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����� 8 ��	

����	���
��
�� (Design of Control Systems) 
�"#$�%	�&'
( 

A�B�
�C�D���E�F�6G�E���C�D����G
�3���	H 
1. 6�4	B
�I6�	JI block diagram 
2. 
����56��D2���	�
�3E
� �6�NG
��NG
A3�5 N
�	���
��
������O��P 
3. 
����5�6N
����
��
����� proportional, derivative �6� integral 
4. 4�
O� steady-state value ��5��	V�G final value theorem 
5. 
����5
���4��5N
�
O� transient-response specifications �O��P 
6. ��O�I	�AZ��E��N
�	��� �6�V�G�E��VE��	�
�
O� steady-state error N
�	����O
 input �E���O��P ��G 

8.1. Block Diagrams 

8.1.1. Open-Loop Transfer Function 

( )R s ( )G s
( )C s

 
 ( ) ( ) ( )C s G s R s=  

4	B
VE	JIN
� T.F. 
B
 ( ) ( )
( )

C s
G s

R s
=  

8.1.2. Closed-Loop Transfer Function 

( )R s
( )G s

( )C s

( )H s

( )E s

( )B s

 
A	���3���	H4� transfer function 	��N
�	��� closed loop �O
�IE�F��G����O
�IE�F 

 ( ) ( ) ( )
( ) ( ) ( )

E s R s B s

R s H s C s

= −

= −
 

��OAEB�
���� 

 
( ) ( ) ( )

( ) ( ) ( ) ( )( )
( ) ( ) ( ) ( ) ( )

C s G s E s

G s R s H s C s

G s R s G s H s C s

=

= −

= −

 

�����V4G
5JOVE	JIN
� T.F. ( ) ( )/C s R s  
 ( ) ( ) ( )( ) ( ) ( )1C s G s H s G s R s+ =  

 ( )
( )

( )
( ) ( )1

C s G s

R s G s H s
=

+
 

A	�3���	HAN�5E closed-loop block diagram NG���GEVE	JIN
� block diagram ���HJ�6�	JI��G����O
�IE�F 
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( )R s ( )C s( )
( ) ( )1

G s

G s H s+
 

��	���O
�IE�F�3����	AI6��5E	JIN
� block diagram 

 
#"�
89�'  ��6�	JI block diagram �O
�IE�F 

1G ( )C s
+
+

2H

2G+
-

+
-( )R s

1H

 
 �  

 
( )R s ( )C s

1 2

1 1 2 2 1 21

G G

G H G H G G− + +
  

8.2. 	���
��
��
"#:;�"#< 
	JI��� 1 �3��	JI���N
�	���
��
��
���E������5�����I  ]C��AÎE	���I_
E�6�� (feedback) ��5��3O�EI	��
�

5O
5P 46�53O�E  Plant AÎE	��������
5JO�6G����A	��G
���	��
��
��
O�A
���������
5O��N
���E������A	��G
���	 A�OE

����AÎE	�5���� 
���A	c� 
�24ZJ�� AÎE�GE  ���E�FEA	����G
������F�A]EA]
	� (sensor) A�B�

O�E
O�VEN2�E�FE  �6G�
3O��IA��5����
O����A	��G
���	 (reference input) ]C��
O�����O��A	�A	�5��O�AÎE error ��HJ�3O��I5�����N5�53�dd�2 
(amplifier) A�B�
�����N��A
6B�
E actuator V4G plant ����	AI6��5E
O��I3JO
O����A	��G
���	 

 
	=%��� 1  Block Diagram >
'	���
��
��
"#:;�"#<�"��?% 
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HG�	���
��
��
���E������G	����	

������ �c��3���	H
��
�� plant V4G��
O�A
������������A	��G
���	��G 
A	�5��O�5P �O�3���	H
��
����G ]C��	������
��
����G���G
���A3H�5	Z�� (stability) E
����E�FEHG�	���V�GA�6�EG
5VE
��	V4GI	��3JOA
���������A	��G
���	�cA	�5��O�	���
��
������	�
�3E
�A	c� HG�V�GA�6�����cA	�5��O�	���
��
������	
�
�3E
��G� ]C����5����6G��������OAÎE����G
���	  ���E�FE��	

����������C��G
�
e�EC�HC���OA��5���O�O�	���3���	H

��
��V4GA
��������
O�����G
���	��GA�O�E�FE ��O�G
�����	�
�3E
�AÎE�I�������G
���	�G�5  ]C��	�56�A
�5�����G
�6O���O
�I 

	JI��� 2 �3���e��4EO�N
� block diagram ( )G s  ]C��AÎE���
��
�� (controller) N
�	���I_
E�6�����A	�3���	H
I	����O�V4G��G��	�
�3E
�������A	��G
���	��G  ���
��
����46�5�E��]C���G
�A6B
�V�GV4GA4���3������O6���E A	�
3���	H�5�AÎE�E���O��P ��G����O
�IE�F 

( )G s

 
	=%��� 2  �&@'#A��B;9' block diagram >
' controller 

1. 	���
��
�����If�AIf� 
I	�AZ�E�F���V�G�����E
��
�������O�G
���	
�����OE5e�E�� ��	�
�HJ� 3���	H�e���G�O�5 A�OE 	���I	��
���� 

	���6J�6
5EFe� AÎE�GE  ��	
��
�����AIf�If�E�F��OHB
�O�AÎE	���A���A3GE�C���O3���	HAN�5EVE	JIN
� transfer 
function ( )G s  ��G 

���
��
�����AIf�If�3���	HV4GA
������A��5�3
�
O� 
B
A�B�
 error �����O��JE5���V4G
O�4EC���6�A�B�
 error EG
5
��O��JE5���V4G
��
O�4EC�� ���E�F 

 ( )
( )
( )

1

2

,   0

,   0

M e t
m t

M e t

>
= 

<
 

��O	���AIf�If�VE6��D2�E�F��O3���	H�e���E��G AEB�
����	�����AIf�If��6
�A�6� ���E�FE	���
��
�����
AIf�If����G
����O��N�NCFE���N�6���OA�O���EA	�5��O� differential gap 

 
2. Proportional controller (P-Controller) 

 ( ) p
G s K=  

3. Integral controller (I-Controller) 

 ( ) i
K

G s
s

=  

4. Proportional-Integral Controller (PI-Controller) 
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 ( ) 1
1 i

p p

i

K
G s K K

T s s

 
= + = + 

 
 ��5��� p

i

i

K
K

T
=  

5. Proportional-Derivative Controller (PD-Controller) 
 ( ) ( )1

p d p d
G s K T s K K s= + = +  ��5��� 

d p d
K K T=  

6. Proportional-Integral-Derivative Controller (PID-Controller) 

 ( ) 1
1 i

p d p d

i

K
G s K T s K K s

T s s

 
= + + = + + 

 
 

	���
��
�� PID 3���	H3	G����G������	 Op-Amp ������	VE	JI��� 3 

 
	=%��� 3  �'E	
<FGH��	
;<�&(>
'#"�
��
�� PID 

3e�4	���G�E
�E��� ( )
( )

2

1i

E s Z

E s Z
= −  

��5��� 1

1

1 1
1

R
Z

R C s
=

+
 �6� 2 2

2

2

1R C s
Z

C s

+
=  

���E�FE ( )
( )

2 2 1 1

2 1

1 1

i

E s R C s R C s

E s C s R

  + +
= −  

  
 

�6�3e�4	���G�EA
������ ( )
( )

4

3

o
E s R

E s R
= −  

 ( )4 1 1 2 2

3 1 2

p

R R C R C
K

R R C

+
=  

���E�FE 

 

( )
( )

( )
( )

( )
( )

( )
( )

4 2 2 1 1

3 2 1

4 1 1 2 2 1 1 2 2

3 1 2 1 1 2 2 1 1 2 2

1 1

1
1

o o

i i

E s E s E s R R C s R C s

E s E s E s R C s R

R R C R C R C R C
s

R R C R C R C s R C R C

  + +
= =   

  

 +
= + + 

+ +  

 

����G�O� 

 

( )4 1 1 2 2

3 1 2

4

3 1 2

4 2 1

3

p

i

d

R R C R C
K

R R C

R
K

R R C

R R C
K

R

+
=

=

=
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8.3. ��	#
�&;
'>
'	���
��
�����#9�'K 
A�B�
A	�	JG���	���
��
������O��P �6G� A	��c
�	�����	JG�O���A6B
�V�G	���
��
������O��P 
5O���	 A�B�
V4GA	���G

��	�
�3E
�N
�	�������G
���	  A	���A	��������	V�G���
��
����� proportional VE	���
�E���4EC��  ���E�FE��
A�������
��
����� integral �6� derivative A�B�
�J�O����6
5O���	�O
��	�
�3E
�N
�	��� 

VE���E�FA	�������	2�	���EFe����	JI]C���� transfer function 
B
 

 ( )
( ) 1

i

H s R

Q s RCs
=

+
 

 
��5��� 

i
q  
B
I	���2EFe�����46ANG�]C��I	����G�G�5��6������O
������
��
�� �6� h  
B
	����
���3J�N
�EFe�VEH�� 

8.3.1. Proportional Control >
'	���
";@"�B;L�' 

A	��e�4E�V4G
��	���	�46�I	��E�	���� error ]C�� error 
B

�������O��	�4�O��	����EFe�����G
���	 x �6�	����EFe��	��
VEN2�E�FE h 

 ( )i
q Ke K x h= = −  

]C��A	�3���	HAN�5E block diagram N
�	���
��
����G����O
�IE�F 

( )X s
K

( )H s

1

R

RCs +

( )i
Q s( )E s

 
��� block diagram E�FA	���AN�5E transfer function 	�4�O�� ( )X s  �6� ( )H s  ��GAÎE 

 ( )
( ) 1

H s KR

X s RCs KR
=

+ +
 

]C��	��� closed loop E�FAÎE	���
�E���4EC��  A	���6
�4���	�
�3E
�A�B�
V4G
�E���AÎE unit-step function 

( ) 1/X s s=  

 ( ) 1

1

KR
H s

RCs KR s
=

+ +
 

Partial fraction ( )
( )

1 1

1 1 /

KR
H s

KR s s KR RC

 
= − 

+ + +  
 

 ( ) ( )/
1

1

t TKR
h t e

KR

−= −
+

 

A�B�

O� time constant 
B
 
1

RC
T

KR
=

+
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]C��
�E�������OA�O����A
��������5����
�������O�����A	�5��O� offset A�O���� 1

1

KR

KR
−

+
 ]C��HG�
O�A�E K  ��
O�

������e�V4G
O� offset E�F��
O�6�6���G ��O��O3���	H�e�V4G��
O�AÎE�JE5���G A	����G
�V�G���
��
����� integral A�B�
�O�5
VE��	�e�V4G
O� offset AÎE�JE5� 

8.3.2. ��	B�
9� Steady-state Value :@8��	NOP Final Value Theorem 

VE�	2�3O�E���HG�A	��G
���	4�
O� steady state A��5�
5O��A��5� ��5��O�G
���	�����4���	�
�3E
�N
�	���
��F�4�� A	�3���	H4���G��5��	V�G final value theorem ]C����NG
��GVE��	V�G final value theorem �O�	������G
���
A3H�5	Z�� 
B
 ��
O�
���������OAÎE
E�E��A�B�
A�6�A����NCFE   Final value theorem �6O���O� 

 ( ) ( )
0

lim lim
t s

f t sF s
→∞ →

=  

3e�4	��VENG
����O�EA	�3���	HV�G final value theorem VE��	4�
O� ( )h t  A�B�
A�6�ANG�V�6G
E�E����G��5 

 
( ) ( )

0

0

lim lim

lim

ss
t s

s

h h t sH s

s

→∞ →

→

= =

=
1

1

KR

RCs KR s+ + 1

KR

KR
=

+

 

AEB�
����
�E���AÎE unit-step function ]C��jk�����E����
O�A�O����4EC��  ���E�FE����G steady-state error AÎE 

 1 1
1

ss ss

KR
e h

KR
= − = −

+
 

4	B
A	�
����4� steady-state error ��5��	V�G final value theorem ��� ( )E s  A65�c��GA�OE��E  ]C����� block diagram 
A	�����G  

 
( ) ( ) ( )

1 1

1

E s X s H s

KR

s RCs KR s

= −

= −
+ +

 

 

( ) ( )
0

0 0

lim lim

1 1
lim lim 1

1 1

1
1

ss
t s

s s

e e t sE s

KR KR
s

s RCs KR s RCs KR

KR

KR

→∞ →

→ →

= =

   = − = −   + + + +   

= −
+
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8.3.3. Integral Control >
'	���
";@"�B;L�' 

( )X s K

s

( )H s

1

R

RCs +

( )E s

 
( )
( ) ( ) 21

H s KR KR

X s s RCs KR RCs s KR
= =

+ + + +
 

A�B�
V4G
�E���AÎE unit-step function 4	B
 ( ) 1/X s s=  A	�3���	H4�6�I6�3jk�����EN
� error ��� 

 
( ) ( ) ( )

2

1 1

E s X s H s

KR

s sRCs s KR

= −

= −
+ +

 

��5��	V�G final value theorem A	�3���	H4� steady-state error ��G����O
�IE�F 

 

( ) ( )
0

2 20 0

lim lim

1 1
lim lim 1

1 0

ss
t s

s s

e e t sE s

KR KR
s

s sRCs s KR RCs s KR

KR

KR

→∞ →

→ →

= =

   = − = −   + + + +   

= − =

 

]C���3��V4GA4cE�O�	�������O�� steady-state error A�B�
A	�V�G integral controller ���	�������6O�� 

8.3.4. Proportional Control >
'	���
";@"�&
'���?�9�� Damping 

����	2�	��� inertia load ���	JI�O
�IE�F ]C��AÎE	���
�E���3
������O�� damping 

T θ
 

	�����	4��E�����A��5� inertia load ��3���	
B
 J Tθ =��  

�I6�6�I6�3A�B�
4� T.F. ��G ( )
( ) 2

1s

T s Js

Θ
=  

A	����O
	���
��
����� closed loop A�B�

��
���e��4EO���	4��EN
���E ����3����G�G�5 block diagram �O
�IE�F 

( )d sΘ
p

K
( )sΘ

2

1

Js

( )E s ( )T s

 
��� block diagram ����6O��A	�3���	H4� T.F. N
�	��� closed loop ��GAÎE 

 ( )
( ) 2

p

d p

Ks

s Js K

Θ
=

Θ +
 

HG�V4G
�E���N
�	���AÎE unit-step function ( ) 1/
d

s sΘ =  

����G  
2 2 2

1 1 1

/

p

p p p

K Js s

s s sJs K Js K s K J
Θ = = − = −

+ + +
 

 1 cos
pK

t
J

θ
 
 = −
 
 
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3����V4G 22 kg-mJ =  �6� 200
p

K =  ����G�	�j��	�
�3E
����	JI 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
Step Response

Time (sec)

A
m

p
lit

u
d
e

 
]C����	�
�3E
����e�V4GA�����	���O�
5O����O3�FE3��  ��O45��E������
O�V�
O�4EC��  ���E�FE	���E�F�C�E�F��O��
O� steady-

state  VE�	2�E�FA	���O3���	HV�G final value theorem ��G  EL'>
NBPEA��9���	NOP final value theorem E�#P
'
#	�E&
��9
;���
	"T'�9�	���E�B8�@;<�'���
9�N@
9�B;L�'B	U
?�9 :@8��	#	�E&
�F&$�8	V�W>
'	���  VE
	���E�F��	���O���5��O45��E���HB
�O��Fe��C��	�4�O����A3H�5	Z��4	B
 ��O��A3H�5	Z�� AEB�
����	�������6���AÎE�e�E�E
A���]G
E�����3O�E�	��AÎE�JE5�  ��	�
�3E
�VE6��D2�E�F��OAÎE����G
���	 A	�3���	H������e�V4G	���A���A3H�5	Z����G
��5��	A����3O�E derivative ANG��IVE controller 

8.3.5. Proportional-Derivative Control >
'	���
";@"�&
'���?�9�� Damping 

Derivative control ���
�3E
������	
��	���	AI6��5E�I6�N
� error ]C��AÎE��	
��
�AE error �����A���NCFE
VE
E�
�  A�B�
A	�A���� derivative control ANG��IVE proportional control  	�����3���	HI	����� error ��G	��A	c�NCFE 
�6�3O�E����6G����O�5A����A3H�5	Z��N
�	��� 

Derivative control ����O���6�O
 steady-state error N
�	��� A��5���O��A����
O� damping V4G���	���	�� 
���E�FE  derivative control 

d
K  �C�3���	H��
O�3J���G ��5��O�e�V4G	���A3�5A3H�5	Z��  ��OHG���
O����A��E�I�c���e�V4G

	����
�3E
��G���G   A	�����OV�G derivative control A��5����A��5� A�	���O� derivative control ��O��G�
�3E
��O
 
error ��O�
�3E
��O

��	���	AI6��5E�I6�N
���E ���E�FEA	��C����V�G derivative control 	O����� proportional control 
�G�5 

�O
�IE�FA	���6
�V�G PD-control VE	��� inertia load NG���GEA�B�
�3��V4GA4cE��	V�G derivative control VE��	
A����A3H�5	Z��N
�	��� 

( )d
sΘ

p dK K s+
( )sΘ

2

1

Js

( )E s ( )T s

 
��� block diagram NG���GE �e�V4G��G T.F. N
�	��� closed loop AÎE 

 ( )
( ) 2

p d

d d p

K K ss

s Js K s K

+Θ
=

Θ + +
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��A4cE�O�
O�A�E 
d

K  AÎE
O� damping N
�	��� closed loop ���E�FE�3���O�HG�A�E 
d

K  ��
O���� 	����c���� 
damping ����G�5 

3����V4G 22 kg-mJ =  �6� 200
p

K =  A�OEA��� �6�V�G 40
d

K =  	��� closed loop ���� characteristic 
equation 
B
 22 40 200 0s s+ + =  ]C��V4G��6�e�E�E�	��]Fe���� 10s = −  ]C���e�V4G	�������	�
�3E
���� critically 
damped  HG� 40

d
K <  	��� closed loop ���
�3E
���� underdamped ]C��������	���O��O
E���
O���45��E���  ��O

HG� 40
d

K >  	������
�3E
���� overdamped ]C������O����	���O� �	�j�O
�IE�F�3����	�
�3E
�N
�	������
O� 
10

d
K = , 40

d
K =  �6� 100

d
K =  ���6e����  3��A���O���	V�G derivative control �e�V4G��	�
�3E
�N
�	�����NCFE

��O���	V�G proportional control A��5�
5O��A��5�
5O��A4cE��G��� 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Time (sec)

A
m

p
lit

u
d
e

Kd = 10

Kd = 40

Kd = 100

 

8.4. Transient-Response Specifications 
VE��	

����	���
��
��
���E����A	����e�4E� specifications N
�	�����5��	V�G
�E���AÎE unit-step 

function ]C���� initial condition ��� derivative AÎE�JE5�  AEB�
����	���3O�E���������	���O��O
E�������
O��
��6��J�6
�6��E
5JOE��� (underdamped) A	��C�V�G	JI���E�FVE��	�e�4E� specifications �O��P N
�	��� ����O
�IE�F 

1. Delay time (
d

t ) 
B
A�6����V�GVE��	�
�3E
���A����NCFEHC�
	C��4EC��N
�
O�3���G�5 
2. Rise time (

r
t ) 
B
A�6����V�GVE��	�
�3E
���A����NCFE��� 10% HC� 90% 4	B
 5% HC� 95% 4	B
 0% HC� 

100% N
�
O�3���G�5 NCFE
5JO�����	�e�4E� 3e�4	��	��� underdamped A	����E�5�V�G rise time 0% 
HC� 100%  3O�E	��� overdamped A	����E�5�V�G rise time 10% HC� 90% 

3. Peak time (
p

t ) 
B
A�6����V�GVE��	�
�3E
���NCFEHC����3J�3��AÎE
	�F��	�  3e�4	��	��� overdamped 
����O�� peak time 
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4. maximum percent overshoot 
B
 3��3O�EN
� 
O�3J�3�����A��E�I���
O� steady state N
�	��� 4�	
�G�5
O� steady state N
�	���  4	B
A�O���� 

p
M  VE�	2����
O� steady state N
�	�����
O�A�O����4EC�� 

5. settling time (
s

t ) 
B
A�6����V�GA�B�
��	�
�3E
���
O�EG
5��O� 5% N
�
O� steady state N
�	��� 

 

 

8.4.1. Transient-Response Specifications >
'	���
";@"�&
' 

VE���E�FA	�������	2�	���
��
���e��4EO�N
� inertia load �6� damping ���	JI��5V�G P-control 

T θ

b

 
( )d sΘ

p
K

( )sΘ
2

1

Js bs+

( )E s ( )T s

 
����G T.F. N
�	��� closed-loop AÎE	���
�E���3
������O�� zero ���E�F 

 ( )
( ) ( ) ( )2 2 22

/

2/ /

p p n

d p n np

K K Js

s Js bs K s ss b J s K J

ω
ζω ω

Θ
= = =

Θ + + + ++ +
 

��5��� 

 undamped natural frequency
p

n

K

J
ω = =  
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 damping ratio
2

p

b

K J
ζ = =  

A�B�
V4G
�E���AÎE unit-step function 1/
d

sΘ =  ����G 

 

( )

( ) ( )

2 2

2 2

2 2

1

2

21

2

1

n

n n

n

n n

n n

n d n d

s
ss s

s

s s s

s

s s s

ω
ζω ω

ζω
ζω ω

ζω ζω
ζω ω ζω ω

Θ =
+ +

+
= −

+ +

+
= − −

+ + + +

 

��5��� 21
d n

ω ω ζ= −  
�I6�6�I6�35G
E�6������G 

 

( )
2

2

1 sin cos
1

1 sin cos
1

n n

n

t t

d d

t

d d

t e t e t

e t t

ξω ζω

ζω

ζ
θ ω ω

ζ

ζ
ω ω

ζ

− −

−

= − −
−

 
 = − +
 − 

 (8.1) 

4	B
 ( )
2

1

2

1
1 sin tan

1

nt

d

e
t t

ζω ζ
θ ω

ζζ

−
−

 −
 = − +
 −  

 (8.2) 

 
A�B�
��	�
�3E
�AÎE underdamped ( 1ζ < ) A	���3���	H4� specifications �O��P ��G����O
�IE�F 

Rise time (
r

t ) 

 ( )
2

1 1 sin cos
1

n rt

r d r d rt e t t
ζω ζ

θ ω ω
ζ

−
 
 = = − +
 − 

 

AEB�
���� 0n rte
ζω− ≠  ���E�FE 

 
2

sin cos 0
1

d r d rt t
ζ

ω ω
ζ

 
 + =
 − 

 

4	B
 
2

1
tan

d r
t

ζ
ω

ζ
−

= −  
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���E�FE 
2

1 11
tanr

d d

t
ζ π β

ω ζ ω
−
 − −
 = − =
 
 

 

��5��� β 
B
���N
�A��A�
	����E�5�����VE	JI 

n
ζω−

β

21nω ζ−
n

ω

 
Peak time (

p
t ) ����e��4EO�3J�3��N
���	�
�3E
�]C������e��4EO�E�FE����
�����EAÎE�JE5�  ���E�FEA	��C� derivative 

3���	 (8.1) �6G�V4GA�O�����JE5�����G 

 
2

sin
1

ntn

d

d
e t

dt

ζωωθ
ω

ζ
−=

−
 

4	B
 sin 0
d
tω =  

4	B
 0, , ,
d
tω π π= 2 …  

3e�4	���e��4EO�3J�3���	��C���G 

 p

d

t
π
ω

=  

Maximum overshoot (
p

M ) A������A�6� peak time ���E�FE�C�3���	H4� 
p

M  ��G��� 

 

( )

( )/

2

1

sin
1

n d

p p
M t

e
ζω π ω

θ

ζ
π

ζ
−

= −

= −
−

( ) 2/ / 1

cos

n de e
ζω π ω ζπ ζ

π

− − −

 
 +
 
 

= =

 

���E�FE����G maximum percentage overshoot  

 2
/ 1

100% 100%
p

M e
ζπ ζ− −× = ×  

Settling time (
s

t ) 
���3���	 (8.2) A	�3���	H4� settling time 2% ��G��5��	 

 0.02

4

nt

n

e

t

ζω

ζω

− =

− ≈ −
 

 4
s

n

t
ζω

=  

#"�
89�'  ��4� rise time, peak time, maximum overshoot �6� settling time 3e�4	��	��� closed loop ����3���G�5 
block diagram �O
�IE�F 

( )R s ( )C s

( )
1

1s s +

 
�<\��A�  VE���E�FA	��� closed loop T.F. AÎE  
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 ( )
( ) 2

1

1

C s

R s s s
=

+ +
 

]C����� T.F ����G 1
n

ω =  �6� 0.5ζ =  �6� 2 21 1 0.5 0.866
d n

ω ω ζ= − = − =  �6� 1sin 0.866 1.05 radβ −= =  

Rise time, 3.14 1.05
2.41 s

0.866
r

d

t
π β
ω
− −

= = =  

Peak time, 3.14
3.63 s

0.866
p

d

t
π
ω

= = =  

Maximum overshoot, ( )2 0.5 3.14 / 0.866/ 1.81
0.163

p
M e e e

ζπ ζ −− 1− −= = = =  

Settling time, 4 4
8 s

0.5 1
s

n

t
ζω

= = =
×

  

8.5. ��	��9'%	�FV�O;<@>
'	��� (System Types) 
3e�4	��	��� open loop ����� T.F. VE	JIj
	������O
�IE�F 

 ( ) ( )( ) ( )
( )( ) ( )1 2

1 1 1

1 1 1

a b m

N

p

K T s T s T s
G s

s T s T s T s

+ + +
=

+ + +

�

�
 

A	�A	�5�	�������6O���O�AÎE type 0, type 1, s HG� N = 0, N = 1,s ���6e���� 

( )R s ( )C s
( )G s

( )E s

 
HG�	��� closed loop �3����5 block diagram NG���GE A	�����G T.F. N
�	��� closed loop AÎE 

 ( )
( )

( )
( )1

C s G s

R s G s
=

+
 

��O��� block diagram ��A4cE�O� 

 ( ) ( ) ( )C s E s G s=  

���E�FE ( )
( ) ( )

( )
( ) ( )

1 1

1 1

E s G s

R s G s G s G s
= =

+ +
 

 ( )
( )

( )1

1
E s R s

G s
=

+
 

]C��
O� steady state error 3���	H4���G�G�5 final value theorem 

 
( )

( )
0

lim
1

ss
s

s
e R s

G s→
=

+
 

8.5.1. Steady state error #9
 unit-step input 

3e�4	�� unit-step input ( ) 1/R s s=  

 
( ) ( )0

1 1 1
lim

1 1 0 1
ss

s
p

s
e

G s s G K→
= = =

+ + +
 

��5A	���E�5��
O� static position error constant AÎE 
 ( ) ( )

0
lim 0p
s

K G s G
→

= =  

���E�FEA	�����G 
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  1

1
ss

p

e
K

=
+

 

3e�4	��	��� type 0 (N = 0) 
p

K K=  
3e�4	��	��� type 1 �6�3J���O� 

p
K = ∞  

���E�FE 
1

,  for type 0 systems
1

0,  for type 1 or higher systems
sse K




= +


 

8.5.2. Steady state error #9
 unit-ramp input 

3e�4	�� unit-ramp input ( ) 2
1/R s s=  

 
( ) ( )20 0

1 1 1
lim lim

1
ss

s s
v

s
e

G s sG s Ks→ →
= = =

+
 

��5A	���E�5��
O� static velocity error constant AÎE 
 ( )

0
limv
s

K sG s
→

=   

3e�4	��	��� type 0 (N = 0) 0
v

K =  

���E�FE 1
ss

v

e
K

= = ∞  

3e�4	��	��� type 1 
v

K K=  

���E�FE 1 1
ss

v

e
K K

= =  

3e�4	��	��� type 2 �6�3J���O� 
v

K = ∞  

���E�FE 1
0ss

v

e
K

= =  

8.5.3. Steady state error #9
 unit-parabolic input 

Unit-parabolic input 
B
 ( ) 2
/ 2r t t=  A�B�
 0t ≥  

]C����6�I6�3AÎE ( ) 3
1/R s s=  

 
( ) ( )3 20 0

1 1 1
lim lim

1
ss

s s
a

s
e

G s Ks s G s→ →
= = =

+
 

��5A	���E�5��
O� static acceleration error constant AÎE 
 ( )2

0
lima
s

K s G s
→

=  

3e�4	��	��� type 0 �6� 1 (N = 0,1) 0
a

K =  

���E�FE 1
ss

a

e
K

= = ∞  

3e�4	��	��� type 2 
a

K K=  

���E�FE 1 1
ss

a

e
K K

= =  

3e�4	��	��� type 3 �6�3J���O� 
a

K = ∞  

���E�FE 1
0ss

a

e
K

= =  

��	���O
�IE�F�3��3	�I steady-state error N
�	��� type �O��P �O

�E����E���O��P  
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ss
e  Step input Ramp input Parabolic 

Type 0 1

1 K+
 ∞  ∞  

Type 1 0 1

K
 ∞  

Type 2 0 0 1

K
 

 
 


