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ĆȘżƚɟɾŏǞȘ 4ƚȀŏʿ

4ƚɯǞǃȘƚƇ ǀȩɟ ɯʿɯɾƚȒ G(s)ࡈ ųʕɾ ɯʿɯɾƚȒ ǞȘ ɟƚŏȀࡷʶȩɟȀƇ G′(s) = G(s)e−s
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ĆȘżƚɟɾŏǞȘ 4ƚȀŏʿ
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ĆȘżƚɟɾŏǞȘ 4ƚȀŏʿ

4ƚɯǞǃȘƚƇ ǀȩɟ ɯʿɯɾƚȒ G(s)ࡈ ųʕɾ ɯʿɯɾƚȒ ǞȘ ɟƚŏȀࡷʶȩɟȀƇ G′(s) = G(s)e−s
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CʾŏȒɔȀƚ ࡷ ĆȘżƚɟɾŏǞȘ bŏǞȘ

4ƚɯǞǃȘ ǀȩɟ ɯʿɯɾƚȒ G(s)ࡈ ųʕɾ ǞȘ ɟƚŏȀࡷʶȩɟȀƇ ʶƚ ǃƚɾ G′(s) = αG(s)
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CʾŏȒɔȀƚ ࡷ ĆȘżƚɟɾŏǞȘ bŏǞȘ

4ƚɯǞǃȘ ǀȩɟ ɯʿɯɾƚȒ G(s)ࡈ ųʕɾ ǞȘ ɟƚŏȀࡷʶȩɟȀƇ ʶƚ ǃƚɾ G′(s) = αG(s)
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CʾŏȒɔȀƚ ࡷ ĆȘżƚɟɾŏǞȘ bŏǞȘ

4ƚɯǞǃȘ ǀȩɟ ɯʿɯɾƚȒ G(s)ࡈ ųʕɾ ǞȘ ɟƚŏȀࡷʶȩɟȀƇ ʶƚ ǃƚɾ G′(s) = αG(s)
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áȩųʕɯɾȘƚɯɯ

÷Ǖƚ ǞƇƚŏࡇ ÷Ǖƚ ǀŏɟɾǕƚɟ ɾǕƚ ࢈ȘȩȒǞȘŏȀࢇ �ʿɛʕǞɯɾ żʕɟʲƚ Ǟɯ ǀɟȩȒ ɾǕƚ −1 ɔȩǞȘɾࡈ ɾǕƚ Ȓȩɟƚ
ȀǞǺƚȀʿ ɾǕƚ ɟƚŏȀ ɯʿɯɾƚȒ ʶǞȀȀ ųƚ ɯɾŏųȀƚࡏ

÷Ǖƚ ʲŏɟǞȩʕɯ ȒŏɟǃǞȘɯ Ȓƚŏɯʕɟƚ ƇǞɯɾŏȘżƚ ǞȘ ɾƚɟȒɯ ȩǀ ɯȩȒƚ żȩȒȒȩȘ ɾƚɟȒɯࡇ

ࡄ ĆȘżƚɟɾŏǞȘ ǃŏǞȘ
ࡄ ĆȘżƚɟɾŏǞȘ ɔǕŏɯƚ
ࡄ ĆȘżƚɟɾŏǞȘ ƇƚȀŏʿ

ߠ



bŏǞȘ �ŏɟǃǞȘ

÷Ǖƚ ǂŏǝȗ ȑŏɛǂǝȗ Ǟɯ ɾǕƚ ȘʕȒųƚɟ 1/aࡈ ʶǕƚɟƚ

a = min
ω

K(jω)G(jω)

ɯࡏɾࡏ ImK(jω)G(jω) = 0

Ǟࡏƚࡈࡏ ɯȒŏȀȀƚɯɾ ȘƚǃŏɾǞʲƚ żɟȩɯɯǞȘǃ ȩǀ ɾǕƚ ɟƚŏȀ ŏʾǞɯ
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ࡄ CʾɔɟƚɯɯƚƇ ǞȘ ƇƚżǞųƚȀɯ

−20 log10 a > 0

ࡄ �ȒȩʕȘɾ ɾǕŏɾ ǃŏǞȘ żŏȘ
ǞȘżɟƚŏɯƚ ʶǕǞȀƚ ɯɾŏųȀƚ

ࡄ $ƚɾʶƚƚȘ 4Ƈ$ ŏȘƇ 12Ƈ$
ǃƚȘƚɟŏȀȀʿ żȩȘɯǞƇƚɟƚƇ ɯŏǀƚ

ࡄ b� ࣔ 1 ࡬$Ƈߜ࡫ ȒƚŏȘɯ ɾǕŏɾ ɾǕƚ
żȀȩɯƚƇࡷȀȩȩɔ ɯʿɯɾƚȒ Ǟɯ
ʕȘɯɾŏųȀƚࡈ b� ࣏ 1 ࡬$Ƈߜ࡫ ɾǕŏɾ Ǟɾ
Ǟɯ ɯɾŏųȀƚ

ߡ

ÚǕŏɯƚ �ŏɟǃǞȘ

÷Ǖƚ ɑǔŏɫƙ ȑŏɛǂǝȗ φ Ǟɯ ɾǕƚ ɯȒŏȀȀƚɯɾ ǞȘżɟƚŏɯƚ ǞȘ
ɔǕŏɯƚ ɾǕŏɾ ʶǞȀȀ żŏʕɯƚ ǞȘɯɾŏųǞȀǞɾʿ

φ = min
φ,ω

φ

ɯࡏɾࡏ K(jω)G(jω)ejφ = −1

ࡄ ĆɯʕŏȀȀʿ ƚʾɔɟƚɯɯƚƇ ǞȘ Ƈƚǃɟƚƚɯ
ࡄ $ƚɾʶƚƚȘ 30◦ ŏȘƇ 60◦

ǃƚȘƚɟŏȀȀʿ żȩȘɯǞƇƚɟƚƇ ɯŏǀƚ
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ÚǕŏɯƚ ŏȘƇ bŏǞȘ �ŏɟǃǞȘ ȩȘ $ȩƇƚ ÚȀȩɾ
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ÚǕŏɯƚ ŏȘƇ bŏǞȘ �ŏɟǃǞȘ ȩȘ $ȩƇƚ ÚȀȩɾ
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ÚǕŏɯƚ ŏȘƇ bŏǞȘ �ŏɟǃǞȘ ȩȘ $ȩƇƚ ÚȀȩɾ

ÚɟȩżƚƇʕɟƚࡇ

ࡏߝ _ǞȘƇ ǀɟƚɛʕƚȘżʿ ωc ɾǕŏɾ ɯʿɯɾƚȒ ɔŏɯɯƚɯ 0Ƈ$ࡈ ǀɟȩȒ ȒŏǃȘǞɾʕƇƚ ɔȀȩɾ
ࡏߞ _ǞȘƇ ǀɟƚɛʕƚȘżʿ ωx ɾǕŏɾ ɯʿɯɾƚȒ ɔŏɯɯƚɯ ࡈ◦180− ǀɟȩȒ ɾǕƚ ɔǕŏɯƚ ɔȀȩɾ
ࡏߟ bŏǞȘ ȒŏɟǃǞȘ ࣌ −20 log10 |K(jωx)G(jωx)|Ƈ$
ࡏߠ ÚǕŏɯƚ ȒŏɟǃǞȘ ࣌ ∠K(jωc)G(jωc)− 180 ǞȘ Ƈƚǃɟƚƚɯ

bŏǞȘ ŏȘƇ ɔǕŏɯƚ ȒŏɟǃǞȘ ɔȩɯǞɾǞʲƚ→ ɯɾŏųȀƚ

ߤ
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CʾŏȒɔȀƚࡇ �_�
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bŏǞȘ ŏȘƇ ÚǕŏɯƚ �ŏɟǃǞȘɯ ࡇ �ʿɛʕǞɯɾ
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bŏǞȘ ŏȘƇ ÚǕŏɯƚ �ŏɟǃǞȘɯ ࡇ �ʿɛʕǞɯɾ
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bŏǞȘ ȒŏɟǃǞȘ ࣌ −20 log10 a = 9.63dB

ëʿɯɾƚȒ ųƚżȩȒƚɯ ʕȘɯɾŏųȀƚ ŏɾ ŏ ǃŏǞȘ ȩǀ 1/a = 3.03 ߜߝ

bŏǞȘ ŏȘƇ ÚǕŏɯƚ �ŏɟǃǞȘɯ ࡇ �ʿɛʕǞɯɾ

−2 −1.5 −1 −0.5 0.5 1 1.5 2

−1.5

−1

−0.5

0.5

1

1.5

Re[G(s)]

Im[G(s)]

ߜߝ
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bŏǞȘ ŏȘƇ ÚǕŏɯƚ �ŏɟǃǞȘɯ ࡇ $ȩƇƚ
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bŏǞȘ ŏȘƇ ÚǕŏɯƚ �ŏɟǃǞȘɯ ࡇ $ȩƇƚ
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+Ǖȩȩɯƚ ɾǕƚ ɟɯɾ˙ࢇ ɾȩ ųƚ ʕȘɯɾŏųȀƚ࢈ Ǟǀ ɾǕƚɟƚ ŏɟƚ ȒʕȀɾǞɔȀƚ żɟȩɯɯǞȘǃɯ
ߞߝ

�ŏɟǃǞȘɯ ࡷ ëʕȒȒŏɟʿ

ࡄ �ŏɟǃǞȘɯ Ȓƚŏɯʕɟƚ Ǖȩʶ ǀŏɟ ǀɟȩȒ ɯɾŏųǞȀǞɾʿ ɾǕƚ żȀȩɯƚƇࡷȀȩȩɔ ɯʿɯɾƚȒ Ǟɯ ǞȘ ɾƚɟȒɯ ȩǀ ŏ
ɯǞȘǃȀƚ ʕȘżƚɟɾŏǞȘ ɔŏɟŏȒƚɾƚɟ

ࡄ ÚǕŏɯƚ
ࡄ bŏǞȘ
ࡄ 4ƚȀŏʿ

ࡄ �ŏȘʿ ŏɔɔȀǞżŏɾǞȩȘɯ ɯɔƚżǞǀʿ ȒǞȘǞȒʕȒ ɔǕŏɯƚ ŏȘƇ ǃŏǞȘ ȒŏɟǃǞȘɯ ǀȩɟ ɯŏǀƚɾʿ
ࡄ vȘ Ȁŏɾƚɟ Ȁƚżɾʕɟƚɯ ʶƚ ʶǞȀȀ ȀȩȩǺ ŏɾ ƇʿȘŏȒǞż żȩȘɾɟȩȀȀƚɟɯ ɾǕŏɾ ɫǔŏɑƙ ɾǕƚ ǀɟƚɛʕƚȘżʿ
ɟƚɯɔȩȘɯƚ ɯȩ ɾǕŏɾ ʶƚ Ǖŏʲƚ ǃȩȩƇ ȒŏɟǃǞȘɯ

ߟߝ

ëɾƚŏƇʿ ëɾŏɾƚ Cɟɟȩɟɯ



ëɾƚŏƇʿࡷëɾŏɾƚ °ǀǀɯƚɾ
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ëɾƚŏƇʿࡷëɾŏɾƚ °ǀǀɯƚɾ
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Cɟɟȩɟ

÷ǞȒƚ (s)

ëɾŏųȀƚ Ƈȩƚɯ Șȩɾ ȒƚŏȘ ɾǕŏɾ ɾǕƚ ȩʕɾɔʕɾ ɾɟŏżǺɯ ɾǕƚ ɟƚǀƚɟƚȘżƚࡋ

ߠߝ

ëɾƚŏƇʿࡷëɾŏɾƚ °ǀǀɯƚɾ

R(s) K(s) G(s) Y (s)
− E(s) =

1
1 +K(s)G(s)

R(s)

= S(s)R(s)

÷ǕƚȩɟƚȒ
_ǞȘŏȀ ģŏȀʕƚ ÷ǕƚȩɟƚȒ

lim
t→∞

w(t) = lim
s→0

sW (s)

vǀ ɔȩȀƚɯ ȩǀ sW (s) ŏɟƚ ǞȘ ɾǕƚ Ȁƚǀɾ ǕŏȀǀ ɔȀŏȘƚ

vǀ r(t) = 1, t ≥ ࡈ0 ɾǕƚȘ R(S) = 1/s

lim
t→∞

e(t) = lim
s→0

s
1

1 +K(s)G(s)
· 1
s
= lim

s→0

1
1 +K(s)G(s)

=???

ࡄ �ȩɾ ǞȘ˙ȘǞɾƚ ųƚżŏʕɯƚ K(s)G(s) $= −1

ࡄ +ŏȀȀƚƇ ɾǕǞɯ ɾǕƚ ɫɺƙŏƆʻࡹɫɺŏɺƙ ȧƿƿɫƙɺ ȩɟ ɫɺƙŏƆʻࡹɫɺŏɺƙ ƙɛɛȧɛ
ࡄ +ȩȘƇǞɾǞȩȘɯ ǀȩɟ ɾǕƚ ɯɾƚŏƇʿࡷɯɾŏɾƚ ȩǀǀɯƚɾ ɾȩ ųƚ ˌƚɟȩࡐ ߡߝ

ëʿɯɾƚȒ ÷ʿɔƚ ŏȘƇ °ɔƚȘࡷ�ȩȩɔ ëɾƚŏƇʿࡷëɾŏɾƚ bŏǞȘ

ëʕɔɔȩɯƚ ɾǕŏɾ ɾǕƚ ȩɔƚȘࡷȀȩȩɔ ɾɟŏȘɯǀƚɟ ǀʕȘżɾǞȩȘ Ǖŏɯ q ɔȩȀƚɯ ŏɾ s = 0

K(s)G(s) =
B(s)
sqA(s)

ʶǕƚɟƚ A ŏȘƇ B ŏɟƚ ɔȩȀʿȘȩȒǞŏȀɯࡏ

÷Ǖƚ ȘʕȒųƚɟ q Ǟɯ żŏȀȀƚƇ ɾǕƚ ɺʻɑƙ ȩɟ ɾǕƚ żǿŏɫɫ ȩǀ ɾǕƚ ȩɔƚȘࡷȀȩȩɔ ɯʿɯɾƚȒࡏ

÷Ǖƚ ȧɑƙȗࡹǿȧȧɑ ɫɺƙŏƆʻࡹɫɺŏɺƙ ǂŏǝȗ ȩǀ ɾǕƚ ɯʿɯɾƚȒ K(s)G(s) Ǟɯ

γ := lim
s→0

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

ߢߝ



÷ʿɔƚ 0 ëʿɯɾƚȒ áƚɯɔȩȘɯƚ ɾȩ ŏ ëɾƚɔ +ȩȒȒŏȘƇ

ëʕɔɔȩɯƚ ʶƚ Ǖŏʲƚ ŏ ɾʿɔƚ ߜ ɯʿɯɾƚȒ

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

ŏȘƇ ʶƚ ŏɔɔȀʿ ŏ ɯɾƚɔ ǞȘɔʕɾ

R(s) =
1
s

÷Ǖƚ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ǀȩɟ ɾǕƚ żȀȩɯƚƇࡷȀȩȩɔ ɯʿɯɾƚȒ ʶǞȀȀ ųƚ

lim
t→∞

e(t) = lim
s→0

s
1

1 +K(s)G(s)
· 1
s

=
1

1 + γ

ߣߝ

÷ʿɔƚ 0 ëʿɯɾƚȒ áƚɯɔȩȘɯƚ ɾȩ ŏ ëɾƚɔ +ȩȒȒŏȘƇ

ëʕɔɔȩɯƚ ʶƚ Ǖŏʲƚ ŏ ɾʿɔƚ ߜ ɯʿɯɾƚȒ

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

ŏȘƇ ʶƚ ŏɔɔȀʿ ŏ ɯɾƚɔ ǞȘɔʕɾ

R(s) =
1
s

÷Ǖƚ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ǀȩɟ ɾǕƚ żȀȩɯƚƇࡷȀȩȩɔ ɯʿɯɾƚȒ ʶǞȀȀ ųƚ

lim
t→∞

e(t) = lim
s→0

s
1

1 +K(s)G(s)
· 1
s

=
1

1 + γ

ߣߝ

÷ʿɔƚ 1 ëʿɯɾƚȒ áƚɯɔȩȘɯƚ ɾȩ ŏ ëɾƚɔ +ȩȒȒŏȘƇ

ëʕɔɔȩɯƚ ʶƚ Ǖŏʲƚ ŏ ɾʿɔƚ ߝ ɯʿɯɾƚȒ

K(s)G(s) =
B(s)
sA(s)

ŏȘƇ ʶƚ ŏɔɔȀʿ ŏ ɯɾƚɔ ǞȘɔʕɾ

R(s) =
1
s

÷Ǖƚ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ǀȩɟ ɾǕƚ żȀȩɯƚƇࡷȀȩȩɔ ɯʿɯɾƚȒ ʶǞȀȀ ųƚ

lim
t→∞

e(t) = lim
s→0

s
1

1 +K(s)G(s)
· 1
s

= lim
s→0

s

s+ B(s)
A(s)

= 0

÷Ǖƚ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ʶǞȀȀ ųƚ ˌƚɟȩ ǀȩɟ ŏȀȀ ɯɾƚɔ ǞȘɔʕɾɯ ŏȘƇ ɯʿɯɾƚȒɯࡋ

ߤߝ

÷ʿɔƚ 1 ëʿɯɾƚȒ áƚɯɔȩȘɯƚ ɾȩ ŏ ëɾƚɔ +ȩȒȒŏȘƇ

ëʕɔɔȩɯƚ ʶƚ Ǖŏʲƚ ŏ ɾʿɔƚ ߝ ɯʿɯɾƚȒ

K(s)G(s) =
B(s)
sA(s)

ŏȘƇ ʶƚ ŏɔɔȀʿ ŏ ɯɾƚɔ ǞȘɔʕɾ

R(s) =
1
s

÷Ǖƚ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ǀȩɟ ɾǕƚ żȀȩɯƚƇࡷȀȩȩɔ ɯʿɯɾƚȒ ʶǞȀȀ ųƚ

lim
t→∞

e(t) = lim
s→0

s
1

1 +K(s)G(s)
· 1
s

= lim
s→0

s

s+ B(s)
A(s)

= 0

÷Ǖƚ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ʶǞȀȀ ųƚ ˌƚɟȩ ǀȩɟ ŏȀȀ ɯɾƚɔ ǞȘɔʕɾɯ ŏȘƇ ɯʿɯɾƚȒɯࡋ

ߤߝ



÷ʿɔƚ 1 ëʿɯɾƚȒ áƚɯɔȩȘɯƚ ɾȩ ŏ ëɾƚɔ +ȩȒȒŏȘƇ

G(s) =
3.4

s2 + s+ 1
K(s) =

1
5

(
1 +

1
s

)
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+ȀȩɯƚƇࡷȀȩȩɔ ɯɾƚɔ ɟƚɯɔȩȘɯƚ

Cɟɟȩɟ

÷ǞȒƚ (s)

Ļƚɟȩ ɯɾƚŏƇʿࡷɯɾŏɾƚ ȩǀǀɯƚɾ

ߥߝ

÷ʿɔƚ 1 ëʿɯɾƚȒ áƚɯɔȩȘɯƚ ɾȩ ŏ áŏȒɔ +ȩȒȒŏȘƇ

ëʕɔɔȩɯƚ ʶƚ Ǖŏʲƚ ŏ ɾʿɔƚ ߝ ɯʿɯɾƚȒ

K(s)G(s) =
B(s)
sA(s)

ŏȘƇ ʶƚ ŏɔɔȀʿ ŏ ɛŏȑɑ ǝȗɑʑɺ r(t) = t

R(s) =
1
s2

÷Ǖƚ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ǀȩɟ ɾǕƚ żȀȩɯƚƇࡷȀȩȩɔ ɯʿɯɾƚȒ ʶǞȀȀ ųƚ

lim
t→∞

e(t) = lim
s→0

s · 1
1 +K(s)G(s)

· 1
s2

= lim
s→0

1

1 + B(s)
sA(s)

· 1
s

=
1
γ

�ȩȘࡷˌƚɟȩ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟࡏ

ߜߞ

÷ʿɔƚ 1 ëʿɯɾƚȒ áƚɯɔȩȘɯƚ ɾȩ ŏ áŏȒɔ +ȩȒȒŏȘƇ

ëʕɔɔȩɯƚ ʶƚ Ǖŏʲƚ ŏ ɾʿɔƚ ߝ ɯʿɯɾƚȒ

K(s)G(s) =
B(s)
sA(s)

ŏȘƇ ʶƚ ŏɔɔȀʿ ŏ ɛŏȑɑ ǝȗɑʑɺ r(t) = t

R(s) =
1
s2

÷Ǖƚ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ ǀȩɟ ɾǕƚ żȀȩɯƚƇࡷȀȩȩɔ ɯʿɯɾƚȒ ʶǞȀȀ ųƚ

lim
t→∞

e(t) = lim
s→0

s · 1
1 +K(s)G(s)

· 1
s2

= lim
s→0

1

1 + B(s)
sA(s)

· 1
s

=
1
γ

�ȩȘࡷˌƚɟȩ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟࡏ

ߜߞ

÷ʿɔƚ 1 ëʿɯɾƚȒ áƚɯɔȩȘɯƚ ɾȩ ŏ áŏȒɔ +ȩȒȒŏȘƇ

G(s) =
3.4

s2 + s+ 1
K(s) =

1
5

(
1 +

1
s

)
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+ȀȩɯƚƇࡷȀȩȩɔ
ɯɾƚɔ ɟƚɯɔȩȘɯƚ

áŏȒɔ ǞȘɔʕɾ

÷ǞȒƚ (s)

+ȩȘɯɾŏȘɾ ɯɾƚŏƇʿࡷɯɾŏɾƚ ȩǀǀɯƚɾ

ߝߞ



÷ʿɔƚ 1 ëʿɯɾƚȒ áƚɯɔȩȘɯƚ ɾȩ ŏ áŏȒɔ +ȩȒȒŏȘƇ

G(s) =
3.4

s2 + s+ 1
K(s) =

1
5

(
1 +

1
s

)

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

10

+ȀȩɯƚƇࡷȀȩȩɔ
ɯɾƚɔ ɟƚɯɔȩȘɯƚ

áŏȒɔ ǞȘɔʕɾ

Cɟɟȩɟ

÷ǞȒƚ (s)

+ȩȘɯɾŏȘɾ ɯɾƚŏƇʿࡷɯɾŏɾƚ ȩǀǀɯƚɾ

ߝߞ

÷ʿɔƚ 1 ëʿɯɾƚȒ áƚɯɔȩȘɯƚ ɾȩ ŏ ÚŏɟŏųȩȀǞż +ȩȒȒŏȘƇ

ëʕɔɔȩɯƚ ʶƚ Ǖŏʲƚ ŏ ɾʿɔƚ ߝ ɯʿɯɾƚȒ

K(s)G(s) =
B(s)
sA(s)

ŏȘƇ ʶƚ ŏɔɔȀʿ ŏ ɑŏɛŏųȧǿǝż ǝȗɑʑɺ r(t) = t2

R(s) =
2
s3

÷Ǖƚ ƚɟɟȩɟ Ǟɯ

E(s) =
1

1 +K(s)G(s)
· 2
s3

=
sB(s)

sA(s) +B(s)
· 2
s3

=
B(s)

sA(s) +B(s)
· 2
s2

+ŏȘȘȩɾ ŏɔɔȀʿ ˙ȘŏȀࡷʲŏȀʕƚ ɾǕƚȩɟƚȒ ųƚżŏʕɯƚ ɾǕƚɟƚ Ǟɯ Ȓȩɟƚ ɾǕŏȘ ȩȘƚ ɔȩȀƚ ŏɾ 0
→ vȒɔȀǞƚɯ ɾǕŏɾ ɾǕƚ ƚɟɟȩɟ Ǟɯ ƚǞɾǕƚɟ ʕȘųȩʕȘƇƚƇࡈ ȩɟ ȩɯżǞȀȀŏɾƚɯ

ߞߞ

÷ʿɔƚ 1 ëʿɯɾƚȒ áƚɯɔȩȘɯƚ ɾȩ ŏ ÚŏɟŏųȩȀǞż +ȩȒȒŏȘƇ

ëʕɔɔȩɯƚ ʶƚ Ǖŏʲƚ ŏ ɾʿɔƚ ߝ ɯʿɯɾƚȒ

K(s)G(s) =
B(s)
sA(s)

ŏȘƇ ʶƚ ŏɔɔȀʿ ŏ ɑŏɛŏųȧǿǝż ǝȗɑʑɺ r(t) = t2

R(s) =
2
s3

÷Ǖƚ ƚɟɟȩɟ Ǟɯ

E(s) =
1

1 +K(s)G(s)
· 2
s3

=
sB(s)

sA(s) +B(s)
· 2
s3

=
B(s)

sA(s) +B(s)
· 2
s2

+ŏȘȘȩɾ ŏɔɔȀʿ ˙ȘŏȀࡷʲŏȀʕƚ ɾǕƚȩɟƚȒ ųƚżŏʕɯƚ ɾǕƚɟƚ Ǟɯ Ȓȩɟƚ ɾǕŏȘ ȩȘƚ ɔȩȀƚ ŏɾ 0
→ vȒɔȀǞƚɯ ɾǕŏɾ ɾǕƚ ƚɟɟȩɟ Ǟɯ ƚǞɾǕƚɟ ʕȘųȩʕȘƇƚƇࡈ ȩɟ ȩɯżǞȀȀŏɾƚɯ

ߞߞ

÷ʿɔƚ 1 ëʿɯɾƚȒ áƚɯɔȩȘɯƚ ɾȩ ŏ ÚŏɟŏųȩȀǞż +ȩȒȒŏȘƇ
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ÚŏɟŏųȩȀǞż ǞȘɔʕɾ

+ȀȩɯƚƇࡷȀȩȩɔ ɯɾƚɔ ɟƚɯɔȩȘɯƚ

÷ǞȒƚ (s)

vȘ˙ȘǞɾƚ ɯɾƚŏƇʿࡷɯɾŏɾƚ ȩǀǀɯƚɾ

ߟߞ



÷ʿɔƚ 1 ëʿɯɾƚȒ áƚɯɔȩȘɯƚ ɾȩ ŏ ÚŏɟŏųȩȀǞż +ȩȒȒŏȘƇ
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ÚŏɟŏųȩȀǞż ǞȘɔʕɾ

+ȀȩɯƚƇࡷȀȩȩɔ ɯɾƚɔ ɟƚɯɔȩȘɯƚ Cɟɟȩɟ

÷ǞȒƚ (s)

vȘ˙ȘǞɾƚ ɯɾƚŏƇʿࡷɯɾŏɾƚ ȩǀǀɯƚɾ

ߟߞ

ëɾƚŏƇʿࡷëɾŏɾƚ Cɟɟȩɟɯ ųʿ ëʿɯɾƚȒ ÷ʿɔƚ

÷ʿɔƚ r(t) = 1 r(t) = t r(t) = t2

0
1

1 + γ
∞ ∞

1 0
1
γ

∞

2 0 0
1
γ

$ŏɫǝż ǝƆƙŏࡋ �ʕɯɾ Ǖŏʲƚ Ȓȩɟƚ ǞȘɾƚǃɟŏɾȩɟɯ ɾǕŏȘ ɾǕƚ ɯǞǃȘŏȀ ʿȩʕ࢈ɟƚ ɾɟʿǞȘǃ ɾȩ ɾɟŏżǺ

ĦǕʿ Șȩɾ ǲʕɯɾ ŏƇƇ ǕʕȘƇɟƚƇɯ ȩǀ ǞȘɾƚǃɟŏɾȩɟɯࡈ ŏȘƇ ɾɟŏżǺ ŏȘʿɾǕǞȘǃࡋࡐ

ߠߞ

ëɾƚŏƇʿࡷëɾŏɾƚ Cɟɟȩɟɯ ųʿ ëʿɯɾƚȒ ÷ʿɔƚ ࡷ ųʿ ɾǕƚ $ȩȩǺ

÷Ǖƚ ųȩȩǺ ʕɯƚɯ ŏ ɯȀǞǃǕɾȀʿ ƇǞǀǀƚɟƚȘɾ ȘȩɾŏɾǞȩȘࡇ

÷ʿɔƚ r(t) = 1 r(t) = t r(t) = t2

ëɾƚɔ ࡬ɔȩɯǞɾǞȩȘ࡫ áŏȒɔ ࡬ʲƚȀȩżǞɾʿ࡫ ÚŏɟŏųȩȀŏ ࡬ŏżżƚȀƚɟŏɾǞȩȘ࡫
0

1
1 +Kp

∞ ∞

1 0
1
Kv

∞

2 0 0
1
Ka

Kp = lim
s→0

K(s)G(s) ÷ʿɔƚ ߜ

Kv = lim
s→0

sK(s)G(s) ÷ʿɔƚ ߝ

Ka = lim
s→0

s2K(s)G(s) ÷ʿɔƚ ߞ

÷Ǖƚ ųȩȩǺ ƇǞǀǀƚɟƚȘɾǞŏɾƚɯ żȩȘɯɾŏȘɾɯ ųƚɾʶƚƚȘ ɔȩɯǞɾǞȩȘࡈ ʲƚȀȩżǞɾʿ ŏȘƇ ŏżżƚȀƚɟŏɾǞȩȘࡏ Ħƚ
ǲʕɯɾ ʕɯƚ γ ǀȩɟ ŏȀȀ ȩǀ ɾǕƚȒࡏ

ߡߞ

�ƚǃŏɾǞʲƚ vȒɔŏżɾ ȩǀ �ƇƇǞȘǃ vȘɾƚǃɟŏɾȩɟɯ

1
sq

→ (jω)−q
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ߢߞ



�ƚǃŏɾǞʲƚ vȒɔŏżɾ ȩǀ �ƇƇǞȘǃ vȘɾƚǃɟŏɾȩɟɯ

1
sq

→ (jω)−q
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÷ʶȩ ǞȘɾƚǃɟŏɾȩɟɯ

�
ŏǃ
ȘǞ
ɾʕ
Ƈƚ

Ƈ࡫
࡬$

10−1 100 101
−360

−270

−180

−90

0
°Șƚ ǞȘɾƚǃɟŏɾȩɟ

÷ʶȩ ǞȘɾƚǃɟŏɾȩɟɯ
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�ƚǃŏɾǞʲƚ vȒɔŏżɾ ȩǀ �ƇƇǞȘǃ vȘɾƚǃɟŏɾȩɟɯ
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→ (jω)−q
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�ƚǃŏɾǞʲƚ vȒɔŏżɾ ȩǀ �ƇƇǞȘǃ vȘɾƚǃɟŏɾȩɟɯ

mȩʶ Ƈȩ ɾǕƚ ɾʶȩ ɯʿɯɾƚȒɯ ƇǞǀǀƚɟ ǞȘ ɾƚɟȒɯ ȩǀ ɯɾŏųǞȀǞɾʿ ȒŏɟǃǞȘɯࡐ
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�ƚǃŏɾǞʲƚ vȒɔŏżɾ ȩǀ �ƇƇǞȘǃ vȘɾƚǃɟŏɾȩɟɯ

mȩʶ Ƈȩ ɾǕƚ ɾʶȩ ɯʿɯɾƚȒɯ ƇǞǀǀƚɟ ǞȘ ɾƚɟȒɯ ȩǀ ɯɾŏųǞȀǞɾʿ ȒŏɟǃǞȘɯࡐ
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�ƚǃŏɾǞʲƚ vȒɔŏżɾ ȩǀ �ƇƇǞȘǃ vȘɾƚǃɟŏɾȩɟɯ

mȩʶ Ƈȩ ɾǕƚ ɾʶȩ ɯʿɯɾƚȒɯ ƇǞǀǀƚɟ ǞȘ ɾƚɟȒɯ ȩǀ ɯɾŏųǞȀǞɾʿ ȒŏɟǃǞȘɯࡐ
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�ƚǃŏɾǞʲƚ vȒɔŏżɾ ȩǀ �ƇƇǞȘǃ vȘɾƚǃɟŏɾȩɟɯ

mȩʶ Ƈȩ ɾǕƚ ɾʶȩ ɯʿɯɾƚȒɯ ƇǞǀǀƚɟ ǞȘ ɾƚɟȒɯ ȩǀ ɯɾŏųǞȀǞɾʿ ȒŏɟǃǞȘɯࡐ
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+ȩȘɯɾŏȘɾ 4ǞɯɾʕɟųŏȘżƚ áƚǲƚżɾǞȩȘ

+ȩȘɯɾŏȘɾ 4ǞɯɾʕɟųŏȘżƚ áƚǲƚżɾǞȩȘ

R(s) K(s)

W (s)

G(s) Y (s)
E(s)

−

ëʿɯɾƚȒ ɟƚɯɔȩȘɯƚ ʶǞɾǕ ɟƚɯɔƚżɾ ɾȩ ŏ ƇǞɯɾʕɟųŏȘżƚ w(t) Ǟɯࡇ

E(s) =
G(s)

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

ĦǕŏɾ ŏɟƚ ɾǕƚ żȩȘƇǞɾǞȩȘɯ ǀȩɟ ˌƚɟȩ ɯɾƚŏƇʿࡷɯɾŏɾƚ ȩǀǀɯƚɾ ʶǞɾǕ ɟƚɯɔƚżɾ ɾȩ ŏ żȩȘɯɾŏȘɾ
ƇǞɯɾʕɟųŏȘżƚࡐ

ߤߞ



+ȩȘɯɾŏȘɾ 4ǞɯɾʕɟųŏȘżƚ áƚǲƚżɾǞȩȘ

ëʕɔɔȩɯƚ ɾǕƚ ɯʿɯɾƚȒ Ǖŏɯ q ǞȘɾƚǃɟŏɾȩɟɯࡈ ŏȘƇ K Ǖŏɯ ȘȩȘƚ

G(s) =
B(s)
sqA(s)

÷Ǖƚ ƚɟɟȩɟ Ǟɯࡇ

E(s) =
G(s)

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

=
B(s)

sqA(s) +K(s)B(s)
· 1
s

÷ǕƚȘ ɾǕƚ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ Ǟɯࡇ

lim
s→0

sE(s) =
1

K(0)

vȘɾƚǃɟŏɾȩɟɯ ǞȘ ɾǕƚ ɯʿɯɾƚȒ Ƈȩ Șȩɾ ɟƚǲƚżɾ ƇǞɯɾʕɟųŏȘżƚɯࡋ

ߥߞ

+ȩȘɯɾŏȘɾ 4ǞɯɾʕɟųŏȘżƚ áƚǲƚżɾǞȩȘ

ëʕɔɔȩɯƚ ɾǕƚ ɯʿɯɾƚȒ Ǖŏɯ q ǞȘɾƚǃɟŏɾȩɟɯࡈ ŏȘƇ K Ǖŏɯ ȘȩȘƚ

G(s) =
B(s)
sqA(s)

÷Ǖƚ ƚɟɟȩɟ Ǟɯࡇ

E(s) =
G(s)

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

=
B(s)

sqA(s) +K(s)B(s)
· 1
s

÷ǕƚȘ ɾǕƚ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ Ǟɯࡇ

lim
s→0

sE(s) =
1

K(0)

vȘɾƚǃɟŏɾȩɟɯ ǞȘ ɾǕƚ ɯʿɯɾƚȒ Ƈȩ Șȩɾ ɟƚǲƚżɾ ƇǞɯɾʕɟųŏȘżƚɯࡋ

ߥߞ

vȘɾƚǃɟŏɾȩɟɯ ǞȘ ɾǕƚ +ȩȘɾɟȩȀȀƚɟ

ëʕɔɔȩɯƚ ɾǕƚ żȩȘɾɟȩȀȀƚɟ K Ǖŏɯ r ǞȘɾƚǃɟŏɾȩɟɯ

K(s) =
S(s)

srR(s)

÷Ǖƚ ƚɟɟȩɟ Ǟɯࡇ

E(s) =
B(s)

sqA(s) +K(s)B(s)
· 1
s

= sr
B(s)R(s)

srsqA(s)R(s) + S(s)B(s)
· 1
s

÷Ǖƚ żȩȘɾɟȩȀȀƚɟ࢈ɯ ǞȘɾƚǃɟŏɾȩɟɯ Ƈȩ ɟƚǲƚżɾ ɾǕƚ ƇǞɯɾʕɟųŏȘżƚࡇ

ࡄ °Șƚ ɔȩȀƚ ŏɾ 0 → ɟƚǲƚżɾɯ żȩȘɯɾŏȘɾ ƇǞɯɾʕɟųŏȘżƚ
ࡄ ÷ʶȩ ɔȩȀƚɯ ŏɾ 0 → ɟƚǲƚżɾɯ ɟŏȒɔ ƇǞɯɾʕɟųŏȘżƚ

ࡄ
ࡏࡏࡏ

ࡄ ƚɾż

ߜߟ

vȘɾƚǃɟŏɾȩɟɯ ǞȘ ɾǕƚ +ȩȘɾɟȩȀȀƚɟ

ëʕɔɔȩɯƚ ɾǕƚ żȩȘɾɟȩȀȀƚɟ K Ǖŏɯ r ǞȘɾƚǃɟŏɾȩɟɯ

K(s) =
S(s)

srR(s)

÷Ǖƚ ƚɟɟȩɟ Ǟɯࡇ

E(s) =
B(s)

sqA(s) +K(s)B(s)
· 1
s

= sr
B(s)R(s)

srsqA(s)R(s) + S(s)B(s)
· 1
s

÷Ǖƚ żȩȘɾɟȩȀȀƚɟ࢈ɯ ǞȘɾƚǃɟŏɾȩɟɯ Ƈȩ ɟƚǲƚżɾ ɾǕƚ ƇǞɯɾʕɟųŏȘżƚࡇ

ࡄ °Șƚ ɔȩȀƚ ŏɾ 0 → ɟƚǲƚżɾɯ żȩȘɯɾŏȘɾ ƇǞɯɾʕɟųŏȘżƚ
ࡄ ÷ʶȩ ɔȩȀƚɯ ŏɾ 0 → ɟƚǲƚżɾɯ ɟŏȒɔ ƇǞɯɾʕɟųŏȘżƚ

ࡄ
ࡏࡏࡏ

ࡄ ƚɾż

ߜߟ



CʾŏȒɔȀƚ

G(s) =
1

s(s+ 1)
K(s) = 5

ࡄ ëʿɯɾƚȒ Ǖŏɯ ŏȘ ǞȘɾƚǃɟŏɾȩɟ
ࡄ +ȩȘɾɟȩȀȀƚɟ ƇȩƚɯȘ࢈ɾ
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Y (s)
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÷ǞȒƚ (s)

ߝߟ

CʾŏȒɔȀƚ

G(s) =
1

s+ 1
K(s) = 0.1 +

2.2
s

ࡄ ëʿɯɾƚȒ ƇȩƚɯȘ࢈ɾ Ǖŏʲƚ ŏȘ ǞȘɾƚǃɟŏɾȩɟ
ࡄ +ȩȘɾɟȩȀȀƚɟ Ƈȩƚɯ ࡬Úv࡫
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ߞߟ

ĦŏɾƚɟųƚƇ Cǀǀƚżɾ

4ʿȘŏȒǞż 4ǞɯɾʕɟųŏȘżƚ áƚǲƚżɾǞȩȘ

Ħƚ ʶŏȘɾ ɾȩ ɟƚǲƚżɾ ࢈żȩȒɔȀƚʾࢇ ɯǞǃȘŏȀɯࡏ

+ȩȘɯǞƇƚɟ ŏ ɯǞȘʕɯȩǞƇ

r(t) = sin(ωt) ,

ȩɟ ŏ ȒǞʾ ȩǀ ɯǞȘʕɯȩǞƇɯࡏ

÷Ǖƚ ɟƚǲƚżɾǞȩȘ ȩǀ ɾǕƚɯƚ ɯǞǃȘŏȀɯࡈ ȩɟ ɾǕƚ ɯƚȘɯǞɾǞʲǞɾʿ ɾȩ ɾǕƚȒࡈ Ǟɯ ǃǞʲƚȘ ųʿ ɾǕƚ ɯƚȘɯǞɾǞʲǞɾʿ
ǀʕȘżɾǞȩȘ

∣∣∣∣
1

1 +K(jω)G(jω)

∣∣∣∣ = |S(jω)|

ߟߟ



�ǞȒǞɾŏɾǞȩȘɯ ȩǀ 4ǞɯɾʕɟųŏȘżƚ áƚǲƚżɾǞȩȘ

÷ǕƚȩɟƚȒ $ȩƇƚ࢈ɯ vȘɾƚǃɟŏȀ _ȩɟȒʕȀŏ

�ɯɯʕȒƚ ʶƚ Ǖŏʲƚ ŏ żȀȩɯƚƇࡷȀȩȩɔ ɯɾŏųȀƚ ɯʿɯɾƚȒ ʶǞɾǕ ȩɔƚȘࡷȀȩȩɔ ʕȘɯɾŏųȀƚ ɔȩȀƚɯ piࡈ
i = 1, 2, . . . , P ŏȘƇ ŏ ɯɾɟǞżɾȀʿ ɔɟȩɔƚɟ ȩɔƚȘࡷȀȩȩɔ ɾɟŏȘɯǀƚɟ ǀʕȘżɾǞȩȘ K(s)G(s)ࡏ ÷Ǖƚ
ɯƚȘɯǞɾǞʲǞɾʿ ǀʕȘżɾǞȩȘ ɯŏɾǞɯ˙ƚɯ ɾǕƚ żȩȘƇǞɾǞȩȘ

∫ ∞

0

log |S(jω)|dω = π
P∑

i=1

Re(pi)

÷ǕǞɯ Ǟɯ ŏ ǀʕȘƇŏȒƚȘɾŏȀ ȀǞȒǞɾ ȩȘ Ǖȩʶ ʶƚȀȀ ɾǕƚ ɯʿɯɾƚȒ żŏȘ ɔƚɟǀȩɟȒࡇ

ࡄ vǀ ʶƚ ƇŏȒɔ ȘȩǞɯƚ ǀȩɟ ɯȩȒƚ ǀɟƚɛʕƚȘżǞƚɯ |S(jω)| < ࡈ1 ɾǕƚȘ ʶƚ Ȓʕɯɾ ŏȑɑǿǝƿʻ Ǟɾ
|S(jω)| > 1 ŏɾ ȩɾǕƚɟɯࡋ

ࡄ ÷ǕǞɯ Ǟɯ żŏȀȀƚƇ ɾǕƚ ʲŏɺƙɛųƙƆ ƙƿƿƙżɺ
ࡄ mŏɟƇƚɟ ɾȩ ǃƚɾ ǃȩȩƇ ƇǞɯɾʕɟųŏȘżƚ ɟƚǲƚżɾǞȩȘ ųƚǕŏʲǞȩʕɟ ȩʕɾ ȩǀ ʕȘɯɾŏųȀƚ ɯʿɯɾƚȒɯ
ɾǕȩɯƚ࡫ ʶǞɾǕ ȒŏȘʿ ʕȘɯɾŏųȀƚ ɔȩȀƚɯ࡬

ߠߟ

CʾŏȒɔȀƚ

K(s)G(s) = Kp
s2 − 133.3s+ 5926

(s+ 1)(s2 + 133.3s+ 5926)
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CʾŏȒɔȀƚ

K(s)G(s) = Kp
s2 − 133.3s+ 5926

(s+ 1)(s2 + 133.3s+ 5926)
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CʾŏȒɔȀƚ

K(s)G(s) = Kp
s2 − 133.3s+ 5926
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CʾŏȒɔȀƚ

K(s)G(s) = Kp
s2 − 133.3s+ 5926

(s+ 1)(s2 + 133.3s+ 5926)
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ëʕȒȒŏɟʿ

áȩųʕɯɾȘƚɯɯࡇ ÷Ǖƚ ǀŏɟɾǕƚɟ ɾǕƚ ࢈ȘȩȒǞȘŏȀࢇ �ʿɛʕǞɯɾ żʕɟʲƚ Ǟɯ ǀɟȩȒ ɾǕƚ −1 ɔȩǞȘɾࡈ ɾǕƚ
Ȓȩɟƚ ȀǞǺƚȀʿ ɾǕƚ ɟƚŏȀ ɯʿɯɾƚȒ ʶǞȀȀ ųƚ ɯɾŏųȀƚࡏ

ࢆ�ŏɟǃǞȘɯࢅ Ȓƚŏɯʕɟƚ Ǖȩʶ ǀŏɟ ʿȩʕɟ ɯʿɯɾƚȒ Ǟɯ ǀɟȩȒ ʕȘɯɾŏųȀƚ

ࡄ bŏǞȘ ȒŏɟǃǞȘ
ࡄ ÚǕŏɯƚ ȒŏɟǃǞȘ
ࡄ 4ƚȀŏʿ ȒŏɟǃǞȘ

ëɾƚŏƇʿࡷɯɾŏɾƚ ȩǀǀɯƚɾ

ࡄ �ƚƚƇ ɾȩ Ǖŏʲƚ ŏɯ ȒŏȘʿ ǞȘɾƚǃɟŏɾȩɟɯ ǞȘ ʿȩʕɟ żȩȘɾɟȩȀȀƚɟ ŏɯ ŏɟƚ ǞȘ ɾǕƚ ɯǞǃȘŏȀ ɾȩ ɾɟŏżǺ
ࡕ ɟƚǲƚżɾ Ǟǀ ʿȩʕ ʶŏȘɾ ˌƚɟȩ ɯɾƚŏƇʿࡷɯɾŏɾƚ ƚɟɟȩɟ

ĦŏɾƚɟųƚƇ ƚǀǀƚżɾ

ࡄ ÷Ǖƚɟƚ Ǟɯ ŏ ǀʕȘƇŏȒƚȘɾŏȀ ȀǞȒǞɾ ɾȩ Ǖȩʶ ʶƚȀȀ ŏ żȩȘɾɟȩȀȀƚɟ żŏȘ ʶȩɟǺ
ࡄ +ŏȘȘȩɾ ǞȒɔɟȩʲƚ ȘȩǞɯƚ ɟƚǲƚżɾǞȩȘ ࡕ ɾɟŏżǺǞȘǃ ŏɾ ŏȀȀ ǀɟƚɛʕƚȘżǞƚɯ

ߢߟ


