
8 0¿:LD|`¥©
1 ⌅)Ω\ ⌅Ïh⇠– �⇣ î�X ®¸

1. ‰LX 2( ⌅)Ω\ ⌅Ïh⇠– s = � 1
Tx �⇣D î�t Ùê. (PD ⌧¥0 î�@  ¨)

G(s) =
!2
n

s(s+ 2⇣!n)
) G(s) =

!2
n(1 + Ts)

s(s+ 2⇣!n)

2. Ë⌅<‹1 ⌅Ïh⇠î ‰L¸ ⇡‰

M(s) =
!2
n(1 + Ts)

s2 + (2⇣!n + T!2
n)s+ !2

n

3. �⇣ î�X ®¸ : ⌅)Ω\ ⌅Ïh⇠– �⇣D î�Xt –Ë⌅ ‹§\X �ÌÌD ù�‹§î |⇠
�x ®¸� à‰.

2 ⌅)Ω\ ⌅Ïh⇠– ˘ î�X ®¸

1. ⌅)Ω\ ⌅Ïh⇠– s = � 1
Tx ˘D î�t Ùê. (PI ⌧¥0 î�@  ¨)

G(s) =
!2
n

s(s+ 2⇣!n)(1 + Ts)

2. ˘ î�X ®¸: ⌅)Ω\ ⌅Ïh⇠– ˘D î�Xt –Ë⌅ ‹§\D \ H�‹§‡, �ÌÌD ⇣å
‹®‰.
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3 Bode  ƒX l0· 0∏0– 0x ¡� H�ƒ

1. ptÄ H� ‹§\@ Ë⌅t›t ¿T` L H�/àH� ptD �ƒ‰.
2. ptÄ H� ‹§\: ‡$⇠‡ àî ‹§\t H�t¿0 ⌅t⌧î �1 + j0⇣t OA@ BC ¨t– ì
Ï⌧î H⌧‰. t ‹§\@ ⌧\⌧ t› î⌅–⌧ H�X‰. tÏ\ ‹§\D ptÄ H� ‹§\
t| Äx‰.
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4 PID ⌧¥0 Ÿp (gain tuning) ‹Y

• PID ⌧¥0 ⌅Ïh⇠

Gc(s) = Kp

✓
1 + Tds+

1

Tis

◆

⌧¥0 Ö%D e(t), ú%D u(t)|‡ Xt

u(t) = Kp


e(t) + Td

de(t)

dt
+

1

Ti

Z t

0
e(⌧)d⌧

�

• PID ⌧¥0X Bode  ƒ

Gc(s) =
(0.1s+ 1)(s+ 1)

s

|Gc(j!)| =
p
0.01!2 + 1

p
!2 + 1

|!| \Gc(j!) = tan�1 0.1! + tan�1 ! � 90�
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• PID ⌧¥0 Ÿp| ⌅\ Ziegler Nichols ‹Y
– ⌧ 1 )ï : ƒËQı–⌧ 25%X \�$Ñà∏| �¿å $ƒXî ÉD ©\\ \‰. �ú∏�
�Ñ0ò ¸î –Ë⌅ $� ıå˘D ÏhX¿ J<t Ë⌅ƒË Qı· @ s-�¡D �ƒ‰.

Gc(s) = Kp

✓
1 + Tds+

1

Tis

◆

= 1.2
T

LK

✓
1 + (0.5L)s+

1

(2L)s

◆

= 0.6
T

K

(s+ 1
L)

2

s

â Kp = 1.2 T
LK , Td = 0.5L, and Ti = 2L \ $�` ÉD Ωÿ�<\ ⌧Hà‰.
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– ⌧ 2 )ï : D@⌧¥ ŸëÃD t©XÏ Kp| 0–⌧ ù�‹§t⌧ ú%t |�\ ƒŸD  ¿X
ƒ] Xî Ñƒt› KcrD >î‰. tL !�⇠î |�\ ƒŸX ¸0| Ñƒ¸0 PcrD ª<t,
t P Ñƒ ✓D \©XÏ ⌧¥0 t›@ ‰L¸ ⇡t ∞�\‰.

Gc(s) = Kp

✓
1 + Tds+

1

Tis

◆

= 0.6Kcr

✓
1 + (0.125Pcr)s+

1

(0.5Pcr)s

◆

= 0.075KcrPcr

(s+ 4
Pcr

)2

s

â Kp = 0.6Kcr, Td = 0.125Pcr, and Ti = 0.5Pcr \ $�` ÉD Ωÿ�<\ ⌧Hà‰.
– ¸�

⇤ �ú∏– �Ñ0� à<t ⌧ 1 )ïD ¨©` ⇠ ∆‰
⇤ D@⌧¥–ƒ ƒŸD  ¿` ⇠ ∆<t ⌧ 2 )ïD ¨©` ⇠ ∆‰.
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• (Example) 1
s(s+1)(s+5)– PID ⌧¥0| Ziegler Nichols )ï<\ $ƒX|?

• (Solution)
1. ⌧¥�¡ �ú∏– �Ñ0� à<¿\ ⌧ 2 )ïD ¨©\‰
2. ƒŸD  ⌧Xî Kcr lX0: ‰ÿ�<\ lXî Ét »EXò, ‰ÿ•X� ∆<», t`�<\
lXî )ïD $Ö\‰. π1)�›D ><t ‰L¸ ⇡‰.

1 +Kp
1

s(s+ 1)(s+ 5)
= 0 s3 + 6s2 + 5s+Kp = 0

Routh ⇣ƒï<\ »⇠ïD �¿å ⇠î t› Kp| Kcr\ >î‰.

s3 : 1 5

s2 : 6 Kp

s1 :
Kp � 30

6

s0 : Kp

â Kp = 30|L ƒŸD \‰. Ñƒt› Kcr = 30<\ $�

3. s2X Ùp ‰m› 6s2 + 30 = 0–⌧ »⇠ï¸X P⇣D ª<t s = ±
p
5j–⌧ »⇠ï¸ Ãú‰.

¯Ï¿\

! =
p
5 = 2⇡f =

2⇡

Pcr
! Pcr = 2.82[s]

4. Kcr = 30 and Pcr = 2.81\ Ä0 PID ⌧¥0î ‰L¸ ⇡t ª¥ƒ‰.

Kp = 0.6Kcr = 18 Td = 0.125Pcr = 0.351 Ti = 0.5Pcr = 1.41
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Gc(s) = 18

✓
1 + 0.351s+

1

1.41s

◆

⌧¥0 Ö%D e(t), ú%D u(t)|‡ Xt

u(t) = 18


e(t) + 0.351

de(t)

dt
+

1

1.41

Z t

0
e(⌧)d⌧

�
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5 ^,, §–, §–-^, Ù¡X DP

1. ^,Ù¡@ ¸§�X �¡D »<\⌧ –Xî –Ë⌅ ˘D »(t �‰. ¸�⇠ �Ì–⌧X ^,Ù
¡@ ⌅¡Ï @ �ÌÌD lå \‰. p �ÌÌ@ �)‹⌅X ËïD X¯Xp, ⌅¡Ï X ù�î
¡�H�ƒX •¡D X¯\‰.
¯Ïò ^,Ù¡@ °L‡8� t¨Xt å¡X¿ J‰. p �ÌÌ@ °L‡8X ¸⇣ƒ| •¡‹
⌧�‰. tÏ\ Ω∞ §–Ù¡D î�XÏ| \‰.

2. §–Ù¡@ �¡¡‹ �Uƒ| •¡‹⌧�‰. ¯Ïò �ÌÌD ⇣å‹®‰. �ÌÌX ⇣å� ¿òXt
ê∞ QıD �8(‰. `x Qı¸ ã@ �Uƒ| Ÿ‹– îlXt, §–-^, Ù¡0| ¨©XÏ|
\‰.
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6 å¡X¿ ª\ ˘X åp

1. ¡,\ ∞⌧ îå‰X ⌅Ïh⇠î ��X ⌅Ïh⇠X Òt¿\, Ù¡ îå| ¡,\ $Xh<\ 
å¡X¿ ª\ ˘¸ �⇣D ⌧p` ⇠ à‰.

1

T1s+ 1
⇥ T1s+ 1

T2s+ 1
=

1

T2s+ 1

T2� T1Ù‰ D¸ ëD Lî, â p ‹�⇠ T1D ®¸�<\ ⌧p` ⇠ à‰.
2. –ò ‹§\–⌧ å¡X¿ ª\ ˘t s…tX $xΩ ⇠…t– à‰t, t ˘ ⌧p| µ\ Ù¡D
¨©XÏ⌧î H⌧‰. ˘¸ �⇣X ⌅X– ¥Ï⌧ Ä�U1<\ ‰⌧� �⇣–⌧ D⌅\ ⌧p� à�
•X0 L8t‰.

3. |Ω ⇠…tX ˘t �UXå åp⇠¿ JD Ω∞–î ˘-�⇣X pit D¸ ë@ ƒÌX ƒŸD ¸
ƒQı– |0‹§‰ ⇠ à‰.
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7 �ú∏X ^9Ñ ⌧¥ (feedforward control) : �ú∏ G(s)@ xÄ⌅Ïh⇠ GnD H‰‡ ��\‰.

tL xÄ ^9Ñ ⌅Ïh⇠ G1(s)X $ƒï

Y (s) = Gn(s)N(s) +Gc(s)G(s)[R(s)� Y (s) +G1(n)N(s)]

= GcG(R� Y ) + (Gn +GcGG1)N

tΩ∞ xÄX �•t ⌧p⇠ƒ] ∞�\‰.

G1(s) = � Gn(s)

Gc(s)G(s)

97



8 I-PD ⌧¥

• I-PDX 0¯ ⌧P@ PID ⌧¥–⌧ ÏT⌅¡D <Xî É– ©�D T‰
• xÄ– �t⌧î ÏT� |¥† �•1t àî PID Ù‰î KP@ Td| Ù‰ lå $�` ⇠ à¥ x
ÄD �•D `tå ¡ƒ‹¨ ⇠ à‰.

• Ã}– ÏT⌅¡t ∆‰t PID� T `x QıD Ùx‰.
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9 �¸� µ¸D0 $ƒ :

G(s) =
a

s+ a
=

1

⌧s+ 1
=

O(s)

I(s)

(s+ a)O(s) = aI(s) sO(s) =
o[n]� o[n� 1]

T
o[n]� o[n� 1]

T
+ ao[n] = ai[n]

(
1

T
+ a)o[n] =

1

T
o[n� 1] + ai[n]

o[n] =
1

1 + aT
o[n� 1] +

aT

1 + aT
i[n]
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