
+ȩȘɾɟȩȀ ëʿɯɾƚȒɯ v
�ȩȩɔ ëǕŏɔǞȘǃ

+ȩȀǞȘ �ȩȘƚɯ

�ŏųȩɟŏɾȩǞɟƚ Ƈ࢈�ʕɾȩȒŏɾǞɛʕƚ

ߝ

�ȩȩɔ ëǕŏɔǞȘǃ

bȩŏȀ
4ƚɯǞǃȘ ŏ żȩȘɾɟȩȀȀƚɟ ɾȩ ŏżǕǞƚʲƚ ŏ ɯƚɾ ȩǀ ɯɔƚżǞ˙żŏɾǞȩȘɯ ȩȘ ɾǕƚ żȀȩɯƚƇࡷȀȩȩɔ ɯʿɯɾƚȒ

+ǕŏȀȀƚȘǃƚ

+ȀȩɯƚƇࡷȀȩȩɔ ɾɟŏȘɯǀƚɟ ǀʕȘżɾǞȩȘɯ ŏɟƚ ŏ ǕǞǃǕȀʿ ȘȩȘȀǞȘƚŏɟ ǀʕȘżɾǞȩȘ ȩǀ ɾǕƚ żȩȘɾɟȩȀ Ȁŏʶ

T =
GK

1 +GK
S =

1
1 +GK

vƇƚŏ
4ƚ˙Șƚ żȀȩɯƚƇࡷȀȩȩɔ żǕŏɟŏżɾƚɟǞɯɾǞżɯ ǞȘ ɾƚɟȒɯ ȩǀ ȩɔƚȘࡷȀȩȩɔ ɟƚɯɔȩȘɯƚ GK ࡏ

ëǕŏɔǞȘǃ ɾǕƚ ɟƚɯɔȩȘɯƚ GK Ǟɯ ǿǝȗƙŏɛ ǞȘ K ࡈ ŏȘƇ ȒʕżǕ ƚŏɯǞƚɟ

ߞ

ëƚȘɯǞɾǞʲǞɾʿ ॆ +ȩȒɔȀƚȒƚȘɾŏɟʿ ëƚȘɯǞɾǞʲǞɾʿ

áƚżŏȀȀࡇ +ȀȩɯƚƇࡷ�ȩȩɔ ÷ɟŏȘɯǀƚɟ _ʕȘżɾǞȩȘɯ

R(s) K(s) G(s) Y (s)
E(s)

V (s)

−

÷ʶȩ ɛʕŏȘɾǞɾǞƚɯ ɾǕŏɾ Ƈƚ˙Șƚ ɾǕƚ ɔƚɟǀȩɟȒŏȘżƚ ȩǀ ɾǕƚ ɯʿɯɾƚȒࡇ

ࡄ áƚɯɔȩȘɯƚ ȩǀ ƚɟɟȩɟ E(s) ɾȩ ȩʕɾɔʕɾ ȘȩǞɯƚ V (s)

S(s) := E(s)
V (s)

=
1

1 +G(s)K(s)
ëƚȘɯǞɾǞʲǞɾʿ ǀʕȘżɾǞȩȘ

ࡄ áƚɯɔȩȘɯƚ ȩǀ ȩʕɾɔʕɾ Y (s) ɾȩ ɟƚǀƚɟƚȘżƚ R(s)

T (s) :=
Y (s)
R(s)

=
G(s)K(s)

1 +G(s)K(s)
+ȩȒɔȀƚȒƚȘɾŏɟʿ ɯƚȘɯǞɾǞʲǞɾʿ ǀʕȘżɾǞȩȘ

ߟ



ëƚȘɯǞɾǞʲǞɾʿ ॆ +ȩȒɔȀƚȒƚȘɾŏɟʿ ëƚȘɯǞɾǞʲǞɾʿ _ʕȘżɾǞȩȘɯ

ëƚȘɯǞɾǞʲǞɾʿ _ʕȘżɾǞȩȘ

S(s) = E(s)
V (s)

=
1

1 +G(s)K(s)

ࡄ vȒɔŏżɾ ȩǀ ȘȩǞɯƚ ȩȘ ɾǕƚ ƚɟɟȩɟ
ࡄ vƇƚŏȀ ʲŏȀʕƚ ࡇ 0

+ȩȒɔȀƚȒƚȘɾŏɟʿ ëƚȘɯǞɾǞʲǞɾʿ _ʕȘżɾǞȩȘ

T (s) =
Y (s)
Yc(s)

=
G(s)K(s)

1 +G(s)K(s)

ࡄ vȒɔŏżɾ ȩǀ ɟƚǀƚɟƚȘżƚ ȩȘ ɾǕƚ ȩʕɾɔʕɾ
ࡄ vƇƚŏȀ ʲŏȀʕƚ ࡇ 1

_ʕȘżɾǞȩȘɯ ŏɟƚ żȧȑɑǿƙȑƙȗɺŏɛʻࡇ

S(s) + T (s) =
1

1 +G(s)K(s)
+

G(s)K(s)
1 +G(s)K(s)

= 1

+ǕŏȘǃƚɯ ǞȘ ȩȘƚ ʶǞȀȀ żŏʕɯƚ żǕŏȘǃƚɯ ǞȘ ɾǕƚ ȩɾǕƚɟ ࡷ ȀǞȒǞɾɯ ȩǀ ɔƚɟǀȩɟȒŏȘżƚ

ߠ

_ɟƚɛʕƚȘżʿ áƚɯɔȩȘɯƚ

÷Ǖƚ ɯƚȘɯǞɾǞʲǞɾʿ ŏȘƇ żȩȒɔȀƚȒƚȘɾŏɟʿ ɯƚȘɯǞɾǞʲǞɾʿ ǀʕȘżɾǞȩȘɯ ŏɟƚ ɾɟŏȘɯǀƚɟ ǀʕȘżɾǞȩȘɯࡇ

ࡄ Ħƚ żŏȘ żȩȒɔʕɾƚ ɾǕƚǞɟ ǀɟƚɛʕƚȘżʿ ɟƚɯɔȩȘɯƚɯࡇ S(jω)ࡈ T (jω)

ࡄ ÷Ǖƚɯƚ ƇƚɯżɟǞųƚ ɾǕƚ ɟƚɯɔȩȘɯƚ ȩǀ ɾǕƚ ɯʿɯɾƚȒ ǞȘ ɾƚɟȒɯ ȩǀ ƇǞɯɾʕɟųŏȘżƚ ɟƚǲƚżɾǞȩȘ
ŏȘƇ ɾɟŏżǺǞȘǃ ɔƚɟǀȩɟȒŏȘżƚ

ࡄ $ʿ ɯǕŏɔǞȘǃ ɾǕƚɯƚࡈ ʶƚ żŏȘ ƇƚɯǞǃȘ ŏ ɯʿɯɾƚȒ ʶǞɾǕ ƇƚɯǞɟƚƇ ųƚǕŏʲǞȩʕɟ
ࡄ +ȩȒɔȀƚȒƚȘɾŏɟǞɾʿ ɟƚɔɟƚɯƚȘɾɯ ŏȘ ǞȘǕƚɟƚȘɾ ɾɟŏƇƚȩǀǀࡇ ɾɟŏżǺǞȘǃ ʲɯ ȘȩǞɯƚ ɟƚǲƚżɾǞȩȘ
ࡄ vƇƚŏࡇ bȩȩƇ ɾɟŏżǺǞȘǃ ŏȘƇ ȘȩǞɯƚ ɟƚǲƚżɾǞȩȘ ŏɾ Ȁȩʶ ǀɟƚɛʕƚȘżǞƚɯࡈ ųŏƇ ŏɾ ǕǞǃǕ

ߡ

+ȩȒɔȀƚȒƚȘɾŏɟʿ ëƚȘɯǞɾǞʲǞɾʿ _ʕȘżɾǞȩȘ

−3Ƈ$

Mr

|T (jω)| ࡠ$Ƈ࡟

|T (jω)| =
∣∣∣ K(jω)G(jω)
1+K(jω)G(jω)

∣∣∣

ωωb

4ƚɯǞɟƚƇ ɯǕŏɔƚࡇ

ࡄ �ȩʶࡷǀɟƚɛʕƚȘżʿ ǃŏǞȘ ȩǀ 0 Ƈ$
ࡄ ëȒŏȀȀ ɟƚɯȩȘŏȘżƚ ɔƚŏǺMr ŏɾ ɾǕƚ ɟƚɯȩȘŏȘɾ ǀɟƚɛʕƚȘżʿ ωr

ࡄ �ŏɟǃƚ ųŏȘƇʶǞƇɾǕ Ƈƚ˙ȘƚƇ ųʿ ɾǕƚ ɔŏɯɯࡷųŏȘƇ [0,ωb]ࡈ ŏȘƇ ɾǕƚ żʕɾȩǀǀࡷǀɟƚɛʕƚȘżʿ ωb

ࡄ mǞǃǕ ɟȩȀȀࡷȩǀǀ ŏǀɾƚɟ ωb ɾȩ ȒŏǺƚ ɾǕƚ ɯʿɯɾƚȒ ǞȘɯƚȘɯǞɾǞʲƚ ɾȩ ȒƚŏɯʕɟƚȒƚȘɾ ȘȩǞɯƚࡈ
ŏȘƇ ʕȘȒȩƇƚȀƚƇ ƇʿȘŏȒǞżɯ

ߢ

CʾŏȒɔȀƚ

1 10

ߜߠࡷ

ߜߞࡷ

ߜ

|T (jω)|

|S(jω)|

ࡠ$Ƈ࡟

ω

�ȩʶ ǃŏǞȘ ࡕ ǕǞǃǕ ɯɾŏųǞȀǞɾʿ ȒŏɟǃǞȘ

ߣ



CʾŏȒɔȀƚ

1 10

ߜߠࡷ

ߜߞࡷ

ߜ

|T (jω)||S(jω)|

ࡠ$Ƈ࡟

ω

mǞǃǕ ǃŏǞȘ ࡕ Ȁȩʶ ɯɾŏųǞȀǞɾʿ ȒŏɟǃǞȘ

ߤ

áƚȀŏɾǞȩȘ ɾȩ ÷ǞȒƚ4ࡷȩȒŏǞȘ $ƚǕŏʲǞȩʕɟɯ

�ŏǃȘǞɾʕƇƚ ȩǀ ɟƚɯȩȘŏȘɾ ɔƚŏǺ ɟƚȀŏɾƚƇ ɾȩ ɾǕƚ ƇŏȒɔǞȘǃ ȩǀ ɾǕƚ żȀȩɯƚƇࡷȀȩȩɔ ɯʿɯɾƚȒࡏ

ߥ

$ŏȘƇʶǞƇɾǕ 4ƚ˙Șƚɯ áǞɯƚ ÷ǞȒƚ ॆ ëƚɾɾȀǞȘǃ ÷ǞȒƚ

10−1 100 101 102 103
−40

−20

0
ωBW = 1.4

_ɟƚɛʕƚȘżʿ ࡬ɯƚżࡕɟŏƇ࡫

�
ŏǃ
ȘǞ
ɾʕ
Ƈƚ

Ƈ࡫
࡬$

0 1 2 3 4 5 6 7 8 9 10
0

0.5

1

áǞɯƚ ɾǞȒƚ࣌1.5s
ëƚɾɾȀǞȘǃ ɾǞȒƚ࣌8.4s

÷ǞȒƚ ࡬ɯ࡫

ëɾ
ƚɔ

ɟƚ
ɯɔ
ȩȘ
ɯƚ

ߜߝ

$ŏȘƇʶǞƇɾǕ 4ƚ˙Șƚɯ áǞɯƚ ÷ǞȒƚ ॆ ëƚɾɾȀǞȘǃ ÷ǞȒƚ

10−1 100 101 102 103
−40

−20

0
ωBW = 6.9

_ɟƚɛʕƚȘżʿ ࡬ɯƚżࡕɟŏƇ࡫

�
ŏǃ
ȘǞ
ɾʕ
Ƈƚ

Ƈ࡫
࡬$

0 1 2 3 4 5 6 7 8 9 10
0

0.5

1

áǞɯƚ ɾǞȒƚ࣌0.29s

ëƚɾɾȀǞȘǃ ɾǞȒƚ࣌1.7s

÷ǞȒƚ ࡬ɯ࡫

ëɾ
ƚɔ

ɟƚ
ɯɔ
ȩȘ
ɯƚ

ߜߝ



$ŏȘƇʶǞƇɾǕ 4ƚ˙Șƚɯ áǞɯƚ ÷ǞȒƚ ॆ ëƚɾɾȀǞȘǃ ÷ǞȒƚ

10−1 100 101 102 103
−40

−20

0
ωBW = 13.7

_ɟƚɛʕƚȘżʿ ࡬ɯƚżࡕɟŏƇ࡫

�
ŏǃ
ȘǞ
ɾʕ
Ƈƚ

Ƈ࡫
࡬$

0 1 2 3 4 5 6 7 8 9 10
0

0.5

1

áǞɯƚ ɾǞȒƚ࣌0.15s

ëƚɾɾȀǞȘǃ ɾǞȒƚ࣌0.84s

÷ǞȒƚ ࡬ɯ࡫

ëɾ
ƚɔ

ɟƚ
ɯɔ
ȩȘ
ɯƚ

ߜߝ

$ŏȘƇʶǞƇɾǕ 4ƚ˙Șƚɯ áǞɯƚ ÷ǞȒƚ ॆ ëƚɾɾȀǞȘǃ ÷ǞȒƚ

10−1 100 101 102 103
−40

−20

0

ωBW = 137

_ɟƚɛʕƚȘżʿ ࡬ɯƚżࡕɟŏƇ࡫

�
ŏǃ
ȘǞ
ɾʕ
Ƈƚ

Ƈ࡫
࡬$

0 1 2 3 4 5 6 7 8 9 10
0

0.5

1

áǞɯƚ ɾǞȒƚ࣌0.015sáǞɯƚ ɾǞȒƚ࣌0.015s

ëƚɾɾȀǞȘǃ ɾǞȒƚ࣌0.084sëƚɾɾȀǞȘǃ ɾǞȒƚ࣌0.084s

÷ǞȒƚ ࡬ɯ࡫

ëɾ
ƚɔ

ɟƚ
ɯɔ
ȩȘ
ɯƚ

ߜߝ

CʾŏȒɔȀƚ ߞࡏߥ
�ȩȩɔ ëǕŏɔǞȘǃ



°ɔƚȘࡷ�ȩȩɔ ÚɟȩɔƚɟɾǞƚɯ⇔ +ȀȩɯƚƇࡷ�ȩȩɔ ÚɟȩɔƚɟɾǞƚɯ

T (jω) =
K(jω)G(jω)

1 +K(jω)G(jω)
= 1− 1

1 +K(jω)G(jω)

T (jω) = 1 ǀȩɟ ɯȒŏȀȀ ω ↔ K(jω)G(jω) Ȁŏɟǃƚ ǀȩɟ ɯȒŏȀȀ ω

→ vȘɾƚǃɟŏɾȩɟ ɔȩȀƚ࡫ ŏɾ ࡬0

|T (jω)|$ 0dB ǀȩɟ Ȁŏɟǃƚ ω ↔ |K(jω)G(jω)|$ 0dB ǀȩɟ Ȁŏɟǃƚ ω

�ȩʶ ɟƚɯȩȘŏȘżƚ ɔƚŏǺ ↔ �ŏɟǃƚ ɯɾŏųǞȀǞɾʿ ȒŏɟǃǞȘɯ

→ áƚɯȩȘŏȘżƚ ʶǕƚȘ |1 +K(jωr)G(jωr)| Ǟɯ ɯȒŏȀȀ
→ K(jωr)G(jωr) ≈ −1

ëɔƚżǞ˙ƚƇ ɟǞɯƚ ɾǞȒƚࡕɯƚɾɾȀǞȘǃ ɾǞȒƚ ↔ +ɟȩɯɯȩʲƚɟ ǀɟƚɛʕƚȘżʿ

→ °ɔƚȘࡷȀȩȩɔ żɟȩɯɯȩʲƚɟ ǀɟƚɛʕƚȘżʿ ≈ +ȀȩɯƚƇࡷȀȩȩɔ ųŏȘƇʶǞƇɾǕ

+ŏȘ ƇƚɯżɟǞųƚ ǃȩȩƇ żȀȩɯƚƇࡷȀȩȩɔ ųƚǕŏʲǞȩʕɟ ʲǞŏ ȩɔƚȘࡷȀȩȩɔ ǀɟƚɛʕƚȘżʿ ɟƚɯɔȩȘɯƚ

ߞߝ

�ȩȩɔɯǕŏɔǞȘǃ bȩŏȀɯ

ࡇ�ȩɾƚ࡫ L(s) = K(s)G(s) Ǟɯ ɾǕƚ �ȧȧɑ ǂŏǝȗ࡬

�ȩʶࡷǀɟƚɛʕƚȘżʿ ɯȀȩɔƚ ɯʿɯɾƚȒ࡫ ɾʿɔƚ࡬ ŏȘƇ ǃŏǞȘ ŏɟƚ żǕȩɯƚȘ ǀȩɟ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ

mǞǃǕࡷǀɟƚɛʕƚȘżʿ ɟȩȀȀࡷȩǀǀ Ǟɯ ƇƚɾƚɟȒǞȘƚƇ ųʿ ŏżɾʕŏɾȩɟࡕ ɯƚȘɯȩɟ ȀǞȒǞɾŏɾǞȩȘɯ ŏȘƇ ɯʿɯɾƚȒ
ųŏȘƇʶǞƇɾǕ ǃȩŏȀɯࡏ

ߟߝ

+ȀȩɯƚƇࡷȀȩȩɔ $ŏȘƇʶǞƇɾǕ ! +ɟȩɯɯȩʲƚɟ _ɟƚɛʕƚȘżʿ

÷Ǖƚ ȩɔƚȘࡷȀȩȩɔ ǀɟƚɛʕƚȘżʿ ɟƚɯɔȩȘɯƚ Ǖŏɯ ųƚƚȘ ƇƚɯǞǃȘƚƇ ǀȩɟ

|KG(jω)|& 1 ǀȩɟ ω $ ωc

|KG(jω)|$ 1 ǀȩɟ ω & ωc

÷Ǖƚ żȀȩɯƚƇࡷȀȩȩɔ ɟƚɯɔȩȘɯƚ Ǟɯ ɾǕƚɟƚǀȩɟƚ

|T (jω)| =
∣∣∣∣

KG(jω)
1 +KG(jω)

∣∣∣∣ !





1, ω $ ωc

|KG|, ω & ωc

�ɟȩʕȘƇ żɟȩɯɯȩʲƚɟࡈ ʶƚ Ǖŏʲƚ |KG(jω)| ≈ 1 ŏȘƇ T (jω) ƇƚɔƚȘƇɯ ȩȘ ɾǕƚ ɔǕŏɯƚ ȒŏɟǃǞȘ

KG(jωc) = ej(π−φ) = −e−jφ

|T (jωc)| =
∣∣∣∣

KG(jωc)
1 +KG(jωc)

∣∣∣∣ =
∣∣∣∣
−e−jφ

1− e−jφ

∣∣∣∣

vǀ φ = ࡈ◦90 ɾǕƚȘ |T (jωc)| = 0.707 = −3Ƈ$

ߠߝ

+ȀȩɯƚƇࡷȀȩȩɔ $ŏȘƇʶǞƇɾǕ ! +ɟȩɯɯȩʲƚɟ _ɟƚɛʕƚȘżʿ

+ȀȩɯƚƇ Ȁȩȩɔ ųŏȘƇʶǞƇɾǕ Ǟɯ ʶǞɾǕǞȘ ŏ ǀŏżɾȩɟ ȩǀ ɾʶȩ ȩǀ ɾǕƚ żɟȩɯɯȩʲƚɟ ǀɟƚɛʕƚȘżʿ

ωc ≤ ωBW ≤ 2ωc

ߡߝ



áƚɯȩȘŏȘżƚ ŏȘƇ ÚǕŏɯƚ �ŏɟǃǞȘ

+ȩȘɯǞƇƚɟ ɾǕƚ ɔɟȩɾȩɾʿɔƚ ȩɔƚȘࡷȀȩȩɔ ȒȩƇƚȀ

G(s) =
ω2
n

s(s+ 2ζωn)

−80
−60
−40
−20

0
20
40

�
ŏǃ
ȘǞ
ɾʕ
Ƈƚ

Ƈ࡫
࡬$

10−2 10−1 100 101 102
−180

−135

−90

_ɟƚɛʕƚȘżʿ rad/sec

ÚǕ
ŏɯ
ƚ
Ƈ࡫
ƚǃ
࡬

ߢߝ

áƚɯȩȘŏȘżƚ ŏȘƇ ÚǕŏɯƚ �ŏɟǃǞȘ

+ȩȘɯǞƇƚɟ ɾǕƚ ɔɟȩɾȩɾʿɔƚ ȩɔƚȘࡷȀȩȩɔ ȒȩƇƚȀ

G(s) =
ω2
n

s(s+ 2ζωn)

ĦǞɾǕ ʕȘǞɾʿ ǀƚƚƇųŏżǺࡈ ʶƚ ǃƚɾ ɾǕƚ żȀȩɯƚƇࡷȀȩȩɔ ɯʿɯɾƚȒ

T (s) =
ω2
n

s2 + 2ζωns+ ω2
n

PM = tan−1



 2ζ√√
1 + 4ζ4 − 2ζ2





≈ 100ζ

ߢߝ

áƚɯȩȘŏȘżƚ ŏȘƇ ÚǕŏɯƚ �ŏɟǃǞȘ

+ȩȘɯǞƇƚɟ ɾǕƚ ɔɟȩɾȩɾʿɔƚ ȩɔƚȘࡷȀȩȩɔ ȒȩƇƚȀ

G(s) =
ω2
n

s(s+ 2ζωn)

4ŏȒɔǞȘǃ ɟŏɾǞȩ ƇƚɾƚɟȒǞȘƚɯ ɾǕƚ
ɯɾƚɔ ɟƚɯɔȩȘɯƚ ȩʲƚɟɯǕȩȩɾࡈ ŏȘƇ ɾǕƚ
ɯǞˌƚ ȩǀ ɾǕƚ ɟƚɯȩȘŏȘɾ ɔƚŏǺࡏ

ߢߝ

�ȩȩɔɯǕŏɔǞȘǃ bȩŏȀɯ

ࡄ KG Ȁŏɟǃƚ ǀȩɟ ɯȒŏȀȀ ω ɯɾŏɾƚࡷëɾƚŏƇʿ࡫ ƚɟɟȩɟ࡬
ࡄ KG ɯȒŏȀȀ ǀȩɟ Ȁŏɟǃƚ ω �ȩƇƚȀǞȘǃ࡫ ƚɟɟȩɟɯࡈ ƚɾż࡬
ࡄ +ɟȩɯɯȩʲƚɟ ǀɟƚɛʕƚȘżʿ żǕȩɯƚȘ ŏżżȩɟƇǞȘǃ ɾȩ ƇƚɯǞɟƚƇ żȀȩɯƚƇࡷȀȩȩɔ ųŏȘƇʶǞƇɾǕ
ࡄ bȩȩƇ ɯɾŏųǞȀǞɾʿ ȒŏɟǃǞȘɯ

bȩŏȀࡇ +Ǖȩȩɯƚ K(s) ɾȩ ɯŏɾǞɯǀʿ ɾǕƚɯƚ ɟƚɛʕǞɟƚȒƚȘɾɯ

÷ȩȩȀɯࡇ

ࡄ °ʲƚɟŏȀȀ ǃŏǞȘࡇ �ȩʲƚɯ ȒŏǃȘǞɾʕƇƚ ɔȀȩɾ ʕɔ ŏȘƇ ƇȩʶȘ
ࡄ �ƚŏƇ żȩȒɔƚȘɯŏɾȩɟ
ࡄ �ŏǃ żȩȒɔƚȘɯŏɾȩɟ

ߣߝ



�ƚŏƇ +ȩȒɔƚȘɯŏɾȩɟ

ÚǕŏɯƚ �ƚŏƇ +ȩȒɔƚȘɯŏɾȩɟ

�ƚŏƇ +ȩȒɔƚȘɯŏɾȩɟ

Dc(s) :=
TDs+ 1
αTDs+ 1

α < 1

ĦǞɾǕǞȘ ǞȘɾƚɟʲŏȀ ȩǀ ǞȘɾƚɟƚɯɾ
ࡄ ÚǕŏɯƚ ǞȘżɟƚŏɯƚƇ ųʿ φmax

ࡄ ëȀȩɔƚ ǞȘżɟƚŏɯƚƇ ųʿ
20Ƈ$ࡕƇƚż

ĆɾǞȀǞɾʿࡇ
ࡄ ÚȀŏżƚ Șƚŏɟ żɟȩɯɯȩʲƚɟ
ǀɟƚɛʕƚȘżʿ ɾȩ ǞȘżɟƚŏɯƚ
ɔǕŏɯƚ

ߤߝ

mȩʶ ȒʕżǕ Ǟɯ ɾǕƚ ɔǕŏɯƚ ǞȘżɟƚŏɯƚƇࡐ

�ŏʾ ɔǕŏɯƚ ǞȘżɟƚŏɯƚ ǕŏɔɔƚȘɯ ŏɾ ɾǕƚ żƚȘɾƚɟ ȩǀ ɾǕƚ ɔȩȀƚ ŏȘƇ ˌƚɟȩߝ

ωmax =
1

TD
√
α

logωmax =
1
2

(
log

1
TD

+ log
1

αTD

)

÷Ǖƚ ŏȒȩʕȘɾ ȩǀ ɔǕŏɯƚ ȀƚŏƇ ŏɾ ɾǕǞɯ ɔȩǞȘɾ Ǟɯ

sinφmax =
1− α
1 + α

α =
1− sinφmax

1 + sinφmax

1 2 4 6 8 10 20 40 60 100
0
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+Ǖȩȩɯƚ ȀƚŏƇ ɟŏɾǞȩ 1/α

ǀȩɟ φmax ≤ 70◦ 2

1
α

φ
m
a
x
Ƈ࡫
ƚǃ
࡬

ëƚƚߝ ÚɟȩųȀƚȒ ߠߠࡏߢ
ɟ°ߞ ǃŏǞȘ ŏɾ ǕǞǃǕ ǀɟƚɛʕƚȘżǞƚɯ Ȓŏʿ ųƚ ɾȩȩ ȒʕżǕࡈ ŏȘƇ ȒʕȀɾǞɔȀƚ ȀƚŏƇ żȩȒɔƚȘɯŏɾȩɟɯ ɯǕȩʕȀƇ ųƚ ʕɯƚƇࡏ ߥߝ

CʾŏȒɔȀƚ

+ȩȘɯǞƇƚɟ ɾǕƚ ǀȩȀȀȩʶǞȘǃ ɯʿɯɾƚȒ

G(s) =
1

s(s+ 1)

áƚɛʕǞɟƚȒƚȘɾɯࡇ

ࡄ ëɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ Ȁƚɯɯ ɾǕŏȘ 0.1 ǞȘ ɟƚɯɔȩȘɯƚ ɾȩ ŏ ɟŏȒɔ ɟƚǀƚɟƚȘżƚ
ࡄ °ʲƚɟɯǕȩȩɾ ȩǀ Ȁƚɯɯ ɾǕŏȘMP ≤ 25%

ߜߞ



CʾŏȒɔȀƚ

bŏǞȘ ȒŏɟǃǞȘ =∞ ÚǕŏɯƚ ȒŏɟǃǞȘ = 52◦
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ߝߞ

CʾŏȒɔȀƚ

ëɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ Ȁƚɯɯ ɾǕŏȘ 0.1 ǞȘ ɟƚɯɔȩȘɯƚ ɾȩ ŏ ɟŏȒɔ ɟƚǀƚɟƚȘżƚ

÷ǕǞɯ Ǟɯ ŏ ÷ʿɔƚ ߝ ɯʿɯɾƚȒࡇ

→ Cɟɟȩɟ ʶǞɾǕ ɟƚɯɔƚżɾ ɾȩ ŏ ɟŏȒɔ ǞȘɔʕɾ Ǟɯ 1
γ

γ = lim
s→0

sG(s) = lim
s→0

1
s+ 1

= 1

ëɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ǞȘ ɟƚɯɔȩȘɯƚ ɾȩ ŏ ɟŏȒɔ Ǟɯ ess = ࡏ1

÷ɟʿ ɾǕƚ ɯǞȒɔȀƚɯɾ żȩȘɾɟȩȀȀƚɟ ɾȩ ǞȒɔɟȩʲƚ ɾǕǞɯࡇ ÚɟȩɔȩɟɾǞȩȘŏȀ ǃŏǞȘ K

�ȩȩɔ ǃŏǞȘ Ǟɯ Șȩʶ L(s) = KG(s) = K
s(s+1) ࡏ

γ = lim
s→0

sKG(s) = lim
s→0

K
s+ 1

= K

ëɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ǞȘ ɟƚɯɔȩȘɯƚ ɾȩ ŏ ɟŏȒɔ Ǟɯ ess = 1
K ࡏ

→ +Ǖȩȩɯƚ K = 10

ߞߞ

CʾŏȒɔȀƚ

ëɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ Ȁƚɯɯ ɾǕŏȘ 0.1 ǞȘ ɟƚɯɔȩȘɯƚ ɾȩ ŏ ɟŏȒɔ ɟƚǀƚɟƚȘżƚ

÷ǕǞɯ Ǟɯ ŏ ÷ʿɔƚ ߝ ɯʿɯɾƚȒࡇ

→ Cɟɟȩɟ ʶǞɾǕ ɟƚɯɔƚżɾ ɾȩ ŏ ɟŏȒɔ ǞȘɔʕɾ Ǟɯ 1
γ

γ = lim
s→0

sG(s) = lim
s→0

1
s+ 1

= 1

ëɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ǞȘ ɟƚɯɔȩȘɯƚ ɾȩ ŏ ɟŏȒɔ Ǟɯ ess = ࡏ1

÷ɟʿ ɾǕƚ ɯǞȒɔȀƚɯɾ żȩȘɾɟȩȀȀƚɟ ɾȩ ǞȒɔɟȩʲƚ ɾǕǞɯࡇ ÚɟȩɔȩɟɾǞȩȘŏȀ ǃŏǞȘ K

�ȩȩɔ ǃŏǞȘ Ǟɯ Șȩʶ L(s) = KG(s) = K
s(s+1) ࡏ

γ = lim
s→0

sKG(s) = lim
s→0

K
s+ 1

= K

ëɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ǞȘ ɟƚɯɔȩȘɯƚ ɾȩ ŏ ɟŏȒɔ Ǟɯ ess = 1
K ࡏ

→ +Ǖȩȩɯƚ K = 10

ߞߞ

CʾŏȒɔȀƚ

bŏǞȘ ȒŏɟǃǞȘ =∞ ÚǕŏɯƚ ȒŏɟǃǞȘ = 18◦
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CʾŏȒɔȀƚ

°ʲƚɟɯǕȩȩɾ ȩǀ Ȁƚɯɯ ɾǕŏȘMP ≤ 25%

_ɟȩȒ ëȀǞƇƚ ߢߝ ʶƚ ɯƚƚ ɾǕŏɾ ŏ ɔǕŏɯƚ ȒŏɟǃǞȘ ȩǀ 45◦ ʶǞȀȀ Ƈȩ

→ �ƇƇ ŏ ɔǕŏɯƚ ȀƚŏƇ żȩȒɔƚȘɯŏɾȩɟ

+ʕɟɟƚȘɾ ɔǕŏɯƚ ȒŏɟǃǞȘ Ǟɯ ≈ 20◦ → áƚɛʕǞɟƚɯ ŏȘ ǞȘżɟƚŏɯƚ ȩǀ 25◦

�ƚŏƇ żȩȒɔƚȘɯŏɾȩɟ ŏȀɯȩ ǞȘżɟƚŏɯƚɯ ǃŏǞȘ→ vȘżɟƚŏɯƚɯ żɟȩɯɯȩʲƚɟ ǀɟƚɛʕƚȘżʿ

vȘżɟƚŏɯƚ ɔǕŏɯƚ ųʿ ≈ 40◦ ɾȩ żȩȒɔƚȘɯŏɾƚ

ëȀǞƇƚ ߥߝ ɯǕȩʶɯ α = 1/5 ʶǞȀȀ ǞȘżɟƚŏɯƚ ɔǕŏɯƚ ųʿ ≈ 40◦

ߠߞ

CʾŏȒɔȀƚ

bŏǞȘ ȒŏɟǃǞȘ =∞ ÚǕŏɯƚ ȒŏɟǃǞȘ = 18◦
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CʾŏȒɔȀƚ

bŏǞȘ ȒŏɟǃǞȘ =∞ ÚǕŏɯƚ ȒŏɟǃǞȘ = 18◦
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�ŏʾ ɔǕŏɯƚ ǞȘżɟƚŏɯƚ ŏɾ ωc = 3

TD =
1

ωmax
√
α

= 0.75
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CʾŏȒɔȀƚ

bŏǞȘ ȒŏɟǃǞȘ =∞ ÚǕŏɯƚ ȒŏɟǃǞȘ = 18◦
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CʾŏȒɔȀƚ

bŏǞȘ ȒŏɟǃǞȘ =∞ ÚǕŏɯƚ ȒŏɟǃǞȘ = 46◦
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ߡߞ

CʾŏȒɔȀƚ ࡷ ÷ǞȒƚ 4ȩȒŏǞȘ áƚɯʕȀɾ G(s) =
1

s(s+ 1)
K(s) = 10

0.75s+ 1

0.15s+ 1

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2
0

0.5

1
°ʲƚɟɯǕȩȩɾ ȩǀ 24%

ëɾƚɔ ɟƚɯɔȩȘɯƚ

0 0.5 1 1.5
0

0.5

1

1.5 áŏȒɔ ɟƚɯɔȩȘɯƚ

0 1 2 3
0

0.05

0.1

0.15 áŏȒɔ ƚɟɟȩɟ

ߢߞ

�ƚŏƇ 4ƚɯǞǃȘ ëʕȒȒŏɟʿ

bƚȘƚɟŏȀȀʿ ɾǕɟƚƚ żɟǞɾƚɟǞŏ

ࡏߝ +ɟȩɯɯȩʲƚɟ ǀɟƚɛʕƚȘżʿ ← $ŏȘƇʶǞƇɾǕࡈ ɟǞɯƚ ɾǞȒƚ ŏȘƇ ɯƚɾɾȀǞȘǃ ɾǞȒƚ
ࡏߞ ÚǕŏɯƚ ȒŏɟǃǞȘ ← 4ŏȒɔǞȘǃ żȩƚǀ˙żǞƚȘɾ ζ ŏȘƇ ȩʲƚɟɯǕȩȩɾMp

ࡏߟ �ȩʶࡷǀɟƚɛʕƚȘżʿ ǃŏǞȘ ← ëɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ

4ƚɯǞǃȘ ɔɟȩżƚƇʕɟƚ

ࡏߝ +Ǖȩȩɯƚ ɯʿɯɾƚȒ ɾʿɔƚ ŏȘƇ żȩȘɾɟȩȀȀƚɟ ǃŏǞȘ K ɯʕżǕ ɾǕŏɾ
ࡄ ɯɾƚŏƇʿࡷɯɾŏɾƚ ǃŏǞȘ ɾŏɟǃƚɾɯ ŏɟƚ Ȓƚɾ
ࡄ ȩɔƚȘࡷȀȩȩɔ żɟȩɯɯȩʲƚɟ ǀɟƚɛʕƚȘżʿ Ǟɯ ŏ ǀŏżɾȩɟ ȩǀ ɾʶȩ ųƚȀȩʶ ɾǕƚ ƇƚɯǞɟƚƇ żȀȩɯƚƇࡷȀȩȩɔ
ųŏȘƇʶǞƇɾǕ

ࡏߞ 4ƚɾƚɟȒǞȘƚ ɾǕƚ ǞȘżɟƚŏɯƚ ǞȘ ɔǕŏɯƚ ȒŏɟǃǞȘ ɟƚɛʕǞɟƚƇ ŏƇƇ࡫ ŏųȩʕɾ 10◦ ɾȩ
żȩȒɔƚȘɯŏɾƚ ǀȩɟ ųŏȘƇʶǞƇɾǕ ǞȘżɟƚŏɯƚ࡬ ŏȘƇ żǕȩȩɯƚ α ɾȩ ǃǞʲƚ ɾǕƚ ƇƚɯǞɟƚƇ
ǞȘżɟƚŏɯƚࡏ

ࡏߟ +Ǖȩȩɯƚ ωmax ɾȩ ųƚ ɾǕƚ żɟȩɯɯȩʲƚɟ ǀɟƚɛʕƚȘż ʿࡈ ŏȘƇ ɯƚɾ TD = 1
ωmax

√
α

�ȩɾƚ ɾǕŏɾ ɾǕǞɯ ɔɟȩżƚƇʕɟƚ Ȓŏʿ ɟƚɛʕǞɟƚ żʕɯɾȩȒǞˌŏɾǞȩȘ ǀȩɟ ŏȘʿ ɔŏɟɾǞżʕȀŏɟ ɯʿɯɾƚȒࡏ

ߣߞ

ßʕǞżǺ ŏȘƇ 4Ǟɟɾʿ ĆɯǞȘǃ $ȩƇƚ࢈ɯ bŏǞȘࡷÚǕŏɯƚ áƚȀŏɾǞȩȘɯǕǞɔ

�ŏǞȘ ǞƇƚŏࡇ � Ȁȩʶ ɯȀȩɔƚ ŏɾ żɟȩɯɯȩʲƚɟ ɔɟȩʲǞƇƚɯ ŏ ǃȩȩƇ ɔǕŏɯƚ ȒŏɟǃǞȘࡏ

ƚࡏǃࡈࡏ −20Ƈ$ࡕƇƚż ǃǞʲƚɯ ŏ ɔǕŏɯƚ ȒŏɟǃǞȘ ȩǀ ŏųȩʕɾ 90◦

ëȀȩɔƚ Ȓʕɯɾ ųƚ żȩȘɯɾŏȘɾ ǀȩɟ ŏ ƇƚżŏƇƚ ŏɟȩʕȘƇ ɾǕƚ żɟȩɯɯȩʲƚɟ ǀɟƚɛʕƚȘżʿ ǀȩɟ
ŏɔɔɟȩʾǞȒŏɾǞȩȘ ɾȩ ǕȩȀƇࡏ CɛʕǞʲŏȀƚȘɾ ɾȩ żǕȩȩɯǞȘǃ 1/α =

√
5 ≈ ࡏ3

Dc(s) :=
3s+ ωc

s/3 + ωc

vǃȘȩɟƚ ɾǕƚ ɔǕŏɯƚ ɔȀȩɾࡈ ŏȘƇ ʶȩɟǺ ȩȘȀʿ ʶǞɾǕ ɾǕƚ ȒŏǃȘǞɾʕƇƚ ɔȀȩɾࡏ

ߤߞ



bŏǞȘࡷÚǕŏɯƚ áƚȀŏɾǞȩȘɯǕǞɔ

$ȩƇƚ bŏǞȘࡷÚǕŏɯƚ ÷ǕƚȩɟƚȒ
_ȩɟ ŏȘʿ ɯɾŏųȀƚ ȒǞȘǞȒʕȒࡷɔǕŏɯƚ ɯʿɯɾƚȒ ࡈࡏƚࡏǞ࡫ ȩȘƚ ʶǞɾǕ Șȩ ámÚ ˌƚɟȩɯ ȩɟ ɔȩȀƚɯࡈ࡬ ɾǕƚ
ɔǕŏɯƚ ȩǀ G(jω) Ǟɯ ʕȘǞɛʕƚȀʿ ɟƚȀŏɾƚƇ ɾȩ ɾǕƚ ȒŏǃȘǞɾʕƇƚ ȩǀ G(jω)

∠G(jω0) =
1
π

∫ ∞

−∞

(
dM
du

)
W (u)du ǞȘ࡫ ɟŏƇǞŏȘɯ࡬

ʶǕƚɟƚ

ࡄ M = Ȁȩǃ �ŏǃȘǞɾʕƇƚ ࣌ ln |G(jω)|

ࡄ u = ȘȩɟȒŏȀǞˌƚƇ ǀɟƚɛʕƚȘżʿ = ln(ω/ω0)

ࡄ W (u) = ʶƚǞǃǕɾǞȘǃ ǀʕȘżɾǞȩȘ = ln(coth|u|/2)

ߥߞ

bŏǞȘࡷÚǕŏɯƚ áƚȀŏɾǞȩȘɯǕǞɔ

$ȩƇƚ bŏǞȘࡷÚǕŏɯƚ ÷ǕƚȩɟƚȒ ëǞȒɔȀƚ࡫ ǀȩɟȒ࡬

∠G(jω) ! n× 90◦

ʶǕƚɟƚ n Ǟɯ ɾǕƚ ɯȀȩɔƚ ȩǀ |G(jω)| ǞȘ ʕȘǞɾɯ ȩǀ ƇƚżŏƇƚ ȩǀ ŏȒɔȀǞɾʕƇƚ ɔƚɟ ƇƚżŏƇƚ ȩǀ
ǀɟƚɛʕƚȘż ʿࡏ

vǀ ɾǕƚ żɟȩɯɯȩʲƚɟ ǀɟƚɛʕƚȘżʿ Ǟɯ ω0ࡈ Ǟࡏƚࡈࡏ ɾǕƚ ǃŏǞȘ Ǟɯ |K(jω0)G(jω0)| = ࡈ1 ɾǕƚȘ

ࡄ ∠G(jω0) ≈ −90◦ Ǟǀ n = −1 $20Ƈ−࡫ ࡕ Ƈƚż࡬
ࡄ ∠G(jω0) ≈ −180◦ Ǟǀ n = −2 $40Ƈ−࡫ ࡕ Ƈƚż࡬

�ŏǞȘ ǞƇƚŏࡇ � Ȁȩʶ ɯȀȩɔƚ ŏɾ żɟȩɯɯȩʲƚɟ ɔɟȩʲǞƇƚɯ ŏ ǃȩȩƇ ɔǕŏɯƚ ȒŏɟǃǞȘࡏ

ƚࡏǃࡈࡏ −20Ƈ$ࡕƇƚż ǃǞʲƚɯ ŏ ɔǕŏɯƚ ȒŏɟǃǞȘ ȩǀ ŏųȩʕɾ 90◦

ëȀȩɔƚߞ Ȓʕɯɾ ųƚ żȩȘɯɾŏȘɾ ǀȩɟ ŏ ƇƚżŏƇƚ ŏɟȩʕȘƇ ɾǕƚ żɟȩɯɯȩʲƚɟ ǀɟƚɛʕƚȘżʿ ǀȩɟ ŏɔɔɟȩʾǞȒŏɾǞȩȘ

ߜߟ

ëǞȒɔȀƚ CʾŏȒɔȀƚ

G(s) =
1
s2

4ƚɯǞǃȘ ŏ ȀƚŏƇ żȩȒɔƚȘɯŏɾȩɟ ǀȩɟ ɾǕƚ ɯʿɯɾƚȒ ɔɟȩʲǞƇǞȘǃ ˌƚɟȩ
ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ǞȘ ɟƚɯɔȩȘɯƚ ɾȩ ŏ ɟŏȒɔ ǞȘɔʕɾࡈ ŏɟȩʕȘƇ
60◦ ɔǕŏɯƚ ȒŏɟǃǞȘ ŏȘƇ ŏ ųŏȘƇʶǞƇɾǕ ȩǀ ŏɾ Ȁƚŏɯɾ 100r/sࡏ
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ëǞȒɔȀƚ CʾŏȒɔȀƚ

G(s) =
1
s2

4ƚɯǞǃȘ ŏ ȀƚŏƇ żȩȒɔƚȘɯŏɾȩɟ ǀȩɟ ɾǕƚ ɯʿɯɾƚȒ ɔɟȩʲǞƇǞȘǃ ˌƚɟȩ
ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ǞȘ ɟƚɯɔȩȘɯƚ ɾȩ ŏ ɟŏȒɔ ǞȘɔʕɾࡈ ŏɟȩʕȘƇ
60◦ ɔǕŏɯƚ ȒŏɟǃǞȘ ŏȘƇ ŏ ųŏȘƇʶǞƇɾǕ ȩǀ ŏɾ Ȁƚŏɯɾ 100r/sࡏ
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Ļƚɟȩ ŏɾ 100/3

ÚȩȀƚ ŏɾ 100 · 3
Dc(s) =

3s+ 100
s/3 + 100
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ëǞȒɔȀƚ CʾŏȒɔȀƚ

G(s) =
1
s2

4ƚɯǞǃȘ ŏ ȀƚŏƇ żȩȒɔƚȘɯŏɾȩɟ ǀȩɟ ɾǕƚ ɯʿɯɾƚȒ ɔɟȩʲǞƇǞȘǃ ˌƚɟȩ
ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ǞȘ ɟƚɯɔȩȘɯƚ ɾȩ ŏ ɟŏȒɔ ǞȘɔʕɾࡈ ŏɟȩʕȘƇ
60◦ ɔǕŏɯƚ ȒŏɟǃǞȘ ŏȘƇ ŏ ųŏȘƇʶǞƇɾǕ ȩǀ ŏɾ Ȁƚŏɯɾ 100r/sࡏ
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ëǞȒɔȀƚ CʾŏȒɔȀƚ

G(s) =
1
s2

4ƚɯǞǃȘ ŏ ȀƚŏƇ żȩȒɔƚȘɯŏɾȩɟ ǀȩɟ ɾǕƚ ɯʿɯɾƚȒ ɔɟȩʲǞƇǞȘǃ ˌƚɟȩ
ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ǞȘ ɟƚɯɔȩȘɯƚ ɾȩ ŏ ɟŏȒɔ ǞȘɔʕɾࡈ ŏɟȩʕȘƇ
60◦ ɔǕŏɯƚ ȒŏɟǃǞȘ ŏȘƇ ŏ ųŏȘƇʶǞƇɾǕ ȩǀ ŏɾ Ȁƚŏɯɾ 100r/sࡏ
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ëǞȒɔȀƚ CʾŏȒɔȀƚ

G(s) =
1
s2

4ƚɯǞǃȘ ŏ ȀƚŏƇ żȩȒɔƚȘɯŏɾȩɟ ǀȩɟ ɾǕƚ ɯʿɯɾƚȒ ɔɟȩʲǞƇǞȘǃ ˌƚɟȩ
ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ǞȘ ɟƚɯɔȩȘɯƚ ɾȩ ŏ ɟŏȒɔ ǞȘɔʕɾࡈ ŏɟȩʕȘƇ
60◦ ɔǕŏɯƚ ȒŏɟǃǞȘ ŏȘƇ ŏ ųŏȘƇʶǞƇɾǕ ȩǀ ŏɾ Ȁƚŏɯɾ 100r/sࡏ
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÷ǞȒƚ (s)

ߝߟ

vȘɾƚɟɔɟƚɾŏɾǞȩȘ ȩǀ Ú4 +ȩȘɾɟȩȀȀƚɟ

+ȩȘɯǞƇƚɟ ɾǕƚ Ú4 żȩȘɾɟȩȀȀƚɟࡇ

K(s) = K(1 + TDs)

÷ǕǞɯ Ǟɯ ŏ ȀƚŏƇ żȩȒɔƚȘɯŏɾȩɟ ʶǞɾǕ ɾǕƚ ɔȩȀƚ ŏɾ s = ࡈ∞− ȩɟ α = ࡏ0

K
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CʾŏȒɔȀƚ ࡷ Ú4 +ȩȘɾɟȩȀȀƚɟ

G(s) = 0.05
80− s

s(s+ 2.05)

4ƚɯǞǃȘ ŏ Ú4 żȩȘɾɟȩȀȀƚɟ ɯʕżǕ ɾǕŏɾࡇ

ࡄ ëɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ɾȩ ɯɾƚɔ ǞȘɔʕɾ Ǟɯ ˌƚɟȩ
ࡄ ÷ɟŏżǺ ɟŏȒɔ ʶǞɾǕ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ Ȁƚɯɯ ɾǕŏȘ ߡߜࡏߜ
ࡄ +ȀȩɯƚƇࡷȀȩȩɔ ɯɾƚɔ ɟƚɯɔȩȘɯƚ ʶǞɾǕ ɾǞȒƚࡷżȩȘɯɾŏȘɾ Ȁƚɯɯ ɾǕŏȘ 0.07ɯ
ࡄ ÚǕŏɯƚ ȒŏɟǃǞȘ ǃɟƚŏɾƚɟ ɾǕŏȘ 60◦

ߟߟ

ëɾƚŏƇʿࡷëɾŏɾƚ Cɟɟȩɟ

ࡄ ëɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ɾȩ ɯɾƚɔ ǞȘɔʕɾ Ǟɯ ˌƚɟȩ
ࡄ ÷ɟŏżǺ ɟŏȒɔ ʶǞɾǕ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ Ȁƚɯɯ ɾǕŏȘ ߡߜࡏߜ

+ȩȘɯǞƇƚɟ ŏ ɔɟȩɔȩɟɾǞȩȘŏȀ żȩȘɾɟȩȀȀƚɟࡇ K(s) = K

K(s)G(s) = K · 0.05 80− s
s(s+ 2.05)

÷ʿɔƚ ߝ ɯʿɯɾƚȒ

ࡄ Ļƚɟȩ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ɾȩ ŏ ɯɾƚɔ
ࡄ ëɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ɾȩ ŏ ɟŏȒɔ ɟƚǀƚɟƚȘżƚ r(t) = t Ǟɯ 1/γ

γ := lim
s→0

sqK(s)G(s) = K
B(0)
A(0)

= K · 0.05 80
2.05

= K · 1.9

Cɟɟȩɟ = 1/(K · 1.9) ≤ 0.05

÷Ǖƚɟƚǀȩɟƚࡈ ɾǕƚ ǃŏǞȘ K ≥ 1/(0.05 · 1.9) = 10.5

ߠߟ

ëɾƚŏƇʿࡷëɾŏɾƚ Cɟɟȩɟ

ࡄ ëɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ɾȩ ɯɾƚɔ ǞȘɔʕɾ Ǟɯ ˌƚɟȩ
ࡄ ÷ɟŏżǺ ɟŏȒɔ ʶǞɾǕ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ Ȁƚɯɯ ɾǕŏȘ ߡߜࡏߜ

+ȩȘɯǞƇƚɟ ŏ ɔɟȩɔȩɟɾǞȩȘŏȀ żȩȘɾɟȩȀȀƚɟࡇ K(s) = K

K(s)G(s) = K · 0.05 80− s
s(s+ 2.05)

÷ʿɔƚ ߝ ɯʿɯɾƚȒ

ࡄ Ļƚɟȩ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ɾȩ ŏ ɯɾƚɔ
ࡄ ëɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ɾȩ ŏ ɟŏȒɔ ɟƚǀƚɟƚȘżƚ r(t) = t Ǟɯ 1/γ

γ := lim
s→0

sqK(s)G(s) = K
B(0)
A(0)

= K · 0.05 80
2.05

= K · 1.9

Cɟɟȩɟ = 1/(K · 1.9) ≤ 0.05

÷Ǖƚɟƚǀȩɟƚࡈ ɾǕƚ ǃŏǞȘ K ≥ 1/(0.05 · 1.9) = 10.5

ߠߟ

_ɟƚɛʕƚȘżʿ áƚɯɔȩȘɯƚ
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_ɟƚɛʕƚȘżʿ áƚɯɔȩȘɯƚ
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ëȀȩɔƚ ŏɾ żɟȩɯɯȩʲƚɟ Ǟɯ ɾȩȩ ǕǞǃǕ
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ߡߟ

�ƇƇ �ƚŏƇ +ȩȒɔƚȘɯŏɾȩɟ

bȩŏȀࡇ vȒɔɟȩʲƚ ɔǕŏɯƚ ȒŏɟǃǞȘ

�ƇƇ ƇƚɟǞʲŏɾǞʲƚ ɾƚɟȒ �ƚŏƇ࡫ żȩȒɔƚȘɯŏɾȩɟ࡬

K(s) = 10.5(1 + TDs)

mȩʶ ɾȩ żǕȩȩɯƚ TDࡐ

ࡄ ëƚɾɯ ųŏȘƇʶǞƇɾǕ ȩǀ ɾǕƚ ɯʿɯɾƚȒ
ࡄ áȩʕǃǕȀʿ ɯƚɾɯ ɾǕƚ ɾǞȒƚ żȩȘɯɾŏȘɾ ȩǀ ɾǕƚ żȀȩɯƚƇࡷȀȩȩɔ ɯɾƚɔ ɟƚɯɔȩȘɯƚ

bȩŏȀࡇ ÷ǞȒƚ żȩȘɯɾŏȘɾ Ȁƚɯɯ ɾǕŏȘ 0.07ɯ

+Ǖȩȩɯƚ ωc ≥ 1/0.07 = 14.3

ߢߟ

$ŏȘƇʶǞƇɾǕ ŏȘƇ ÷ǞȒƚ +ȩȘɯɾŏȘɾ

�ɯɯʕȒƚࡇ ÚǕŏɯƚ ȒŏɟǃǞȘ ȩǀ ŏųȩʕɾ 90◦ ŏɾ ŏ żɟȩɯɯȩʲƚɟ ǀɟƚɛʕƚȘżʿ ȩǀ ωc

_ȩɟ ǀɟƚɛʕƚȘżǞƚɯ Șƚŏɟ ωcࡈ ɾǕƚ ȩɔƚȘࡷȀȩȩɔ ǃŏǞȘ Ǟɯ ŏɔɔɟȩʾǞȒŏɾƚȀʿࡇ

K(jω)G(jω) ≈ ωc

jω

÷Ǖƚ ɯɾƚɔ ɟƚɯɔȩȘɯƚ Ǟɯ ŏɔɔɟȩʾǞȒŏɾƚȀʿࡇ

Y (s) =
K(s)G(s)

1 +K(s)G(s)
· 1
s
≈

ωc
s

1 + ωc
s

· 1
s
=

ωc

s+ ωc
· 1
s
=
−1

s+ ωc
+

1
s

bǞʲƚɯ ɾǕƚ ɾǞȒƚ ɟƚɯɔȩȘɯƚࡇ

y(t) = 1− e−ωct

÷Ǖƚ ɯʿɯɾƚȒ ɾǞȒƚ żȩȘɯɾŏȘɾ Ǟɯ ŏɔɔɟȩʾǞȒŏɾƚȀʿ 1/ωc

ߣߟ

�ƇƇ �ƚŏƇ +ȩȒɔƚȘɯŏɾȩɟ

bȩŏȀࡇ vȒɔɟȩʲƚ ɔǕŏɯƚ ȒŏɟǃǞȘ

�ƇƇ ƇƚɟǞʲŏɾǞʲƚ ɾƚɟȒ �ƚŏƇ࡫ żȩȒɔƚȘɯŏɾȩɟ࡬

K(s) = 10.5(1 + TDs)

mȩʶ ɾȩ żǕȩȩɯƚ TDࡐ

ࡄ ëƚɾɯ ųŏȘƇʶǞƇɾǕ ȩǀ ɾǕƚ ɯʿɯɾƚȒ
ࡄ áȩʕǃǕȀʿ ɯƚɾɯ ɾǕƚ ɾǞȒƚ żȩȘɯɾŏȘɾ ȩǀ ɾǕƚ żȀȩɯƚƇࡷȀȩȩɔ ɯɾƚɔ ɟƚɯɔȩȘɯƚ

bȩŏȀࡇ ÷ǞȒƚ żȩȘɯɾŏȘɾ Ȁƚɯɯ ɾǕŏȘ 0.07ɯ

+Ǖȩȩɯƚ ωc ≥ 1/0.07 = 14.3

ߤߟ



_ɟƚɛʕƚȘżʿ áƚɯɔȩȘɯƚ
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_ɟƚɛʕƚȘżʿ áƚɯɔȩȘɯƚ
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Ļƚɟȩ ǃȩƚɯ Ǖƚɟƚࡇ 1/TD ≈ 2

_ɟƚɛʕƚȘżʿ rad/sec

�
ŏǃ
ȘǞ
ɾʕ
Ƈƚ

Ƈ࡫
࡬$

ߥߟ
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CʾŏȒɔȀƚ ࡷ Ú4 +ȩȘɾɟȩȀȀƚɟ

G(s) = 0.05
80− s

s(s+ 2.05)

4ƚɯǞǃȘ ŏ Ú4 żȩȘɾɟȩȀȀƚɟ ɯʕżǕ ɾǕŏɾࡇ

ࡄ ëɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ɾȩ ɯɾƚɔ ǞȘɔʕɾ Ǟɯ ˌƚɟȩ
ࡄ ÷ɟŏżǺ ɟŏȒɔ ʶǞɾǕ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ Ȁƚɯɯ ɾǕŏȘ ߡߜࡏߜ
ࡄ +ȀȩɯƚƇࡷȀȩȩɔ ɯɾƚɔ ɟƚɯɔȩȘɯƚ ʶǞɾǕ ɾǞȒƚࡷżȩȘɯɾŏȘɾ Ȁƚɯɯ ɾǕŏȘ 0.07ɯ
ࡄ ÚǕŏɯƚ ȒŏɟǃǞȘ ǃɟƚŏɾƚɟ ɾǕŏȘ 60◦

°ʕɟ ˙ȘŏȀ żȩȘɾɟȩȀȀƚɟ Ǟɯࡇ

K(s) = 10.5 · (1 + s/2)

ߜߠ

CʾŏȒɔȀƚ ߜߝࡏߥ

ߝߠ

�ƚŏƇ +ȩȒɔƚȘɯŏɾȩɟ

$ƚȘƚ˙ɾ
ࡄ vȘżɟƚŏɯƚ ɾǕƚ ɔǕŏɯƚ Șƚŏɟ ɾǕƚ żɟȩɯɯȩʲƚɟ ǀɟƚɛʕƚȘżʿ

4ȩʶȘɯǞƇƚ
ࡄ vȘżɟƚŏɯƚɯ ɾǕƚ ǃŏǞȘ ŏɾ ǕǞǃǕࡷǀɟƚɛʕƚȘżǞƚɯ

→ vȘżɟƚŏɯƚɯ ɯƚȘɯǞɾǞʲǞɾʿ ɾȩ ȘȩǞɯƚ ŏȘƇ ʕȘȒȩƇƚȀƚƇ ƇʿȘŏȒǞżɯ

ߞߠ

�ŏǃ +ȩȒɔƚȘɯŏɾȩɟ



ÚǕŏɯƚ �ŏǃ +ȩȒɔƚȘɯŏɾȩɟ

�ƚŏƇ +ȩȒɔƚȘɯŏɾȩɟ

Dc(s) := α
TIs+ 1
αTIs+ 1

α > 1

ĦǞɾǕǞȘ ǞȘɾƚɟʲŏȀ ȩǀ ǞȘɾƚɟƚɯɾ
ࡄ ÚǕŏɯƚ ƇƚżɟƚŏɯƚƇ ųʿ ʕɔ ɾȩ
90◦

ࡄ bŏǞȘ ǞȘżɟƚŏɯƚƇ ųƚȀȩʶ
ǀɟƚɛʕƚȘżʿ 1/TI

ĆɾǞȀǞɾʿࡇ
ࡄ vȘżɟƚŏɯƚ ǃŏǞȘ ŏɾ Ȁȩʶ
ǀɟƚɛʕƚȘżǞƚɯ ɾȩ ɟƚƇʕżƚ
ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟɯ

ߟߠ

ÚǕŏɯƚ �ŏǃ +ȩȒɔƚȘɯŏɾȩɟ

bȩŏȀ
vȘżɟƚŏɯƚ ȀȩʶࡷǀɟƚɛʕƚȘżʿ ǃŏǞȘࡈ
ʶǞɾǕȩʕɾ ǞȒɔŏżɾǞȘǃ ɾɟŏȘɯǞƚȘɾ
ųƚǕŏʲǞȩʕɟ

vƇƚŏ
ࡄ ëƚɾ ųɟƚŏǺ ǀɟƚɛʕƚȘżʿ 1

TI

ųƚȀȩʶ ɾǕƚ żɟȩɯɯȩʲƚɟ
ǀɟƚɛʕƚȘż ʿࡈ ɾȩ Șȩɾ ǞȒɔŏżɾ
ɾɟŏȘɯǞƚȘɾ ųƚǕŏʲǞȩʕɟɯ

ࡄ +Ǖȩȩɯƚ α ɾȩ ǃǞʲƚ ƇƚɯǞɟƚƇ
ɯɾƚŏƇʿࡷɯɾŏɾƚ ųƚǕŏʲǞȩʕɟ

lim
s→0

α
TIs+ 1
αTIs+ 1

= α

ߟߠ

CʾŏȒɔȀƚ

G(s) =
1

( 1
0.5s+ 1)(s+ 1)( 12s+ 1)

4ƚɯǞǃȘ ŏ Ȁŏǃ żȩȒɔƚȘɯŏɾȩɟ ɾȩ ŏżǕǞƚʲƚ ŏ
ɔǕŏɯƚ ȒŏɟǃǞȘ ȩǀ ŏɾ Ȁƚŏɯɾ 40◦ ŏȘƇ ŏ
ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ʶǞɾǕ ɟƚɯɔƚżɾ ɾȩ ŏ ɯɾƚɔ
ǞȘɔʕɾ ųƚɾɾƚɟ ɾǕŏȘ ࡏ10%
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_ɟƚɛʕƚȘżʿ rad/sec

ÚǕ
ŏɯ
ƚ
Ƈ࡫
ƚǃ
࡬

ߠߠ

CʾŏȒɔȀƚ

G(s) =
1

( 1
0.5s+ 1)(s+ 1)( 12s+ 1)

4ƚɯǞǃȘ ŏ Ȁŏǃ żȩȒɔƚȘɯŏɾȩɟ ɾȩ ŏżǕǞƚʲƚ ŏ
ɔǕŏɯƚ ȒŏɟǃǞȘ ȩǀ ŏɾ Ȁƚŏɯɾ 40◦ ŏȘƇ ŏ
ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ʶǞɾǕ ɟƚɯɔƚżɾ ɾȩ ŏ ɯɾƚɔ
ǞȘɔʕɾ ųƚɾɾƚɟ ɾǕŏȘ ࡏ10%

−120

−80

−40
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�
ŏǃ
ȘǞ
ɾʕ
Ƈƚ

Ƈ࡫
࡬$

10−2 10−1 100 101 102
−270
−225
−180
−135
−90
−45

0
ÚǕŏɯƚ ȒŏɟǃǞȘ ȩǀ
40◦ Ǟǀ ʶƚ Ǖŏʲƚ ŏ
żɟȩɯɯȩʲƚɟ ȩǀ 1r/s

_ɟƚɛʕƚȘżʿ rad/sec

ÚǕ
ŏɯ
ƚ
Ƈ࡫
ƚǃ
࡬

ߠߠ



CʾŏȒɔȀƚ

G(s) =
1

( 1
0.5s+ 1)(s+ 1)( 12s+ 1)

4ƚɯǞǃȘ ŏ Ȁŏǃ żȩȒɔƚȘɯŏɾȩɟ ɾȩ ŏżǕǞƚʲƚ ŏ
ɔǕŏɯƚ ȒŏɟǃǞȘ ȩǀ ŏɾ Ȁƚŏɯɾ 40◦ ŏȘƇ ŏ
ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ʶǞɾǕ ɟƚɯɔƚżɾ ɾȩ ŏ ɯɾƚɔ
ǞȘɔʕɾ ųƚɾɾƚɟ ɾǕŏȘ ࡏ10%

−120
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−40

0

40

�ƇƇ 10Ƈ$ ȩǀ ǃŏǞȘ
K࡫ = ࡬3

�
ŏǃ
ȘǞ
ɾʕ
Ƈƚ

Ƈ࡫
࡬$

10−2 10−1 100 101 102
−270
−225
−180
−135
−90
−45

0
ÚǕŏɯƚ ȒŏɟǃǞȘ ȩǀ
40◦ Ǟǀ ʶƚ Ǖŏʲƚ ŏ
żɟȩɯɯȩʲƚɟ ȩǀ 1r/s

_ɟƚɛʕƚȘżʿ rad/sec

ÚǕ
ŏɯ
ƚ
Ƈ࡫
ƚǃ
࡬

ߠߠ

CʾŏȒɔȀƚ

G(s) =
1

( 1
0.5s+ 1)(s+ 1)( 12s+ 1)

4ƚɯǞǃȘ ŏ Ȁŏǃ żȩȒɔƚȘɯŏɾȩɟ ɾȩ ŏżǕǞƚʲƚ ŏ
ɔǕŏɯƚ ȒŏɟǃǞȘ ȩǀ ŏɾ Ȁƚŏɯɾ 40◦ ŏȘƇ ŏ
ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ʶǞɾǕ ɟƚɯɔƚżɾ ɾȩ ŏ ɯɾƚɔ
ǞȘɔʕɾ ųƚɾɾƚɟ ɾǕŏȘ ࡏ10%
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Ƈƚ

Ƈ࡫
࡬$
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−90
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0

_ɟƚɛʕƚȘżʿ rad/sec

ÚǕ
ŏɯ
ƚ
Ƈ࡫
ƚǃ
࡬

ߠߠ

CʾŏȒɔȀƚ

G(s) =
1

( 1
0.5s+ 1)(s+ 1)( 12s+ 1)

4ƚɯǞǃȘ ŏ Ȁŏǃ żȩȒɔƚȘɯŏɾȩɟ ɾȩ ŏżǕǞƚʲƚ ŏ
ɔǕŏɯƚ ȒŏɟǃǞȘ ȩǀ ŏɾ Ȁƚŏɯɾ 40◦ ŏȘƇ ŏ
ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ʶǞɾǕ ɟƚɯɔƚżɾ ɾȩ ŏ ɯɾƚɔ
ǞȘɔʕɾ ųƚɾɾƚɟ ɾǕŏȘ ࡏ10%

−120

−80

−40

0

40

4+ bŏǞȘ Ǟɯ 10Ƈ$ࡏ
ëɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ȩǀ 1

4

vȘżɟƚŏɯƚ ɾȩ 4+ bŏǞȘ ɾȩ 9 = 20Ƈ$�
ŏǃ
ȘǞ
ɾʕ
Ƈƚ

Ƈ࡫
࡬$
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−270
−225
−180
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−90
−45
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_ɟƚɛʕƚȘżʿ rad/sec

ÚǕ
ŏɯ
ƚ
Ƈ࡫
ƚǃ
࡬

ߠߠ

CʾŏȒɔȀƚ

G(s) =
1

( 1
0.5s+ 1)(s+ 1)( 12s+ 1)

4ƚɯǞǃȘ ŏ Ȁŏǃ żȩȒɔƚȘɯŏɾȩɟ ɾȩ ŏżǕǞƚʲƚ ŏ
ɔǕŏɯƚ ȒŏɟǃǞȘ ȩǀ ŏɾ Ȁƚŏɯɾ 40◦ ŏȘƇ ŏ
ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ʶǞɾǕ ɟƚɯɔƚżɾ ɾȩ ŏ ɯɾƚɔ
ǞȘɔʕɾ ųƚɾɾƚɟ ɾǕŏȘ ࡏ10%
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40

ÚȀŏżƚ ųɟƚŏǺɔȩǞȘɾ ŏɾ
ωc/5 ɾȩ Șȩɾ ǞȒɔŏżɾ
ɔǕŏɯƚ ȒŏɟǃǞȘࡈ ȩɟ
żɟȩɯɯȩʲƚɟ ǀɟƚɛʕƚȘżʿ
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ߠߠ



CʾŏȒɔȀƚ

G(s) =
1

( 1
0.5s+ 1)(s+ 1)( 12s+ 1)

4ƚɯǞǃȘ ŏ Ȁŏǃ żȩȒɔƚȘɯŏɾȩɟ ɾȩ ŏżǕǞƚʲƚ ŏ
ɔǕŏɯƚ ȒŏɟǃǞȘ ȩǀ ŏɾ Ȁƚŏɯɾ 40◦ ŏȘƇ ŏ
ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ʶǞɾǕ ɟƚɯɔƚżɾ ɾȩ ŏ ɯɾƚɔ
ǞȘɔʕɾ ųƚɾɾƚɟ ɾǕŏȘ ࡏ10%
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−80

−40

0

40

Dc(s) =
15s+ 3
15s+ 1

K = 3
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_ɟƚɛʕƚȘżʿ rad/sec

ÚǕ
ŏɯ
ƚ
Ƈ࡫
ƚǃ
࡬

ߠߠ

÷ǞȒƚ áƚɯɔȩȘɯƚ

G(s) =
1

( 1
0.5s+ 1)(s+ 1)( 12s+ 1)

4ƚɯǞǃȘ ŏ Ȁŏǃ żȩȒɔƚȘɯŏɾȩɟ ɾȩ ŏżǕǞƚʲƚ ŏ
ɔǕŏɯƚ ȒŏɟǃǞȘ ȩǀ ŏɾ Ȁƚŏɯɾ 40◦ ŏȘƇ ŏ
ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ʶǞɾǕ ɟƚɯɔƚżɾ ɾȩ ŏ ɯɾƚɔ
ǞȘɔʕɾ ųƚɾɾƚɟ ɾǕŏȘ ࡏ10%

0 2 4 6 8 10 12 14 16 18 20
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0.8

1

1.2

G
1 +G

÷ǞȒƚ (s) ߡߠ

÷ǞȒƚ áƚɯɔȩȘɯƚ

G(s) =
1

( 1
0.5s+ 1)(s+ 1)( 12s+ 1)

4ƚɯǞǃȘ ŏ Ȁŏǃ żȩȒɔƚȘɯŏɾȩɟ ɾȩ ŏżǕǞƚʲƚ ŏ
ɔǕŏɯƚ ȒŏɟǃǞȘ ȩǀ ŏɾ Ȁƚŏɯɾ 40◦ ŏȘƇ ŏ
ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ʶǞɾǕ ɟƚɯɔƚżɾ ɾȩ ŏ ɯɾƚɔ
ǞȘɔʕɾ ųƚɾɾƚɟ ɾǕŏȘ ࡏ10%

0 2 4 6 8 10 12 14 16 18 20
0
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0.4

0.6

0.8

1

1.2

G
1 +G

3G
1 + 3G

÷ǞȒƚ (s) ߡߠ

÷ǞȒƚ áƚɯɔȩȘɯƚ

G(s) =
1

( 1
0.5s+ 1)(s+ 1)( 12s+ 1)

4ƚɯǞǃȘ ŏ Ȁŏǃ żȩȒɔƚȘɯŏɾȩɟ ɾȩ ŏżǕǞƚʲƚ ŏ
ɔǕŏɯƚ ȒŏɟǃǞȘ ȩǀ ŏɾ Ȁƚŏɯɾ 40◦ ŏȘƇ ŏ
ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ʶǞɾǕ ɟƚɯɔƚżɾ ɾȩ ŏ ɯɾƚɔ
ǞȘɔʕɾ ųƚɾɾƚɟ ɾǕŏȘ ࡏ10%
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÷ǞȒƚ (s) ߡߠ



áƚȀŏɾǞȩȘ ɾȩ Úv +ȩȘɾɟȩȀȀƚɟ

ĦǕŏɾ ǕŏɔɔƚȘɯ ʶǕƚȘ α→∞ࡐ

KDc(s) = Kα
TIs+ 1
αTIs+ 1

= K
TIs+ 1

TIs+ 1
α

= K

(
1 +

1
TIs

)

Ħƚ ɯƚƚ ɾǕŏɾ ŏ Ȁŏǃ żȩȒɔƚȘɯŏɾȩɟ Ǟɯ
ŏ Úv żȩȘɾɟȩȀȀƚɟ ʶǞɾǕ α =∞

ߢߠ

CʾŏȒɔȀƚ

G(s) = 0.05
80− s
s+ 2.05

ëɔƚżǞ˙żŏɾǞȩȘɯࡇ

ࡄ Ļƚɟȩ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ɾȩ ɯɾƚɔ żȩȒȒŏȘƇ
ࡄ ÚǕŏɯƚ ȒŏɟǃǞȘ ǃɟƚŏɾƚɟ ɾǕŏȘ 60◦

ࡄ +ȀȩɯƚƇࡷȀȩȩɔ ɾǞȒƚ żȩȘɯɾŏȘɾ ȩǀ 1/ωc = 0.07ɯ ωc࡫ = 14.3ɟŏƇࡕɯ࡬

CʾŏȒɔȀƚ ߝߝࡏߥ

ߣߠ

�ƚŏƇࡕ�ŏǃ +ȩȒɔƚȘɯŏɾȩɟ

�ƚŏƇࡕ�ŏǃ +ȩȒɔƚȘɯŏɾȩɟɯ

�ƚŏƇ żȩȒɔƚȘɯŏɾȩɟ �ƇƇɯ ɔǕŏɯƚ ŏɾ żɟȩɯɯȩʲƚɟ ǀɟƚɛʕƚȘżʿ ɾȩ ǞȒɔɟȩʲƚ ȒŏɟǃǞȘɯ
vȒɔŏżɾɯ ǀɟƚɛʕƚȘżǞƚɯ ŏųȧʮƙ ɾǕƚ ųɟƚŏǺɔȩǞȘɾ

�ŏǃ żȩȒɔƚȘɯŏɾȩɟ �ƇƇɯ ǃŏǞȘ ŏɾ Ȁȩʶ ǀɟƚɛʕƚȘżʿ ɾȩ ǞȒɔɟȩʲƚ ɯɾƚŏƇʿࡷɯɾŏɾƚ ɟƚɯɔȩȘɯƚ
vȒɔŏżɾɯ ǀɟƚɛʕƚȘżǞƚɯ ųƙǿȧʲ ɾǕƚ ųɟƚŏǺɔȩǞȘɾ

Ħƚ ŏɟƚ ǀɟƚƚ ɾȩ ʕɯƚ ȀƚŏƇ ŏȘƇ Ȁŏǃ ˙Ȁɾƚɟɯ ǞȘ żȩȒųǞȘŏɾǞȩȘࡈ ʶǞɾǕȩʕɾ ɾǕƚȒ ǞȒɔŏżɾǞȘǃ ƚŏżǕ
ȩɾǕƚɟࡈ ȩǀɾƚȘ żŏȀȀƚƇ ȀƚŏƇࡷȀŏǃ ˙Ȁɾƚɟɯࡏ

�ƚŏƇ→ Ú4 żȩȘɾɟȩȀȀƚɟ �ŏǃ→ Úv4 żȩȘɾɟȩȀȀƚɟ

� Úv4 żȩȘɾɟȩȀȀƚɟ Ǟɯ ŏ ȀƚŏƇࡕȀŏǃ ˙Ȁɾƚɟ

Dc(s) = K (TDs+ 1)

(
1 +

1
TIs

)

ߤߠ



Úv4 �ƚŏƇࡕ�ŏǃ _ǞȀɾƚɟ

_ɟƚɛʕƚȘżʿ ɟƚɯɔȩȘɯƚ ȩǀ Úv4
żȩȒɔƚȘɯŏɾȩɟ ǀȩɟ TI

TD
= 20

ߥߠ

ëŏɾƚȀȀǞɾƚ ëɾŏųǞȀǞˌŏɾǞȩȘ ÚɟȩųȀƚȒ

4ƚɯǞǃȘ ŏ Úv4 żȩȘɾɟȩȀȀƚɟ ǀȩɟ

ࡄ Ļƚɟȩ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ǞȘ ɟƚɯɔȩȘɯƚ ɾȩ ŏ ɯɾƚɔ ƇǞɯɾʕɟųŏȘżƚ ɾȩɟɛʕƚ
ࡄ � ɔǕŏɯƚ ȒŏɟǃǞȘ ȩǀ ŏɔɔɟȩʾǞȒŏɾƚȀʿ 60◦

ࡄ �ɯ ǕǞǃǕ ŏ ųŏȘƇʶǞƇɾǕ ŏɯ ɔȩɯɯǞųȀƚ
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CʾŏȒɔȀƚ

ࡄ Ļƚɟȩ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ǞȘ ɟƚɯɔȩȘɯƚ ɾȩ ŏ ɯɾƚɔ ƇǞɯɾʕɟųŏȘżƚ ɾȩɟɛʕƚ
ࡄ � ɔǕŏɯƚ ȒŏɟǃǞȘ ȩǀ ŏɔɔɟȩʾǞȒŏɾƚȀʿ 60◦

ࡄ �ɯ ǕǞǃǕ ŏ ųŏȘƇʶǞƇɾǕ ŏɯ ɔȩɯɯǞųȀƚ
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CʾŏȒɔȀƚ

ࡄ Ļƚɟȩ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ǞȘ ɟƚɯɔȩȘɯƚ ɾȩ ŏ ɯɾƚɔ ƇǞɯɾʕɟųŏȘżƚ ɾȩɟɛʕƚ
ࡄ � ɔǕŏɯƚ ȒŏɟǃǞȘ ȩǀ ŏɔɔɟȩʾǞȒŏɾƚȀʿ 60◦

ࡄ �ɯ ǕǞǃǕ ŏ ųŏȘƇʶǞƇɾǕ ŏɯ ɔȩɯɯǞųȀƚ
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CʾŏȒɔȀƚ

ࡄ Ļƚɟȩ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ǞȘ ɟƚɯɔȩȘɯƚ ɾȩ ŏ ɯɾƚɔ ƇǞɯɾʕɟųŏȘżƚ ɾȩɟɛʕƚ
ࡄ � ɔǕŏɯƚ ȒŏɟǃǞȘ ȩǀ ŏɔɔɟȩʾǞȒŏɾƚȀʿ 60◦

ࡄ �ɯ ǕǞǃǕ ŏ ųŏȘƇʶǞƇɾǕ ŏɯ ɔȩɯɯǞųȀƚ
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áƚɛʕǞɟƚ ɯȀȩɔƚ ɾȩ
ųƚ −20Ƈ$ࡕƇƚż
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CʾŏȒɔȀƚ

ࡄ Ļƚɟȩ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ǞȘ ɟƚɯɔȩȘɯƚ ɾȩ ŏ ɯɾƚɔ ƇǞɯɾʕɟųŏȘżƚ ɾȩɟɛʕƚ
ࡄ � ɔǕŏɯƚ ȒŏɟǃǞȘ ȩǀ ŏɔɔɟȩʾǞȒŏɾƚȀʿ 60◦

ࡄ �ɯ ǕǞǃǕ ŏ ųŏȘƇʶǞƇɾǕ ŏɯ ɔȩɯɯǞųȀƚ
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áƚɛʕǞɟƚ ɯȀȩɔƚ ɾȩ
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CʾŏȒɔȀƚ

ࡄ Ļƚɟȩ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ǞȘ ɟƚɯɔȩȘɯƚ ɾȩ ŏ ɯɾƚɔ ƇǞɯɾʕɟųŏȘżƚ ɾȩɟɛʕƚ
ࡄ � ɔǕŏɯƚ ȒŏɟǃǞȘ ȩǀ ŏɔɔɟȩʾǞȒŏɾƚȀʿ 60◦

ࡄ �ɯ ǕǞǃǕ ŏ ųŏȘƇʶǞƇɾǕ ŏɯ ɔȩɯɯǞųȀƚ
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CʾŏȒɔȀƚ

ࡄ Ļƚɟȩ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ǞȘ ɟƚɯɔȩȘɯƚ ɾȩ ŏ ɯɾƚɔ ƇǞɯɾʕɟųŏȘżƚ ɾȩɟɛʕƚ
ࡄ � ɔǕŏɯƚ ȒŏɟǃǞȘ ȩǀ ŏɔɔɟȩʾǞȒŏɾƚȀʿ 60◦

ࡄ �ɯ ǕǞǃǕ ŏ ųŏȘƇʶǞƇɾǕ ŏɯ ɔȩɯɯǞųȀƚ
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CʾŏȒɔȀƚ

ࡄ Ļƚɟȩ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ǞȘ ɟƚɯɔȩȘɯƚ ɾȩ ŏ ɯɾƚɔ ƇǞɯɾʕɟųŏȘżƚ ɾȩɟɛʕƚ
ࡄ � ɔǕŏɯƚ ȒŏɟǃǞȘ ȩǀ ŏɔɔɟȩʾǞȒŏɾƚȀʿ 60◦

ࡄ �ɯ ǕǞǃǕ ŏ ųŏȘƇʶǞƇɾǕ ŏɯ ɔȩɯɯǞųȀƚ
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CʾŏȒɔȀƚ

ࡄ Ļƚɟȩ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ǞȘ ɟƚɯɔȩȘɯƚ ɾȩ ŏ ɯɾƚɔ ƇǞɯɾʕɟųŏȘżƚ ɾȩɟɛʕƚ
ࡄ � ɔǕŏɯƚ ȒŏɟǃǞȘ ȩǀ ŏɔɔɟȩʾǞȒŏɾƚȀʿ 60◦

ࡄ �ɯ ǕǞǃǕ ŏ ųŏȘƇʶǞƇɾǕ ŏɯ ɔȩɯɯǞųȀƚ
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CʾŏȒɔȀƚ

ࡄ Ļƚɟȩ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ǞȘ ɟƚɯɔȩȘɯƚ ɾȩ ŏ ɯɾƚɔ ƇǞɯɾʕɟųŏȘżƚ ɾȩɟɛʕƚ
ࡄ � ɔǕŏɯƚ ȒŏɟǃǞȘ ȩǀ ŏɔɔɟȩʾǞȒŏɾƚȀʿ 60◦

ࡄ �ɯ ǕǞǃǕ ŏ ųŏȘƇʶǞƇɾǕ ŏɯ ɔȩɯɯǞųȀƚ
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÷ǞȒƚ áƚɯɔȩȘɯƚ
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ëʕȒȒŏɟʿ ࡷ �ȩȩɔ ëǕŏɔǞȘǃ

vƇƚŏ +ŏȘ ɟƚȀŏɾƚ ɾǕƚ ɯǕŏɔƚ ȩǀ ɾǕƚ ǀɟƚɛʕƚȘżʿ ɟƚɯɔȩȘɯƚ ȩǀ ɾǕƚ ȩɔƚȘࡷȀȩȩɔ ɯʿɯɾƚȒ
ɾȩ ɾǕƚ żȀȩɯƚƇࡷȀȩȩɔ ɯƚȘɯǞɾǞʲǞɾʿ ŏȘƇ żȩȒɔȀƚȒƚȘɾŏɟʿ ɯƚȘɯǞɾǞʲǞɾʿ ǀʕȘżɾǞȩȘɯ

bȩŏȀ
ࡄ KG Ȁŏɟǃƚ ǀȩɟ ɯȒŏȀȀ ω ɯɾŏɾƚࡷëɾƚŏƇʿ࡫ ƚɟɟȩɟ࡬
ࡄ KG ɯȒŏȀȀ ǀȩɟ Ȁŏɟǃƚ ω �ȩƇƚȀǞȘǃ࡫ ƚɟɟȩɟɯࡈ ƚɾż࡬
ࡄ +ɟȩɯɯȩʲƚɟ ǀɟƚɛʕƚȘżʿ żǕȩɯƚȘ ŏżżȩɟƇǞȘǃ ɾȩ ƇƚɯǞɟƚƇ żȀȩɯƚƇࡷȀȩȩɔ ųŏȘƇʶǞƇɾǕ
ࡄ bȩȩƇ ɯɾŏųǞȀǞɾʿ ȒŏɟǃǞȘɯ ࡕ ɯȀȩɔƚ ȩǀ KG ƚɛʕŏȀ ɾȩ −20Ƈ$ࡕƇƚż ŏɾ żɟȩɯɯȩʲƚɟ

�ƚŏƇ żȩȒɔƚȘɯŏɾȩɟ

ࡄ vȘżɟƚŏɯƚ ɯȀȩɔƚ ųʿ 20Ƈ$ࡕƇƚż ǞȘ
ǀɟƚɛʕƚȘżʿ ɟŏȘǃƚ

ࡄ Ćɯƚ ɾȩ ǞȘżɟƚŏɯƚ ɯȀȩɔƚ ࡕ ɔǕŏɯƚ Șƚŏɟ
żɟȩɯɯȩʲƚɟ ǀɟƚɛʕƚȘżʿ

ࡄ Ú4 żȩȘɾɟȩȀȀƚɟ Ǟɯ ŏ ȀƚŏƇ
żȩȒɔƚȘɯŏɾȩɟ

�ŏǃ żȩȒɔƚȘɯŏɾȩɟ

ࡄ Ćɯƚ ɾȩ ǞȘżɟƚŏɯƚ ǃŏǞȘ ŏɾ Ȁȩʶ
ǀɟƚɛʕƚȘżǞƚɯ

ࡄ 4ƚżɟƚŏɯƚɯ ɯȀȩɔƚ ųʿ 20Ƈ$ࡕƇƚż ࡕ
Ƈƚżɟƚŏɯƚɯ ɔǕŏɯƚ ǞȘ ǀɟƚɛʕƚȘżʿ
ɟŏȘǃƚ

ࡄ Úv żȩȘɾɟȩȀȀƚɟ Ǟɯ ŏ Ȁŏǃ żȩȒɔƚȘɯŏɾȩɟ
ߟߡ

� áƚŏȀ ëʿɯɾƚȒ 4ƚɯǞǃȘ

�ɾȩȒǞż _ȩɟżƚ �Ǟżɟȩɯżȩɔƚ

G(s) = 8.88 · 108 s2 + 780s+ 1.69 · 106

(s+ 3000)(s+ 1000)(s+ 100)(s2 + 50s+ 6.25 · 106)

bȩŏȀɯ
ࡄ ÷ɟŏżǺ ɟŏȒɔ ǞȘɔʕɾɯ
ࡄ áƚƇʕżƚ ɯƚȘɯǞɾǞʲǞɾʿ ɾȩ ȘȩǞɯƚ ŏɾ ɟƚɯȩȘŏȘɾ ǀɟƚɛʕƚȘżʿ
ࡄ �ǞȘǞȒǞˌƚ ɟƚɯɔȩȘɯƚ ɾǞȒƚ

ߠߡ

_ɟƚɛʕƚȘżʿ áƚɯɔȩȘɯƚ
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�ȩɾżǕ _ǞȀɾƚɟ
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