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27. Regulatory liniowe o wyjściu ciągłym

Gr(s) Gob(s)✲ ✲

✻

✲ e(t) u(t)

REGULATOR OBIEKT

+ −
Rys. 77.

a) regulator typu P (proporcjonalny):

Gr(s) =
U(s)

E(s)
= kp, Gr(jω) = Gr(s)|s=jω = kp + j0, kp > 0

Q( )w

P( )w

kP

0

kP>0

(a)

Lm ( )r w

lg w

20 lg kP

kP>1
j wr( )

lg w

(b)Rys. 78.

Lm( )w

lgw

ob

j w( )

lgwDM2

-p

Dj1 Dj2

P

ob+Pob

P

ob+P

DM1

Rys. 79.

eu = lim
t→∞

e(t) = lim
s→0

sE(s) =
1

1 + kpkob
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kp → ∞ Gob(s)

G2(s)

✲ ✲

✛
✻

✲y0(t) y(t)

+ −

Rys. 80.

G(s) =
Y (s)

Y0(s)
=

kpGob(s)

1 + kpGob(s)G2(s)

lim
kp→∞

G(s) = lim
kp→∞

Gob(s)

1/kp +Gob(s)G2(s)
=

1

G2(s)
(85)

b) regulator typu I (całkujący):

Gr(s) =
U(s)

E(s)
=

1

Tis
, Gr(jω)=Gr(s)|s=jω=

1

jTiω
=0−j

1

Tiω

Lmr(ω) = −20 log(Ti)− 20 log(ω), ϕr(ω) = −π/2

h t( )

t
tg =1/a Ti

(a)

Q( )w

P( )w

wg 8

w 0g

(b)Rys. 81.

Lm( )w

lgw

ob

j w( )

lgw1/Ti

-p

Dj1

Dj2

I

ob+I

ob
I

ob+I

DM1

-p/2

DM2

Rys. 82.
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c) regulator typu PI (proporcjonalno-całkujący)

Gr(s)=
U(s)

E(s)
=kp

(

1+
1

Tis

)

⇒ u(t)=kp



e(t)+
1

Ti

t∫

0

e(τ)dτ



 (86)

h(t) = L−1

{

Gr(s)
1

s

}

= kp

(

1 +
t

Ti

)

1(t) (87)

h t( )

t
Ti

2kpkp

0

(a)

Q( )w

P( )w

wg 8

w 0g

0

kp

(b)Rys. 83.

Gr(jω) = kp

(

1+
1

jTiω

)

=kp

(

1−j
1

Tiω

)

⇒ ϕr(ω)=−arctg
1

Tiω

Lmr(jω) = 20 lg

(

kp

√

1+
1

T 2
i ω

2

)

≈







20 lg kp−20 lg(Tiω), ω < 1/Ti

20 lg kp, ω > 1/Ti

Lm ( )r w

lg wj wr( )

lg w

-20 dB/dek

1/Ti

20lgkp

-p/4

-p/2

1/Ti

Rys. 84.
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Lm( )w

lgw

ob

j w( )

lgw1/Ti DM2

-p

Dj1

Dj2

PI

ob+PI

ob

PI

ob+PI

DM1

-p/2

1/Ti

-p/4

Rys. 85.

d) regulator typu PD (proporcjonalno-różniczkujący)

∗ regulator typu PD idealny

Gr(s) =
U(s)

E(s)
= kp(1 + Tds) ⇒ u(t) = kp

(

e(t) + Td
de(t)

dt

)

(88)

h(t)=kp
(
1(t) + Tdδ(t)

)
, Gr(jω)=Gr(s)|s=jω=kp(1+jTdω)

h t( )

t

kp

0

d( )t

(a)

Q( )w

P( )w

wg 8

w=0
0 kp

(b)Rys. 86.
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∗ regulator typu PD rzeczywisty

Gr(s)=
U(s)

E(s)
=kp

(

1+
Tds

1 + Ts

)

⇒ h(t)=kp

(

1+
Td

T
e−

t
T

)

1(t) (89)

h t( )

t

kp

0

k T Tp d(1+ / )

T

(a)

Q( )w

P( )wwg 8w=0
0 kp k T Tp d(1+ / )

(b)Rys. 87.

Gr(jω) = kp

(

1 +
jTdω

1 + jTω

)

= kp
1 + j(T + Td)ω

1 + jTω

Lmr(ω) = 20 lg kp + 20 lg
√

1 + (T + Td)2ω2 − 20 lg
√
1 + T 2ω2 ≈

≈







20 lg kp, ω < 1/(T + Td)

20 lg kp + 20 lg
(
(T + Td)ω

)
, 1/(T + Td) 6 ω < 1/T

20 lg kp + 20 lg
(
(T + Td)ω

)
− 20 lg(Tω)

︸ ︷︷ ︸

=20 lg
(
kp(T+Td)/T

)
=20 lg

(
kp(1+Td/T )

)

, ω > 1/T

ϕr(ω) = arctg
(
(T + Td)ω

)
− arctg(Tω), ωmax =

1
√

T (T + Td)

Lm ( )r w

lg w

j wr( )

lg w

20 dB/dek

1/( +T Td)

20lgkp

p/2

1/T

20lg (1+ / )k T Tp d

1/( +T Td) 1/Twmax

Rys. 88.
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1

sTi

(1 + Tds) =
Td

Ti

(

1 +
1

Tds

)

Lm( )w

lgw

ob

j w( )

lgw

1/T

-p

PD

ob+PD

ob

PD

ob+PD

-p/2

1/( + )T T
d

p/2

wmax

DM2

DM1

Dj1
Dj2

Rys. 89.

e) regulator typu PID (proporcjonalno-całkująco-różniczkujący)

∗ regulator typu PID idealny

Gr(s) =
U(s)

E(s)
= kp

(

1 +
1

Tis
+ Tds

)

(90)

u(t) = kp



e(t) +
1

Ti

t∫

0

e(τ)dτ + Td
de(t)

dt





h(t) = L−1

{

Gr(s)
1

s

}

= kp

(

1 +
t

Ti

+ Tdδ(t)

)

1(t) (91)

h t( )

t
Ti

2kpkp

0

Rys. 90.
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Gr(jω) = kp

(

1 +
1

jTiω
+ jTdω

)

= kp

[

1 + j

(

Tdω − 1

Tiω

)]

Q( )w

P( )w

wg 8

w 0g

0

kp

wx

Rys. 91. ωx = 1/
√
TiTd

Lmr(ω) = 20 lg kp + 20 lg

√

1 +

(

Tdω − 1

Tiω

)2

= {zał. Ti > Td} ≈

≈







20 lg kp − 20 lg(Tiω), ω < 1/Ti

20 lg kp, 1/Ti 6 ω < 1/Td

20 lg kp + 20 lg(Tdω), ω > 1/Td

ϕr(ω) = arctg

(

Tdω − 1

Tiω

)

Lm ( )r w

lg w

j wr( )

lg w

1/Ti

20lgkp

-p/2

1/Td

20 dB/dek

-20 dB/dek

p/2

wx

Rys. 92. zał. Ti > Td
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∗ regulator typu PID rzeczywisty

Gr(s)=kp

(

1+
1

Tis
+

Tds

1 + Ts

)

⇒ h(t) = kp

(

1 +
t

Ti

+
Td

T
e−t/T

)

1(t)

(92)

h t( )

t
Ti

2kpkp

0

k T Tp d(1+ / )

(a)

Q( )w

P( )wwg 8

0

kp

k T Tp d(1+ / )

w 0g

(b)Rys. 93.

Lm ( )r w

lg w

j wr( )

lg w

1/Ti

20lgkp

-p/2

1/Td

-20 dB/dek

p/2

wy

20 dB/dek

20lg (1+ / )k T Tp d

1/T

Rys. 94. zał. Ti > Td > T, ωy=
1

√

TiTd − T 2
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Lm( )w

lgw

ob

j w( )

lgw

1/T

-p

PID

ob+PID

ob
PID

ob+PID

-p/2

1/T
i

p/2

DM2DM1

Dj1 Dj2

1/T
d

Rys. 95.

Własności regulatorów ciągłych

odpowiedź czas przeregu- czas uchyb
układu narastania lowanie ustalania ustalony

zamkniętego tr Mp, κ ts eu

kp ր ց ր ≈ const ց
Ti ր ր ց ց → 0

Td ր ≈ const ց ց ≈ const

h t( )

0

k

t

0,5k

Mp

td tr tp ts

0,02
lub 0,05

k
k

Rys. 96.
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28. Całkowe wskaźniki jakości

Wskaźnik ISE (ang. integral of the squared error):

I2 =

T∫

0

e2(t) dt (93)

Wskaźnik IAE (ang. integral of the absolute magnitude of the error):

Ia =

T∫

0

|e(t)| dt (94)

y t0( )

y t( )

e t( )

|e t( )|

S|e t dt( )|

Rys. 97.
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Wskaźnik ITAE (ang. integral of time multiplied by the absolute

magnitude of the error):

Ita =

T∫

0

t|e(t)| dt (95)

Wskaźnik ITSE (ang. integral of time multiplied by the squared error):

It2 =

T∫

0

te2(t) dt (96)

Przykład
Go(s)✲

✻

✲
+ −

Rys. 98.

Go(s) =
1

s(s+ 2ζ)
⇒ G(s) =

Go(s)

1 +Go(s)
=

1

s2 + 2ζs + 1

ωn = 1, k = 1

Rys. 99.
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