) Jw @
Magnitude: 201
. J 1
G(jo)| = |-=| == Sl ] N
w @ 102 1071 10° 10" 102
1
|G(jw) |,z = 20 - logy, (;) = — 201log,y(w)
Fase: i __PhasePlot N
£G(jw) = 2 (-i) = —90° |
4)

w, rad/S



Resumo:
Zero na origem

Magnitude:
|G(jo)| =

|G(jw) | ;5 = 20 - logy (w) = 20log,(w)
Fase:

jo| =0 .

135

."
8
o
"
8
.
o
8
8
8
8
o
o
8
"
o
-
8
8
R
.
R
o
+
R
+
R
R
R
»
R
.
o
"
o
-
"
8
R
8
8
.
"
o
o
8
o
8
"
° o
° o
° s
— e
— = o
o
") I‘. —
~ o
o o _— . o
o
R
R
o
o
0hd
+
8
8
o
o
o
8
o
8
o
.
o
8
"
8
o
8
.
o
"
8
.
o
.
R
R
o
R
0
R
+
R
R
o
.
o
R
o
8
.
8
-
"
5
8
o
8
r

£G(jo) = £ (jo) = 90°  afmmmmemmm———

w, rad/S

102



20 Magnitude of Complex Conjugate Poles
[ Exact function ' 14dB at

Resumo: | e
Polos complexos %

-10 |
w? 1 5
G(s) = — - 2 2 2 2| ’
S el (=) () +1 B i
Magnitude:
40 High frequency asymptote
1 1 "“r— “,V:vd".‘Nv,wlﬁdm'
‘G(]a))| — ' 5 . — > 50 | through 0dB at w=w )
(&) +ac(22)+1| |-(2) +a2¢(2)+1]| @l e N
" " " " 0.1 1 “o 100 1000
1 1 w, rad/S
G(juw)| = : - = .
- @ToEE] @] @)
W 2 ’ W 2
Gliwlan = =20-logsg § | | 1= (£) | + (¢ 2) 1 @ o
Wn Wn Caso de w ~ w,,: ocorre um pico proximo de w,,:
Caso de w < < w,,: pode-se aproximar (1) para: Ocorreem w,: w, = w,\/ 1 — 202
|G(jo) |5 =—20-log;o(1) =0 Pico ocorre para: 0 < { < 1/2, com valor de:
Caso de w > > w,: pode-se aproximar (1) para: |G(jw,)| =
_ o\’ ® 201 -2
|G(jw)|,5 = — 20 - log, P = —40log, o Ver proximo slide para maiores detalhes.
n n

Isto implica que para década acima de w,, magnitude = — 40 (dB/déc).



Resumo

Polos complexos (0 < ¢ < 1)

= 1
S) = —
52 4+ 20wy s + w2 (3)2 s
() () 1
) 1
G(jw)| =

()] )

Um pico de ganho pode ser identificado em |G (jw) |,
fazendo:

(1GGo)])

dw
w—0

Este pico ocorre em: w, = w,/ 1 — 2¢?,

Com magnitude de:

1
2 /T-0
|G(jw)| = —20log,, <2C 1 - CZ>

1

|G(jo)| = ¥or

O pico apenas existe para: 0 < £ < 0,707 ( = 1/\/5)

(4 Peak frequency Peak Height
Exact  |Approx|% diff Exact |Approx|% diff
1 1
3 /1 _27%| o P e B

0.5 0.71wg wo |29% 1.15 1.00 |15%
0.4 0.83wq wo |17% 1.37 1.25 (9.1%
0.3 0.91wg Wy |9.5% 1.75 1.67 |4.8%
0.2 0.96wq Wy |4.1% 2.55 2.50 |2.1%
0.1 0.99wq wo |1.0% 5.02 5.00 |0.5%
0.05 1.00wg wo |0.3% 10.0 10.0 [0.1%

Magnitude (dB)

Exact Magnitude (solid) and Simpler Asymptotic Approximation

-40

| L L P S SR S S .

10"

10° 10'

Frequency 6)/0)0)

Ref.: https://lpsa.swarthmore.edu/Bode/underdamped/underdampedApprox.html#Simpler (acessado em Jun/2022)



https://lpsa.swarthmore.edu/Bode/underdamped/underdampedApprox.html#Simpler

Resumo:

Polos complexos

Angle of Complex Conjugate Poles
wv0/1o'~'=7.s----"'7

B
S i
(s) “n ! 7 i
- 5 5 — D) .45 -Low frequency asymptote‘ |
$°F 20wns + oy, <i> + s2¢ <i> +1 (blue line at 0°)
W, W, o : .
Fase: "; / E Asympltolic approximation
7 90 Exact function 49: (transparer nta line
. 1 N (dotted line) N High frequency asymptote
4 G(]w) - 4 2 ) 135 / : ”r(;(Bb"’" |II"';—"8K —f;'l: 0)
w w - r -
(E) + 2C (E) —I_ 1 _900 at w'=w'0 1
i jw 2 jw ] .'...'}'"n
LG(jw)=—ZL ||— ) +2¢|— ) +1 -180 )
Wn, Wn wy 10°=12.6
: . : 5 i | .‘: P | a
. w 2 Jw -22\)0L | ; J ,
/ G(jw) = —/ 1= = + QC - A 1 “o 10 100
i Wn “n /| w, rad/S

£ G(jw) = — tan™! [(%f—n) / (1 (g))] )

Caso de w < < w,,: pode-se aproximar (2) para:

2
2G(jw) ~ —tan™! (£> ~ —tan"'(0) = 0° = 0 rad
a)n

Caso de w > > w,,: pode-se aproximar (2) para:

2 G(jw) ~ — 180°

Casode w = w,;:

£G(jw) =~ —90° = — x/2 rad

= — ;rrad



G(s) = L =

54

Resumo
Polos complexos (0 < £ < 1)

Seja:
w? 1

2 2 2
St (2) b () +1

Wn

Phase vs. frequency (Cheever 2 Approx)
—'—’— ".' T

2 0
/G(jw) = —tan™! (zg i)/<1 = (i) )] (2) 2ol
wn wTL

40 b

A declividade de £ G(jw), pode ser obtida, fazendo: %

d (2G(jw)) § ol

e w < -100 +
dw / -

w—0 120+

O que permite identificar os pontos: 140+

Wy = a)ne‘%c R w, - O,ZC -160 -

Wy Wy —w-5 -180 R

107! 10°

)y, : = ~
high = o3¢ 0,2¢
Frequency (w'/..do)

Ref.: https://lpsa.swarthmore.edu/Bode/underdamped/underdampedApprox.html#Simpler (acessado em Jun/2022)

Sinais § Ststemas |
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https://lpsa.swarthmore.edu/Bode/underdamped/underdampedApprox.html#Simpler

Resumo: Esbocos Diagramas de Bode

>
[ ] The Asymptotic Bode Diagram: Der X +
< C O 8 swarthmore.edu 8 &
) Introdugio ) Google Tradutor () Apple () Wikipedia (@) Dicionério Portugué... (@) YouTube (@) Diciondrio Portugué... () NBCAFE | A Platfor.. () Snapdrop [ outros favoritos
Interactive Demo: Bode Plot of a Pair of Complex Conjugate Poles
This demonstration shows how a second order pole (complex conjugate roots) expressed as: Magnitude
‘ 20
His) — 1 _ 1
t* (e) = s )2 s - w\2 L opw 10
(2) +2(2)+1 1-(g) +i2e |
- ) hesessssssscacansnasennnnnne
» is displayed on a Bode plot. You can change wg, and . The value of wg is constrained such that ; 10
@ 0.1=wo=10 rad/second, and 0.05<(<0.99. %
Enter value for wo: [1.000 | or click and drag on graph to set wy., 20
“~N and use text-box or slider, below, for . -30
o 0200 | ¢ 0.05"=@———"099 o we
0.01 0.1 1 10 100
Asymptotic Magnitude: The asymptotic magnitude plot starts (at low frequencies) at 0 dB Phase
and stays at that level until it gets to wq. At that point the gain starts dropping with a slope of 25
-40 dB/decade. Note: it is -40 dB per decade because there are two poles in the denominator. We/10°L o 1OAC
If <0.5 we estimate the peak height as | H (jwpeak)| ~ 2—1< (exact height is 0 frmsnmnnn
1 =1 _ i i ~ i -45
| H (jwpeak)| % \/1—_0)' We approximate the peak location at wpeqr = wy (exact peak location .
is at Wpeak = woy/1 — 2¢2). 2 -9
However, if {=0.5, the peak is sufficiently small that we don't include it in our plot. N 135
Ve R R T ————
Since 1<0.5, we draw a peak. Note how close together the approximate and exact values are 225 o
for Wpeak and IH(ju)peak)I- 0.01 0.1 1 10 100
w, rad/sec
Wpeak | IH(jwpeak)! | IH(jwpeak)lds
phsApprox  ---- phsExact wo
Approximate | 1.00 2.50 7.96 wo_low w0_high
Exact 0.96 2.55 8.14
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Resposta frequencial:: Aplicacao

[ J What Bode Plots Represent: The Fro X +

¢« & O 8 swarthmore.edu B 9% ¢ ¥ =

) Introdugio Google Tradutor Apple Wikipedia Diciondrio Portugué... YouTube Diciondrio Portugué... Outros favoritos
G

Interactive Demo
Choose a transfer function.

P ® H(s) = 1 H(jw) = 175 Magnitude of H(jw), (i.e., [H(jw)|), vs w
1
16 . 1.6

t H(8) = Frasarts H () = oo 059
» Set input parameters, Vin(t)=A-cos(w-t+@). % 045
® Setw: [1000 | w o=@ 3 -

SetA: is | A 02 ®— ,
= Set: [0 | ¢ -1g0 =@ 0 1 2 3

180 w
o

At =1, H(jo) = 1/(1.00 + j2.00) = 0.45.2-63.4° = M£8.

Phase of H(jw), (i.e., ZH(jw)), vs w
Since the input can be represented as 1.520°,

The output is M-A~(8+¢) = 0.682-63.4°. 0
Magnitude | Phase Time Domain .
- 0.45-cos(1-t + g -45
H(jw) 0.45 -63.4 -63.4°) T -634
Input 15 0° 1.5-cos(1-t + 0°)
=90
. 0.68-cos(1-t + 0 B 2 3
Output 0.68 -63.4 -63.4°) w

Directions for Use Vin() & Vout(®) VSt vy — Vout®

Use the radio buttons to choose a transfer function,
and the sliders to choose the frequency, amplitude and
phase of the input (you can also set frequency by
clicking and dragging in either of the top two graphs.)

T
I
1
|

Vin(t), Vout(t)
=)

The paragraph below the sliders goes through the ——————)
calculation of the numerical value of the transfer 3 S R S S U
function at the chosen frequency, and gives H(jw) in
terms of magnitude and phase. Note that these are

Alan kA an tha ban hiin sranbka b s dab Ta find tha

’, ’ ’
<LWALS & <LctPrrnaac |
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Resposta frequencial
Aplicacao

» Problema: mostre o sinal de saida para o
sistema ao lado quando se aplica a0 mesmo
um cosseno de 2 Vpp a frequéncia de 1 Hz.

» Considerar: R=2MQe C=1pF

»  Solucao:
1 1
H(S): = =
l1+sRC 1+2x100-1x106-5 1+2s
Hjw) 1 1
JW) = : — :
I +j2w 1+]w2
p

He)| = [/ (1+52)| =

e ()

L H(jw)=-Z (1 —l—j—) = —tan~ (wi)
W, = 1/2 (rad/s)

1
=—=—=0,079577H
J; 2r  4rx ‘
Vout(ja)) = Vi (]a)) ‘ H(]O))

| Vou(G@) | =

Acos(ot+¢) |
' >
Input {

System,
H(s)

M-Acos(ot+d+8)
N |
Output

Circuit

Transfer Function

1+ sRC

Usando Matlab:

Bode Diagram

>> H=tf(1,[2 1]) °

A0+
2 s +1
>> pole(H)
-0.5

Magnitude (dB)

-20

>> f_p=1/(4*pi)

fp =

0.079577 >
>> zpk(H) =
0.5 g
_______ o
(s+0.5) -
>> bode(G) ote

-1 0 1
10 10 10
Frequency (rad/s)



Resposta frequencial
Aplicacao

» Problema: mostre o sinal de saida para o

sistema ao lado quando se aplica a0 mesmo
um cosseno de 2 Vpp a frequéncia de 1 Hz.

» Considerar: R=2MQe C=1pF
»  Solucao:

1 1
) = T RC T T3 2% 105 Tx106.5 1425
1 1
[1 .G) = =
Vo) =1 e [+
P

He)| = [/ (1+52)| =

e ()

L H(jw)=-Z (1 —l—j—) = —tan~ (wi)
W, = 1/2 (rad/s)

1
=—=—=0,079577H
J; 2r  4rx ‘
Vout(ja)) = Vi (]a)) ‘ H(]O))

| Vou(G@) | =

P \ | , 3\
Acos(ot+¢) | system, M-Acos(co»t—cb—ej
. ! £
Input | H(s) Output
Circuit Transfer Function
AMM, ° )
) Vo
.".:Li{.m C l H (3) Vout (3 ) 1
() = =
o T Vin(s) _ 1+ sRC
I
Usando Matlab: Bode Diagram
>> H=tf(1,[2 1]) °
H = .
1 210}
———————
2s +1 ?,, -
>> pole(H) e o 1
-0.5 System: H \
- 2 Frequency (rad/s): 6.26
?pf:p 1/(4*pi) A Magnitude (dB): -22
0.079577
>> zpk(H) 8
0.5 @45
_______ © System: H
o Frequency (rad/s): 6.25
>>( E;ge?é) Phase (deg): 854 _
-90 ——
>> f=2+pi 2 r 0 ]
£ = 2 10 b Frequency (rad/s)10 10
6.2832



M-Acos(ot+d+8)
N |
Output

Acos(at+d) | s
(, - Sys{tf\m,
Input { H(s)

Resposta frequencial
Aplicacao

» Problema: mostre o sinal de saida para o

Circuit Transfer Function

sistema ao lado quando se aplica a0 mesmo
um cosseno de 2 Vpp a frequéncia de 1 Hz. A —— 0
¥
» Considerar: R=2MQeC=1pF .-f;:,L{.i” c l ° H(s) Vout (8) 1
» Solucao: 7 T Vin (8) 1+ sRC
1 1 +
H(s) = -~ - 1
l1+sRC 1+2x100-1x100-5 1+42s
Usando Matlab:
1 1
H(]a)) — — ;>_H=tf(1,[2 11) . Bode Diagram
14+20 142 o
a¢ ——————— )
4 N\ >>2pcs)1e(l%l) qu I
— _ . -0.5 2
Ganh9 em® = 1 Hz = 2 rad/s: s> £ p=1/(hepi) Be20| |
|G(jw)| ;5 =—22dB P oeresrr L — N
—22 = 201log,o(| G(jw)|) > il %0 e
. _2 :
|G(jo)| = 10720 = 0,079433 (5:0.5) -
T * @
£G(jw)=—854°=—854°- = —1.4905rad| 3 bodee) = |
360002 180° a s -
- 6.2832 e
A o 85 4(0 ) 5s ganho=10"(—22/2030 Phase (deg): 854 |
’ ho = )
854°.T . 00)079433 10° O-1Frequency (rad/s)100 10’
At = ——— = 0,037755 segundos >> VSR
3600 T
fonsiderando T = 0,15915 segundos. ;Zlgglia;t=(85-4*”/360

0.23722



Resposta frequencial
Aplicacao

» Problema: mostre o sinal de saida para o
sistema ao lado quando se aplica ao mesmo
um cosseno de 2 Vpp a frequéncia de 1 Hz.

» Considerar: R=2MQeC=1pF

»  Solucao:

Usando Matlab:

>> H=tf(1,[2 11) Bode Diagram

, . ! p \
Acos(ot+d) G M-Acos(ot+¢+86)
(_ ¢’,| Sys,tL.Tn, (> |
Input H(s) Output
Circuit Transfer Function
- A'-.;;"'.l'h'-.-' T V:
/p%” C ‘@ut(s) 1
(\,}}J H(S) = =
y _{ Vin (s) 1+ sRC
T

H 0 T
1 —_
““““ T ol ]
2s +1 ral
>> pole(H) s
-0.5 g
>> f_p=1/(4=pi) g-zo- " |
f_p = System: H \
0.079577 | Frequency (rad/s): 6.26
>> zpk(H) '3% i Magnitude (dB): -22  ____
0.5
(5+0.5) 5 \ 1
>> bode(G) > -45 - _
>> rad=2#pix1l S System: H
rad = T Frequency (rad/s): 6.25
6.2832 Phase (deg): -85.4 5
>> ganho=10"(-22/20) -90 ! | e
ganho = 102 107 10° 10"
0.079433 Frequency (rad/s) 0
>> T=1/1
T -
1.0
>> Delta_t=(85.4*T)/360 -0.5
Delta_t =
0.23722

>> rad=(85.4*pi)/180
rad

1.4905
>> ezplot(@(t)il*cos(2*pix1+t),[0 2])
% onda entrada
>> hold on
>> ezplot(@(t)ganho*cos(2*pixl+t-
rad),[0 2]) // onda saida
>> axis([6 2 -1 1]1)
>> grid
>> legend(‘Vv_{in}"','v_{out}")

ganho cos(2 « 1 t-rad)

0:5 1.5



