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Magnitude (dB)

Phase (deg)

7.4 Métodos no Domino da Frequéncia

gl(s) =c2d(g,0.2)
g2(s) =c2d(g,1.0)
g2(s) =c2d(g,20)



Critério de Estabilidade de Nyquist

1+KD(s)G(s) =0 1+ KD(2)G(2) =0
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Exemplo - Estabilidade via Nyquist
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Exemplo - Estabilidade via Nyquist

~1.1353z+0.5232)
(z-1)(z-0.1353)

G(2)

1+KD(2)G(2) = 0

Z=P+N

N=0
P=0
Z = 0= SistemaEstavel




Exemplo - Estabilidade via Nyquist

1+ KD(2)G(2) =0
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Bode Diagram
150 - - :

100 —

Exemplo

Mgitoe (B
a
(o]
T
|

-50
180

135

90

G(2) = -0.5z(z-0.7)
(z-0.9)(z"2-1.414z+1)

Pese(dd
N
a

Inegrery Ads

a5 L . . . i
10°° 107 10" 10° 10"
Frequency (rad/sec)
Root Locus Nyquist Diagram
— = T
- I ~
- | -~ -
o7 I N
L7 | N B
Y | N
/ |
, \
/ ! \ ]
/ ! A
|
‘ \
/ | : =
/ |
|
| \
I | -
| . R
| | 2
@ { ‘ 2 5
| \ ‘ 3 ‘
‘ ] £ |
| <)
| - < |
| S |
| = |
| |
| B |
| |
| / |
| | / |
\ | /. B |
\ | //// |
N | bl |
N | 4 |
~ 4 ]
N | . |
~ - | - i !
~ | > !
| - | | | !
-0.5 o 0.5 1 1.5 2 :
-5 0 5

Real Axis

-10
CDig-ENE/UnB Real Axis 7



Margem de Ganho e Margem de Fase
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Coeficientes de Erro (baixa freq.)

Bode Diagram
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Coeficientes de Erro (baixa freq.)
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Controle no Espaco de Estados

e Emulacao (em ”s”)

» Projeto direto
» Obtencdo do Modelo Discreto Equivalente

X=Fx+Gu u(kT) |
Eq. de Estado{ o~ D& L3l F G u ._&E__”_‘ﬁ”

y=Hx+Ju
Solugédo Homogénea  x, = Fx, (1) X, (1) = X,
- pF =i Fer—ry . - (t — 1 JJ (1~ -h_{
Kh{f:' = £ K!fﬂ} € . _-l+l'(i'- fl_.bj_[- _ f-_”" I 0- +..
2! 3!
= (r=1) '
= Z F'— (Exponencial da Matriz)
k=0 j‘"
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Propriedades — Exponencial da Matriz

Fir—r
x.’i{r:l =€ 1. iIK{l’{F)

X(1,) = e" (g, )
i » X(r,) = """z,

X(1,) = et “'X(1,)

X(1)) = e Pty g )

FFH':-I"I — gF:"z"’; "EF""E_"c"
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Solucao Completa

x(r) ="' x(1,) +f e "'Guir)dr
e

Para um periodo de amostragem:

f=kT+Tandrﬂ=icT

kT=T

(kT +T)y=¢€""x(kT) + f TN Cu(t)dT

kr

ZOH: u(r) = u(kT), kT <t <kT +T
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Solucao Completa

kT =T
X(kT + T)y=e""x(kT) + f TN Gu(t)dr
kT
ZOH: ulr) = u(kT), kT <t <kT +T
T
X(kT + T) =" "x(kT) +f e "dnGu(kT) n=kT +T -1
)
Definindo: b =’ _ _
T xtk+ 1) = Dxik)+ Tutk)
I'= eFdnG. vik) = Hx(k)+ Juk)

Espaco de Estados Discreto
Equivalente ZOH
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Exemplo EE 6 = 4 5=

0
"—-.-—"F
S —
x(k +1) = ®x(k) +[‘u¢'k1‘
vik) = Hx(k)+ Ju(k)
S=1+FT+ 1 ..
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Calculo das Matrizes

O=1+FTW¥
FT F'T*?
onde W=I+ T + T 4+ ...
=" FL k+1
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Zﬂtk+]}‘
= WTG.

CDig-ENE/UnB

16



Calculo das Matrizes

x FLTJ:H
;-X-_-:;( E D! onde \F—I+F2—T+
- Fi-:rl -
= J TG
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|
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Exemplo: Funcao de Transferéncia

Y(z)
— = H[-I - ®]"
Ul(z) [I-@)T

- o[- T[]

T~ (= 4 1)
2 (z—1)




Controle no Espaco de Estados

e Emulacao (em ”s”)
» Projeto direto
» Modelo Discreto Equivalente

X =Fx+Gu

x(tk4+ 1) = Dxk)+ Tutk)
y = Hx+Ju vik) = Hx(k)+ Ju(k)
Onde:
d = 7.

' = f:lr{’F]'d?}G
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Projeto da Lei de Controle

 Realimentacao de Estados

u=—!{.1:=—[ﬁ:'| K, ] Aa

X(h =+ 1) =4dxk) - I'Kx(k)

(z1—® +~T'K)Xi:)=0

2f—®+T'K =10 Eq. caracteristica

aX)=z-B)N:=-8) (=B )=0
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T oo 1 T T2 ,
Lo V][0 1)L T e waf=o

S (TK. = (TH2)K =202+ (T /2K, —TK, 1 =0

TK.4+ (T /2)K —2=-16.
(T°/2)K, - TK, +1=0.70.

K =

010
T:

= 10.
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Utilizando a forma canonica controlavel

3 2
b,z" +byz° +b,z+Db;
Z*+a,2° +a;z° +a,z+a

bzt +byz % +b,z +bz7

1+a,z  +a,z 2 +a,z > +az "

Eq desejadan(2) = z* +a,7° + a,7° +a,z+ay
_ - Ki=a -3
0 1 0 0 K
=a,-a
P, -T.K 0 0 ! 0 K2 o
c c 0 0 0 1 K3 ~ 3 3
__al_Kl _aZ_KZ —8.3—K3 _a4_K4_ 4_a4 a4

det(zl - @ +TK) = 2% +(a, +K,)Z’ +(a3 + K3)2° + (8, +Ky)z+(ay +Ky)
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Controlabilidade

e Em malha aberta

I-® =0

Forma candnica de Jordan (polos distintos)

x(k=1)=

h, 0
0 »,
0 0

L0 0

0
0

0

P8

| S

x(k)y+

.-r.-—

Controlabilidade — Nenhum ', pode ser nulo
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Posicionamento de polos CACSD

e Paraseparaz
>> place
>> acker

Formula de Ackermann (1972), SISO, até n=10, pdlos repetidos

K=[0 - 1][I @ @&T - & 'T] a®
\ J

|

Matriz de controlabilidade

a, (P) =9 +a P ' & a:d)” ° + s

¢ (D)=|d-P+TK|="4+e:"""+ - +a,

Eq. Carcteristica desejada
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Posicionamento de polos CACSD

e Place (Kautsky, Nichols & Von Dooren, 1985)
MIMO, ordem elevada, nao aceita polos repetidos

Exemplo: antena 1/s?

T=.1
Phi = L'I T,'O 1;
Gam = [T%/2.T]

D=[84".25. 8-1*.25]
K = acker{Phi, Gam,n)

K =[10.25 3.4875]

CDig-ENE/UnB
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Ex. Processo de 42 ordem ? ’I
— j '
m, M = masses % .
b =d ing coeffic ]
k= ;:;F:fiin:;niﬂﬁﬂl % “ | M ,—Mﬂ./s,._p{l

£ = applied control force

My + (v —dyb + (v —d)k = u.
md + (d — b+ (d - v)k =0,

Ms™ +bs +k —(bs +k) vis) | |1
—(bs + k) ms- + bs + k dis) { | 0O uis)

(5 * )
— 4 —
@_ | 1 T

(s - M .51 |}3 . (I + m:l('fl n ‘:)
§ + — )| =5+ —
M m M

CUIBTLINL / unB

® Closed loop
root Jocations
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N

Ex. 42 ordem

AT
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— = G,(5)
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Cont.

w, = | rad/sec and damping { = 0.02 and select a 10:1 ratio of the two masses. The parameters
that provide these characteristics are: M = | kg, m = 0.1 kg. b = 0.0036 N-sec/m, and k =
0.091 N/m. Pick the sample rate 10 be 15 times faster than the resonance and show the free

response to an initial condition of = 1 m for two cases:

x=[d d ¥ _‘:’r

0
—0.91
0
0.091

L
—0.036
0
0.0036

0
(.91
0
—0.091

0
0.036
|
~0.0036 _

G

_———_0 O

The sample rate should be 15 rad/sec which translates to approximately 7 = 0.4 secs
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Cont.

a) sysD = c2disysC,T,’zoh’)
p=[9,.9,9,9]
{phi,gam, H,J] = ssdatalsysD)

K=acker(phi,gam,p) K = [0.650 - 0.651

sysCL = feedback(K*sysD, 1)
Xo = [1:0:0:0]

y = initial{sysCL, Xo)

(b) For the desired poles at - = 0.9 + j(.05.0.8 + j0.4
0 = [.9+*.05;.9-1*.05;.8+i*.4,.8-i* 4]

CDig-ENE/UnB
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Resposta a condicao inicial

i T 1 =T L | S T T
0 l':___,_,,p-"""-_
-
Z S5F
o
‘Iﬂ -
- 1 1 L 1 L I 'S
0 5 10 T 20 25 30 15
(a)
0 Pr
T
E sk
o | ——— control, U
| autput., y
10 -
0 5 10 15 20 25 30 35

(b) Time (sec)

30



acker(gd.a,gd.b,[.9 .9 .9 .9])
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Imaginary Axis
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LGR Discreto
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Projeto do Observador de Estados
(Estimador)

X(k) —estimativacorrente(usainclusive y(k))
X(K) —estimativapredita (usaaté y(k —1))

u(k) = —Kx(k)

Realimentaéo de Estado _
u(k) = —=KX(k)



Estimador baseado na predicao

X(k+1) = dx(k) +Tu(k)



