ENEO167 - Controle Digital

Notas de Aula, ref. Franklin, 1998

Prof. Adolfo Bauchspiess
ENE/FT/UnB

A leitura das sec¢des em livro texto, dos conteudos vistos nestes slides, € essencial ao entendimento da disciplina.

As Listas de Exercicios L1 e L2 (Franklin) ajudam a fixar o conteudo.
Provas anteriores ilustram a forma com a qual o contetido € cobrado.

Os slides sdo o suporte para o desenvolvimento em sala - importante tomar nota, em sala, do que ¢ "interessante"!
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]. Introducao — Sistemas de Controle Digital

r(kT)

w(r)
ékT) Digital | u(kT) u(f) | Plantor | Y
” computer » D/A vehicle u

l__ Clock T

| A/D {¢&—————= Sensor |&—

]

v(r)

y&T)

Notation:

reference or command inputs

control or actuator input signal

controlled or output signal

instrument or sensor output, usually an approximation to or estimate
of ¥. (For any variable, say 0, the notation @ is now commonly taken
from statistics to mean an estimate of 6.)

r—jp = indicated error

r—y = system error

disturbance input to the plant

disturbance or noise in the sensor

analog-to-digital converter

digital-to-analog converter

‘o 1B Y
[ I 11

DP»e EY ™
nmuwnuwunun

——
> O
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Conversor A/D
- Quantizacao

0.5
0.4
0.3
0.2

0.1
] O e

O (O IO O |

I LT

Figure I-1 (a) Continuous-time analog
signal; (b) continuous-time quantized
signal; (¢) sampled-data signal;

(d) digital signal.
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Sinais - Sistema de Controle Digital

-3 e

Plant or
Actuator o AfLG

oo —
[ I o bl o
Soo C—0o
S/H N Y
and -] Digital . D/A . Hold
A/D computer converter ' circuit
J converter
4 y
L
Clock
Transducer  [t———

process

Obs: Reference and error detector can be implemented as software.

(Ogata, Discrete Control)
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3.2 Amostragem

Hold =
Additional delay in a feedback controlled system
reduce stability and damping factor (overshoot 1).

e(kT) Eq. A U(kT) U(t)

- -~ D/A | Hold |
diferencas / old

Atraso médio T/2 —
analise do sistema continuo com Hold

2/T

Gu(s) = s+2/T

(Padé)




Analise no dominio-w

Hold: avg. delay in time, T/2 — exp(-joT/2)

—w'T

Phase decrease ¢ ¢ =———

Figure 3.4

Continuous and digital
step response at 20 Hz
sample rate showing
results with a T/2 delay
approximation

1.5

2

| conlmuous comrol .
H dlgztal control usmg Eulers method
conunuous control Wl[h delay: approx

A

0.2 0.3 04 0.5 0.6
Time (sec)
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Magnitude

Examplo 3.3

G(s) =

s(s+1)
s+2

D) =70-""7%

2/T

Gn(s) = s+2/T

Phase (Deg)

sys0(s) = feedback(G * D,1)
sysl(s) = feedback(G* D * Gh,l)
sys2(s) = feedback(G* D *exp(—jwT /2),1)

— ML
g=tf(1,[1 1 0]),d=zpk(-2,-10,70)
gh=tf(20,[1 20])
gdd=c2d(g*d,.1)
sysc=feedback(g*d,1)
sysd=feedback(gdd,1)
sc=feedback(g*gh*d,1)
cc=d2c(sysd)
figure(2);

10!

100 b
10-1 ¢ : T iy : RS SRS 21
10! 100 10 102

........... s fuim
) (U O ) A i
-160 .,‘._ ........................ SR
180 L_L;.il;l :|8 L “
10-1 100 10! 102

Frequency (rad/sec)

Frequency (rad/sec)

0.1 0.2 0.3 04 0.5 0.6
Time (sec)

step(sysc,sysd,feedback(g*gh*d,1),cc) ., ceie
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Amplitude

0.5

Examplo 3.3

Bode Diagram
1 2 2/T ]

G(s) = ;D(s) =170 i ;G (s) = / ob 1 TN

s(s+1) s+10 s+2/T el

\\ sys1
0 NG sys2 |

sys0(s) = feedback(G* D,l) g o \
sysl(s) = feedback(G*D*Gh,) : N

sys2(s) = feedback(G* D*exp(-jwT /2),])

<

Step Response
-80

l T
k’\ ey b T —
R |
\\

L\_‘,_I_F'__ -360
-540 \

[l
[

il
//

Phase (deg)

-720

0 05 1 15 2 25 3 35 10 10' 10
Time (sec) Frequency (rad/sec)
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Controle PID por emulacao

x(k +1) = x(k)
T

Digitalizacdo pelo método de Euler x =

P:u(t) = Ke(t) ——  u(k) = Ke(k)

I:u(t) = g fe(n)dn Bl (k) = u(k —1) + ge(k)
e ey - etk -]

D:u(t) = Tﬁé(r) —Luer (k) =
d

D(s) = ) —K(1+T1

. . e ..
+7,8)=u=K(e+—+71,e
o) a5) ( . 4€)

lS i

PID discreto Projeto Continuo—discreto: ~30BW, quase-continuo

¥

u(k) =u(k 1)+ K e(k=2)

( +%+T?d)e(k) -1+ ZT?d)e(k—l) +—

l




4 - Analise de Sistemas Discretos

Computer as Dynamic Controller: U, =f ey, .., ;Ug, s Uy )

Linear Case, finite: recorrence equation
Uk:_a] uk_]_azuk_z_ cee anuk_n+boek+b] ek_]+...+bmek_m
Origem do nome:

ul<72:ul<_2vuk+vzuk

Vnukzvn—luk_vn—luil

Ex.: Difference . eq. 2.2order a,V'u,—(a,+2a,)Vu,+(a,+a,+1)u,=b,e,
(b,=b,=0)
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4.2 A Funcao de Transferéncia Discreta

Transformada z de e, e,,... e,,....  E(2)

Exemplo: ¢ “1(t) » e,=e " 1(kT)

o0 (e 0]
§ : —Kk § : —akT _—k
ekZ = e a
k=~—00 0
o0
— § :(e—-a’f,,—l)!.
0
1
T 1 e—(lT_:,—l
Z - —aT
= —-aT I'{'[ o
e 4

CDigl1_ENE-UnB
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A Funcao de Transferéncia Discreta

- U(2)

D250

b,+bz"'+---+b 2"

bozn + blzn—l + L. + bmzn—m
"+az" ' +a, "+ -a

n

b(2)

H(z) = .
(2) i)

CDigl1_ENE-UnB

E(z) U(z)
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Polos e Zeros ()= 22 et bt

11 (Z_pi)

MatLab: >>H =tf([b, b, ... b_L,[1 a, a, ...a_],T)
>>H2 = zpk(z, p, k, T)
>>H2 = zpk(H)
>> H= tf(H2)

E(2)

Ex: degrau unitario H(z) = z* — u,~e,,

m

CDigl1_ENE-UnB



Diagramas de Blocos

—»| H,(2) e *+ M u
!+ O—’@—O Hy 0
e ta +

——{ H,(2) —T §

H(z) = H,(z) + H,(z)

u
.

H(z) = H,(2)H,(2)

sz—d

H,(z)
1 -H] (Z)HQ(Z)

H(z) =

CDigl1_ENE-UnB 14



4.3.3 Espaco de Estados

Forma Canonica Controlavel

f *

| a l

by

-dj

T3

P
ry +

CDigl1_ENE-UnB

Franklin:
Xx=Fx+Gu+G w

y=H x+Ju

Ogata:
X=Ax+Bu+G, w
y=Cx+Du

xtk + 1) = A x(k) + B e(k).

15



Forma Canonica Controlavel

Y(k) B by + b1zt +byz 2 4+ byz? s N
U(k) 1+ iz~ + agz™? + agz? - —- T = = Hegra de Mason: Ei FiA;
= T b - A
by & um "processo paralelo”, - bo - .
e NA=1-Li- Ly - Ly+ DLy + o = LnLoLy — .
IEEEN
N
RN
L'~,XEFCC[GSSHmiﬂdﬂ by =by=0)
"y

\“,:I Y{k} Pl + Pg + P3

\ =
I"." U{k} 1—Ly—Ly— Lj
4

nao infuenciado pela dinamica [x; x; x3]-
s

&
by & um caminho direto entre entrada e saida,
afetado pela dindmica (X Xz X3l
&

Wik) Y(K)

z1(k +1) = —arz1(k) — aaza(k) — aszs(k) + u(k)
zo(k+1) = 241 (k)

x(k + 1) = Ax(k) + Bu(k) z3(k+ 1) = z(k)

y(k) = Cx(k) y(k) = bz (k) + baza(k) + baza(k)
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Forma canonica observavel

{TN
Q“._?

!

+
—

b,
+
+

~a,

! | u(k) = C,x(k) + D, e(k)
5 by
A 0 TR " —a, 10
) —P@‘—'—"‘ A = —ags 0 1
+ | —a, 0 0
~a, [ b, — b,a,
B = | b,—ba,
I | by — bya,
C, =[100]
Do = [bO]

CDigl1_ENE-UnB

x(k + 1) = A _x(k) + B,e(k)
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Forma canonica observavel

Y{k:] P4+ Py 4+ Py

(k) 1-1L;—Ly— L

Yik) izl + bz~ 2 4 baz—?

U(k)  14az'4ap2? +azz?

Pivo

K)

(k)

by xa(k+1) 1 ¥3(K)
»

Xz(K+1) 271 Xalk)
> > &

X1(k+1) 277 %q(K)
>
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Resposta ao Pulso Unitario

1, (k=0)
£ 0, (k#0)
=¥

e

k*
o0

o0
H(z) = Z ukz—k; Z th_k. Transformada da resposta
—00

ao pulso unitario
—-00

CDigl1_ENE-UnB 19



. _T 1+z"
Exemplo: viz=] "k
k e, e a vy, y=h
0o 0 1 T2 O T/2
1 i 0 7T/2 T/2 v
2 0 0 0 T '
3 0 0 0 b /3

CDigl1_ENE-UnB
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Convolucao

Produto no dominio

da frequéncia: U<Z>:E<Z>H<Z)

U(z) = i ejz.-j i h,z_'.

j:-oo {==00
(o 0] (o @] (0]
—ky —k
E Uz = E 2 E ejhk__}.
k=—00 k=—00 Jj=-00
u, = eyh,

u, = eohI +e|h0
U, = ariert elhl +ie
U, = eoh3 + elhz + ezhl -+ e3h0

CDigl1_ENE-UnB

K
Uk:z e;hy_;
J=0

Convolucao no dominio
do tempo discreto

21



BIBO Estabilidade

Entrada limitada:
|uk| = ‘Z eihk—i‘
S_Z; \eiHhk_i\

SMZ; h, |

Saida limitada se:

le|<M <o forall I

o
Z |hﬂ-i. <X
[=—x

CDigl1_ENE-UnB

22



Exemplo - BIBO Estabilidade

Sistema discreto: u=au,_+ bo €

= b.. = a,bx, u, =a b
Resposta a um 4 0 k‘ 170 :
Pulso unitario: u, =h, =bya’, &> 1.
bilidad = ¥ ’

Estabilidade: B b la —b

2l = bolail'= by

-0 1=0)

= unbounded

CDigl1_ENE-UnB

(lal < 1)

(la| = 1)
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Modelo Discreto de Sistemas Amostrados

Pulso unitario Y (s)=(1—e )G %)

2—

G(z) = Z{Y,(kT))
! = ZLL~ (LG N=21Y. (5]

r-! G(S)

b =Z{(1 —e")——}
2iem O _ z“Z{G(S)}

% S
u(kT) u(t) y(t) y(kT)

Sl AN K G
Giz)=(1-z"HZ (S)}
Modelo discreto equivalente de G(s)

CDigl1_ENE-UnB 24



a

Exemplo: 6es) -

S+da

Modelo discreto equivalente com ZOH

G(s) v a I |

-—

S _s(s+a)=s 5 +d

7 IQEQ = 1(t) — e”?'1(z)
s 4
G(s) ] & z G =z—l z(l—e-aT)
Z[ s. ] z2=1 z—e° & e @ - D@e—e")
__i=e™) o I
" @ D—e) T

CDigl1_ENE-UnB
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4.4 Resposta Dinamica

Procedimento:




Pulso Unitario

e, (k) =1 (k = 0)

=0 (k=0
— k;
E(@=) 8+ =2"=1

U(z)=E(z) H(z) U(z) = H(z)
Funcao de transferéncia discreta € a resposta ao pulso unitario.

CDigl1_ENE-UnB
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Degrau Unitario g0 =3 w*=)

k=—00 k=0
1
e,()=1  (k=0) =——= (<D
ez(k)

an

¢ ©6 o o o o o o

CDigl1_ENE-UnB
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e o)

Exponencial Ey(2) = ;r*‘z-"
e,(k) =rk (k> 0) = ¥ o)
= (k <0) =p 1
— —  (rz7'l < 1)
l —rz
= — (2l > IrD).
& — T
e(k)
,
_/ ——o- — =

CDigl1_ENE-UnB 29



Senodide Genérica «® = (=5~ )

Decompondo em parcelas:

o ] s <
e (k) = rte™1(k) :> £4(2) = 2 { z—re'* * z—re* l
~ z(z — rcos @)
E; z] qos k ek =L —] = » 1 (.I: = r)
{2 ;re h - — 2r{cos@); 4+ r°
= _ 1
=3 et =
o | —re’:
Z{r*ff"”*l(k)} .. T (12| > r)
c=—re <
eq(k)
1.0¢
[ ]
o * 0
S & * ‘k_p
» o L]




Mapeamento de polos - C e ®_ ctes

z = planeloci of roots of constant § and w,,

s =y + ja, 1 -32

z=¢h
T = sampling period Im axis 1|
, ot ]
| 3 | . 4
| 5T e 2
| [ ST
] Tz : o~ / |
IOT | - ] -1_ |
N=3 | = 07 N\ V=8
0.1 "\ t=0
I 4* ] 0-2 ll
. A 3 1
| 0.4 ST
; : 0.5
/4 ui 1 b .
9x 3 i -"5\0'6
10T 0 N=20
N\ 0.8
/ 1 — - T v (3 L 'l \
o - /)‘ T
el M t=1.0| 07T 307
~1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
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4.4.5 Correspondéncia com sinais continuos

y(t) = e cosbt 1(1)

$,5=—a+ jb, —a — jb.

ar = 03567, A rejg, re—fﬁ'
bT = /4. i3
Com T=1 seg.
re=g 6 =bT
k — N >0 g
y(kT) = (6_0'3567)k CcOS %l(k) L1 =€ "y &7
k
= (0.7)* cos )
= T

= e, (k). z=e

CDigl1_ENE-UnB 30



Sequéncias
temporais
associadas
as posicoes
dos polos
no plano Z

Im(z)

CDigl1_ENE-UnB

33

Re(z)




Mapeamento de Linhas Caracteristicas

Jw

s-plane z-plane

2
Mapeamento n3o univoco: §, =8, + j—— N

T

CDigl1_ENE-UnB 34



4.5 Resposta em Frequéncia

: 1 2 2
25 2 {:. — gtjwoT % z—¢€ J*‘n"'}

- I »HI % zH(2)
{{:)——{ \2) + \2 }

2| 2 — etiwol ' 5 — p—jwol

| H(e’* ")z 1 H(e /%"
R e P 1
5S 2Z_e)wo’f 22__810001'

Considerando H (e’“") = A(w, T)el¥ @)

) A Yz A eIV :|I> - A i o,k A _jy —juw, Tk
L"ss(z) Sy U”(kT) -2—6 € = > I
= Acos(w, Tk + V),

) 7ol | 25 gdell
A =|H (") ¥ = L(H(*"))
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4.6 Propriedades da Transformada Z

1.

1.

Linearidade

Convolucao de sec

Z JROYA(ES)

[=—00

Y (af, (k) + Bf, (k)™

k=—00

=aZ(f,(k)} + BZ{f, k)]
= aF,(z) + BF,(2).

uéncias temporais

= F,(2) F,(2)
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Propriedades da Transformada Z...

3. Deslocamento notempo  Z{fk +n)} =z"F(z)

. Escalonamento em z Z{r™* fk)} = F(rz)

o0

EX: Z{1(k)} = Zz-" _ ¥

k=0 Z_l

rz. -
rz — 1 z—(/r)

Z{rk1k)) =

CDigl1_ENE-UnB 37



Propriedades da Transformada Z...

5. Teorema do Valor Final ~ Jim / (k) = lim(z — 1) F(2)

z—1

6. a) Inversao por divisao longa

Tz+4+1 Z
. H(z) = — : ] E.(2)= 05
EX: H@y=ZS>—.  lel> @W=—p=  ld>
U@2) = E;(2)H(2)
z Tz+41 T 1 477!
— = . ] U l) = — 1
z2—052z-1 2l > (2) 21 —9. 577 s
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Propriedades da Transformada Z...

6.a) Inversao por divisao longa Ex:...
Pl 42527 +3.25272 +3.625z 73 + - -

1 — 1.52_1 +O_SZ_2 i +z-l
] — 1.5z~ +0.5z72
2.507 ' —0.527°

2.5z —3.7527% + 1.257°

Blsy * —125°
3.25272 — 4.87527° +1.6257”

Por comparacao direta:

CDigl1_ENE-UnB

3.625772-—=1.6257z7"
3629 =

U(z) = 35 ulk)z™,
u, = T/2,
u, = (7/2)25,
u, =(7/2)3.25

39



Propriedades da Transformada Z...

6.b) Inversao por expansao em fracoes parciais

T1+4z" 1 A B
, i - +
2
2105 21-=2 2

u, = Ae, (k) + Be, (k)

= 2Te, (k) — %33(4’:)
- zr_31(1 Vi
- £ 2)

T 3
== [4— 27} 1 (k).
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5-Sistemas Amostrados

R
¢ ]
.. Sample & Hold I—
ST
V. 29 < Y sai

/__r""?\\ ‘_‘::t

/

// : | -

4-/ | | | |
K Ly | |

' ] ||
H‘ F AB] T IH= T

| - 13 |

H = Hold; S in position 2.
T = Track; Sin position [.

CDigl1_ENE-UnB
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S&H - Analise Matematica

Separar Sample de Hold

o0

D)= ) r()80 —kT)
k=~00

Amostragem => modulacao por impulsos

Propriedade™ [ f(1)é(t —a)dt = f(a)

42



Transf. de Laplace de um sinal amostrado

Para o impulso f b(rlde = L&)
—Q0

00

L{5(1)) 2[ d(r)e=""dou="]
L{r )} =[ Fn)e~ar

=[ Z r(r)é(r — kT)e™*'dr
0 f(=-0cc

R*(s) = Z EET Yer

k=-—00
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Segurador de Ordem Zero

0 10

(a)

20 30

0 10

(©

20 30

CDigl1_ENE-UnB

-4: . :
0 10 20 30
(b)
r r¥ T
~ =
t ZOH
(d)
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Segurador de Ordem Zero

r,(t) =rkT) kT <t <kT +T.

p(t) = 1(t) = 1(t = T)

ZOH(s) = L{p()}
= f [1(¢) = 1(t = T)]e "dt
0
= (1 —e™")/s.

CDigl1_ENE-UnB

45



5.2 Espectro de um Sinal Amostrado

Representacao da série de impulsos por Fourier

) 1 TJj2 oo

T/12 be_mn

T/ ]
q=—f s(eminening, €, ==

T/2

i 6@t — kT) = % i ol rn/ T

k=-—00 H==00
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Espectro de um Sinal Amostrado...

27T

Wy = 7 Freq. De amostragem (rad/s)

E{rr(t)) = [: r(t) [% Z ef"“’x’} e "dt

h=-00

. I & [ .
L (S) - }- n;m '/:OO ;(! )E}nm’re_“df

%) =% 2. f _rneTeTie g, IZ> R*(5) =% Y R(s — jnw)

n=—po VY™ n=-00

CDigl1_ENE-UnB
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Espectro de um Sinal Amostrado...

IR

CDigl1_ENE-UnB

Espectro de
Amplitude

Espectro do sinal
Amostrado
— tem “aliasing”

1 R(jw,) éaliasde

48



27T

Exemplo - Alias  @+n—-=a+ne,

Sinais de 1/8 Hz e 7/8Hz amostrados a 1Hz

1

0.8

0.6

0.4

0.2

05

-0.2

0.4

-0.6

-0.8

A | | | | | | | |

Sk
I I I I I I I

0 1 2 3 4 5 6 7 8

f,=1/8 -1 = -7/8 —senoide invertida

w1=2%pi*1/8; w2=2%pi*7/8; t=0:0.01:10; T=0:10,plot(t,sin(-w1*t),t,sin(w2*t), T,sin(-w1*T),"*")

CDigl1_ENE-UnB
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Alias

Componentes de alta frequéncia geram erros quando amostrados

> preceder S&H por filtro passa-baixas anti-alias

IR} |
1+ f(\ -
/’ Remover componentes
0.5} 7 . o
| e o espectrais acima de n/T
4 -2 0 2 4 6 8
ol

0
-10 -8 6 10

ITR*|

\j \L | /T — frequéncia de Nyquist
8 -6 -4 2 0 2 4 6 8
ol

f/
-10 - 10
(b)
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Teorema da Amostragem

- /T = frequéncia de Nyquist

1\ L\ | AV S I VA I VA I V.
55555555

Sinais sem componentes acima da freq. de Nyquist
sao representados/recuperados de forma unica

de suas amostras

A frequéncia de amostragem, ® =27n/T deve ser pelo

menos duas vezes a maior frequéncia (n/T) do sinal.
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Interpolacao de Sinais Amostrados

Filtro Passa-Baixas ldeal ¢

. I L(jw)
— reconstrucao de r(t) a partir de suas amostras

R(jw) = L(jo)R*(jw)

\ 4

-Ti/T /T w

L B
&) = —[ Te!*dw
2 J 7
B T ejmr /T

T 27 jt '*"’”

= T (ej(H!/T} _e—j{HIIT])
27 jt

. sin(mwt/T)

wt)T

A ., Kl
= SINC —.
g

Resposta ao Impulso acausal
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Interpolacao de Sinais Amostrados ...

4

Recuperacao do sinal analégico T L(w)
Fi) = fm r(t) i (Tt — kT)sincn(f - T)dr >
—00 k=—e0 r -Ti/T /T w

Propriedade de amostragem

=y r(k:r)sinc”“;m

k=—00

Filtro ideal:
Acausal = Nao é realizavel!!

—adicionar atraso(ZOH) ot . |
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Recuperacao do sinal analégico,
via ZOH do conversor A/D ZOH(jw) = : it

Jw

—jwT

(Aceitar um atraso de T/2)

jwTf2.<_ —jwT/2 .
ZOH(jw)=e—ijf2{€j re e’ } 2]

2j jw
j / i T
Z0 H{jfﬂ‘] = Te ~ jesT 3 Sln(fﬂ T, 2) i \ B

ZOH(jw) = e ™ Tsinc(wT/2) o S Y S S S
T | |
Atraso T/2 My : .. __ : i ;
2

IZOH(jw)l = T

, —wT %
LZOH(]{;)) — -'—2—— :]b) 2 4 6 8 10 12 14
ol
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Senéide R(jw) = Ale*5(w — w,) + e *8(w + w,)]
amOStrada ZOH((jw) = Te " sinc(wT/2)

3

1F) 1 i
2+
oL 0.5} - 05}

"y (- -l
=i, @, [+

| 2 ] 5 0 5 00'% ﬁiu lb = |5

0 wT : : wl
ak (a) (b)
2F

| --.,\
.30 '._‘:-‘.'
0.5} :
M‘A/‘

0“\) 5 " 10 9 15
(©)

v(t) = Asin(w,?) ) Harmonica v,(1) = Alsinc(wT/2)sin[w, (t — -g) ]

Fundamental;
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ZOH(jw) = Te " sinc(wT/2)

Sendide 7] \\;

— ZOH Output

- Harmonic : ? !

Hr

W(1) = Asin(w,t) ) Harmonica v,(1) = Alsinc(wT/2))sin[w, (t — -;-)J

Fundamental;
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5.4 Analise de Diagramas de Blocos

Funcoes de transferéncia discretas equivalentes?

E(s) = R*(s)H(s),
U(s) = E*(s)G(s).

r ®
/T r%- H(s)

E/T!:!-G(s}i/——u::

R(s) R*(®

Definicao:

E(s) E*») Uis) U*@s)

U@) =U"@s)] oo, Transformada de Laplace

T do sinal amostrado
z=e€
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Propriedade da Amostragem (E(s)*G(s))*= E(s)*G(s)*

U*(s) = (E*(s)G(s))* :> Propriedade basica para

Simplificar diagramas de blocos

U*(s) = % Y E*(s — jnw)G(s — jnw,)

n=-—0co

1 & . 1 < . .
E*(s) = Y E(s — jko,) E*(s — jnw) = = Y E(s — jko, — jnw,).

k==00 k=—00

o0 ] 00
E*(s — jnw,) = '.;,— Z E(s—jtw) :> U*(s) = E*(s) = Z G(s — jnw,)
{=-—0c0 —00
— 8 S = FH)G"(5). QED
Importante :
U(s) = E(s)G(s) notacao
U*(5) = (E)G(s)* U =T
U *(s) = E*(s)G(s)* T
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Modelof | Model of | Plant |
computer | D/A | |
program | converter | |
| e = | |
» D*(s) _|_.| l”: i ; u’ G(s) 4
I I I
E(S)“'_"R"‘_Yt Y‘: GM* I_ETS ;
M (s)=E"DF, s
=M l:]_" e_h] Retirando os sinais periodicos:
= 5 G\*
! = e—-T: e =
Y =GU. ( ) ( . )
Y*=(1-e P)E*D'(G/s)*
E* - R‘ - Y*‘ x - * * x x
M¥=EtD¢ ¥ =(]—£’ I‘I“s)-D (G/S) [R -Y ]
g D inand
* . enominando
¥y =[GUY". P
(1 -e"™)D*(G/s)* = H" E> = 5
1+ H®
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| computer

| "W | | |
I 33:";5"3 : program : converter : :
r + e} e‘L N m; —ig=Tb | u'. . ' ¥ e

Exemplo G(s)=siﬂ O o ) s Ml e il

g =i ‘

Controlador; u(kT) = u(kT —T) + K e(kT),
. U(z) K, K,z :> KeT
. D == == — * o 0
Solugéo: D(z) e e I D*(s) = " g
Modelo equivalente (1 —e NGGs)/s) = (1 —e7T%) ( % )
(Transf. Inv. Ao degrau) il
=(1—8-T5) (—l‘ = l )
S S+ H
| 1
—Ts * __ __ a—Ts . —
{1 e W(G(s)/s)" =( ¢ )(] _e-r; 1 _e—aTe-Ts)'
. (1,2)8-.“- K e.FT

] — Ts . = H*(s) = 0
(I —e"")(G(s)/s) — (/e (s) 2 @ —DE —1/2)

__ 12 N

e =10 )= K [+ H* s =
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Outro exemplo

R + E U U* | Y
Eq. do sistema: H o » G
E=R-Y 2
{ U=HE
Y=UG
Amostrando:
E3=Rt_}/:‘ U’— (HR)* - (HR)* .
{U*:(HE)*, I +(HG)' 1 + (HG)*
R e N3o existe
:> funcao de transferéncia (Y*/R*)
U=(HR-=-Y))" Sistema variante no tempo!!
= (HR)* —-(HD)* . # .
E =R — UG ﬁ\/ %7\/

U= (HR)" — U'(HG)®
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Obtencao Experimental do Ganho de Malha Aberta: sinal w, =0

1) Sinais w genéricos

W

Controller Hold i Plant
@—/ —  D(2) L & 5 G(s) f—p4—V
S i
E, E,
Ep=n g "= " 1+ D'(HG)
Y=WGCG +U*HG D*(WG)*
* * * * E —
Y= (Wa)+U (HG) 2 1+ D*(HG)®
Ut — _Dt yt
funcao de transferéncia MA (E,"/E,*)
U*(s) = D*(WG)*
14 D*(HG) (sinal W fica misturado)
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2) Sinal senoidal (uma exponencial por vez) w =2ré(w— w,)

L TR 2 2k
o
|
(GW)* = T G(jwy)2md(w — w,y) w, < /T — sem sobreposi¢éo do espectro
1
- ? GW'wo -
E. %D'GH
e e Gl=0for lw| >a/T G*=G p/|w|<m/T
i I+D'{GH]'—?D'GH
“2 __p'GH) o FT.MAl
E, -
Controller B Hold " + Plant 3) FT MA: G com filtro
o WL s R G ’ passa-baixas anti-alias
% 5 G| =0 p/|w|>T/T
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4) w aplicado via Sample & Hold

E,=U'H+WH
E,=U'H
U*=-DY

Y =U*HG+ W'HG

Controller

) D*

B W*H
'™ 14+ D*(HG)* E,
D*(HG)? — = -D*(HG)*
E2 = (t ) " W*H EI
1 + D*(HG)
F.T. MA discreta
w
e\
Hold
H
Hold b Plant
u* + y
— H G gy~
E, E,
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Transformada Z modificada

Gizzm)=(-z")HZ I@e’"“] O<m< 1
Permite calcular valores entre os instantes de amostragem
14
Verificar oscilagdes escondidas (ol
— escolher outra taxa de amostragem!!
I
— Simulink 08l

0.6} $I—
15(z-9) 80 ’I_y L1
J ' ' (21)(2-0.7) —> (5+3)(s+.5+25])(+.5-25]) ’J_L‘— g 0.4L
D

Step Controlador Processo Zero-Order

iscreto Ta=1seg Hold

0.2t




6. Sistemas Discretos Equivalentes

1 | | |

7

(a) Forward Rectangular Rule

A~

1 1 1 1

(b) Backward Rectangular Rule

(c) Trapezoid Rule

Exemplo:

U(S) —_— H(S) =
E(s) s+a
u + au = ae (Eq. Diferencial)

u(r) =/ [—au(t) + ae(7)]dT,
0

kT

kT-T
ukT) = f [—au + aeldt + f |—au + aeldrt
0 k

T~-T
area of —au + ae

=u(kT—T)+| overkT — T <t <kT.

u(kT) = u(kT-T) + Area
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Alguns métodos de integracao simples

1) Regra Retangular em Avanco (Euler)

u,(kT) = u,(kT — T) + T[—au, (kT — T) + ae(kT — T)]

= (1 —aT)u, (kT — T) + aTe(kT — T).

aTz™"
He@) = 0 a2
- a
(z=1)/T+a

1) Regra Retangular em Atraso

u,(kT) = u,(kT — T) + T[—au,(kT) + ae(kT))

kT —T T
= Mz( ) . = e(kT)
l4+aT | +aT

aT 1 aTz

| +al b—2 /(L+aF) <l +al)—1

= : (backward rectangular rule)

(z=1)/Tz+a

Hy(z) =

CDigl1_ENE-UnB
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3) Regra Trapezoidal

u,(kT) = u,(kT —T) + I[—au3(kT -~ T)

2
+ae(kT —T) — au,(kT) + ae(kT)]
_ 1 —=(aT/2) - aT /2
=GR u, (kT —T) + 1+(aT/2)[e3(kT T)+ e, (k7))
aT(z+ 1)
0= G ane +aT -2
a

— /D=1 D] +a (trapezoid rule)
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Alguns métodos de discretizacao

H(s)

S+ a

S+ a

sS+a

Method
Forward rule
Backward Rule
Trapezoid Rule

Method

Forward rule
Backward rule

Trapezoid rule

Approximation
-1
5 405 z = 1+Ts,
T 1
_— —
5 < ZT = Yot
5 3 1+ Ts/2
nl. _Z — 1 § = l T5/2
Tz+1 — Is/
Transfer function
a
=G -D/T+a
a
S IR Hp(z) = H$)\, 3

a
/D= D/z+ D} +a
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Mapeamento da Regido de Estabilidade

Retangular em avancgo Retangular em atraso Trapezoidal

a) (b) (c)

Unit circle

z = 1+4+Ts =

1 — Ts/2

Filtro estavel em s (SPE)
pode ser mapeado em um
filtro discreto instavel
(polos [z[>1) z— ===

1 ! 1 1] I-"Ts/2
=
]
2
l

CDigl1_ENE-UnB
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Equivalente Prewarp - Pré-Compensacao

Corrige a distorcao que ocorre na frequéncia
devido ao atraso T/2 do sistema discreto.

Em geral, o ajuste do ganho é feito na
frequéncia de corte do sistema — Neste
ponto, w, , 0s sistema continuo e discreto

passam a ter o mesmo ganho.
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Equivalente discreto via casamento
Pélo-Zero (Pole-Zero Matching)

Regras heuristicas p/ zeros tb. z=e*"

>> sd=c2d(sys,T,’matched’)
. Poblos z=e*"
.. Zeros finitos mapeados tb. por z=es"
s a) Zeros de H(s) em s = oo mapeados em H,,(z) em -1
z=el=1 - z=el"=-1 (maior freq. possivel em z)

b) se se deseja um delay:
mapear um zero em oo e 0s demais em -1

.. Ganho
H(s) |0 = H,(2) ] .4
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Exemplo: pole-zero matching H(s) =

Solucgao:
Poloem s=-a — polo de H(z) em e?’
Zero s =« — zerode H(z)emz = -1
Ganhode H(s)ems=0 é1 — para casar

H(z) em z = 1 deve ter ganho (1 —e=27)/2

_ Mgr-d)0 —ei™t)

3.a) H =
) H,,@) G —eT)
}— e—aT
H. = .
3b) H,(2) 7 — e—F

CDigl1_ENE-UnB
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e(r)

Equivalentes “Hold” (Segurador)

e(?)

Sampler

e(k)

e(r) HEs) u(t)
(a)
é a(e)
Hold — H(s) et Sampler
- Y
Hyol2)
(b)
e(l)

CDigl1_ENE-UnB

a(k)

Equivalente segurador de ordem zero

HJ:O(Z) =(1-zNHZ {

S

H(s)]

>> sd = c2d (sys,T,’zoh’)

ou >> sd = c2d(sys,T)
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Exemplo: equivalente ZOH  #x =

S+a
H
HJ:O(Z):(I“Z—I)Z{ ES)]
He) . e 1 1
s sls+a) s s+a
ZIE_(S_) :zll}_z _‘-_]
) s s+a

| -z~ | —e ™2

= o Y Hlgla) —E )

(l—-z7 Y0 =e"zY
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Equivalente “Hold” de 1? ordem
(Segurador triangular)

eT.s = 2 + e—-Ts

1.0 Ts?
|
-2T -T T
Resposta ao impulso:
Nao-causal!!

CDigl1_ENE-UnB

O sistema continuo é nao

causal, porém seu discreto
equivalente é realizavel (causal)!!

Equivalente segurador de 12 ordem

-1 _(H
H,,,-(z)=("‘7_z) z{%
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Exemplo: equivalente discreto FOH

Processo:
H(s) = 1/s2
H(s ]
Z‘_’g_) =z|_£} oooo 1 1
o ’ °0 ><T>_’{>_> s P s
T3 (Zz + 42 + |)Z Signal Gain Integrator Integrator1

Generator

6 (z-1°

1 1
"’(T)"{>—’ s ™ s
Gain2 Integrator2integrator3
@— 1) T? (& + 4z + 1)z

>

Zero-Order
Hold

H. (=
() Tz 6. [z—1)
e ol I N i
B 6 (z — 1)2 . Gaint Discrete

Transfer Fcn

CDig-ENE/UnB
CDig1_ENE-UnB
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Exemplo: equivalente discreto FOH

8

| | | | N A | | -

61- \ n - o L

ﬂ “ —

T N A v R

_fvf\w ! | J \
J - u AN
N B R I
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Exemplo: equivalente discreto FOH

ref

10 10.5 11 11.5 12 12.5 13 13.5 14p5| |7_
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Cuidado com a extrapolacao !!

2¢ ref
Ye
]
YzoH
\ YroH IJ
4297, 450 460 470
] l ref |
i Yo I
YzoH |
I YFoH ||
1l
1 1 1 1 1 1 1
150 200 250 300 350 400 450 500 -1.5¢
2l
25|
440 441 442 443 444
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Reconstrucao a partir das amostras

>> reconstr(n);

y = A1*sin(w1*t+a1)+A2*sin(w2*t+a2)

A1=4; A2=1;
w1=2; w2=10;
al=pi/5; a2=pi/16;
a1=0; a2=0;
ws=15;

for i=1:4:n-1
y =
A1*cos(al)*sinc((w(i)*T/2)/pi)*sin(w(i)*t-w(i)*T/2)...

7+ A1*sin(a1)*sinc((w(i)*T/2)/pi)*cos(w(i)*t-w(i)*T/2)...

+ A1*cos(al)*sinc((w(i+2)*T/2)/pi)*sin(w(i+2)*t-w(i+2)*T/2-pi)..
+ A1*sin(a1)*sinc((w(i+2)*T/2)/pi)*cos(w(i+2)*t-w(i+2)*T/2)...
+ A2*cos(a2)*sinc((w(i+1)*T/2)/pi)*sin(w(i+1)*t-w(i+1)*T/2)...
+ A2*sin(a2)*sinc((w(i+1)*T/2)/pi)*cos(w(i+1)*t-w(i+1)*T/2)...
+ A2*cos(a2)*sinc((w(i+3)*T/2)/pi)*sin(w(i+3)*t-w(i+3)*T/2-pi)..
+ A2*sin(a2)*sinc((w(i+3)*T/2)/pi)*cos(w(i+3)*t-w(i+3)*T/2);

end
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de projeto em 7
ica dominante de 22 ordem sem zeros)

ficacao

Especi
(Din

am

/N

(zeta, tr, ts, T) - Mostra no plano z a regiao que atende a especificagao

spec_z

(pi*zeta)/sqrt(1-zeta”2))

1.8/tr)

= exp

fator de amortecimento (%UP
- tempo de subida 10 - 90% (wn >
- tempo de acomodacao 1%

- taxa de amostragem

zeta

tr

= 4.6/ts)

(sigma >

ts
.

S

-,

spec_z(.2, 1,10,.1)

82
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7. Projeto utilizando Transformadas

w
Controle Classico i
— Transformada de Laplace F s 5 D oz G
+

—  Transformada Z

V<

Controle Moderno
— Espaco de Estados

83



7. Projeto utilizando Transformadas

Especificacoes (aprox. de 2? ordem, sem zeros)

— Tempo de subida ¢ frequéncia natural Wy > 1.8
=

— Tempo de acomodacio (1%) [Re{si}| = 0 = Cuwn > 4.6/t

— 7l

M, = 100e V1-¢’

— Sobressinal & Fator de amortecimento
—In(M,/100)

~ /7% + In2(M,/100)

¢

— Coeficiente de Erro de Velocidade ro
K, = — = lim sD(s)G(s)

€ss s—0
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Escolha da Taxa de Amostragem

T deve levar, em Malha Fechada, a 6 amostras entre O e f,

0.8}

0.6}

04 Inadequado

0.2

B e s

t/seg

T=1s; 3 amostras (0 e t)

2

sZ 425 +2

4 1.4

4 1.2}

4 1t

4 038}

0.6
Adequado
0.21
OO 2 4 6 I8 10 12

T=0,5s; 6 amostras (O e t)

Resposta “suave”

t/seg

T=0,3 s; 10 amostras (O e t)
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Exemplo: Escolha da Taxa de Amostragem

wg =21/ T w
S +
wp = 1.8/t; pce ‘o b G -
18 - =
10T
0.18w, Wy
Wy, = W, % —
" 21 " 35
(aprox. de 22 ordem, sem zeros)
1.8 ~ 0.225w, W A taxa de amostragem deve ser
Wn=gp WnT oo Wn ™ 9g 28 a 35 vezes a frequéncia natural !
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Exemplo - Projeto Antena - rastreador angular

Especificagcées

- Sobrepasso, degrau de entrada: 16%
- Tempo de acomodacao (1%) < 10 seg
- e, rastreamento rampa de inclinagéo 0,01 rad/seg menor que 0,01 rad

- 10 amostras dentro de {,

G(s)

1
5105 +1)

CDigl1_ENE-UnB

-a0
180 -150 -120 =80 -G0 -30

Track Display | 30Mintes = |

[Manual Control | Auto Tra

-30
el 60 an 120 150 180

® Show User Position

| 0.0

Mmoot
cking GPS  Satellites  Ax

-50 B0 30 Q 30 80

X axis 1 ¥-Brake [ ¥-Home |

20 | 30

-0 =0 o 0 B0 90

Y axis O verake | YHome |

Manual Operating Mode: | ¥-Y

~ | Set Controller clock fromPC |

19-Aug=01 15:43:35 [UNCAL]

Efmeryency Stop



mailto:inquiry@anticyclone.co.uk

Imaginary Axis

Projeto Controle Antena

Root Locus
0.03
0.02} g U 1 1 Y 1
0.01 % 105 s = G(S -
ot} - g s(10s +1)
0 X
-0.01}
-0.02¢
-0.03 - S I a=05
-0.1 -0.05 0 \ 4
Roal Avie 157 : 2
=05+
Controle P - L
03 Projeto continuo (em s):
Solucs - | Compensador em Avango
olugao ' Cancelar polo em 0,1
M, <16% — (=05 i 10s +1
p L5 D(s) =
N ; ¥ s +1
o> % — o > 0.46 s :

essg%zl —>Kv:e;21
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Imaginary Axis

Projeto Controle Antena

G(s)

1

Projeto continuo (em s):

" (105 +1)

Compensador em Avanco
Cancelar polo em 0,1

Root Locus
1 | T T T T ]
[ |
0.8 i
System: g
0.6 Gain: 0.998 |
Pole: -0.5 + 0.865i
041 Damping: 0.5 )
Overshoot (%): 16.3
0.2F Frequency (rad/sec): 0.999 i
0 &
0.2 i
041 _
-0.6}- i
-0.81 i
1R _
| | | |
-1.2 -0.8 -0.6 -04 -0.2
Real Axis

D(s) =

10s +1

s+1

« System: untitied?

! Settling ime (seconds): 8.78

g

CDigl1_ENE-UnB
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Controle Digital Antena - Emulacio

— 1
Freq. natural @, =1 G(s) = D(s) = 10s +1

t, =18seg s(10s +1) s+1
I'=t,/10=0,18seg =T =0,2seg.

Implementacgao discreta por emulacao: Pole-Zero Matcing

Ganho DC: limD(z) =limD(s)=1=K 1~ 9,9802 = K =915
z—1 50 1-0,8187
z-0,9802

D(z) =9,15

z-0,8187
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Projeto Completo

|
R + |
Y e el By | s
T L T
i |
I
-4 .t 4 4 4
G(z)=—3l“'i—_+' ]
2 5 as as+a
&—1 Tz Z L Z
G(2) = { p +‘“*“*—_|
Z = l)2 aiz—1) az—e™
Az+ B

T az- Dz —eT)’

A=eTtal—1, B= 1l —e™ " —aTe™.

z +0.9934
_ = G(z) = 0.00199
T=02anda=0.1 > G@ @ — 1)(z — 0.9802)
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Implementacao do Controlador Digital

z-0,9802

D(z)=9,15
z-0,8187

_U(zx) _ 1—0.9802z 1
D<Z)_E(z) = 9. 1595187,

(1 —0.81862"1)U(2) = 9.15(1 — 0.9802z7 1) E(2)

Equacao de recorréncia:

u(k) = 0.8186u(k — 1) + 9.15(e(k) — 0.9802¢e(k — 1))
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Simulacao do Projeto por emulacao

Step Response

e System: Discreto T=0,2
Time (sec): 3.6
Amplitude: 1.21 Discreto T=0,2
124 | Continuo
T=O,2 Seg .%;\s-t\e_m: Continuo
Time (sec): 3.58
1 Amplitude: 1.16
0.8 |
D(s) = 10s +1 g
s+1 g
+0.9934 1
G(z) = 0.00199 —Z 09934
(z-1)(z-0.9802) o/
D(2)=9.15 (z-0.9802)
(2-08187) Oo > 4 5 8 10 12

Time (sec)

21% de sobresinal em vez dos 16% especificados !
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Simulacao do Projeto por emulacao

Step Response

: [} discreto T=1
— System: discreto T=1 continuo
R
T=1 Seg Ampli 1.
L ms
[LI/J N
D(s) = 10s +1 ;
s+1 g
+ 0.
G(2) = 0.048374 — 2 9-9672)
(z-1)(z-0.9048)
D(z) = 6.64 (z-0.9368)
(Z ) 03679) OO » 5 10 15 20 25 30 35
Time (sec)

41% de sobresinal em vez dos 16% especificados !
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Projeto LGR direto no plano Z

w,, 5, M , (sist. cont

o=Cw,=>r=e

zgrid

ol

Inuo

0.8

0.6

0.4

——— i
S

v
\

IS

¥ I
7==<-

[ WP
'

P

eedmmm——e

i
1
i

-

CDigl1_ENE-UnB
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N=1:10 10 linhas de , ctes

Projeto digital Rastreamento Antena

M, <16% —(¢=0.5

o> 41;(? — o > 0.46
essg%zl %KU:%21
w, = Nz /10T N

a-
1

i

Il

]

N =10Tw, /7w =2/7=0,64
r=e1 20,9048

»zgrid():
N=1:10, 10 linhas de w, ctes

0,... pi/T
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Coeficientes de Erro

tipo O

G(z) = (1- z-l)z{ G(s)
S

E(2) R(z)

e(t — ) = lim(z - 1)

“ 1+ DG

T 1+ D(2)G(z)  z-11+D(2)G(z)

z—1

1

z=11+D(2)G(2)

{e(t — oo) =

1
1+Kp

tipo 1 (DG tem polo em z =1)

1z 1
E(z) = (z=1)% 1+ D(2)G(z2)
. 1z 1
e(t = o) = llmz(il— 1) (z- 1)2 1+ D(z)G(2)

. 1z Al
1m -
=1 (z-1)(1+D(2)G(z)) K

{KV _lim (z=-1)D(2)G(z) J
z—1 1z

v
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Imaginary Axis

LGR Discreto [1 +D(2)6(2) = 0]

(z+0.9672)
(z-1) (z-0.9048)

G(z) = 0.048374K

Controle Proporcional: muito lento e/ou oscilatorio!

Root Locus Root Locus

______________

0.8}
0.6}
041

02| |

\maginary Axic

02k %

-04 1

-0.6 |

-0.8

Real Axis Real Axis
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Controle Proporcional

O raio dos polos é sempre maior que 0,95

y = e_O’ST = 0,9()48 — necessario compensador dinamico

K=19— K, = 0,92 _, instavel

Ko — i Z=DD(RIG() 00484z + 0.9672)
z— Tz 2= Tz(z—0.9048)

(z+0.9672)
(z-1) (z-0.9048)

G(z) = 0.048374K
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Amplitude

(z+0.9672)

G(z) = 0.048374K

Compensador em Avanco

(z —0.9048)
(z-0.3679)

(z-1) (z-0.9048)

D(z) = — Emulacdo do Compensador em Avanco, T=1 seg, K=6,64

Root Locus
T T T T T T T
1.5 .
Step Response
1 5 T T T T

_I' - dicreto T=1
System: dicreto T=1 T

Time (sec): 5 continuo e -

Amplitude: 1.47

System: untitled1

Gain: 6.7
Pole: 0.522 + 0.639i
1 ‘_\_’_#&_=_4—=— ! Damping: 0.212
I—I\i/rl_l ; Overshoot (%): 50.7

Frequency (rad/sec): 0.907

)

0.5F

Real Axis

0d 1 | 1 1 ! ]
0 5 10 15 20 25 30 35

Time (sec)
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Especificacoes no plano 7

- Trazer os polos mais para a esquerda— aumentar o avanco.

. .. (2=-1)D(2)G(z) _08
Kol K, =lim=—— D(z)=6 ((Z X 65)> K126
z— V.
t, <105 — r 1 20,61
é 0,5 — espiral de 5 = 0,5 Step Response

Root Locus

M=29%, t,= 15 seg

Polo em z=0,74
e zero em z=0,8
degradam a resposta

de sistema de 2% ordem

5 10 15
Time (sec)
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Imaginary Axis

- 0.58)

AJUSte FinO D(z)=13 (z+0.5) 104

Root Locus

Step Response
1.4

o.8L

CD “——-._.____,___..,——-“"

Amplltude

04L

02L

Real Axis

1
0 2 4 6 8 10 12 14 = .
Time (sec)
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Imaginary Axis

0.8

0.6

0.4

0.2

-0.2

-0.4

-0.6

-0.8

Cuidado!!

Oscilacoes Escondidas

(z-0.8)

bE=% 08

Root Locus

Step Response
1.4

121

0.8

Amplitude

0.4

Time (sec)

20

25

T 1.4 T T T T T T

1.2}

0.8}

0.4

-1.5 -1 -0.5
Real Axis

0.5

0 1

10 12

o
o)}
¢}

0 2
CDigl1_ENE-UnB
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18
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(z - 0.88)

Funcgdo Estritamente Propria

Laténcia pe-13

z(z+0.5)
) | | step pesponse | |
14l |

\ | ﬁﬁﬁﬁﬁﬁﬂuﬁwﬂuﬂqﬂvnfﬂ,_ _
ILARES |

1l

0.2 Q1

Amplitude

I I I I I I
(0] 20 40 60 80 100 120 140
Time (sec)
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Imag AXIS

. ) , _ (2-0.83)
Projeto com polo na origem  pe)-6_—="=

Root Locus Editor for Open Loop 1 (OL1)

1 4 T T T T
T T T T
L Ao .
12L 4
N [}
, AN °
, 2
05} // \\‘ — E 1
/ 08| .
0-lom % O %
{ 06} .
051 \ / i
04k i
-1 e oo . 02k 4
1 1 1 1 0 1 1 1 1
-1 -0.5 0 0.5 1 0 5 10 15 20 25
Real Axis

Time (sec)
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