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PID
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6-���"" ����-�=<�!  
PLC���M! � �;$�(�� N-  �(��	 7!�	+Ladder-  $
��
 �O�PLC- �(��	 7!�	+ $��B��  
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1
 %&��� '�������� (��)�*  

  
  
  

�)�*:  ^�"�D�(�� ��)���  ��CS CA�! �����
 J'$
 7+ 7� ��
 &$�A" �� �"�!�B N&��)�".    $� ���C� '
 �
C!
��)��� N�A��
 ��
 &��)�". �$
� ���	�+ 
$ ���� ��+ &$� ��+ 7� ��
 �	��!
 �����!�"
.  

1 -1'�������� ��)�*
'�������� :automation  �	�	�� &�; �c) '
"auto"(self)  �"matos"(moving)  7��� ���! 7+ 7� ��
 ��S

move by itself  $����B ������
. �)�   ���C��!�"
 '
 �D0G $�/�!;      bd
�C6 �C+ �C��$���� 7CG�DA! &��$�C�+
 � �d� N�G� /	 '
 ��0DG \���+ �+ ��D�(�� � ����S�! &'
�	
 $��+ &
+ �	�(	
 &��	 '
 ���.��
��)�" �
��" 

��
.   
 5�G]�
 &$���� �(+ $� �����!�"
IT ��S �! ����� . '
 $�/�!IT 7G�DA!  

  
•���T�� J'
�� � ����
•5
+�O! � 7��S +5�G]�
 ��=�	
 &

• ��
� ��T���Data Base

1- e	$� ]+ 5����M!Real time : ����� &��D�(�� 5����M! 7+ '��	 e	$�]+real time �	$
� .  7C<+
$ \�
 $�
��
 f9$
 �$
� '��	 �? ��)�" &���' ��!' 7� g�d� �9�B 7+ &$�� ���=" �9�B.

2- 5�	��!
b�0M" � 7���+ �6
� N&'�� 7��S. (��  &��C�' ����� &��D�mission-critical    $� �C��� ���C(;
���
 �! h�."
 �)�! � �	�(	
 �
�9 b+�d �4 &��"$�(B ��	? ��0DG $� �
�
 5$�� .  ��D�C(�� \�
 �6
� $�

����� ����     1-4

��S 7��� $��+ #G�i! �d� ���+ .��� j�M) ���+ ���	 ���+ [�� k�
�6 �+ 70+�=! &
+ �"���"" ��D� . \�
'

� �$�$
� '��	 <B _]G
 &
+ ����"$
 7��S � &'�� ����� '
 b�d &'�� 7��S N7���+ �6
.

  
%&��� :; ����" 7.�l� 7� ��
 �����!�"
 &�; 7�m '
 ��� ����� ����S�!� ��D�(��;� �! _�A	
 
$ &��$� '
.  

'�������� +,�.� 	� '����/�#��� : &��	 ���� ����T��9 7+ E04
 ����
��	��!     $� �$
� �$�CS
 \�CS�! �C+ $�C�
7��)�6  '
 $�/�! 
 $����B ��0DG &
+ ����S�! *�DA" �����!�"
��.  

A.��)�* '�������� ��� ��2  
���(; $
d \�
 '
 �����!�"
 &�; 7�m.  

  
1 :.� 7�m :�	$
� $
d ���M! � �;�� �'
�	
 7�m \�
 $�.  
2 : 7�m1 :� ���� &��D�(�� 7�m \�
 $��$
� ��9� 7�((� � 7����.
3 : 7�m2 : ���� 7�m \�
$� �"$�C/	        �C��� &�C; 7C=06 &
C+ *C9! 7C� �$
� ��C9�  7C!�	+ N  5�C�0DG �)
�C"  N

 5��0DG &
9
 N@�(�� e��$���	�!start up  �shutdown  ��D�(�� � ����S�! ��)��� &��$ 7!�	+ ���
.  
4: ��)�" ���� 7�mProduction Control  :      ����C!  N�C�)�" &
C+ 5
�C��A" � 5�C	��!
 n�oO" $�!
 7�m \�


��� �! ���� 
$ &$
�$��	
 ��.�� ���� N7�)�
 �
�! 7�pc" N&$
��T	 � �D�".  
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5 : 7(��! ���� 7�mEnterprise control :     N��CoM! &
C+ �C%�=" �+�C�'$
 b!�S � ��
 &$�A" ���+ 7�m \�

)�! *���! \�!�" N�+��$
'�+��� �! + $� 
$ � . &�; 7�m $�3  �"5��S �! ���.��
 ���(� $�<+ 5�G]�
 &$���� N.

B.3&4, 5��/6� �	(  
 ��)�" 7� ��
 ���)��� ���!  7+ ���� �����
 J'$
��� . �����!�"
  ��+m�C+ �+  �C�)�" q
C�"   � �C�.�� [�
�C�
 N

 ��)�" 7���; [;�� 
$ ���� ��!�	
�;� �! [�
��
.   
2:  �
��" [�
��
-Economy of scale:   �+    �C6
� ^C� 7C���; �C���	 $� � 7��$ m�+ ��)�" q
�" �����!�"
-  �C�)�"

��
 ��!�	
$ [�
��
 ���! 7+ 7� �+�� �! [;��.  
3 :��)�" $� ,��"-Economy of scope :   �C�? �C! 
C� ��oM! ��)�" $� *�� ,��" ��A�
 ���!
 �����!�"
 �+ . $�

�
��
 7����9��� �! ^D� ���� ��!�	
$ 7+ �$
�	 $
'�+ ��)�" [.  
4 :�G� [�
��
 : ��	�! $����B b���� \�S�!Computer Numerically Controlled (CNC)   $
�+
 7�) � 7�!

��4 (���! m�+ 
$ $�� _�A	
 �G� N��� �! s���" $�� ��B 
$ &$�� \�S�! '��	 �$�! .   &�C�"�+$ EC�"" \�D; 7+
" N��������� �! ��A�
 ��!' $� ���9 7�� �; 7)�=	 7D(. '
 ��"$��G �; 7	�D	 T��:  

 
4 :7�� &��o�d
 ���9 :    ��!�C	
$ �
�C! � &qC	
 '
 ��!�	
$ �+ ���.��
 N$�� &��	 $� ���9 7�� �+ 5�!�"
 @�(��

�+ �! m�+ 
$ ��)�".   
5 :��)�" ��.�� :$� ��B
���� � ��)�" ��.�� �����!�"
 �+ ��� �! 
��� [�
��
 ��)�".  
C.7����� 8�9�� �&�:; <��)#�  

 '��	 7+ �" ��
 ,��" &
$
� �����!�"
 &��o�d
 $�<+�;� t���.  
1-Fixed Automation :��)�" $� 7�����  ��CS �C! ���.��
.  $�  WCB   7�C���� �C�)�"continuous flow   �C�	�!

����D�S 5�A	�B$�� � �m�� N��T��m��N �	�T	$ @�(�� N�<=" ���
�- @� ,��" � m�+ q
�"��
 .
2-Programmable Automation  :��)�" u�<B $�  ��CS �! ���.��
 7�((� . $�   �C�	�! 7�C((� �C�)�"   WCB

 ��)�" �? 7+��! � �d+ b���� N�$��B-  m�+ q
�"� ���M! ,��" ��
.   u�C<B \�
 $� ��C�!
    5
C��c" ��CDG

� 7!�	+ $� ���M! �$
� ��9� $�. ��oM! �!�O% @�/�" ���!
 7� �� �$�S
 �
�" �! �$�	 u�<B 7+ �? ��Y!

�$
� ��9�.
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3-Flexible Automation : ��)�" u�<B $�Batch �S�+ 7����� �� 7�((� �	
�" �! ��oM! �
 $� 7�  ���.��

��S �! .     bD�)
$��C�� ^C� �C�)�" C; &
+ $�/�! \�D; 7+recipe       7C� ��CS @�C/�" �C��+ v�CB "��`!�C� 

��� �! ����� 
	? �����!�"
 .�A��
 $� $�"
�
 �$
� &�m�+ [=	 .� \�
 ��)�" @A6(���
 W���! �" @� ��D� .
 \�S�! 7+ ��Y! &
+CNC  �Automated Guided Vehicles (AGV) �� �$�S
 �
�" �!.

4-Integrated Automation:  u�<B $���)�" �S$�.� 
��S �! ���.�� . \�
$�u�<B    $� 7�C((� 5m�CoM!
��S �! ��)�" &��! J$�.� g+�<! ���M! q
�" .����� 7	�D	 ��)�" ���$�� ��	�! .    _�CD" ��D�C(�� \C�
 $�

 b6
!    �C�
 &"��`!�C� w�C<�	
 bC+�d 7!�	+ ���� �M" ��)�" WB � ��)�" 7!�	+ N��oM! �6
� .  \C�
 $�
 ��D�(��CNC � ��"�+�$ N�	$
� ��9� &��$ 7!�	+ b+�d &�; 7)�=	 7D(" .      �C�	 �+�C�$
'�+ � J�C� 7C!�	+ �C�6

��S ��
� �9 �����!�"
 @�(�� $� ��
 \�D!.
  

1 -2��	�9�� �4�&>� (  
�&�? 3$�!#� ��4��@���:  g�d� $
�+
 � �;$�(�� /	 '
 �	�S �! ���.��
 ���� $� 7�    � �CD�d N�Cd� N�'
�C	


 5��.�! &�; &q�)���	 ���(; ^)
p�! $��B�� x
�S
 &
$
���S�+ �!.  

  
1-The physical medium : W�M! 7+ ��D���� &�� �'
�	
 ��
 $
d 7� ��� �! h]�
 ����D�S ������ .

�$�� ��Y! &
+ &
 ��S &�� �'
�	
 �? 5$
6 79$� ��
 $
d 7�.
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2-The sensing element  : 7� &T(6 �? �9�B  �C�D� �y�" �M" C!�  C/	 �$   �C�� �C! C��c" .  �? ��CY!
 �0����!" ��
� 7��$�� 5$
6 79$  
$ &
 &�� �'
�	
��� �! .      ���C+ �C� �C��D" �C�
 \C�D! &�� �'
�	

�S�+ K�D" .��� �! 5$�� �!��� �+ 5$
6 79$� K�D" ���+ &�� �'
�	
.

3-The signal-conditioning element  :��)
 ���T�� 7� ���	���)
 $
�!  N���C	 /	 '
 
$ T(6 �9�B ���
�S�+ ���.��
 b+�d ��+ 7=�� &
+ �" ��� �! z]�
 7�!
� $
�=! � &'�� �<B . �	
�" �! �? ��Y!   ���C�� bC�

 $� �+ 5$
6 79$� &�� �'
�	
Resistance Temperature Detector (RTD)   �CS�+ .    C��c" �CA��
 $� bC�
 �!��=!RTD ��c" 7+
$ �!� 7A��	 $���� �! b���" q��)� .

4-The signal processing element : ���T�� &�$ J'
�� 7����� 5��0DG �6
� \�
 $�   �C�
 \C�D!  _�CA	

��S .	 7+ J'
�� ,�	�$
� �T�(+ /	 �$�! 5�G]�
 ,� .�$
�$
d �6
� \�
 $� ��	 ��0DG $� �<B e��$���	�!.

5-The target signal-handling element : ��S &�� �'
�	
 5�G]�
 �6
� \�
 $� �	�CS �! 7{
$
 .   �C6
� \C�

�S�+ ��4 �  '�� ��B| N$�$��$ NT���D	 ��
 \�D!.

* ��4�&>� ��)�Actuators  
 ���T�� ���M!)�!�DG (+ 
$ )��� �9�B �����)
��;� �! g��<" ���
� &��$� �.     C��c" @C; b��C�" \�
 $�

��� �! 5$�� �
�" ���=" @; � N'��	 5$�� $� N���(	�D��.  

1-The electronic signal-processing element  : '��	 5$�� $� � ����$� )��� '
 
$ ���T�� �6
� \�
 ���	
��� �! wp6 
	? . ���M! m�D�! &
+$
� ��B
    �CDG
 &
C+ 7�C(+ 7C=06 ���� @�(�� &  ��T�C� gC�d� �� 

��S �! ��
� &�9 �D(d \�
 $� �? )��� 7� ���(; ����.
2-The electronic power amplification element  :�$
� ��9� �����)
 �
�" ����� ���=" �D(d \�
 $�.
3-The variable conversion element  : 7+ �����)
 ���T�� ���!) '�C�	 5$�� $� (    EC���! �C����)
 C�4

+���
� 7+ ��DG
 &
 ��
.  �? 7	�D	 &���M!  �����)
�$��;�;�S ���� &
+��
 '�� �� *��! $��G &.
4-:The non-electrical power conversion elements   �! �? ��Y! 7� �����)
 �4 ���T�� ����� ���="

�S�+ ���)�$��; ����� ���=" �	�".
5-The non-electrical variable conversion elements  :   �C�� 5$�C� 7C=�� ��} $� ��
 \�D! $�� \�
 .

 b���" �? ��Y!��;� �! _�A	
 �;�S 7� ��
 *��! ���9 7+ ���	��! ��6.

&@�� �/B�  
            @�C(�� '
 �C�"$��G 7C� �C	$
� ��C9� �C��
� �C��� @�C(�� $� �C�	 &CT�� 
�C9
 ���M! � �;T(6 '
 �4 7+

 � \4�$ �'�O! N&$���4�$�? 7+��! �  $�� �
$ '
 ���� 5�	��!
 N��+.  
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1 -3%&��� 8�9��  
 7+ ����� ���� @�(��2 �S �! @�(=" 7�((� � 7����� 7���	� .  

A. 8�9��; %&��������  
 ��	 Z��� ���� N��+��� ���� N^�"�!�"
 ���� &��!�	 7+ 7����� ����  ��CS �C! ��	
�B .   �C��� '
 w�C;

 �? _
���� x�0+ 7� 7����� ���� 7� ��
 \�
 N��
 ��!? b�S $�ua  ��)�" &�M	 7+  ��CS  �C9�B 7�y(t)  '

 &��$�r(t) ��� ����". $� + ��]G�&�N  �9$�B 7��
�B�	 b!
�G �y�" �M" ���
�) �]�CB
  (    � $�C+ C��c" �C�	�!

&�� �'
�	
 ���	  ��	 ��
.  ,��S
 � @�(�� &�;�!
$�� ��c" '
 �9�B \�
 + ��]G �C�
 y��! ��	 xM! .  �C���

��
 79
�! ��	? �+ ���� @�(�� 7� ���(; �"]��!.  

 ��!� ���T�� ���� &��D�(�� '
 �i�+ $���
 ��+�y $
�=! .    �C+� � 5$
C6 7C9$� ���� �? ��Y! �C�
 . $�
��� ��c" � �S�+ ��!' *+�" ��B ��
 \�D! ��!� ���T�� T�� &��D�(�� N   $
�C+
 ��6 ��	�!  &��D�C(�� $�

&$����S�! . $�/�! 7+��!� �+ �9�B g��<" )��� '
 N   ��C� �C! ���.�C�
 ���� 7=06 $� .   C)��� $��B�C� $�
 ����� &�;�+$�� m�D�!��
 nO�! �����! �M	 7+ ���+ �? &�;�!
$�� W=� N��S @�/�".  

  
      �C�"$
 ��C�!
 ��CS �C! 7�C�
�B �C��� @�(��'
 7� &T�� &����0+�d '
       �C�	�! &C� m�C+ �C��� z�<C� �C+ u

supervisory control ��
 . 7��S $� ���� @�(�� \��� $
d ���!
(Field bus)N  ���� $�� ���!
manual 
 5$�� $�'��	 �S�+ �! T�� �$
�! '
.  

 N���(; ���	���)
 &'�!
 7����� &�;)��� ���+ 7��)�6 $�    �	�CS �C! ���.�C�
 ��C�~D; &��+ &�;)��� .
���(; �	��	 >
B ���=" � b�� ��	? &$
��T	 � �D�" N���� �;)��� \�
 '
 ���.��
 .  

B. %&��� 8�9���"��&�/�.���  
   �CS�+ ���CM! �CiG �
��" �+ 7G�DA! ^� '
 &�iG �	
�" �! W=� � �(�	 7����� �9�B &���' &��D�(�� $� .

 �? ���� ��Y!�� �+ @�( &���+ �9�B)\S�$-J�!�B (��
 . \�
 $���D�(��    7DC(" N\CS�$ �� J�!�B $�"�!
��
 ��6 ��6 $� �� \��� 7)�=	. ��
 $�7	�T ��
 7�((� ��	 ���M! �9�B ��D�(�� .   $�C"�! �C��� $� ]Y!

��� �! ��6 $�"�! 7� ��
 b�� �� � ��� �D	 ��6 $�"�! 7� ��
 *<d �� xM! .! $�<+   \C�
 $�C(�� 7+��
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   �? ��CY! �C��� �! bDG 7�((� ��	 ��D�(��Limit Switch / Pressure Switch/ Photo Switch   ���C(; .
 ��Y! &
+Photo Switch  ��
 K�D" ���+ T(6 ^� 7� 7�<d ��9� _�G �� ��9� ����%� �� 
$ _]G
 �	
�" �!

���.  
 '
 &'�!
 7�((� ���� &��D�(�� $��� @�(��! _�	 7+ &"��`Programmable Logic Controller (PLC) 

��S �! ���.��
  

1 -4 ��	�F# %&���supervisory  
1-*9! ���T�� \���" :     f<C� N7C)�=	 7DC(" �C�6 �G� ��	�! @�(�� @�! &�;�c�! &
+ $�� 7<=	 \���"

��S �! _�A	
 7�m \�
 $� ��O! $� ,�."$
 '�A! .�0!
�G 7+ $�� 7<=	 &
+ $
�=!    �? 7+�C�! � �C�)�" @A6 �/	
�$
� �T�(+.

2-��0DG e��$���	�! � �+�� E�G : *d�! 7+ ������S &
+ @�(�� $���$ 7�m \�
 $�fault  E���! _
�d
 _�A	
 �
��� �! 5$�� 5$�(B '
 &���09 &
+

3-  &$
<%
 �)�6 � #d�" N,�S 5��0DG :"�� g�� $�� #d�" � &'
�	
 �
$ ��D�(�� $�  _�CA	
 ���+ �oO�! b�
��S ..����! 
9
 
$ ��0�"�� \�
 �"$�/	 ���� 7�m.

4- ���� &��D�(�� 5�oO�! ��c" � @�/�" : ��
�B 7A��	 $� ���� &�;�!
$�� ��c" N����)��� \�
 '
 $�/�!
 �� � $�� 7<=	 $� ��c" �� $�"
�
 �+ 7�9
�!fault ��
 .        7C�pc" $� C��c" 7C+ �C�
 \C�D! 5
C��c" CT�� ,�	

�S�+ �d
�6
 �
�! T�� �� � 5�'�! 7+ '�� '
 ]Y! @�(��.
5- ��!� \��� � 5�G]�
 7{
$? :   $�C"
�
 '
 
$ $�C� 5�G]�
 ��0� 7M.� �/	 W�
� &�;$
�! g�� '
 [O+ \�



� 5$�% $�"
�
 �)�B� ��d� !
 \�
 ��� �! ����$��'�� �! (�! 
$ �S�+ 7�S.

1 -5 !���� %&��� ��2Production control
• process scheduling :*+��! '
 7���+ ���.��
 $�/�! 7+ ��)�" &��$ 7!�	+  
•Maintenance Management : ��)�" $� 7.d� ���� &
+ &$
��T	 � �D�" ����!  
•Inventory Management: �!$��	
 ��� :�! $
�=! ����&��)�" 5m�oM! N _�B �
  
•Quality management :����!  ��.��

1 -6 �#�I	�� %&��� ��2Enterprise control   
�$
� [=	 ����� ��)�" b6
! _�D" $� �����!�"
  

1-��oM! �B�� g�=M" � $
'�+ �+��'$
 $�  
2-��)�" 7	�D	 �B�� $�&
3-��)�" *+��! � 7	�B$�� ���A" $�
4- ���� � ��oM! ��)�" $���.��
5-�+�� $
'�+ � 5�c�0�" $�

����� ����     1-10

6-  �0� ����! $�5 �+��$
'�+ �" 7��� $
'�+ �+��'$
 '
 h�� 706!

%�J� ��)�*  
�;� �! [��D	 
$ �0� &�$ �' �! ��T��� ^� b�S.  

��� �! $
d 7��+! bM! $� �? �' 7�<d � ��$ �! m�+ ���(�� ��T��� \�
 $� .  � �C�? �! \���� ���(�� Z`�
]G��� �! ��y $��� �+ 7�<d &�$ 
$ �$
� $
d ���(�� &���	
 $� 7� ��! .    C+ 7C�<d �C" ��S �! ��+ m�+ ���(��

��� $
d bM! $� ��S �! &
+ T�� 7�<d � ��S 7�S
� . �+ ���(�� \��$ \���� � m�+2     _�CA	
 �C����)
 �CS
 �! 7�(+ �� '�+ 
$ $��� �M" \4�$ &
+ �(! 7� ��� �!���� .      \C4�$ $�C�� 7C� �C�
 ���)�$�C�; @�(�� \�


��S �! \�!�" XD� W��	 .2 ���� Z! Z6 
$ ���(�� ���+ \���� �� m�+ $�(��.  

72���  
1- 5�!�"
 @�(�� &"+ b�)� � $����B ���� $���(�}
2-���� nO�! 
	? �)��� @�(�� [O+ � ��' 5�!�"
 @�(�� '
 �)�Y!.
3-* ���� � �����!�"
 5��."��(�}

�;� �! _�A	
 7	�B$�� ��)�" WB $� 
$ �;�$��B ��' e	$ $�� 7� �"�+$ .     �C�O+ 7C+ u�C+! �? �C)��� �D�(��
��� �! ��
�; �S�� e	$ ��9 #0�O! u�=	 7+ 
	? � ���� 
$ 5�+$ J�+ e	$ � ���d�! 7� ��
.  

4- @�(�� 
�9
IT ��(���+ 
$ �����.
#)
(> ���T�� J'
�� � ���� (� �"����"$
 7��S(� e	$� ]+ 5����M! (  � �"�CG]�
 ^C	�+ (   NbC�0M" N�C6
�

 &'�� 7���+ � &'�� 7��S  
5- �? $� 7� ��	�+ �D�(�� '
 ��Y!IT )�	���
 '
 ���.��
 (��
 ��S 7���".
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 &��D�(��Distributed Control Systems (DCS) $�� � ��;�T��m�� $� 7� &'�� �m�� 5�A	�B  �C! ���.��

 
�9
 _�D" �	�SIT �	$
� + $� 
$ �����.

6- @�(�� '
 ��Y!mission-critical ��	�+.
7�(; h+ ��)�" @�(�� &


7- �? $� 7� ��	�+ ��Y! 
$ ����� economy of scope  �$
� ��D;
.
���� �! ��)�" J$�.� g�� 
$ 5m�oM! 7� ��������..

8- �? $� 7� ��	�+ ��Y! 
$ �����economy of scale ��
 " ��D;
 �+.
��;? &��d$� ��)�" 7	�B$��

9-���� �! ������� �' 5�G��o! �B�� &
+ �	����!�"
 ,�	 7}.
a. Light bulbs d. Cement e. Printing f. Pharmaceuticals g. Toys 
ans:
a. Light bulbs: Fixed   d. Cement: Programmable e. Printing: Flexible 
f. Pharmaceuticals: Flexible g. Toys: Flexible 

10-���� @�$ 
$ xM! � $�(�� @�(�� _
���� x�0+.
11-3  ���� �0�
 5��0DG '
 �"�"$�/	 ��(���+ 
$.

Ans: A. Set point generation, B. Process Monitoring C. Operator Interface 
12-3  5��0DG '
 �"��(���+ 
$ ��)�" ���� 7�m �0�
.

Ans: 1. Process Scheduling 2. Maintenance Management, 3.Inventory 
Management($��	
 �
�! � �
�!
 ����)

13-*7�m �;��(���+ 
$ �����!�"
 _; &.
14-*   �C)�6 '
 �C� Z6 
$ &��! ��6 ��d� 7� ���� 7���" �D�(�� N7+�S�	 J�� \�S�! ^� &
+stand 

by ��S �$�B .���T+ /	 $� 
$ E���! xM! � $�(�� @�(�� \�
 &
+.
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����� ���	
�� ���� ���������  

 
 
 
 
 

2 -1�����  
���� ���� ���������:        N�$��CB �C�)�" 5�CA	�B$�� N��TC��m�� N��C���	 '
 �C�"$��G ����� �$�+ &�;���
�

��
 �? 7+��! 7	�D	 ��;� � ��D�� 7	�B$�� . ���C(; �;���
� '
 &
 7G�DA! b!�S �$�+ &�;���
� \�
.   '
 �C��
 ���� N�;���
���
 ��S ��
� ���	 b�S $� 7� ��
 $�O+ e��  

  
 b!�S ���
� \�
 ����1( � &��$� >? �+� ����2 (��
 $�O+ e�� $� >? ,�."$
.  

  �C�	�! ���� &�; 7=06 &
$
� '��	 + ��+ � ���(;  7	�T��
 ��	 ����� ���� T�� &��)�Y!    N��CO! $�C�� �C���
��� ,
�	
 N���d�! ���� N�G� ����  � h
C�6
 N5$
6 ����" N�!�O% ���� � �$�	 @�(�� N5$
6 79$� �

 ��	? 7+��!���(;.  

����� ����     

 

2-2

      &�;�C��
� &'�C()�! _�C� \�C)�
 \�
C+ ��+ ��S �! _�A	
 ���
� �%��$ ��! K��
 + ���� &�; 7=06 �6
�
��
 �0� �? *�" 7+ � ���9.  

A. ������ ��������� ��
 ^� ��0DG ��$+ �+ 7<+
$ $��
� �� �' �$
�! 7+�
�" �! �� �$�S
.  

1. ���
� �%��$ ��! 7���
 �<B �4 ������ �S�+ ��	 �B�" b!�S �	
�" �! �. 
2. �]�B
 �y�"���
� + 
3. �T	�T}"$���	�! �)�6 $� $���� '
 ���
� ����. 
4.���
� �!
$�� 5
��c" b+�=! $� ���
� $���$ ���+ _��=!. 

 ���
��
 W�M! �y�" �M" �? + � � y
 ��	�$
p� �! . 7+ �<�M! b!
�G '
 7��� �?  &
C+ 7�     �C! ���.�C�
 �C��
� �C���
�	�S "&��$�" 7�=+ N��S �! 7�.�  �� �]�B
disturbances ���(;.  \�+ '
    �C! ��C�	 
$ W�CM! + @�(�� y
 7� ��+
�"

 N��;��9�B  ��
 ��+�" &
+ 7�! �+ 7(��=*9! ���T�� �d� /	 $���S �! 7 . b�S1  ���� @�(�� ^� _
���� x�0+
�;� �! ���	 
$.  

 

B.�!"	#$ ���	
��  
 �
O��
 $� ��!��� �! ���.��
 �' �G
�d '
 @�(�� 
�9
.   

1._9  �=+  ] rate of mass[ accumulation= in-out  
2.���! ^� �=+  rate of componenet I [accumulation=in-out+produced]  
3.&q	
 �=+rate of [energyaccum.=energy in-energy out+heat added+work applied on]  

  ^C�!���� �!" N5m��� ^�	��! ��	�! @0G &�; 7B�S �
��" 7+ ���M! &�
��" �=+ \�	
�d 
�9
 7���M! &
+ W+
�$
��
 ��4 �. @��� �! '�4? 5m��� ^�	��! '
 �)�Y! �+ 
$ ,�%�! \�
.  

2 -2 %�&'�� ���()��� ������ Level control  
 ��O! $� *��! ,�."$�� @�/�" �
�" �! XD� �� �����)
 �S �+ 
$.  
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A. �#* +$,' %�&'�� ���(�/0�3  
�
� $
d &��$� �� �9�B �(! $� 
$ ���� �S �
�" �! ,�."$
 ���� &
+ .    ��C�	 
$ @�C(�� \C�
 b�S

�;� �! . � )��� N�S N��O! '
 ��"$��G @�(�� 
�9
,�."$
 �� �'
�	
.  

  
#)
 (����� 7(��=! :    �C�� �C! \�C��" 
$ ��CS &�� �'
�	
 ,�."$
 � ,�."$
 *9! $
�=! 5��." �����)
 �6
� \�
.

  e=hr-hm 
> (�$
� ��9� ,�."$
 &�� �'
�	
 &
+ &���' &��S�$ . C�� �'
�	
 7A��	 $�&    �C����)
 �C�D�hm  EC����!   �C+

��)�" ��O! $� *��! ,�."$
 ��S �! . �	
�" �! �? ��+kmv/m �S�+.  
� ( ��+ �+ NE����! �	
�" �! )���k  �S�+.  v=k.e 
�( ��
 z� ���!���� ��D)
 ��O! . �+� �+ ����!  �
Qi   �C+� �+ � �$
� �? 7+Qo    ��CS �C! �$�CB �? '
 .  gC��

 ��? �! ���+ �0� ��! _9 �=+ ��	�d  
VQQ oi
���  

 �? $� 7�V ��
 ��O! bB
� *��! @A6 . ��? �! ���+ 7<+
$ \�
 &'�� �<B '
  
|

*dH
dVAqqhA oi ����  

 �? $� 7�A  � $�� 7<=	 $� ��O! f<=! f<�h ��
 ��O! $� *��! ,�."$
 5
��c" .A     ��
� 5�CG]�
 K�C�
 C+
��
 7���M! b+�d ��O! ���+
 ��S.  

� (�S :
 5����! ���� @�(�� 
�9
 '
 T�� ����� .       '
 �C<B C�4 *+�C" �CS �C9�B �C+�   �CS �C!��=!R 
)�S 7	'�$ Z�G �+ E����! ( � �S 7	'�$��
 �? � �� *��! ,�."$
 5��.".  

),( RHfQo �

   $
�=!R  �S 7d�� ���d�! '
 ��+�"x ��
 .��? �! ���+ &'�� �<B '
 E�"" \�
 7+.  
  

xhqo ���� ���  
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H
Q ���

  
�+ ��
 +
+ �S � ��O! x��! ��!:  

xhqqqhA ioi ��� ������  
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�S�	 �
�" �! 7<+
$ \�
 '
 K]�m b���" �+  
)]()([1)()()()()( sxsq

As
shsxshsqsAsh ii ��

�
��� �

�
�����  

�+ ��
 +
+ ���
� _
���� x�0+  

  
 b�S7 :���� �S �+ ��O! '�+ 7=06 _
���� x�0+ 


$ \���
 '�+ 7=06 7+ u�+! W+
�.  ���+ $����B ���� &
+ &�� �'
�	
 *��! ,�."$
��S 7��%
 �? 7+ )����.   7C+
��� �! b�S g+�<! *��! ,�."$
 ���� 7�(+ 7=06 $
��D	 E�"" \�
.  

  
b�S8 - ���� �S �+ ��O! 7�(+ $
�!  

 &��$� �+�qi � ����	 b�)�+��� �! 
��� J���4
 @�6 �? &�$ ��� .   �CS�+ �C	
�" �! \�
 ���� @�(�� w�;
 J���4
 @4�0G 7�qi ��S ���Y" ,�."$
.      �C��
� �	�C!' �C+�y 7C+ ��(	 �� �'
�	
 � xM! �	�!' �+�y bDG $�

���(; ��}�� $��(+ . 79$� @�(�� ^�!���� 
p)1 ��� �! .  

  
�Sb9 - ���� @�(�� 7�(+ $
�!  

        C�' b�CS [��CD	 '
 
pC) �C�
 $�C% C�4 � bo.! �$�+ &��D�(�� $� ���� @�(�� [��D	 �M	 \�

��S �! ���.��
 . [��D	 \�
 $�LCR  #.O!Level controller Recorder  �$�DS � ��
132  ������S �$�DS

��
 ���� 7=06  
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 7�	��~D;L  N�S ���.��
 ,�."$
 &
+ &�; �q
�v�B    ��CS �$
�	��C�
 ����D� T�� &
+     bCo� \C�
 ��C��� $� 7C�
�	�� �! ���!.  

B.4"5 +$,' %�&'�� ���(  
��
 XD� �+ �S ����T��9 �0�d @�(�� � @�(�� \�
 ��! \�+ h� ���" . ��! '
 ��� XD� N*��! &�;���
� $�

��S �! ���.��
 XD� T�� ,
�	
 '
 ���+ .  

  
#)
 (� ��!XD : XD� J�� �G� � w� �� $��� w]�B
 �+ XD� �+� \�+ 7<+
$N ��
 $
d \�
 '
.  

),( NPQQ � 
��S �! �<B 7� ��
 �<B �4 7<+
$ \�
. 

���� �������� �
�

�
�

00 )()( N
Q

P
Q

o npQq  
 �S�+ *��! ,�."$
 �+ E����! $��� w]�B
 �
P=�h �S�	 �
�" �!  

qo=��h+�n  
>( ��O! ���!���� 7)���!'
 ��
 5$��G:  

QQi
dt

dHA ��  
�+ ��
 +
+ m�6 ��O! � XD� x��! ��!:  

nhq
dt
dhA i ��� ���  

�S
� @�;
�B K]�m b���" \��� '
 ��+  
)()()()( snsqishAs ��� ��  

 ����� ���� ���T�� �? $� 7�n  � XD� J�� �G�qi ��
 �]�B
 .��� x�0+ b�S  �C! ���	 
$ @�(�� _�
�;�.  

  

����� ����     
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 b�S13 - XD� �+ ��O! ,�."$
 ���� @�(��  

C.��/� ��� ��������5
���� �S ��S �<B ��! &�;�!
$�� \���" &
+  � N�  ��     �C�
 \C�D! �C���
� �� �%��$ J�$ �� '
 XD� ��

��S ���.��
 . &�; 7	�B$�� 
$ ����
� &�;$
��D	��;� �! 7{
$
 ��	'��.  
 �#* ��������5 6##�' ����� 70�  

��85�9 ;(��' )���/Incompressible : $� �;'�� � 5����! '
 &$��(+ $�Mach number  ��c" @4�0G N\����
��� �D	 ��c" ���� �)�T} $��� .+����� �! �p��	 @�
" 5m��� \�
 7 .      �C(! �
�C�!
 $� 5m��C� \C�
 ��C�9

��S �! 7�S�	 7	�T��
 �)�	+ ��	�d g�� N��6.  

 
tcons�gh�vp tan2

2
1 ���

   
 N7<+
$ \�
 $�v  N���� �G�g  Nb=y >��Sh  N*9! f<� 7+ ��(	 ,�."$
p   � ���C� $����  ? �)�CT} �C�
 � .

 7	'�$ '
 �9�B �+�v2  @�(��	 �! 7	�T��
 �)�	+ ��	�d g�� 
$ �S ^�  
2

2
22

1
21

2
12

1
1 �gh�vp�gh�vp �����  

 �? $� 7�P1,v1,h1  � 7	'�$ &��$� w� $� $��� � *��! �G� N,�."$
 E�"" 7+P2,v2,h2    $�C�� � �GC� N,�."$

��
 7	'�$ �9�B w� $� .�  � *��! v�oO! �'�g �
 b=y >��S� .   �CS��	 ,�C."$
 w]�B
 7	'�$ w��� �


(z1=z2)  �S�+ �p��	 @�
" *��! �(v1A1=v2A2) �S�	 �
�" �!.  

� � �
)(2C 21

2
2

2
1

12d
220

PPg
AA
AAAvQ �

�
��  

7<+
$ \�
 $�A1  NA2  f<�*<=! � 7	'�$ w��� Cd )  �C�
 ^C� '
 �D� 7� (- -Discharge Factor  �C�
 .  \C�

 ��
 ��d
� �)�6 &
+ f�Mo" E�%)�9 &
+��
 ���	 $�/�! 7<+
$ $� 7� x��<�
 �
 .(  �CS�+ '�+ ��O! �


P1=�gH   � ��
�B 7��"$�� $�9 N�S�+ .(D"? �p2=0  ��CS �! $�/�!.       '
 ��+�C" �C9�B �C+� 7CA��	 $�
 �S 7d�� ���d�!–x-   ,�."$
 �H ��S �!.  

)(2)( )(
1 tgHtQ xR�  

.��
 �' W+
�$ '
 �S &�;�!
$�� 7���M! &
+��S �! ���.  
xhqo ���� ���  

          
000

2
0

0000 )(

2

2
2
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1
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�
�
�

	


�
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�
�
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�
�
�
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�

�

�
�
�

�
X
R

R
Q

XR

gH
R
Q

H
g

XRH
Q ����  

R(x) &
$
� �S �!��=!  �6
�m-2 � ��
  �? $
�=!�$
� �T�(+�S 7d�� ���d�! 7+ .  
��S �! \���" 7	�T��
 �S �%��$ ��! ��
 q��)� xM! 7� �����)
 &�;�S $�.  

),,( 2100 PPvQQ �  
 �? $� 7�v ��)���
 �S 7+ �)�DG
 q .��? �! ���+ $�� 7<=	 ��6 7<+
$ \�
 &'�� �<B'
.  
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���  

22110 ppvq PPvxR ����� ���  
 7+ �S �!
$�� 7��A"3  7� ��
 b�)� \�
 7+ �!
$��3  �����)
 ���
�) �CS ��� @�� 7+ q��)� ��DG
  (  ���	�C�!

)�S 7d�� ��6 ( ���)�$��; �)�c" y
�+� + �S *<=! f<� � (    v�CB ��C! ^C�; 7� �	
 7��� $
d &�
�	$
� 
$ ��B.  

�����5 6##�' �<#���= 70�  
��;� �! 7{
$
 $
��D	 5$�o+ ��	'�� &�; 7	�B$�� 
$ �;�!
$�� '
 �i�+ . 7<+
$ ]Y!R  �+x  �<B �4 m�D�!  �C+ 7�

 $
��D	 �! 7{
$
��S.  �!
$�� K��
 \�
 +�  E�S '
��? �! ���+ $�� 7<=	$� $
��D	.  

  

 �,��� �����4"5 ��>           
�S�	 �
�" �! 7	�T��
 
$ XD� �%��$ ��!� �)�	+ 7<+
$ K��
 +:  

 
2

2
22

1
21

2
12

1
1 )( �gh�vpnW�gh�vp ������ �

 
 �? $� 7�W  �? $�� *+�" � �;� �! _�A	
 XD� 7� ��
 &$��n ��
.  

 NXD� �9�B �+�Q=v2A2 � &
+ �? ��S �<B ��! 7� ��
��S �! 7�S�	 7	�T��
 �����)
 XD.  
),,,,( 212100 HHPPvQQ �  

��? �! ���+ 7<+
$ &'�� �<B �+ 7�.  
)(||||| 210)21(
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�  

)( 2122110 hhppvq HPPvn ����� � ������  
4"5 ��������5 ��>,"9

��� �! 7%G 
$ XD� &�;�!
$�� &�;$
��D	 ��	'�� 7	�B$�� . �;�!
$�� �
�" �! 7	�T��
 $
��D	 K��
 +  �C��+ 
$
�$�?. 
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 ��$�? ���+ &
+�    E�CS '
 $�C�� C��c" 7+ �9�B �+� ��c" ��(	 NXD� $�� �G� 7+ u�+! ��M�! &�$ N

��? �! ���+ $�� 7<=	 $� �G� ��M�! 7+ K�D! WB . \���" &
+�     �GC� 5
C��c" 7C+ �+� 5
��c" ��(	
 �+�y $��� $� XD�)� �! $�� 7<=	 $� $��� '
 7� �=�
 WB�$p (��S �! �
O��
 ��M�! '
.  

��85 ;(��' �?�#$ �#����>: ��S �! 7�S�	 7	�T��
 �p� @�
" 5m��� &
+ 7<+
$.  
 

   (constant along a streamline) 
 7<+
$ \�
 $�p  N$���� N�)�T} v  � �G�� �S�+ �! ��
 7+|�9 &��	 m�D�! 7� b�(	��� &��	 �����D	.  

 ��@�A��� ;	#$ �9��� ��B: �
 2   7C9$� ���!���� 7)���! N��S�+ ��9�! @�(�� $� ��O!2  �C�
.   WC+
�$
'
 ��"$��G @�(�� \�
 ��S �<B:  

��

�
�
�

�

�

��

�
�
�

��
��

�

2
2
1

21
1

122

111

R
h

o

R
hh

o q

q

qqhc
qqhc

�
�

 
 \�+ b���" *+�" E�"" \�
 7+h2  �q �S �;
�B 7A��	 7	�T��
.  

1)( 121122
2

2121

22

����
�

scRcRcRsccRR
R

q
h  

� \�
 &�; �+�y��� �! \���" �;�S � ��O! �� 5�oO�! 7+ 79�" �+ @�(�.  
 ��@�  �/0�3 ��B �>0�0 ��B ;	#$Multiple Input Multiple Output:     �
�C" �C! 
$ @�C(�� \�


�� �=0" �9�B ��} &��$� ��} .�;� �! ���	 
$ ,�%�! \�
 b�S .    '
 W�CM! �y�C" m�C62   �C(!Q1  �Q2 
��� �! 5$�� .��	 �9�B  *+�" �� ��	
�" �!h1  �h2 ��S�+.  �(�"�! 5$�o+ @�(�� b���" *+�" W�
S \�
 $�
��S �! 7�S�	.  



����� ����   

 

2-9

 
 b�S7 :&��$� �� �+ ^	�" @�(��  

 @�(�� �S�+ ���9�B �
��" '
 [�+ �����$� 
��" �
overactuated system   '
 [�C+ ���9�B �
��" �
 � ��


��" �S�+ �����$� �underactuated system  ��S�+ +
+ �
 �square ��
. 

2 -2 -1��> ���( Flow control  
�+ �S �� XD� �	
�" �! 7� ��
 ��D)
 ^� &
$
� W=� �+� ����S� .    ,�C."$
 C��c" Cy
 $� �+� $� �]�B


��
 7�(+ � �'�O! $� $��� ��c" � '�+ � �'�O! $� *��! .D� ��9� 5$�� $�   �GC� C��c" N*��! �(! $� X
�;� �! ��c" 
$ �+� ��	 XD�.  7+ �+� ���Y"2  �S '
 ���.��
 J�$�� ��� �! 5$�� XD� '
 ���.��
.  

A.�#* +$,' ��> ���(  
��
 b�S g+�<! @�(�� \�
 &�DS  

  
'
 ��"$��G @�(�� 
�9
:  

#)
 (�S :���%� ��c" y
 $� 7d�� �SxN  $��G b+�=! $� �!��=! *��C! R  C��c"  �C�� �C! .   �)�C	+ ��	�Cd   �C+�
 
$ &$��G��� �! ���+ 7	�T��
 �0� �)�6 $�:  

  
 7<+
$ \�
 $��   N�)�T}�H=Ha-Hb  ,�."$
 w]�B
 ��P=Pa-Pb  $��� w]�B
)  ,�C."$
 Cy
 &���! ( �� $�

��
 �S � .�S
� @�;
�B 7<+
$ ��� �<B �+  

  
 N��S @�/�" q��)� W��" �S 7d�� �
Gv(s) �S�+ �	
�" �! �? b���" *+�".  

>()��� : b���" *+�" �	
�" �! )���K(s) �S�+.  

����� ����     
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� (�� �'
�	
 :Gm(s)  b���" *+�" �� �'
�	
 �? ���(	�D�� 7� ��
v/Kg/s ��
 .    '
 �? �C��d�! �C0�)� C�+ �

��
 �B�" &
$
� �? ��! N�S�+ 7�S
� 70��� �S bM! . 70��� �
d ��! �G� � *v  �B�" N�S�+L=d/v  *+�" $�

��? �! ��9�+ b���".  
��
 ��S ��
� ���	 b�S $� 7�(+ 7=06 @�(�� _
���� ��0+ .  

dH
dQ

dP
dQ

vdX
dQ

  
 b�S15 - �S �+ �+� ���� @�(��  

���� �! bDG ���
� \�
 $� �]�B
 5$�o+ ,�."$
 ��c" � $��� ��c" .     C��� @�C(�� \C�
 �)��C� &
C+  �C+ 
$ �
��;� �! ���	 �' �<B ^� _
����.  

  
B.4"5 +$,' ��> ���(  

Z��� �� � 7)�) WB ^� $� 7���$
�! $�N  *��! �+��   �C��� &
+ ��S �! \�!�" XD� 70���+ �? ���9
�
� ��c" 
$ ��S XD� *��! �+� 7A��	 $� � XD� J�� �G� �
�" �! �+� .  �GC� &��`D� '
 $�/�! \�
 &
+

�!���(; �
� 7� �� ���.��
 ���+ �c .      EC���! �CD�d 7C� �C+�y $�� �C+ XD� ��} '
 z� ��� &��o�d
 &
+
   ���.�C�
 �C+� @�/�" &
+ @� ���l �+ �c�! �G� XD� � ��� �! ���.��
 �+� bd
�6 \�!�" &
+ �	$
� C! �

��S .�;� �! ���	 
$ @�(�� \�
 '
 &
 7	�D	 b�S.  
b�S $�N 3 �+ XD�  &�; �+� �+�y �G�Q1 NQ2  �Q3  �C��� �! \�!�" 
$ .    &���GC� $� _$�C�} XCD�

 �c�! �+� � ��� �! $�� #0�O!Q �'�� �! 
$ .    ,�CDA! �C+� \�CS
� 7T	 �+�y z� \�
 $� w�;Q  �C�
.   C�

�? �+� N�S�+ ��Y! ���A+�9 ,�	 '
 � �S�+ 7�S
�	 ��	 XD�  

�Q4=K� 
��
 .��c" @�(�� \�
 $� �]�B
  &��`D� �+�1 N2 �3 ��
 ��o! �+� $� ��c" �� �.  
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2 -3���� ���( Pressure control  
2 -3-1;	#$ ��/�  

��
 $��� N��S ���� ���+ �'�O! $� 7� �0!
�G '
 ���.  �S � ��O! b!�S $��� ���� @�(�� ^� 
�9

��
.  

D
� (���� FG' )��� ���  
�O! �+ 7<+
$ $���
 h��� �' 7<+
$ �'  

  
 �? $� 7�P  N$���V  N��O! @A6T  N\��0� 7+ 5$
6 79$�R  � ��!��)�+ �+�yn   �
�C�"mole    ��CO! $� ���C!

��
 .+
$ w� �� @�(=" '
 N�S�+ �+�y @A6 � 5$
6 79$� ��d�< 7+ 7��� ��? �! ���+ 

121 PCQQ ���  

  
 b�S21 :�9�B �S �+ ��O! $��� ����  

� 7<+
$ \�
 $�Q1  �Q2 �$
� ���	�+ 
$ $��� ��c" 7� ��
 ��O! 7+ �9�B � &��$� ��! $
�=! .   7C+ ��CO! ��!
��
 $
d \�
 '
 ����D� 5
��c" &
'
.  

121 pCqq ���  
>(�S ��! : N�S �9�B �+�Q2 � � �9�B $��� N&��$� $��� '
 ��+�"��
 �S 7d�� ���%.  

2 1 2( , , )Q f P P X�  
��� �! ���+ 7	�T��
 �)�	+ ��	�d 
$ �9�B �+�.  

212 )(
PP

XR
KQ ��

  
��? �! ���+ �)�	+ 7<+
$ &'�� �<B '
  

����� ����     
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� ��S �! \���" �)�	+ 7<+
$ '
 .  

� � � � � � � � ������	



�
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�
�
�

0201
0

2212
0

2

)()(
PP

XR
KPP

XR
K

R
Q  

� 
$
 �S ��	'�� 
$�;� �! 7{.  

  
�   �)�	+ 7<+
$ '
 �
�" �! 
$  

2

2

01

2

21)(2 P
Q

PPxR
k

P
Q

�
�

��
�

�
�
�

��  

�$�? ���+ �' b�S $� �S $���$ ��M�! ��.  

  
2 -3-2���� ���( H�� �$ �#* ��  

� 7� ���! $�/�	
 ���� @�(�� $��	�D+ �+�y ��4 � 5$
6 79$� N�+� ��c" @4�0G $��.  
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  �
$ � �S 70���+ �
�" �! 
$ $����� ���Y" Z� &�+ �S �� . �
$ � �S '
 N�S�+ '�A! �9�B �+� ��c" �

��S �! ���.��
 $��� ���� &
+ .   $
Cd ���.�C�
 �$�! �9�B �+� ��c" &
+ N�c�! �G� XD� N�$
�! \�
 $�

��� �!.  
&�+ �S '
 7���$
�! $� 
�	 ��9� ��O! �9�B �+� &�$ �)��� N��S �! ���.��
 Z�   
$ �C+� $
�C=! � �$

��� �! \���" wo! . &�C+ �S 7���" �+ 7� �� ���.��
 �
�" �! �+�y $�� �+ �`D� '
 W�
S \�
 $�    7��C%
 NZC�
��S �! ��
� ���+ �0�
 ��O! 7+ �+�.  

  
A.H�� �$ �#* +$,' )��� ���� ���(

�+ ��
 +
+ ��O! ��S �<B 7)���!  
121 pCqq ���  

 /	 $� �+��? �! ���+ �S 7<+
$ \���.  
111 )]()()([)(

2
pCsxspspsq ����� ����  

��? �! ���+ ���
� b���" *+�" E�"" \��+.  
)()()()()( 211 sxsPsqsPCs ���� ����  

��S �! b�S g+�<! 7�(+ 7=06 _
���� x�0+ N)��� � �� �'
�	
 ��� j�M) �+. 

  
 b�S23 :��� ���� @�(�� _
������0+�
$ � �S �+ $  

2 -4FJKL ���( Concentration control  
��� �! $
d ���� �$�! 7� ��
 ���;���
� '
 T�� ��� *��! �/04 .  
�C9
    ��CO! b!�CS �C��
� \C�
 � N2   �C�

��
 ���! *��! ���+.  

����� ����     
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#)
 (��O! : &��6 ��O! �/04 �+ ����!C ��
 . $�� 7� �$
� ��9� �	' @�+ ��O! $��� u�0O!  �C! _�A	
 
$ �
�;� .��T�! �D	 5$�� ����D�S [��
� ��; 7� ��S �! �� ���
� \�
 $� . 7� ��S �! �� ��]�+:  

1-��
 ��O! *��! �/04 +
+ �9�B *��! �/04 � �B
���� ��O! bB
� �/04.  
2- $
�=!��
 �+�y ��O! bB
� ��0M! @A6 .! ��� �$�B � *��! ,�."$
 ���� W��" $�� \�
   C� J�$ 7C+ *��

��� �! 5$�� ��$.  �+ ��
 +
+ ��O! ��! E�"" \�
 7+  
1 1 2 2

.
1 1 1 1 2 2 2 2 1 2

1 1 1 1 2 2 2 2

( )

( )

o

M const
o o

o

o o

MC Q C Q C Q Ct
Mc Cm Q c C q Q c C q Q c Cq Q Q Qt

Q c C q Q c C q CqM c c
Q Q

�

� � � � ��
� � � � � � � � � ��

� � � �
� �

�

�

 

&��$� �+� �+ �/04 ���� : N���/04 ���+ �+�y �� �+����      &��$� *��C! �C+� �C��� WC��" �C9�B �/04 
��S �! _�A	
 .�+ ��
+
+ ��! �)�6 \�
 $�:  

1 1 2 2
o

oM
Q

o

C q C q Cq
c c

Q
� �

� ��   

�	 7� ���
� �	�!' �+�y ��S �! 7A�� =M/Q ��
.  
���#"#* F#
��� �� �*�9 FJKL �##M':  �
 7A��	 $� ����D�S [��
�  ���C!   UC	 �C+r (Kg/hr)   �C+�� [;�C�  

(Arrhenius equation).  

0
aE

RTrM kMC k e MC
�

� � 
 7�k0 7<+
$ �+�y N Ea  N[��
� _�A	
 &
+ &q	
 bd
�6T  � \��0� 7+ 5$
6 79$�R  ��!��)�+ �+�y8.3144e-3 

kj mol-1  ��
 &'�� �+�y �� . �? ��S �<B 7)���!�+ ��
 +
+  
1 1 1 1 2 2 2 2 o oQ c C q Q c C q Cq Q c kMc Mc� � � � � � � �  
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2 -5���( ����O �/�> Temperature control  
1 :����O �>�P'  

" N�"$
6 &�;���
� $���� �$
� ��C9� �!� ��=�	
+
+ $� �!��=! �? b+�=! $� �$
�D; 7� ��� �! 5$�� �!� � .
 �+ �"$
6 �!��=!R ��� �! #��" �' 5$�o+ � ��S �! ��
� ���	.  

��  =
6 ��=�	
 &
+ 7�M! &��	 $� ��c"5$C�  
�H  =5$
6 ����" $� ��c"  cal/hr 

 7+ 5$
6 ����"3 ��� �! 5$�� 5$��:  
1-��
�; :�+ ��
 +
+ �? �"$
6 �!��=! � ��� �! 5$�� _�(9
 � 5
�!�9 \�+ �"$
6 ����" \�
:  

kA
XR � 

 �? $� 7�X  @(9 �!�O%)5$
6 ��=�	
 ��9 $�( Nk  C%    �C6
� �C+ �C"$
6 E�Cal/hr.m2.�C/m  �A ��� z
��
 �"$
6 ��
�;.   

2-���A+�9 :�+ ��
 +
+ ����" �!��=! � ��S �! _�A	
 5m��� $� �"$
6 ����" ,�	 \�
  

hAR 1�   
 �? $� 7� ��
h  � �"$
6 ����" E�%A ��
 ���� �+ @(9 K�D" f<�.  

3-*���" :��" �"$
6 ����" �
�" �+ ���4 �! g0<! &� ��CS �! _�A	
 �;'�� $� � �$
� �T�(+ .    7C���
 �C0G 7C+
  �C��+ 
$ #0�O! &�;�!� $� �"$
6 �!��=! N��
 �<B �4 5$
6 79$� E(6 + �����" 5$
6 ����" ��M�!

�$�? ���+ �"$
6 ����" $
��D	 E�S '
 .@	 ��}. 79$� $
��4 ^}�� &�;���M! &
+ &'�� �<B N��
  ���!
��
.  

  
2 :�'���O ��������� %�,9�  

'
 ��"$��G �"$
6 &�;���
�:  
#)
- 5����! ��S u�0O!)&�;'�� �� (_�� ��  
>-�;'�� � 5����! N_�(9
 \�+ 5$
6 ����"  
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�-����D�S &�����
� �� h
�6
 W��" 5$
6 ��)�"  
�-*���" y
 $� 5$
6 ��)�"  
�-7��(���)
 W��" 5$
6 ��)�"  

�;��
 �;'�� � 5����! N_�(9
 \�+ �? ����" �� 5$
6 79$� ���Y" N���!� ����" &�;���
� $� ���� '
 w.  

D
�- )�* Q,K�� Composition control

 b�S $� ���
� \�
 '
 &
 7	�D	10  *��! &��	��9 �? $� 7� ��
 ��S ��
� ���	)'�� �� (^� $� _� � �� &�; 
� �	�S �! u�0O! ��O! ��
 �<���! 5$
6 79$� &
$
� u�0O! .    �C! _�CA	
 ���CA+�9 J�$ 7+ 5$
6 ��=�	


��S .�+ ��
  +
+ ��S 7)���! �"$
6 &q	
   
H=�.Cp.T.Q  

 �? $� 7�H ! 5$
6 U	� �6
� �+ 7)��Cal/Sec  ��  �6
� �+ '�� �� *��! �)�T}kg/m3  �Cp    �C+ �? �IC�� &�!�
 �6
�Cal/kg�C  �T  �? &�!� �6
� �+�C  �Q  �6
� �+ �+�m3/Sec ��
.  

��
 5$
6 79$� ���� w�; ���
� \�
 $� . 5$
6 ��=�	
 U	 ���+ 5$
6 79$� ���� &
+H   �C� ���� 
$
 7<+
$ 7�)3 ( 7+ 
	? 7� �;� �! ���	2 �
� _�A	
 �
�" �! g��:  

#)
- ���� _� '�� �� *��! �+� ��c" W��")�� �� .(� \�
        �C+� C��c" 7C� �C�
 EC���! �C�d� �C��� @�(�
�S��	 @�! �9�B .�� ���.��
 ���+ T�� J�$ '
 5$�o��
 �4 $�.  

>- *��! ��(	 ����)'�� �� (,�DA! �+� \�S
��T	 �+�y � �� 7+ _� .  � �C�
 �+�y �9�B �+� �)�6 \�
 $�
 *��! ��(	 ��c" �+)'�� �� (7)����! 5$
6 $
�=! _� � �� ��S �! ���� ���
� 5$
6 79$� 7A��	 $� �.  

��
 ��S ��
� ���	 �' b�S $� ���� @�(�� &�DS .   ^C� C)��� ��S _�A	
 #)
 J�$ 7+ ���� 7� ��)�6 $�
��S _�A	
 > J�$ 7+ ���� 7��"$�� $� � ��
 �+� )��� ��S �! ���.��
 �+� ��(	 )��� '
.  

 ��@�1-)�* Q,K��:  
 ���
� $�  b�S �"$
610 N2  @A6 7+ �	�O! �$
� *��! ���9V �	�S �! . &�; �+� &
$
� 5����!Q1  �Q2  �

 &�;�!�T1  �T2 ���(; . ��O! $�2          5$�Co+ ��CO! bCB
� u�C0O! &�C!� 7C��$�<+ ��CS u�C0O! @; �+ *��!
 �B
����T0 ��S . ��	 �9�B *��! &�!�T0 ��
 .��(���+ 
$ ���
� b���" *+�".  
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��! ��O! :'
 ��
 5$��G �+ �! m�+ 
$ 5$
6 79$� � ��S �! ��B| ��O! $� 7� 5$
6 n)�B $
�=!  
H=H1+H2-H0  

H1  �H2  &�;�!� �+ 
A! �� '
 ��O! 7+ &��$� &��"$
6 E�"" 7+T1  �T2  � ���(;H0   �C9�B 5$
6 $
�=!
��
 ��O! '
 . 7<+
$ 7+ 79�" �+)3 ( 7)���!)6 (o+ �
�" �! 
$�S�	 �' 5$�.  

  
 7<+
$ '
)9 (   &
$
� &��$� &�C�"$
6 $
�C=! 7+ �9�B 5$
6 79$� ���;� W+$ b���" *+�" 7� ��S �! 7/6]!

 �	�!' �+�y =V/Q0 �$
� �9�B �+� �+ K���! ��(	 � ��O! @A6 �+ @�=�(! ��(	 �	�!' �+�y ���� ��
.  

R-����O �>�P'  
+ 5����! �� �;'�� N�;���
� \�
 $�     &�C0� �$
�C9 gC�� '
 5$
C6 7�0+ �	�S �D	 u�0O! @; �+ 5$
6 ����" &


7)�) ��S �! b=��! T�� *��! �� '�� 7+ �$
� ���9 �? $� '�� �� *��! ^� 7� ���; . b�S $�3  '
 �
� '�C� �� *��! N
� 
$ �$
� $
d 7)�) �	��+ 5$��A! $� 7� &�� '�� �� *��! � ��� �! $��G 7)�) bB
� �C�� �! _ .   5$
C6 $
�C=!

�+ ��
 +
+ 7���� ��=�	
:  
H=k.A.�T  

 �? $� 7�k  � 7)�) �$
�9 ��
�; ��0+�dA  N'�� �� *��! �+ 7)�) K�D" f<��T    �C�
 �? wC� �� &�C!� w]�B
 .
   �
�C" �C! 5$
6 79$� ���� 7A��	 $� � 7)����! 5$
6 $
�=! ���� &
+3      
$ 5$
C6 ��C=�	
 $� y�C! bC!�G

"��D	 @�/� .�� ���.��
 �
�" �! �!� @�/�" &
+ 5$
6 79$� w]�B
 ��	? \�+ '
 7� .  

  
R1-�>0�0 >�$ A��� ��> ���(  

 �S g�� �� '
 �	
�" �! $�� \�
) b�S3-#)
 ( XD� �� �) b�S3-> (��S _�A	
 .    �C+ N�CS '
 ���.�C�
 �)�6 $�

$ �� �+� � ��S "'�+ �S 5$
6 79$� [�
��
      &$
�C=! �C� �CS N�C!� [;�� 5D� $� � �;� �! [�
��
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 �C+�� [�
��
 5$
6 79$� � ��S @� �� *��! �+� �" ��S �! 7�(+ .      7C9$� �C�d� NXCD� '
 ���.�C�
 5$�C� $�
  [;�C� XD� �G� �!� [;�� 5$�� $� � ��S "���' XD� $�� [�
��
 �+ �� *��! �+� �+�� �! [�
��
 5$
6

�! �+� �" 7�����+�� [�
��
 5$
6 79$� � ��S @� �� *�.  

R2-S�> ��= �� A��� ���(  
 7+ �
� '�� �� *��! ����2 ��
 �p� ���!
 J�$:  

#)
 (�)��� �S �+ &��$� �+� @�/�"  
>(�
� *��! �� '�� 5$
6 79$� @�/�"  

��
 �� *��! �+� ���� 7+��! �
� '�� �� *��! �+� ���� .� 5$
6 79$� @�/�"     7C�	? �C0G 7C+ �
� *��C! �� '�
 �
� *��! ��)�" @�(�� &�$ ���+)$�O+ e�� ]Y! (��
 "$
�S� m�D�! ��S _�A	
 ���� bDG.  

  
��@�2-����O �>�P' Heat exchange control

 b�S �"$
6 ���
� $�11  �
� $�O+ '
 �+� �+ 7� ����! ��� _� &
+Q ��
 ���9 $� ��S �! ���.��
.  

  
�!7/.M! � :     ��CS �C�B| &qC	
 UC	 �+ ��
 +
+ &��$� &q	
 U	 ���� ��
 @��6 &q	
 �=+ 7/.M! ��! $�

)5$
6 79$� [�
��
 w� (�9�B &q	
 U	 7��%
 7+ :  

oi qqTMc ���  
�!� ��$� ��!  :�+ ��
 +
+ 7� ��S �! _�A	
 �
� $�O+ W��" �;� �!� :  

Qi=!W  
�<+
$ \�
 $ 7!(Cal/kg) �"$
6 J'$
  � $�O+W   �? �6
� � �
� $�O+ �	'� �+�kg/Sec ��
 .  

�!� ��B ��! :��
 7	�T��
 7/.M! '
 �!� ��B 7<+
$:  
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)( 1TTQcqo �� �  
 �? $� 7��  �6
� �+ ��O! $� $��G ��6 $� *��! �)�T}kg/m3 ��
 .  

	�T��
 �9�B � &��$� &�!� � ��O! x��! ��!��? �! ���+ 7.  

1

1)(

QTcWqqQTcTMc

TTQcWqqTMc

oi

oi

�!�

�!

�����

������
�

�
  

 7)���! K]�m b���" '
 ���!���� ��S �! 7A��	 :  
)()()()( 1 sQTcsWsQTcsMcsT �!� ���  

��
 $
d \�
 '
 ���
� '�+ 7=06 _
���� x�0+. 

QcMcs ��
1

Qc�

  
 b�S12 :5$
6 ����" ���
� '�+ $
�! _
���� x�0+ 

 '
�	���
 _� �+ 7(��=! 79$� ���
� �$
1  ���
� �	�!' �+�y��? �! ���+.  

cpQ
Mc

ss
cpQ
McsT

sT
��

�
�

�
�   1

1

1

1
)(
)(

1
  

&
+  �9�B *��! 5$
6 79$� ����T     @�C/�" �$
� $
Cd �? �C(! $� 7� �)��� �S �+ &��$� �
� $�O+ �+�
��S �! . _
���� x�0+ N@�(�� ^�!���� b+�=!$� �� �'
�	
 ^�!���� ���+ ��D4
 b+�d �� �+  b�CS g+�<!13 
��� �!.   

�!? ���+ �"$
6 ���! �$
�9 ���+ g��G ]!�� �� 7+ ���
� b���" *+�" � ^�!���� 7)���! .    ]!�C� �$
�C9 C�

�S
� @�;
�B �S��	 g��G:  

TMcTTQcW ���� )( 1�!  
  �C"$
6 �!��=! ��	 � ��O! bB
� � W�M! &�!� w]�B
 7+ �$
�9 '
 ��S �$�B 5$
6) g��CG ( C9  �T�C(+ �$
�


�' �$
�:  

  
 7�k  � �$
� �T�(+ �$
�9 Z�9 7+ 7� ��
 ���%d  � �$
�9 �!�O%A ��
 �$
�9 *<=! f<�. 
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QcMcs ��
1

 
 b�S13 :5$
6 ����" ���
� 7�(+ $
�! _
���� x�0+  

T (�0 0 U��O�(���#"#* V� Combustion control

	 � h
�6
 b+�d �
�! \�B��     ��C� _C� &
C+ �? '
 7C� ��� �! 5$
6 ��)�" ����D�S 5m��.	
 � b�� �i�+ ��
�� ���.��
 �
�" �! 5����! �� �;'�� . b�S5 �;� �! ���	 
$ �d
�6
 ���
� ^�.   

  
 7+ 5$
6 ��=�	
 ���
� \�
 $�2      ��.�C�
 ��	�Cd gC�� 7C�	? �0G 7+ �!
 ��S �! _�A	
 *���" � ���A+�9 5$��

�+ ��
 +
+ �"$
6 *���" �
��! ��!��)�+:  
H=".�.A.T4  

 �? $� 7�"  � ����� *���" ���! $��� E�%#       � ���C� _�C(9
 &
C+ ��C!��)�+ *C���" �+�y E�%A   f<C�
��
 *���" .7+  �
�" �+ �����" 5$
6 ����" 7�	? b�)�4     �DC(d N�C�m�+ _� h
C�6
 $� � ��
 E����! �!�

 *���" 5$�o+ 5$
6 ��DG��S �! _�A	
.  
��D	 @�/�" 
$ �B�� $
�=! �
�" �! ���
� \�
 $� 5$
6 ���� &
+ .       ��C(	 bC!�� h
C�6
 &
C+ 7C� �CA	? '


w� @�/�" N�S�+ E���! ���+ 
�; 7+ �B�� ��� ���� ��	 ��	? \�+ ��(	 ���+ � �(�	 ���� �B��.  

> (A���'  
  $�Cd 7)�=	 &�$ 7� &�
�! ��� ^�B � ��� _� &
+ ��	 @�=�(! *���" N@���� b�d �D(d $� 7~	
 + ��]G

���! $��+ ��	 �	$
�) . b�S6 .($
6 79$� 7+ �;� �! 7)�=	 &�$ �
�! 7+ �����" *��! 7� �"$
6 $
�=!  *C��! 5
�$
� w
�
 &�;'�� �����" ��0+�d � .    �$
� �T�C(+ �C�	 7C)�=	 �C�6 �G� 7+ �
�! �����$� 5$
6 $
�=! .  �C�+

��D	 ���� 
$ 7)�=	 &�$ �
�! �����$� &�!� $
�=! �
�" �! 7)�=	 �G� ���� �+ \�
+.  
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H (���= �<��<
� �#
,'  

 7+ 7��(���)
 W��" �!� ��)�"3 �" �! J�$��S _�A	
 �	
.  
�1 (�"$
6 5�.0" :�DG
 �+ J�$ \�
 $��  q��)�V  �C!��=! ^� 7+R      ��CS �C! �C!� �C�)�" .    �"�C.0" �
�C" $
�C=!

P=V2/R ��
 .   [�
�C�
 �? 5$
C6 79$� � ��� ����$� �!� �? '
 ��� $
d �!��=! \�
 5$��A! $� 7� �)���
�+�� �!..  b�S7  

�2(�=)
 �(����c! : J�$ \�
 $�     Z	�C�� �C+ ��C�9 7C� �~�� @�� ��S �! ���.��
 5
�0� ��
� 5$
6 &
+ 7�
��S �! ���~�� �	$
� $
d �? $� 5
�0� 7� &
 7/.M! $�� ��� �! $��G �? '
 &���' . ���9 � Z�'�(�; 5�.0"

��� �! 5
�0� ��S _� E�� ����. b�S8  
�3(�����)
 K�d : \�+ &���' q��)� J�$ \�
 $�2 ��)
��S �! ��A�
 �� . �����)
 K�d \�
 �(! $� 7� &�
�!

�	�S �! �
� �	$
� $
d .�	�� �! >�| �
�! 7� ��
 &$�=+ 5$
6 �
��!.  b�S9  

   
2 -6������� ���( �� ���!
�@

A. ;	#$ �� ��@�MIMO  
�;� �! ���	 
$ �9�B ��} &��$���} @�(�� '
 �)�Y! b�S .+��$ @�/�" �+ @�(�� \�
 $� N5$
6 79$� � �

��S �! ��A�
 ��
���
 &
�; � >? �+ 7	�O0� .    \�!�C" &
C+ � ��CS �! ��	
$ 7/.M! bB
� 7+ \� W��" �� &
�;
��S �! 7��%
 �? 7+ $�O+ �+��$ .       �C+ �C! m�C+ 
$ 7C	�O0� 5$
C6 7C9$� �C����)
 \�!� ^� .   �CS �C��d�!

$�O+�(t) @�(�� &�����$� \�!� 7+ �)�DG
 q��)� � ���(; .��
 7	�O0� 5$
6 79$� � �+��$ @�(�� �9�B .
 b�S8 �;� �! ���	 
$ @�(�� \�
 .�S�	 �
�" �! 7	�T��
 
$ 7	�O0� �+��$ ^�!����.  
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����� ����     

 

2-22

  
 ��
 7�(+
� \�!� &�!� 7+ @; �  

  
�
 5$
6 79$��� \�
 ,�DA! b� 5$
6 79$� 7A��	 $��.  

 
�+ ��
 +
+ @�(�� b� K]�m b���":  

  

  
B.F&9 �#
,' �O�0

   �C�;�} '
 u�C0O! 5$�o+ 7� _�B �.	 � ����� '�� �"��0DG �� 7� ��S �! 7�.� �"�(���" 7+ �.	 ��)�" �6
�
���� �! 
�9 
$ �	�S �! �
O��
 .�'�O! $� h
�6
 '
 &���09 � b=	� bD6 N��� ��B| &
+ &'�� 
�9 \�
 

��
 &$�% ���� �.	 �.  
�$
� $
� '�� 5����! �+ &���' �;��S ��S �! �
O��
 ��;�} '
 7� ��.	 .  &�C�;�} &
+ �.	 7+ '�� ��(	

��
 5��.�! #0�O! .��S �! \���" ��T���!'? $� &�� 7	�D	 '
 ��+ ��(	 \�
 \���".  
 $�C�� N�.	 7+ '�� ��(	 ���+ N�.	 ��)�" �6
� 5�(���" z� &
+      � '�C� � �C.	 �)�CT} N5$
C6 7C9$� N

�S�+ _�0�! ��} �+� Y�
�6 . 7)�) � �;�S N����� 
�9 �'�O! '
 ��
 5$��G �.	 ��)�" �6
� ^� �0�
 &���D(d
���(; �; )��� � �;�� �'
�	
 NW+
$ &�; .��S�+ �� \�
 '
 ����" �� �����)
 �� &��+ ��
 \�D! �;)��� .  

�.	 '
 '�� &'��
�9 ��� �! _�A	
 #0�O! b6
! �� $��� [;�� ^D� 7+ .  '
 �C.	 $��� N���
� \�
 $�
 ��} $���) ���6 '
 W���! $�� 7+900psi (   ��CS �C! ��
� ��C�" .(D"? $��� 7+ .     7C� NbC6
! &C� ��
�$
Cd

 m�D�!3 t� E9�! 706! ^� $� .(D"? $��� 7+ ��} $��� '
 u�(�	
 7� ���	? '
 N��
 706!  �
�(	
 � ���'
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��S �! u�(�	
 bM! $� �.	 b!�6 &
A! b!�� . $
'�+ 7+ �	�S �! _� �.	 $�O+ �+ 7� ���oO! &�;�S 
�B

�
� _�A	
 
$ �)�D�! &�;�S '
 "���' $��� w]�B
 �+ u�(�	
 �
���! 7� �	
 ��S 7%G.  

 '
 7� ��.	3 ���	 $��� �M" 7� �	�O! �$
� ��
 ��� $��G 706!    ��CS �C! �C�
 .C(D"? ^� ^ .  \C�

��
 �.	 ��)�" WB ^� �(! .  �C�	? �9�B 7� �S�+ �.	 ��)�" WB \���} b!�S �	
�" �! �.	 ��)�" �6
� ^�

��S �! ��
�; ��T��m�� �� � [��.	 �� ��B| ��O! 7+ ����! 7)�) W��".  
 b�S 7+ 79�" �+26 �S �! \S�$ N�;� �! ���	 
$ �.	 ��)�" WB ^� 7�  �C��+ 7� ������D� '
 ��� 7� �

��
 ��
 706! ����� 
�9 7+ �.	 �+� N��S ���� . ���9 ���� 7=06)�+� (FRC ��
 �' 
�9
 b!�S:  
1-��
 Z�.�$
 ^� m�D�! 7� �+� �� �'
�	
  
2-�+� �+ E����! ���T�� ��=�	
 ) $��� w]�B
 �� E����!2 Z�.�$
 � ( �!]G �+ 7�$ ��S ��
� ���	 ��
.  
3- m�D�! 7� )���PID $�$��$ �
D; 7+ ��
  
4-�;� �! ��c" 
$ �+� )��� '
 ���T�� ����$� �+ 7� ���� �S .��S ���Y" E���! $
�=! $� �+� 7���M	 7+.  

      WC��" 7C� ��C��� 
�C9 \�C)�
 bB
� $��� 
�' N��S �! _�A	
 �S \�
 $� u�(�	
 �+$��� ��
 706! \�)�

���� 7=06 PRC/1  ��S �! ���� �C�
 �S &��$� $� $��� '
 �D� E"
! 7+ .   ��C���
�9 $� 7C� �"�C�D�   �C;

'
 ��"$��G �	�S �! ���� :*��! f<� � $��� .      �C��� � �C9�B '�C� $
�C=! C��c" ��;���� 
�9 $� $��� ����
��S �! _�A	
 ����� 
�9 '
 �9�B �.	 ���9 ��c" �+ *��! f<�.  

$� �+� &
+   ��C��� 
�C9 '
 '�� � �.	 �+�y � \��! $
�=! N�B
���� W�
S $� \��! $��� ��
 � �+�y &��
��S �! �$�B ��
 706! . b�S 7� $�<	�D;26       *��C! f<C� � $�C�� �C��� &�C; 7=06 '
 ^�; �;� �! ���	

�'
�	
 &
$
� �+� ���� 7=06 7+��! ��B 7+ u�+! �S � $
��� N5�G]<) ��=�	
 N�� ���(;.  
 7� ��
 706! '
 �9�B �.	 � �	�S �! b=��! [�m�� �� � J�� &��0M! 7+ #0�O! b6
! �9�B '��

 706! ����� 
�9 �$
� ��
 ��
� ��� '
 
$ ��B '�� '
 &$
�=! �A	? $�2     7C06! ��C��� 
�C9 7+ �A	? '
 � ��S3 
.(D"? '
 "m�+ ���	
 $��� �M" ��O! $� � 7���� ��=�	
 ��S �! ��B| . ���� ���+ $��� � *��! f<� ��O! $�

��S .   � ��C� �C! &�� �'
�	
 ��
 ��� $��� w]�B
 �� � $���S ,�	 '
 m�D�! 7� &�� �'
�	
 W��" 7��! f<�
 )��� 7+LRC ��S �! ���$
 .  �C�)�" WB 7+ &��$� �+� )��� 7+ �D�=�(! 
$ _'m &��	�!� N*��! f<� )���

 �!�;� �! ��c" ����6
 E(6 + 
	? @�/�" 7<=	 � ����.  
  ��CS �C! ��	
'�� � �$
�	 &��o�d
 �+$�� 
p) ��
 .(D"? '
 "m�+ ���	
 ��O! �9�B '�� $��� .  ��C=�	


��� �! 5$�� $�<d &�; 7)�) �+ \�B�� bM! 7+ '�� . ��
 \�D! 70�S ��O! $� $��� ��
 5$�� $� 7� �A	? '

! ��$� 7+ '
 N��� ��A�
 h
�6
 � ��� |�.	 ��O2  �! ���.��
 ���� �! bDG ��!�D; $�<+ 7� $��� ���� 7=06

��S . ��
 7=06 N��O! $� $��� ��
 5$�� $�PRC   70�CS ��$� *	�! � ���+ �! 
$ \�B�� &
+ '�� �9�B �S
��S �! ��O! 7+ 
�; � . _�� 7=06 ��6 \�
$�PRC � b!�6 7)�) ���� �S      �C! '�C+ 
$ _�C� 7C06! �C9�B '�

��$ m�+ ��O! bB
� $��� �" ��� �! g�$�" ��B| ��O! bB
� 7+ '�� &$
�=! � ���D	 .    m�C+ ��C�	� 7C+ � \�
'
 ��+
��S �! '�+ ��B| ��O! $
 '�� ��B �S � ��$ �! &��G �)�6 7+ *%� $��� \��$.  
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�'
�	
 � �;)��� N�.	 ��)�" �;�6
� $�  �;���	�S �! >�O�	
 &��+ ,�	 '
 .   bC+�d b�)�C+ 7� ��
 �	? '
 \�


 u���6
 '
 $�� �	$
� 7d9 ��)�" ��D�6
 7� ���	���)
 � �����)
 &��;�T��� '
 ���.��
 N5�(���" ���+ ����S

��$ �! /	 7+.  


� ��O! ^� 7+ ��	? 7D; �9�B � ���(; �.	 ��)�" WB \���} &
$
� ��)�" &�;�6
� ��} N�	�S �! �$
  ��CO! �.	 f<� �
��+ �" ��� ���$
 ��)�" u�<B _�D" 7+ _'m ��!� ���+ ��B| ��O! �.	 f<� ���� &
+

�� ���� 
$ ��B| . b�S $� 7� �;�T��� 70��� 7+ N��B| ��O! �.	 f<� )��� $�/�! \�
 &
+26   _�C	 7+
XA ��
 ��S nO�!; &
+ 
$ ��B| ��O! f<� $
�=! N     C; @�C� � ��C� >C% ����! ��G $� ��)�" WB 

��� �! nO�! 
$ �0� ��)�" $� ��)�" WB.  
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C.�#X�' T�� Column distilation
 �	�CS �! 
�9 T���� '
 5��.�! �O�" 5�9$� �+ *��! �� N7	�� �� �<=" �+ $� .      u�C0O! �
�C" �C! ��CY! &
C+

 J�9 79$� �+ ��	�"
83�C   J�9 79$� �+ >? '
 
$100�C �� 
�9 @; '
 .  ]YC! 5$
6 79$� $�92�C   ��	�C"

��
 *��! >? 7��)�6 $� ��
 $�O+ .��� �! 
�9 *��! '
 $�O+ �<=" �+ $�.  

  
��S �! �$
� �? 7+ �+ W�� ^���	 &
 7<=	 '
 u�0O! . �C�� �! ��6 �+ \���� �D� 7+ u�0O! .  �DC(d $�

 �+ \����reboiler �;� �! �!� u�0O! 7+ 7�  �$
� $
d . �! ��6 m�+ w� 7+ � ��S �+ �$
� ��S _� '
 �S�	 $�O+
��� . ���; ���� �+ bB
� $�     �C�
 ��CS 7C���" &'�C�
�9 b��C(" &
+ .      �$
� � ��CS �$�CB �C+ &m�C+ '
 $�CO+

��S �! ��B| �	�O! $� � ��� �! *��! 
	? 7� ����! &$�(	
��� .+     �C+ bCB
� 7C+ $�C(	
��� '
 *��! '
 ��O
reflux ��S �! .��� �! ^�B 
$ �	��! m�+ 7+ 7� �"
$�O+ *��! \�
 .���D	 �! "y�! 
$ &'��
�9 ���
� !
 \�
 .

 $
�=! 7};reflux Z�G + � ��
 '��	 &�D� &�; ���� �
��" 7+ �S�+ ���+.  

D.Y�3 >�,� R�#$Z  
���? $�� ���� _
���� b�S �C;� �! ���	 
$ ��D�� 7	�B$�� ^� $� _�B �
�! > .     gC�� '
 � �0�C� '
 _�CB �
�C!

 $�"�! W��" 7� 7~�$�M1 �	��$ �! 7)�=	 7D(" &�$ ��S �! ����. $�"�! 
$ 7D(" �G�M2 ��� �! @�/�" .
�	�S �! ����� 
�9 �$
� +m�+ g�� '
 � >���? '
 Z� �
�! .  �C9 �C�$ '
 �S$� �
�! �A��
 $�  ��C� �C! 
 .  �
�C!

��� �! + >���? 7+ T�� $�+ �S$� .��
 _'m >���? [O+ ���%$ $�� &
+:  
#)
: ���6 $� >���? 7+ &��$� �
�! �'� �
��!1ton/min ��S 7�S
� 7T	 �+�y.  
>: '
 >���? $� �
�! �'�10ton ���	 '��A".  

 >���? �" �0�� 70���10m7)�=	 7D(" &��G �G� N1m/s!' �+�y N 7~�$� �	�M1  +
+40s  7C� _'m ��!' 5�! N
 ��+ ����� 
�9 &��$� 7+ >���? �9�B '
 �
�!2min  ��C��� 
�9 '
 �S$� �
�! ����$ &
+ _'m ��!' 5�! N
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 >���? &��$� 7+3min     WC���! $�C<+ ��C��� 
�9 7+ &��$� �
�! b� 7+ �S$� �
�! �	'� ��(	 �%40  �C�
 .
  >���? �+A" �	�!' 7oO�!��
 ��!? �' &��0�S $� ����� 
�9 � ��D��  
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s
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1
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>= 9.5

cct
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PID
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2 -7>�,9 ;	#$  Rolling Mill  
��S �! ���� &'�� ^���]� � p4�� N�9�(	 N_����D)? N�m�� *���� $� �;���
� \�
 .   7C� ���C��<04 W��" �$�	

��S �! _�A	
 ��� �! $
d ��	? \�+ ��	�S �$�	 ���! .�! &���<04 �$�	 ���
� ; $�  ��' �� 7C��$
� ��9� &���
�	$
� ��D;
 ��	? '
 .���	
$ &���<04 _�	 7+ T�� ��' � ��	�� &���<04 _��+ ��' ^� .   7C+ [C=	 ���	
$ &���<04

    [C� 7C+ CA�! 7A��	 $� 7� �	$
� ����+ 
$ ���! \�S
��T	 7.�l� ��	�� &���<04 � ��	�S �$�	 ���! ��	
$ �09
��� �! h$� \����.  

 �$�	 $���
 �$�	 ����
 70�(! ��	? ���� 7� ���(; z<! ��	�S �$�	 & �; 7d$� [�� � �!�O% b!�G ��.  

  
2 -7 -1���K� >�,9 �> F���� ���(  

��
 /	 �! �!�O% ���� 5
�0� �$�	 $� .��S _�A	
 �� �� _� 5$�o+ ��
 \�D! �$�	 .    C+ �C0� _C� �$�	 $�
 &�!� �" �$�� $� ,�	 E(6600-1200�C  5$
6�	�� �! $
d �$�	 �M" Z`� �	�S �! _� � ���� .  �$�C	 $�

��S �! ��
� $
d �$�	 �M" ��S _� ���+ �0� ��.  
 7�)�
 �!�O% *+�" �9�B h$� �!�O%H1 �0� ��O� N%  70��� � &$�+ �+ ^<04 �� \�+s  �C�
 .   7C<+
$ �C�d�

��? �! ���+ �' ��!� ��S �<B.  
11212 ),,( hshHsfH hs �%��% % �����

  (10)
 

 �!�O% ���� &
+s  &$�+ �+ 70���@�/�" ��S �! .    N��CS �C! ��C�~�� &
 7	
���
 $�� &��)�" h$� 7� �A	? '

��S ���� ���+ ��	 h$� [��. 

 7� �$
� ��9� �!�O% ��c" '
 �S�	 &��	 �$�	 ���
� $�  

21 HHCF �� %  
 �? $� 7�C  � N�+�y $
�=!%��
 �0� ��O� .+ �0� ��O��$
� �T�(+ �? 5$
6 79$� � Z�9 7 .   7C9$� 7C} ;

��
 �D� ��O� �S�+ ���+ 5$
6 .7� �$
� ��9� �$�	 ��T��� '
 �)�DG
 &��	 T�� w� '
  
)( 2 SHMF ��  

 7<+
$ \�
 $� ��
M ��
 �$�	 ��T��� ���! .     N�CS�+ C" �OC� �$�C	 ��T��� �"$��G 7+ �� � ��$�+ ���! 7} ;
��	��+ �;
�B ���+ �$�	 & .��? �! ���+ �9�B �!�O% 7<+
$ �� \�
 ����" '
.  

212 )( HHCSHMF ���� %  

����� ����     
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��? �! ���+ 7<+
$ \�
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 �<B ��! &�;�!
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 7<+
$ '
)10 ( ��} � ��
 ^�!���� ���+ �$�	 ���
� 7� ��S �! 7/6]!S  7+���! ���� @�(�� 70���    b+�d
���(; ���
� + y�! &��)]�B
  &��$� �!�O% � 7�<d ��O� � ���� ���T�� ���<04 70��� ��
 @�/�".  

D
� ( �����5�K� ��$ �\�  
 ��O� 7��"$�� $�7�<d %  ���<04 &$�+ �+ 70��� �S  �9�B �!�O% N�S�+H2 ��
 . 7+ 7�<d ��O� �
 ��6

%* � ��c" &$�+ �+ 70��� ��D; &
'
 7+ �+�S �!�O% $
�=! NH2* ��S �! .  &$�C+ �+ 70��� �!�O% ���Y" &
+
 7+ ���+ 
$S* �
� [;�� . ��c" �+ ��O� ��c" �
�9 7���
 7A��	s ��
 �p� ���!
  

  

  
R ( �����5���� �� �K��� �\�  

 ���' ��	? \�+ 7�<d \���$ 
d y
 $� ^<04 �� \�+ 70�����S �! .�$
� �T�(+ �$�	 &��	 7+ 70��� [�
��
 \�
 . 
 ��	�S �$�	 7�<d �9�B �!�O%H2  7<+
$ g��)1 ( 7�<d  &��$� �!�O% �+H1    � �$
� �T�C(+ �$�C	 &��	 �
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 7<+
$ g�� �$�	 &��	)2 (�$
� �T�(+ �$�	 ��T��� ���! 7+ .  7CoO�! �d]" '
 7�<d �9�B �!�O% 7A��	 $�
 � 7�<d &�;��? �! ���+ �$�	 ��T��� . b�S4 �;� �! ���	 7�<d �9�B &���<04 + 
$ &$�+ �+ 70��� y
.  

 
 b�S '
4  &��$� �!�O% �+ &
 7�<d &
+ ��S �! 7/6]!H1      �C��<04 &$�C+ �C+ 70C��� 7��"$�� $�S   �CS�+

 �9�B 7�<d �!�O%H2  7+ ���<04 &$�+ �+ 70��� �
 � ��
S*  �!�O% �+�� [;��    7C+ �C9�B 7C�<dH2* 
�+�� �! b�0=" . �$�	 &��	 7��)
F  7+F* �+�� �! [�
��
 .      �!�OC% �C��� &
C+ �C�� 7CA��	 �
���! \�
 +��+

�� @�/�" 
$ ���<04 70��� ���+ 7�<d �9�B.  
T (�\��>0�0 F����:  ��O� �� �+%  &$�+ �+ 70��� �S 7+ &�$�� �!�O% �
 NH1*    �!�OC% N�C+�� ��c"
B 7+ �9�H2* ��$ �! . N�9�B �!�O% ���Y" &
+S  7+S*  �!�O% �" ��S �! ��
� ��c""��� ���Y.  

 ���<04 7��	�S �! �
� N���� �! �$�	 
$ �0� � �	'�� �! �6]<�
 �	�T	 ^�B �
 .  &�$ �C�9 \��+ �C�	?  >?
�	�S ^�B �" ��S �! ���S�� .bM! $� \�
+��+N  5$
6 79$� � �
� $�O+ �� �'
�	
 Eo	 �'�9
 7� �$
� ��9� m�+

�;��D	 
$ �!�O% . &�� �'
�	
 bDG $��9
 7+2  �"3    �B�C" 7C� ��S �! _�A	
 ���<04 '
 "$�� &�! =L/V  $�
 ��� �! ��A�
 &�� �'
�	
) b�S7.(  
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2 -7 -2 )�<� ���( ;	#$ F#P@' ����S          Position control  
 �$�S
 �$�	 �D(d $�     ��CS @�C/�" �C��+ �C��<04 \�C+ 70��� N �9�B �!�O% ���Y" &
+ 7� �S .   7C+ \�
+�C�+

��
 '��	 ���! ���� @�(�� .   �$
� @�C(�� ��C�! �C��� ��
��! &��D�(�� '
 ���-  �$�C	��)Ward Leonard 
��
 ��S ��
� ���	 b�S $� 7� ��
.    �CB} �C! &$�C"�! W��" �+�y �G� �+ $�"
	q @�(�� \�
 $�.   ��C�9

 �+ ��
 +
+ $�"
	q ^�M"  

sLRsV
sI

fff

f

�
�

1
)(
)(  

  $�"
	q �.S �G� � ^�M" ���9 �+ E����! $�"
	q ���=)
 q��)� ��� '
)�+�y (��
  
)()( sIKsV fgg �  

 �+ ��
 +
+ ~�!$? ���9  
])[()()( sLRsisVsV aamg ���  

 ��� '
 �+ E����! 7�M! �% q��)� J�� �G��S�	 �
�" �! 7A��	 $� ��
 $�"�!  
)()( sKsV mm ��  

 $����� ��}xM! �S�	 �
�" �! ��
 ~�!$? ���9 �+ E����!  
)()( sIKsT am �  
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 �.S &�$ ����
 �?J  �? x��<�
 �B  �
$�� �G� 7<+
$ N�S�+(�) ��? �! ���+.  

  

JsBsT
s

m

f

�
�

1
)(
)(�  

� \�
 _
���� x�0+ b�S�;� �! ���	 
$ @�(�.  b�S g+�<! �G� ���� &
+ @�(�� \�
 '
11   �
�C" �! ��	
�� ���.��
 .  

\�
 $� �$ \�
 '
 N�(�	 �$�+ ���� �6 7+ )��� �9�B �
�"  �! 5$�� ���!�������)
 ���=" �? &�$ @�(��
 �
�" � q��)� �" ���Vg ��? ���+.  �����)
 �	�!' &���+�yLa/Ra  �Lf/Rf  ���	��! �	�!' �+�y 7+ ��(	J/B 

���(; ��D4
 b+�d � ^}�� . 79$� ]DG ���! ���� @�(�� 7A��	 $�2  �G� ���� @�(�� �� 79$1 ��
.  

  

�
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2 -7 -3>�,9 �> V�( ���(   Tension control  

�$
� &���' ��D;
 �$�	 ���
� $� [�� ���� .��S �! E9�! [�� ���Y" _�G:  
1 :���]� �$�! $�     ,�C%�! \C�
 � ��C� �C! �; 7d$� ��S ����� �� ��S bS E�� �? ��Y!
 � p4�� N7}$�� N^

�'�� �! b��! 
	? ��' e	$ � h$� &�$ ��}.  
2 :��� �! �? ��S f<(! �	 � ��9�G
 E�� 5
�0� �$�! $�.  

D
� (�� �]�0 �> V�(  
��S ���Y" ���+ [�� N�$�	 �9�B &�; 7d$� ���	 �$�� �� bS &
+ .
      ����C� � �C+�y �GC� �C+ �C��<04 �

��? �! ���+ �B
���� [�� N���� J��.  
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' FC  Flow control calculation 
' PIC Pressure measurement indicated (displayed) for the operating personnel and used in 

control calculation 
' LAH Level measurement used for signalling an alarm when the level exceeds a high 

limit 
' TS  Temperature measurement used to open/close a switch that could shut down plant 

operation on a dangerous condition 
' AC  Analyzer control calculation; the specific analysis is usually indicated just outside 

the bubble (e.g., p for density) 
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5. 7� �	�O! �/04 ^�!���� �+� �+ ����!Q(m3/sec)  �/04 �C1(Kg/m3)  �$
� �?  ��CS �C!  ��C(���+ 
$. 
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 7� ��O! *��! ,�."$
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	? ��0DG  
>(���� nO�! 
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+ 7��+! $�(�� ����(; ���� b+�d ^+��� �+ �' &�;�c�! ��? . 7�0� ^�; &
+

���� ���+ 
$ f9! J�$ Z`� ��(���+ 
$ �$
�!.  
a. T4, reactor feed temperature  b.. T1, feed temperature 
c.. F3, reactor effluent flow  d. L1, reactor liquid level 
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 �' 
�9
 &
$
� ��� u�0O! �+ �!� ��.�	
 @�(�� ^�: (* *��! @A6 �+ �	�O!V   �CB
���� ���0O! &
$
�
 5$
6 79$� �+T  �I�� &�!�C  v�oO! �'� ��  (*  �C+ &��$� �� "�C���!  �C+ �   &�C; �C+�Q1  �Q2   7C9$� �

 &��"$
6T1  �T2 &�; �I�� &�!� � C1 � C2 �'� �  &����oO!�1  ��2 .  
#)
:��(���+ 
$ ���
� b�(	
.�� 7)���! �S�+ ��S g��G ]!�� 7/.M! �$
�9 �
  
>: 5$
6 79$� �
�" �! 7	�T}T �� ���� 
$  
� :S�+ ���	 g��G >�B �$
�9 �
� 5$
6 79$� 7+ �$�B W�M! 7+ 
$ ��B 5$
6 '
 &$
�=! u�0O! �T3   �C;�+

	
.�� 7)���!��(���+ 
$ ���9 b�( . x��! f<�! W�M! �+ 7<.MA  �$
�9 ��
�; E�% �K ��
 . �+�y 7<+
$
	�T} �0�d �)�6 �+ �)�6 \�
 �	�!'7 ���
  

7. ��$�? ���+ 
	? ��! � ������� [�� &�� �'
�	
 &
+ ���	��! @�(��.  
8. $�"�! �' b�S @�(�� $�M  �dd $�� 7+ ��S �$�	 '
 Z� 
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sim1-1 : b���! *��! @�(�� ^� '
2    �C�
 ��CS ��
� ��C�	 b�S $� ^	�" .    *C<=! f<C� ��
 ^C	�" $�5m2 N
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 *��! �9�B0.5m3/min ��
 . ^	�" �� ; '
 *��! ��Blaminar  �C�
 .    &��$� *��C! �C+� C�
0.1m3/min 
� ��c" ^	�" $� *��! ,�."$
 N��2 ���� @�$ 
$) .���� ���.��
 ��	
�" �! �' 7!�	+'
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function sim1_1
close all; clear all
tspan=[0:.1:80];   a1=4;   a2=1; 
init=[0 0]; 
[T,Y]=ode45(@dynamic,tspan,init); 
function dhdt=dynamic(t,x)
dhdt=[(1/c1)*(1-(x(1)-x(2))/R1);…. 
            (1/c2)*((x(1)-x(2))/R1-x(2)/R2)]; 
end
plot(T,Y(:,2)) 
hold on
plot(T,Y(:,1),'r.')
legend('Tank 2 A=1','Tank 1 A=4'); xlabel('Time'); ylabel('Height');
end
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#)
 (��� �! K�D! $
��D	 7+ �<B .  �C=�=6 $�M! �+ �? *��=" bM!Tar = L + T      �C+ �? *��C=" bCM! �

 N&��DG $�M!s(0)=-k(L+T) ��
 . 7A��	 $�k=-s(0)/Tar  
>( \���" &
+L  �T  ]Y! $
��D	 '
 &
 7<=	s(L+T) ��S �! ��
� h�� 70� t��� 7<+
$ $�.  

 
 7A��	 $�T  

  
 ��d���!�L=Tar-T ��? �! ���+.  
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L �S�+ 7�S
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�=! �
�" �! N����	 $
�=! 7+ ��	�! ��$� ��} � ,�S \�+ ��!'.  
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 ���+ @�(�� E�=" &
+�	�S \���" �' &�;�!
$��.  
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. ��S �! ��' E�=" 7	�T��
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+ �C+�y   &�C��	�!'
)��S ��' E�="(  ^}�� 7+ �$�+ '
 E"! �!�	�S  ����τ10>τ20 �S�+ . ��T	?   7C9$� @�(�� �+ E�="1 

 $
� �B�"FOPTD  7	�T��
��+��? �! �.  
•�"�&.� %!� �#��$ �,�M = �#��$ �,�M 
��(� +��� X(� �#��$ �,�M ZS#.  
•&�I�� = X(� �#��$ �,�M ZS# +���� �#��$ �,�M ��.,   

  

  
) ��S ��' �)���A�� E�=" 7��"$�� $�h ���� N 7	�D	��S �! j�M) 7<+
$ $� ��	 &$
�+( . 70D9Tinv  u�+!

��
 ��
$ �D� &�;.� 7+.  
 79$� @�(�� �+ 
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 N@�	�+ E�=" @�;
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 %��&65 : ��&.� �bB �&b*  (  ��Tcd ���   

  ��C(���+ EC�"" 7+ X} 7+ ��
$ '
 ^}�� 7+ �$�+ '
 
$ ���<d �	�!' �+�y 
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 .    ��CB �C��
� 7��"$�C� $�
�? &
+ ��
 �B�" &
$
�  �	�!' �+�y �+ �B�" ����! E<dθ0     �C��<d \�C+ EC���! ���d�! $� 7��� /	 $�

��;� &�9 .�	�!' �+�y \���$�+ �+ .� Z`� T ��;� &�9 ��B 7��+! ���d�! $� 
$.  
 

 �)�61:  �D� ^���	 E<d �+ .� �!�DG ��
$  �? $� 7��' b�S ��	�! ��S �! ��' E�=" .�T  E<d �
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d \�
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 E�="  W+
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�=!half rule   EC<d \��� /	 $� ���+ ��! &
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��S ��' E�=" �;.� T�� &
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3-7�����; 8�9�� ��99? %!�  
��T�� 7��{�A	? '
�  ����u  �9�B �y  $� 5��C��M! &
+ � �	�S �! ��B| �)���A�� &��;�T��� W��" 

 7� b�| J�$ '
 �
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 @�C(�� ��! E�=" &
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! 
$ E�
% ��!� �)�6 \�
 $�� �S _�A	
 7~	? 7+� ���+�$�? ���+.  

 J�$ K��
 + @�(�� $���$ 7�((� E�=" T�� �
$Least Squares ��
 . J�$ \�
 $�  &
C+ 7�((� �)�!
���(�	 nO�! �? &�;�!
$�� 7� ��S �! 7��� /	 $� @�(��.  

  
 &��$� �0�
 @�(�� 7+u(kh)  �9�B � 7��� ��DG
y(kh) ��
 �! ���+ .&��$� 7	�D	 �.9 ;-  �C9�B

��S �! �$
� ��! $� .   ���C(; �? 5m�C�A! ��C! &�;�!
$�� 7� �S
� @�;
�B ����! &�
��" ����	 $� . $�
 @��$�T)
LS  $���! �<B 5��+! ,�DA!��S bd
�6 ���+ 7� ��S �! 7�S�	 . �<B $���! �! #��" �' 5$�o+

���.  
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)()()( ΦΘ−ΦΘ−==Θ YYEEV TT  

( ) Y
d

dV TT ΦΦΦ=Θ�=
Θ
Θ −10)( 

Θ ��? �! ���+ �;�!
$�� &
+ 7� ��
 &
 7���+ $
�=! $
�+ .  
 ��	 ����'�+ J�$ 7+ 70�(! \�
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 �p� ���!
 .��S �! 7�S�	 �' W+
�$ !
 \�
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 7!�	+MATLAB &
+ ��
 7	�T��
 W+
�$ \�
 \�S�	.  

teta=zeros(2*n,1); l=length(y); P=100*eye(2*n); 
for k=n+1:l 
 phi=[-y(k-1),……..,-y(k-n),u(k-1,……,u(k-n)]'; 
%estimation error 
 e=y(k)-phi'*teta; 
%estimate of P 
 P=P-(P*phi*phi'*P)/(1+phi'*P*phi) 
%parameter update 
 teta=teta+P*phi*e; 
end

3-8 g,���������� 8�9�� 	� MATLAB  
 $
�=! � ��
 �B�" &
$
� 7� �D�(�� $�n  �C;� �D" >
�9 >�B �0�d @��$�T)
 N�(�	 _�0�!.      \�CDO" ��C��+ &
C+

@�(��N MATLAB  ��+��! 7!�	+�	 7+ _pem  7� �$
���� �! 7{
$
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� �B�" &��D�(�� &
+ &��+ E�="..  

Z��(8�9�� Z�&)�  
���T+ /	 $� 
$ �' @�(�� ��  
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 $� @�(�� #��" ��D�! J�$MATLAB  5
$���� '
 ���.��
rf Nzpk ��
 �? 7+��! �.  
G1=zpk([],-ones(1,8),1);

�B�" @�(�� ���! &
+  �C� ���.��
 �
�" �! �? '
 7� �$
� ��9� &" ���� J�$ $
� .    &
C+ $��C�� \C�

��
 �' b�S 7+ &��D�(��  

%                                                 1 + Tz*s 
%   P(s) = Kp * exp(-Td*s) * ------------------------ 
%                                         s(1 +  Tp1*s)(1 + Tp2*s) 

 �? $� 7�  ��+K �B�" NTd N.� ^� N2  
��! $� E<d ^� � E<d��
 ��S j�M) .  �C�A	' W��" �+�O�	
 ��!
��S �! _�A	
 w�6 . ]�!"P1D"  ��+ b!�S ��
 �)�!K �B�" �+ �
D; E<d ^� . ��! �0� �)�6 $�"P2DIZ" 

�+ ��	�� + $� 7� ��
 N�2 ��
 .� � �
T�	
 N�B�" NE<d .��
 7	�T��
 �'�� �! 
$ @�(�� \�
 7� &$����.  
G2 = idproc('p1d','Kp',2,'Tp1',1.5,'Td',3); 
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\(8�9�� �&>�  
   5
$��C�� '
 �
�C" �! @�(�� �9�B ��$�? ���+ &
+step Nimpulse    �C� ���.�C�
 �? 7+�C�! � .  &
C+

 5
$���� '
 v�B &��$�sim  �lsim ��S �! ���.��
 .��
 7	�T��
 5
$���� \�
 '
 ���.��
.  
 70� t���G2  step(G2)

��S #��" ���+ &��$� 
��+
 Nv�B &�����$� &
+ .     �$
� ���T�C� ,�C	 7C+ �T�C(+ #C��" ��M	 .   &
C+ ]YC!
�S�	 �
�" �! &���	 70� &��$�.  

t=0:0.4:60;
in=1+0.1*randn(1,length(t))'; 

	 ��� 7��%
��O+ �! ����+ 
$ @�(�� ������S $�� &��$� 7+ ���.  
 ��	�! 7� �D�(�� &
+ @�(�� �9�BG1  $���� �+ ��
 ��S #��"lsim ��? �! ���+.   

out=lsim(G1,in,t,[],'foh');

 '
 $�/�!"foh"    ��C��A�� 7C+ x�)�	? b���" W�
�First Order Hold  �C�
 .   '
 �? &�C9 7C+"zoh"  
Zero Order Hold �� ���.��
 �
�" �! ��	.  

  ��	�! 7� ����	? 70D9 '
 ��D�(�� _�D" &
+G2   $��C�� '
 �	
 ��S #��"sim     ���.�C�
 �
�C" �C!
�� . $���� '
 ���.��
 �+ 
p) ��p� �D	 �(�"�! &��$� $���� \�
iddata   EC���! �!� 7+ &��$�

��S �! ��	
�� +.  
Ts=0.4; in2=iddata([],in,Ts); out2=sim(G2,in2);

h(8�9�� �������  
��� �! ������S �9�B � &��$� K��
 + �' 5
$���� �+ @�(��.  

out1 = iddata(out,in,Ts); 
G3 = pem(out1,'p1d','Td',{'max',10});

pem �$
� &���' ��0+�d .     ��C! 7C� �C�
 ��CS 7��
�B �A��
 $�"P1D"     �C9�B � &��$� 5�CG]�
 &
C+
��� ������S . ��G �A��
 $� 7� ��S ��
� @��$�T)
 7+ &$�/�	
 �B�" #=� ���+ @��$�T)
 ��+ �� $�� &
+10 

��
 ��S 7��� /	 $�.  
 @�(�� ������S &
+G1 ���� 
9
 
$ �' 7!�	+ ��
 ����.  

clear all
%&��$� ���T�� 

Ts=0.4;    t=0:Ts:60; in=1+0.1*randn(1,length(t))';
%�9�B ���T�� 

G1=zpk([],-ones(1,8),1); out=lsim(G1,in,t,[],'foh');
%������S 

inout = iddata(out,in,Ts);  G3 = pem(inout,'p1d','Td',{'max',10});
% �0�
 @�(�� \�+ ��0DG 7(��=!G1  ��S ������S  �G3  ��! �? &
+ 7�P1D ��
 ��S j�M).  

in0=iddata([],in,Ts);  out3=sim(G3,in0); 
plot(t,[out,out3.outputdata]); step(G1,G3) 
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�;� �! ���	 
$ &'�� 7��S 7A��	 b�S.  

clear all
Ts=0.4;   t=0:Ts:60; in=1+0.1*randn(1,length(t))';
in0=iddata([],in,Ts); G2 = idproc('p1d','Kp',2,'Tp1',1.5,'Td',3);
out=sim(G2,in0);  inout=[out,in0]; inout.InterSample = 'zoh';
G3 = pem(inout,'p1d','Td',{'max',10});
out3=sim(G3,in0); plot(t,[out.outputdata,out3.outputdata])
step(G2,G3)

�;� �! ���	 
$ &'�� 7��S 7A��	 b�S.  

 7O(	 ���+ ����S? &
+PDF   7!�	+iddemopr  '
MATLAB System identification Toolbox   
$
���� 
9
 
	? � 7/6]!. MATLAB  &
$
�7!�	+    �C�0+�d �C+ &
GUI   �C�
     @�C(�� ���C���S ��C�!
 7C�

�$�? �! @;
� 
$ ����
� 5$�o+ . $���� �+ 
$ 7!�	+ \�
  
ident

 
9
��S �! .��
 $
d \�
 '
 �? �+ $�� ��M	.  
1(�9�B � &��$� ���� ��)�" 
$ /	 �$�! .  5$�Co+ 7� �;�T���!'? &��)��T�� '
 ��	
�" �! $�/�! \�
 &
+

��Y! &
+ N��$�? ���+ &'�� 7��S �+ 
$ �9�B � &��$� 7���
 �� � ���� ���.��
 ��$�? �! ���+ �0DG:  
Ts=0.4; t=0:Ts:60; in=1+0.1*randn(1,length(t))';
G1=zpk([],-ones(1,8),1); out=lsim(G1,in,t,[],'foh')

2( 7!�	+ident  � 
9
 
$in Nout  �Ts  �? 7+ 
$import ����.  
import data>time domain data>{input=in, output=out, sampling time=Ts, data 
name=mydata}>import

 �+ �9�B � &��$� �
iddata  &
+ N��S�+ ��S 7�B��import   '
import>data object ���� ���.��
.  
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3(my data  '
 
$data views  7+working data  �validation data  5$�o+drag ���� b=��! . $�+ $�� \�

��S �! _�A	
 $�� ��B 5$�o+ ��
.  

4  (Time plot  ���� ^�0� 
$�����+ 
$ �9�B� &��$� �".  
5( &
+ ��!������S 	
 
$ \�DO" � >�O�	
 
$A��;� _�.  ��! �A��
 $�P1D ��
 ��S >�O�	
.  

estimate>process model>{click delay, 1 pole, Td bound=10}>estimate 
6 (model output  ���� ^�0� 
$�����+ 
$ ��S ��' \�DO" � �0�
 �9�B �".  
7( �+ 
	? ��! $���$ ��;��! &
+drag  7+LTI viewer  ���� b=��! . ��
$ ^�0� �+ �? &�$ ��! 5�oO�!

�����+ 
$.  
8( �+ 
$ ��	? ��	
�" �! ��� x�� &
+drag  7+trash ���� b=��!.  

��Y! : @�(�� &
+
( )10

110

1
)(

+
=

s
sG  $���� �+pem  ��!4 ��	�+ E�=" &�!
$��.  

���� 
9
 
$ �' 7!�	+ E�=" &
+ .  
clear all
Ts=0.05;%0.05(L+T)=0.05*(0.15+0.85)=0.05
t=0:Ts:4;
in=1+0.4*randn(1,length(t))';

��
 &$�% E�=" ����+ &
+ ���	 �����
.  
in0=iddata([],in,Ts);
G1=zpk([],-ones(1,10)*10,10e9);
out=lsim(G1,in,t,[],'zoh');
out1 = iddata(out,in,Ts); 
G3 = pem(out1,'p2d','Td',{'max',1});
out3=sim(G3,in0);
figure(1);plot(t,[out,out3.outputdata])
figure(2);step(G1,G3) 

72���  
1. @�(�� 70� t��� b�S

( )10
110

1
)(

+
=

s
sG �;� �! ���	 
$ .     $
� �B�C" &��)�C! �? &
C+3   &�!
$�C�

 79$�1 N3  79$� &�!
$��2  ��	�+ E�=" 

  
Sim3-1 : &����=" � �0�
 @�(�� 70� t���3  79$� &�!
$��1 N3  79$� &�!
$��2 ��$�? ���+ 7�  ��
 �

4 &�!
$�� �+ 7�ident ��  $����pem  ��$�? �! ���+���� @�$ b�S ^� &�$ 
$.  
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���� ���.��
 ��	
�" �! �' 5
$���� '
 [��D	 &
+.  
G0=zpk([],-ones(1,10)*10,10e9);% main system 
G1 = idproc('p1d','Kp',?,'Tp1',?,'Td',?);%FOPTD
G2 = idproc('p2d','Kp',?,'Tp1',?,'Tp2',?,'Td',?);%SOPTD  �	+
+ �	�!' �+�y  �� ;
G3 = idproc('p2d','Kp',?,'Tp1',?,'Tp2',?,'Td',?);%4 parameter model 
step(G0,G1,G2,G3)

2. 5$
6 79$� $� &
 ���9 ����!� ^�75F  5�! 7+ 7� �$
�$
d h�"
1  \4�$ wl $� 7�	�y350F  $
d
��� �! $
d W�M! &�!� $� 
��A! Z`� � ��T�! . '
 ��+5   7C9$� \4�$ wl '
 ��S �$�B '
 7�	�y

 �? 5$
6100F ��
 . 
�; $� �!� ��=�	
 E�%1/4 ��
 \4�$ .   7C+ \C4�$ $� �!� ��=�	
 �	�!' �+�y
��� \���" 
$ �!�!"� . 

3. �()�� t��� � �6
� 70� t��� ��0�S0.01  @�(�� 7�	�y
( )3

110

1
)(

+
=

ss
sG   �? &
C+ N�C;� �! ���	 
$

 ��!3  79$� &�!
$��1 ��	�+ E�=" .  

     
4. 79$� $
��B�" @�(�� 7+ ������M! b�)�1  �+ �()��

��
 ����� ��DG
  �6
� 7�!
� . �9�B t��� b�S
�;� �! ���	 
$ .�!  �)�CDG
 Z)�� �G � @�(�� �

���� \���" 
$.  
  

5.  ��CS ��
� ���	 b�S $� �D�(�� �6
� 70� t���
�CCC�
 . $
�CCC=!K=2.5 NTp=1secNa=1  �d=.5 

��
 .��	�+ E�=" b���" *+�" @�(�� \�
 &
+.  
6. �' &��D�(�� &
+  

( )1)(110)(150
)17(5

)(
2
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sss
es

sG
s
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)(
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es

sG
s

   

 ��!FOPTD ��	�+ E�="  
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7.��(���+ �)���A�� ����! �? &
+ � \���" 
$ &$
�+ 7	�D	 Z	��d �' @�(�� &
+.  

( ))15
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+
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s
e

sG
s  

8. 79$� @�(�� b���" *+�"1  ����	 $
�=! �+5     
$ �C�
 ��CS ��
� ��C�	 �? �6
� 70� t��� '
 ��O+ 7�
���� \���". 

  
2 3 4 5 6 7
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Time 
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4
 &�&��������;  PID

  

��� 5$�� �	
�" �! ^�"�!�"
 � ���� �)�6 �� 7+ ���� .�;� �! ���	 
$ ^�"�!�"
 ���� @�(�� b�S.

  
     &�C;)��� '
 ��CS �C! ��
� f�9C" �$
�! Y�
 $� �!
 �S�+ E���! b���" *+�" ; �	
�" �!  )��� z� \�
 $�

\�
 ��S ���.��
 ^��]�  '
 ��"$��G �;)��� )���P NPI NPD  �PID7� @�'
�� �! ��	? zS 7+.

4-1 &�&��� �/B�PID

A. &�&��������� P    Proportional control  
 E����! )��� b���" *+�"Gc(s)=K ��
 .�;� �! ���	 
$ E����! )��� �+ �D�(�� 7�(+ 7=06 b�S.

1+s
k

τ

 5$��G 7�(+ 7=06 b���" *+�"'
 ��
:

         
)��� ��DG
 7A��	 $�  

1.�+ �	�!' �+�y  [�
��
k  ��S �! @�  
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2. $���	�! &�<B [�
��
  �+ ��	k �+�� �! [;��

  

  
3. [�
��
k  m�+ 79$� &�; @�(�� $� ��
 \�D!��S ����	 7+ A�! .
4. \���� � m�+ �6 � ��+ �+ m�D�! E����! )���)��� �9�B ��� �! #��" .                 _C" �C+ �C�	 �? �C�+ E04


proportional band(Pb) ��S �! ���+ .PB   C)��� $���$ �? $� 7� ��
 '�A! &��$� ����M! '
 &�� $�
��
 �<B .��"$
 T���� �+ 7	�T��
 E����! )��� ���=!�	$
� u.  

umax-umin=KPb 

�!�DG umax-umin=%100  
p) N��S �! ��  
K=100/Pb  

 ��+ �
 ��Y! &
+2  N�S�+PB=%50 ��
 .   �C��� ���T�C� ���� ��� �! bDG &
 7/M) $�<+ E����! )���
��
 7/M) ��D; $� �<B ���T�� �+ E����!. ���� ��	�! �$�+ &�;�<B &
+ E����! )���on-off   �C! bDG

��� .  

B. &�&������&@�#� I       Integral control  
�;� �! ���	 
$ �)
T�	
  )��� �+ @�(�� b�S. 

1+s
k

τs
k

iτ

  
1.��
 .� 70� &��$� �+ @�(�� \�
 $���	�! &�<B $
�=!

 
2.��� $
�����	 
$ 7�(+ 7=06 @�(�� �	
�" �! ���� N�+ �! m�+ 
$ @�(�� 79$�.  
3.�S�+ ��S _�A	
 �����! �6
� 7�	? T! ��� �! $
�����	 ��6 � �	���	 N��� �!�DG 
$ @�(�� $���$..

�;� �! ���	 
$ @�(�� \�
 $���$ b�S.  

C. &�&���PI      Proportional plus Integral (PI) control

��
 ��S ��
� ���	 b�S $� )��� \�
 b���" *+�".
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1+s
k

τ
)11(

s
k

i
p τ

+

  
1. $���	�! &�<B��
 .� 7�(+ 7=06 70� t���   

  
2. [�
��
 �+kp  $
�=!ζ �+�� �! ����+ 
$p� $���$ � ��S �! ���'

 
3. )���I  �C�
 .� ���6 �? W���! $
�=! �)� �$
� 5
��c" �<B 7� ��S �! ���.��
 �	�!' .   C�� �
CT�	


��
 &
 70� �]�B
 ��� y
 �+ �� 70� ^�M" ��6 $� �9�B &�<B ��� .� E��.  
4.   �
CT�	
 �C<B ��6 �" 7�Sp� '
 �)
T�	
 ���� N��� �! bDG &
 7/M) 5$�o+ 7� E����! )��� w]B +

��� �! bDG �? K��
 + � 7���.

•  
 )��� �)�6 $� @�(�� $���$ b�SP )��� NI  )��� �PI �;� �! ���	 
$.  

  
%�J�:��
 ��O! $� *��! ,�."$
 ���� w�; N b�S *��! Z��� $�.  
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 ��
 @�]�! ��O! bB
� *��! f<� N&��$� 7)�) '
 *��! J��$ �0G 7+ . �0G 7+ N�S�+ E����! ����� ���� �


 N*��! @�]"H  N*��! ,�."$
e   �C	�� �C! ��c" $�}� ���� ���T�� ����	$� � 7�(+ 7=06 &�<B .   7C���
 7CA��	
��S �! 7�(+ � '�+ E"! ���� �S .S _�
�! ��S 7�(+ � '�+     �C+� C��c" �? C+ ��]CG � �? ������ E�� �

�	' �! \!
� ^	�" bB
� *��! ,�."$
 5
��c" 7+ ��B \�
 7� ��� �! &��$� *��! . )���PI �! �
T�	
 �<B '
 N
��S �! ��DG
 �S 7+ � ��S �$�B )��� '
 ��
 ^}�� $��(+ 7� ,�."$
 W���! $
�=! 
p) ��� .    7C+ �+�C" \C�


$� [!
$? ��� �! ^D� ���
� ��0DG.

D. &�&���PD        Proportional plus Deriavtive (PD) control

 )��� b���" *+�"PD   

  
��
 . @�(�� &
+ )��� \�
 �;� _�A	
 �	
�" �D	 �D�! $�� 
;�l . 79$� &��D�(�� &
+ �!


��� m�+ )PD ��O+ �! ����+ �!�DG 
$ 
$p� $���$ .��Y! &
+  @�(�� 7+ ���� 79�" .   b��C�" *+�C"
E����! )��� �+ @�(�� \�
 7�(+ 7=06  

    
 �? 7oO�! 7)���! 7� ��
 ��
 �	���	 @�(�� 7� �;� �! ���	 . )��� �+PD  �? b���" *+�"

  
 �? 7oO�! 7)���! 7� ��
��
 $
���� @�(�� 7� �;� �! ���	.  

 )��� �+ @�(�� \�
 70� t���P  �PD ��
 ��S ��
� ���	 b�S $�.  
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)���PD  

1.��
 ��� @�(�� 7� ��S �! ���.��
 ��d
�! $� .  �C! bDG �<B $� 5
��c" �+ E����! )��� �)�6 \�
 $�
��� .��+ �;
�O	 >�0<! @�(�� $���$ 5$�o��
 �4$� .      $� ZC��� $�C��$ 7C+ �=�C�! C)��� #��" \�
 �+

�;� �! t��� ����? .  

E. &�&���PID   Proportional-Integral-Derivative (PID) control   
 )��� ��!�PID  '
 �? b���" *+�" �$
=��
 ���(;  

      
 �? $� 7�  

•Kp :��+  
•Ti :reset time
•Td :Derivative time

���(; . )���PID  ���C(� �+$�� �? \���� 79$� @4�0G �$
� &
 .  &��D�C(�� $�SISO     N�C<B C�4 N�C<B
��S ���.��
 �	
�" �! ��4 � $
� �B�" . &��D�(�� ��6MIMO  &��D�(�� 7+SISO    C; &
C+ � ��S 7��A"

 )��� ��	? 7=06PID ��S �! z� . )���PID  ��0DGrobust  � ��� 
��� &���' ��)��=! �$ \�D; '
 � �$
�
��S �! ���.��
 ����� &�;�+$�� $�.  

 )���PID       @�C/�" ��C���! $
�C=! 7C+ C/	 �$�! ���
� �+ 7<+
$ $� �? &�;�!
$�� ���+ ���$�� >�B 7���
 &
+
�	�S . $�� \�
 7+PID tuninig ����� �!  

7��D;  �!��)$
�	�  ; 7�3  �!
$��PID �S�+ 7�S
� $
�=! . �	
���! ]Y!Td=0   �C" �S�+PID   �C�0DGPI   
�C��
���. � �� g��! 70D9 ��9� ����� ���� $PID     &$
�C��� 7C� ��C� �! 7�(+ 7=06 7+ .� ��S 7��%
 E9�!

�;� �! ����+ 
$ ��(	.  

  
 )��� ��0DG ���+ f��" &
+PID ���T+ /	 $� 
$ b�S h
�6
 7/.M! ��Y!.  
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��
 h
�6
 7/.M! 5$
6 79$� ���� w�; .     � C��c" 7C+ CA�! &��C�' 5�C! '
 ��+ �B�� $
�=! ��c"  7C9$
��� �! 7/.M! 5$
6 .�$
p� �! [�
��
 7+ �$ �<B N�S�+ ��S @� ��6 $� �0�)� ; 7+ 5$
6 79$� �
 .  C�


 )���P  ��PI        7C9$� � �C�� �CD	 
�C�� [�
�C�
 �
�C�} �B�� $
�=! ��
 @� �<B 
��+
 $� ��} N��S ���.��

�+�� �! [;�� ���~D; �$�� 5$
6 .T�� 
��+
 ��D; $� �
 �)�     �CS 7C+ 5$
C6 7C9$� 5
��c" �+ E����! ���

�� �! &�� �09 7/.M! ��S "�� '
 �S �! ��
�.
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4-2 &�&��� 	��I�� i��#�PID  
A. &�&��� �]��	 %!�PID

1- �$
�	���
 ��!noninteracting  @��$�T)
 &��!�	 7+ 7�ISA �? ���
 @��$�T)
 ����S �! ��	
�B ..  ��C! \�
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�.�j� ���B 3&4, 	� ���(!>�  
��
 ��S 7��%
 ��<d �� g��! _" 7+ 7=06$� m�+ Z	��� ���	 ���=" '
 &���09 &
+ .    _C" ��C!� 7C�D  
$

��
 ��
� ��c".  
e

N
sT

sKTD
d

d

+
−=

1
  

 7+ m�+ Z	��� $� ��+ E�"" \�
 7+KN  $
�=! ��� �! ���M!N  \�+8  �"20 ��� �! >�O�	
 .
���	 ��Y! 7+ m�+ Z	��� ���	 y
 ��$+ &
+  

  
 '
 ��+ �? $
�=! 7� ���� �d��+ ��� �! +
+ �=��! _"  

 
��� �! �$�+ $��(+ m�+ &��(	��� $� ���� ���T�� 7�!
� �;� �! ���	 7� .      7C0D9 Nb�C�! \C�
 *C�$ &
C+

��S �! 7�S�	 �' 5$�o+ �=��!.  

dt
deKT

dt
dD

N
TD d

d −−=  
 7���
 m�+ Z	��� $� ��+ ��� ���M! &
+ E<d ��� 7��%
 ���! 7+..  

gB&� %��@�� '�&� 	�!#$(  
 &�;�!
$�� ��9� T�� ��c"b  �c  _" $� *9! ���T�� E�% 7� ��
P  �D ���(; .  

  
 E����! _" &
+ �<B    

  
�=��! _" &
+ �  

  
��
 .��S �! #��" ��d
� �
T�	
 _" &
+ �<B ���	 $���	�! &�<B 7+ A�! �"  

  
 5��.�! ���=! &
'
 7+ 7� ���;)���b �c      J�C��4
 � &C�� �'
�C	
 ���C	 +
+ $� ��+��! $���$ N���? �! ���+

�	$
� $�+ '
 �S�	 .��
 5��.�! ��	? &
$p� $���$ �)� . ��Y! &
+ $� b=0  g��! _" &�    �C�B
� � �$
�C	 ��C9�
��
 @� �)� .��
 �+ [�
b ��S �! ���' �? $
�=!.  



����� ����   4-9

4-9

 �!
$��c  �C���	 ��9�+ *9! ���T�� ��c" '
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�	 �!��) 
c=0 �S�+.  
 �?$� 7� &)���b=c=0  
$ ��
IPD ��	
�B �! . �? $� 7� &)��� 7+ �b=1  �c=0  N��
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 m�+ 79$� &��D�(�� &
+PI  �" ��� �! ���.�I  
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���� @�(�� ��0DG $�N �	$
p� �! y
 J���G
 � ���M! ,��S
 N���
� ��!.     C/	 7C+ EC�AG ��
 \�D! \�


 ����� 7+ &)��� 7� ��+PID  �S�+ $��d ,�%�
 \�
 $���� \�!�" 
$ �; 7��
�6 . �+�B 7+ ����� &�; @�(��
 �+PID  �	�S �! ���� 7�	? T!����)
 h�� ��0DG  ��	? '
 &
��S 7��
�B.  

1.  )���PID  '
 [�+90 %��� �! b6 
$ ����� ���� b{�(!.  
2.! 7+ '��	 �%��$ ��	��
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4-4&�&��� 8�F�� PID
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 �"@�]" �$
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 �6
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� ��9� �"$
6 ���
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D;�B�" � ���	 �+  �C��+ .   7C0D9 �C�0DGD  �? $�

��
 ���M! 
 $� 3��b��� !�!#�� (&��� $!��9� ��6&j�; ��� &�&���  
 $� E04
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 7C~	?
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��+ \�+ '
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$ [C�9 ���C+ bd
�C6 � �C<B \��$ \�+ '
 �G�

��A�� &$���! �+ ���+ .      �CS�+ ��C!' � �C<B '
 ��+�C" �C��+ ��CS �! 7��� /	 $� �? &
+ 7� &$���! .  � �C;$���!
! )��� $���$ @�/�" &
+ &����! &��S�$��
 7��� $
d ���.��
 �$�.  

-4-1��I( �)� O(	  
A. 8�F��!� P  

•Kc  7�(+ 7=06 �" ��;� [�
��
 @� $
�=! '
 
$�	���	 ��� . ��+ 7+ ����	 Z	��� $�Kc ��+ ����	 NKcu 
���� �!�.  

•��� 
$ ��+ $
�=! 7+ � ��
� J0.5Kcu ��	��+  

B. !� 8�F��I  
•Ti  �" ��;� [;�� ��� ,�S �$�+ $
�=! '
 
$@�(�� ��S �	���	 .Ticu  
•Ti  7+ � ��
� [�
��
 
$Ti=3Ticu ��	��+.  
•&
+  70D9 $���$ ����+D  7+ ��	 
$)��� 
%���� 7��.  

C. !� 8�F��D  
•Td  
$ ��S �	���	 @�(�� �" ��;� [�
��
Tdcu  
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•Td=Tdcu/3 ���� @�/�"  
•)\� �d��S�	 ����	 7� �� �S��	 )��� ,��S
 '
(

4-4-2�(	��4    ��; L��; ���� &,Reaction curve method

 7<=	 $� �? 7+ � '�+ @�(�� 7=06 �
m’      �CS�+ b�CS g+�C<! �? �C9�B � ��S ��DG
 70�
'  �?    @�C/�" &
C+
�� ���.��
 )���.
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L  N�B�"T    N�	�C!' �C+�yy   � �C9�Bu     �C�
 �C��
� 7C+ �)�CDG
 &��$� .   ��$�? �C��+ &
C+
��� �! K�D! $
��D	 7+ #<G 7<=	 $� �<B N70� t��� &�$ '
 ��! &�;�!
$�� . $
�=!L   � �C�
 �B�"T=AC 

��
 �	�!' �+�y . 79$� ��! �=�d� @�(�� �
1  $
�=! N�S�+ �B�" �+AB=AC ��� �! . �$�! $� 5��)�<! ����	
 �;� �! ���	 ����� &��D�(�� ��^� ��T=AB !�� �� !���� �	 �&�4, p���#.   

��&���	�; ���	� &@�� i�#  
 �!
$�� ���! '
 �i�+ $�RR (response rate per change) ��� �! #��".  
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70� t��� 7+ K�D! WB E�S (� 5$�� 7�   �C�
 7C0� &��$� 7�!
� (� �O! � .  7CA��	 $�
T
KRR =  �C��+

��? �! .  
 )��� &�;�!
$�� \���" &
+ 79$� $
� �B�" @�(�� &
+1 ��	? ����	 7� ��
 ��S 7��� $��+ &����! &��S�$

��
 ��S ��
� &�9 �' ���9 $� . ���9 \�
 $�  

T
LD =  

 )��� $��B�� �PID ��
 �' �$
�	���
 ��!  
)11( sT

sT
K d

i
c ++

 $
�=!PB=100/Kc ��
. ��;� �! 
$ &��$� E�=�" \���+ &
+ )��� &�;�!
$�� �' ���9.  
PID PI PSet point change  

TdTiKcKTiKcKKcK$���!    
0.5L2L 1.2/D3.33L 0.9/D1/D¼ decay  ZN
0.48* 
LD1.14 

1.14T*
D0.751.43/D0.921.65T

D0.720.98/D0.980.90/D0.98  IAE  
0.56L0.92T*

D0.771.50/D0.952.03T 
D0.741.30/D0.961.40/D0.92  ISE  

0.38L1.18T*
D0.741.36/D0.951.48T 

D0.680.86/D0.980.50/D1.08  ITAE  

0.5L  L  0.6/D1.2L0.35/D0.3/Dno overshoot 
&fast response CHR  

0.47L1.35L0.952/DL0.6/D0.7/D  20% overshoot 
& fast.response CHR  

 \���+ &T�� �
�G
 �]�B
 wp6 &
+ �;�!
$�� $
�=! ���(;�	
 ��S ��
� ���	 �' ���9 $� 7�  
PID PI PDisturbance

TdTiKcKTiKcKKcK$���!    

0.45L
  

2.2L 1.3/D
 

3.3L  0.9/D
 

0.9/D
 

min. control area
  Takashi

0.4L  2.4L  0.952/D4L0.6/D0.3/Dno overshoot 
&fast response CHR  

0.42L2L1.2/D2.3L0.7/D0.7/D  20% overshoot 
& fast.response CHR  

D+5
5

*0.37L
D
D

35
5

+
+

*2.5L

1.35*
(1/D+1/5)

D
D

115
11

+
+

*1.51L
1/D+1/111/D+1/3

 
¼ decay  Cohen-

Coon
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A./����# &�@�$ O(	  ZN
2  )��� &�;�!
$�� \���" &
+ ^��]� J�$PID  ��� $� �)���	 0T�' W��"1942 �S 7{
$
 .   � �C;$���! \C�


�	
 7��� $
d ���.��
 �$�! ���(� $�<+ �? 7���� ����+ . �����! �M	 7+ �	
��+ @�(�� �" �S ,
�+
 
��+
 J�$ \�

��� ���� 
$ $�+ J���4
 . �6
� $���!0.25  �C�
 ��S ��
� ���	 b�S $� 7� ��
 7�!
� ��(	 ��
�!.    &
C+

d=0.25 $
�=! Nζ=0.22 ��
 ^}�� �0�B 7� ��? �! ���+ .      �C�!'��	 �)�C��	 C0T�' J�$ 7C+ �C6
� ���
 '

��
 ��A! @�/�" . \�
2  @�(�� �(	��� $���$ K��
 + &T�� � '�+ 7=06 @�(�� 70� t��� K��
 + ��� J�$

��
 7�(+ 7=06.  

  
B.���4, ��4�(	 ISE, IAE &ITAE

��S�$ \�
 $�      �C! 7�C��M! $�C��! ��CS 7���+ &
+ )��� &�;�!
$�� $
�=! � #��" @�(�� $���$ &
+ &$���!
���.  

),( tefj =  
 7�j ��
 �? ��� bd
�6 ����� ���� �6
� '
 w�; � ��S �! ���!�	 $���! *+�" .  C)��� &�;�!
$�� 7+ �<B

�$
� �T�(+ ���
� � . ����� ���� �?PID ���
� �  

1
)(

+
=

−

Ts
KesG

Ls
  

��S �! 7�S�	 7	�T��
 �<B *+�" N�S�+.  
),,,,,( TdTiKcTKfe τ=  

  NC)��� &�;�!
$�� � ��S ��
� $
d .� &��(! )��� &�;�!
$�� 7+ ��(	 $���! *+�" ���9 &��=��!KcN Ti 
 �Td ��? �! ���+ �' 5m���! ��T��� '
.  

00,0 =
∂
∂=

∂
∂=

∂
∂

Td
j

Ti
j

Kc
j  

.�! $���! *+
�" �;���� ���� z� &
+� $
d 79�" �$�! �"��.�! ����oB ��	? '
 ^�; $� 7���S �! 7{
$
 �"�
��� �! . ���! 7+ �A��
 $�4 @�'
�� �! *+�":   

1.�
T�	
 g<!$�d  �<B       IAE: Integral of the absolute error

����� ����     4-16
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2.�
T�	
  �<B *+!   ISE: Integral of the square error  

  
•�	�S �! 7��� /	 $� �D� ^}�� &�;�<B � ���+ �$�+ &�;�<B  
•��S �! $�/�! �$�+ �0�B �$�+ ��B
�  
•��� �D	 $
d 79�" �$�! �D{
� ^}�� 5�	���	.  
3. �
T�	
��!'   �<B g0<!$�dITAE:Integral time absolute error

  
• 5�	���	 �y�"�! 7��� /	 $� �$�+ $���	�! ��S  
•��� �! j�M) ���M! 
$p� �)�6 $� &�<B y
.

C. O(	Chien, Hrones and Reswick   
 J�$ $�CHR 2�$
� ��9� z� . ���"��B
� ���+ t��� \�����"  &T�� �"  �C+ t��+20 % �C�B
�"  �C�
 .

;�!
$�� 7� �	�� ���+ 
$ �D�! 7��	 \��~D; ��	?� &
+ ""    &��$� 7C+ ��C(	 �C9�B @�C/�" 6 �   @�C/�" �C)�
;�!
$���  &
+" �]�B
 wp6 $�+�9�B $�" ��
 5��.�!.   

D. O(	Takahashi
�	
 ��S 7���+ bB
�" wp6 &
+ J�$ \�
 &�;�!
$��  

E. O(	Cohen-Coon
1. wp6 �0�
 w�; �6
� \�
 $�load disturbances ��
.
2. ��	�!ZN  $���!1/4 ��
 70� t��� 7�!
� ��
�! ��(	 &
+.
3. z� $�P  �PD  $���! 7��)�6 $� �S�+ 7�S
� 
$ ��+ \�"m�+ ��� �! J]"1/4  &�<B �" ��� �! ���G$ 
$

�+�� [;�� $���	�!.
4. z� $�PI  �PID  ��� �! J]"K/Ti  $���! 7��)�6 $� ��? ���+ @D����!1/4    �C�
 �d�C+ ��CB 5�d 7+.    7C+ \C�


 �+ 7�9
�! $� �<B ��� bd
�6 ���!load disturbance 70� ��
 &
.  

F. �9��.��&���R �#�? 	�4d ���	��)�  
��� �! $
d �M+ �$�! &������� &��S�$ ��0DG �D(d \�
 $� . �! ������ &
 7)�) bB
� 7+ 
�; ��Y! \�
 $�

��S .��S �! _� �����)
 ���9 �+ 7� �$
� $
d �D�� 7�S$ 7)�) &
��+
 $� . � ��S _� @�� $��� '
 $��G �+ 
�;
 $��(�!" W��" �? 5$
6 79$�)
6 79$� �� �'
�	
5$ (��S �! &�� �'
�	
 .  
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��S �! ;�l 7=06 $� �	�!' �B�" N"$�� �0M! $� 5$
6 79$� &�� �'
�	
 �0�+ . 79$� '
 �"$
6 ���
�1   �C+

 ��+K=1  �	�!' �+�y �T=0.48s  �B�" �L=0.28s ��
 .��
 $
d \�
 '
 @�(�� \�
 b���" *+�" .  

148.0
)(

28.0

+
=

−

s
esG

s
  

  
  

 b�S17 t��� �;� �! ���	 70� &��$� 7+ 
$ ���
� \�
 '�+ $
�! . N��
 ��S ��
� ���	 b�S $� 7� $�<	�D;

  
��
 b�S g+�<! 7�(+ 7=06 @�(�� _
���� x�0+.  

  
 &�;$���! $� ��+ NE����! ���� &
+4 ��
 7	�T��
 7	��.  
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 )��� �+ 7�(+ 7=06 @�(�� t���P  &�;$���! $�4  b�S $� 7	��18 ��
 ��S ��
� ���	.  

 b�S19  )��� �+ 7�(+ 7=06 $
�! t���PI �;� �! ���	 
$ .�$
� + $� 
$ ����� ���� 5�oO�! ���9 .  

  
�! 7/6]! 7��$�<+ ��S  $���! $� )��� ��+ ���+ ���' �0G 7+ISE &�;$���! 7+ ��(	 5�	���	 � *�� t��� N

�' T����
 �� .  $���! $�ZN �S�+ �! �D� ��	 5�	���	 7�!
� � t��� �G� ��
 �D� )��� ��+ 7� . \�
 $�
�+�� �! [;�� b�d ���� $� �<B _$��} ^� 7+���� ; $� �<B 7�!
� $���! . $���! $�IAE    $��C(+ tC��� �G�

 &�<B N�.�! � ��Y! &�;�<B \��� /	 $� ��(�� b�)� 7+ � ��
 @�   �C�
 @C� n)�CB .  $�C��! $�ITAE   7C+
��$ �! \�+ '
 �G� 7+ �<B N���<B $
�=! �'� ��!' 7� �? b�)�.        $� 7C� �C�
 &$�C% 7C��	 \C�
 C�| 7��)


 E����! ����P �$
� ��9� $���	�! &�<B 5m�6 _�D" $� . )��� �+ 7��)�6 $�PI  $� � ��
 .� $���	�! &�<B
��	 $
�=! 7+ �9�B 5m�6 _�D"��$ �! >�0<! ��.
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%�J�:  @�(�� &
+( )8

110

1
)(

+
=

s
sG )��� PID E�
% �+ ZN  �CC    �C��� 7C(��=! 
$ ��OC��� ��� z�.   $�C+

 T��&��	'� )��� b=c=0 ���� 7(��=! 
$ ����	 ��
� $
d.  
��
 ^��)�D�� W�M!$� 70�(! &'�� ����� �' b�S  

       

10^8

(s+10*ones(1,8))

Zero-Pole1

10^8

(s+10*ones(1,8))

Zero-Pole

R

Y
Out1

ZN

Step
Scope

R

Y
Out1

CC
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 $
�	'� )���PID �� &'�� ����� �
�" �! 7	�T��
 
$  

 CCC)���ZN  �CCC�? �CCC! �CCC��+ 7CCC�)325.03.1
11(277.0)( sssGc ++= �CCC�
 . CCC)���CC  7CCC<+
$

)129.057.0
11(58.0)( sssGc ++=��
$
� 
$.  7+ u�+! " ��� t���ZN ��
.    >
�C9 \C�
 $�b=c=0  $�
��
 ��S 7��� /	.  

�$
�	 ��B
� t��� 7� ��
 \�
 ��S �! ���� 7� &
 7��	 .    �C! �C�$+ 
$ &CT�� ��Y! ,�%�! ��S \S�$ &
+
 �? $� 7� @���k=1 NT=1.5  �L=0.65 ��
 .��
 7	�T��
 @�(�� \�
 t���  

  
 ��d� 7���
 7A��	D=L/T  ��
 �$�+ZN M! t��� )��� @�/�" &��S�$ 7�=+ ��     �C! 7C{
$
 7C	
$�� 7C/� �C�;�. 

 7+ u�+! @� ����	 �+ t���ZN ��
.  

1
Out1

-K-

k/Ti

-K-

k*Td

0

c

0

b

-K-

P
1
s

Integrator

du/dt

Ideal
Derivative

2

Y

1

R

0 10 20 30
0

0.2

0.4

0.6

0.8

1

0 20 40
0
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4-4-3O(	 $/����# &�@� �9#��&6 L��; ���� &,  
 �)���	 0T�'���� �! 7{
$
 Z	��� �
��! $� �S�$ )��� �6
� &
+ .    EC����! C)��� ^C� ��+ J�$ \�
 $�

��� �	���	 7�(+ 7=06 @�(�� �" ��S �! ��
� [�
��
 7=06 $� ��S 7���". . \�
 $�    � �C��� ���T�C� ���C%�
    �C+ �C����� �� C; �9�B180     ���C(; '�C� w]�CB
 7C9$� .       �CS�	 �
�C" �C! EC����! C)��� bC�)� 7C+    

.�S�+ .� 7�(+ 7=06 @�(�� *9! ���T�� 7� ��S �! �� ����� &
+ .   ��CS �	�C��	 uS
��
 $
=��
 '
 @�(��.  

  
�$ �! &'! &$
���� 7+ 
$ @�(�� 7� &
 ��+ 7+ ��+ ����	 �	�ultimate gain (Ku) ����� �! .  h�C� ��!� '


 @�(��	 �!  

  
��� �! #��" �' �!
$�� �)��� &
+.  

  
 �+ @�(��κ  ��CS �! ���� ��6
$ 7+ ^}�� .  \�C+κ   ��C(	 �L/(L+T)   @�C(�� $�FOPTD    �C��=" u�C�"$


 7���M	 7+ �$
� ��9� �<Bκ=0  �κ=1  �/	L/(L+T)  .� +
+ �1 ��
.  
  �C���	 K�� 
+ �)���	 0T�'+  �C� ultimate gain (Kcu)  �  �C���	   5�	�C��	 ��C��ultimate period (Pcu) 

�;� �! 7{
$
 
$ �' ���9 g+�<! )��� &�;�!
$��  
PID PI PDisturbance

TdTiKcTiKcKc$���!    

Pcu/8 Pcu/20.6KcuPcu/1.2 0.45Kcu0.5Kcu¼ decay ZN

Pcu/3  Pcu/2  0.33Kcu      Some 
overshoot 

Modified
ZN  

Pcu/3  Pcu/2  0.2Kcu      No overshootModified
ZN  

Pcu/6.3  2.2Pcu  0.45Kcu2.2Pcu  0.31Kcu  Tyreus-Luybent
(1997)

0.125Pcu 0.5Pcu0.25Kcu0.43Pcu 0.5Kcu 0.5KcuF.G.Shinskey

7� ��
 �? J�$ \�
 &��
�! '
  
1.��! 7+ �(�	 '��	 ���
�  
2.��
 ��DG
 b+�d $
���� '�+ 7=06 &�;���
� _�D" 7+ �
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7� ��
 \�
 �? E���! '
  
1.��
 �	�!'
2.�;� 7!
�
 ��B &��G $�� 7+ �	
�" �D	 @�(�� �;�!
$�� ��$�? ���+ _�T�; 7+
3.�S�+ i! @�(�� &
+ ��
 \�D! 5�	���	.
4. b+�d �	$
�����	 '�+ 7=06 7� ����D�(�� &
+�(�	 ���.��

5. 79$� &��D�(��1  �2 ����	 ����	 ��
 \�D! ��	 �$�+ ��+ �+ ��6 ���' �B�" �+.

 &
 7)$ ^+��� J�$ ���
 7+ 5]��! \�
Astrom & Wittenmark ��
 ���!�A	
.  

/����# &�@�$ O(	 �,��$	�  
7�(+ 7=06 $���$ ��
�! �)� ��� �! bDG >�B $�+ J���4
 wp6 /	 '
 J�$ \�
  �C(�	 E���! �? .  \�C+ '
2 

 J�$ N��S �! 7{
$
 7� �S�$2 ��
 " ����D�
 b+�d .   zC� 7C���
 \D%PID    '
 C��+ �C�	?PI  �C���	?.   &
C+
�� ���.��
 �
�" �! �' &�D�;
$ &��0�S '
 �)���	 0T�' )��� ��0DG ��+ @�/�" .  $� @�C(�� �9�B ��0�S

 �! ���	 
$ �;�!
$�� ��c" 7A��	��;�.  

  
[#��&6 '�!�� 	� /����# &�@�$ O(	 +��>�  

��? �! ���+ ����	 ���� � ��+ � ��$ �! �	���	 �)�6 7+ @�(�� �)���	 0��' �(	��� J�$ $� . �)�6 \�
 $�
 7<=	 '
 �(�{����	 $
��D	(-1,0) ��� �! $��G .��� �! �$�+ �G��S 
$ $
��D	 ��+ ��
� .  � �
CT�	
 ��� 7��%


�!�'�� �! �A+�9 �G��S WB + ��DG 
$ $�� 7<=	 g� .�;� �! ���	 
$ 5
��c" ��M	 b�S.    @�C/�" �C+ ���+ m�6
�� b=��! �
�O)� &�9 7+ 
$ �(�{����	 $
��D	 &�$ $�� 7<=	 �
T�	
 � g��! N��+ E���! . �+PI  ��PD  �
�" �!

 �+ � 7M.� *+$ ^�PID  �
� [S�� 
$ 7M.� #o	) $�� 7<=	�� b=��! �? 7+ 
$(  
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�&�? �K��#  
1.��S �! \���" 7=06 ��+ �+ Z�G 7<+
$ $� )��� ��+.
2.  �B�" ��(	 [�
��
 �+ )��� ��+L  �	�!' �+�y 7+T )L/T (��S �! ��
� [;�� .  
3. ��(	 7};L/T ��� �! �0��! @�(�� ���� �S�+ ��$�+.  
4. �� �
T�	
 E�%Ti  �� g��! E�% �Td  [�
��
 �+L/T ��+�� [�
��
 ���+.  
5. \�+ ��(	Td/Ti  \�+0.1  �"0.3 ��S �! >�O�	
.  
6. ��
�! ��(	1/4 ��
 �	���	 ���' ���
� ���� &
+ . ���+ ��+ N��
 '��	 &" 
�! t��� �
  [;�C� �Ti 

 �?[�
��
 �+��.  
7. \�+$�IAE NISE  �ITAE  J�$ITAE  J�$ � " u��M!ISE ��
 " u���6
 @�.  
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4-5 3���;�$�� &�&���  
 &�; )���PID �	��+ &��+ 7�)�
 .   �C	�
� _�CA	
 �C;)��� \�
�+ 
$ ��B 5����!'? ��	 �)���	 0T�' .   7�C��" '
 �C�+

�	�
� ���	���)
 &�;)��� 7+ 
$ ��B &�9 &��+ &�;)��� N���	���)
 &�;$
�! .    &�;$
�C! ���C�
'�$ 7�C��" �+
�A�� )��� �'�!
 N���PID ��� �! $
d ���� &�; 7=06 $� ����A�� 5$�o+ . ��9� \�
 �+   $� 7C� �����C� $�

�$
� ��9� $�A.	
 ���!
 �)�D�6
 7d9 5$�� ���~D;  �! ���.��
 &��+ &�;)��� '
��S.  

-5-1�&���&���#(&����  
&��	�D)
 � ����� ���=" ���	���)
 &�; ����� ���� ��D�B�� $� R  �C �	$
� ��9�.     �B�C� &
C+ 7C� �6�

��
 b�d [O+ &��!
���� x�0+ '
 7���+ ��S �! ���.��
 )���.  

�I�� ���#(&���� &�&���
��
 '��	 �'�B � �!��=! N����� ���=" 7+ ���	���)
 )��� �B�� &
+.    �C��+ $
�C! �'�B � �!��=! >�O�	
 $�

��S �d� .  �C(�	 EC���! �$
� 5$
6 79$� 7+ ���' �T�(+
� � Z	
0" 7� ��)���)
 �'�B '
 ���.��
 .  \�C�~D;
�(�	 >�B $�% �4 ���9 wo! b�)� 7+ ^}�� �!��=! � ���	 ��)�" b�)�+ �$�+ �0�B �!��=! '
 ���.��
 .  

1( &�&���P (Proportional) :  )��� \�
 b���" *+�"Gc(s)=k ��
  

2  &�&���(Proportional + Integral)PI :��
 $
=��
 '
 �? $
�! � )��� \�
 b���" *+�"  
  

s

sik

si
ksGc

)1('
)

1
1()(

τ

τ

+
=+=

 
3( &�&���(Proportional+Drivative)PD : )��� \�
 b���" *+�"  
 ��
  . �	$
=��
 '
 �	�S �! ���.��
 $
�! $� 7� ����	�D)
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PID 
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 )��� &'�� �����PID ��
 ��S ��
� ���	 b�S $� ����A��.  
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%�J� : @�(�� &
+se

s
sG 5.0

12
1)( −
+

= )���PID ,�	 '
 ZN   �C��� zC� .  C�
 �C�0DG\    ���C�! � C)���
���� 7(��=! 
	? �)���A��.  

��? �! @;
� )��� �� ��0DG 7(��=! ���!
 �' @�(�� &'�� ����� �+.  

  
Incremental Form 

 7+��! )��� b�S \�
velocity PID         ��	�CS 7��C%
 _C� �? 7C+ �)�C��A�� _C� $� 7C� ��
 7����� �)�6 $�
incremental ����� �! .\�
 $��B�� ��
 $
=��
 '
 )���.  

�� �! 5$�� _�� ; $� �9�B 7���M! 7� ��
 \�
 �? &��
�! '
�         ��CS �C! 7��C%
 $�C+ C; 7C� &$
�C=! 
p)
��
 ^}�� . 7� �;��! �'�9
 ��}�� \�
word-length  ��� >�O�	
 �? &
+ ��"�� .   �	�C��� WCB $� W=� 7��)
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     �
�C" �C! ����C� 7C+ 7� ��
 \�
 �? T�� ���! '
windup and mode switches     �C� 7��C%
 �? 7C+ 
$ . '

 &�;)��� �+ �
���D	 7� ��
 \�
 �? 5]��!P  �PD �� ���.��
.        ��C9� �C)
T�	
 7C0D9 7C� 5m�C6 \C�
 $�

 N�$
�	ΔP ��S 7���M! �	
�" �! 7	�T��
.  

Protection against Computer Failure 
 $� N��S J�!�B)��� �
�
 ��B 7+ ��d� z�incremental  N����D	 @� � ���' � �	�D�! �+�y )��� �9�B .

�;� 7!
�
 ��B $�� 7+ @�(�� 7� ��S �! E�� \�
 .  7C+ )��� ��S J�!�B N���	 ���.��
 z� \�
 '
 ��d� �!

�9�B ��S .� ���!    �C�.�+ $�C� '
 @�C(�� ��S �! �G�+ 7� ��
 �?.   J�$ 7C��)
incremental     ���C	 7C+

��? �! >�(6 7+ �? E���! '
 7� ��
 K�(6 .    �C! C�0�� ���C	 �$
� ��9� 7=06 $� �� �
T�	
 ��} ��6 \�
 �+
��S.  

4-6%�&@�#� ���B ���R 7��j�
Z�� (Integrator Windup  

@�(�� $���$ �<B &$��" �+ 7}�
   �C��=" ,��S
 ��	�! �<B �4 b!
�G y
 �)� N��S �! b�0M" �+�B 7+ ����
$�"�! �G� [�
��
 $� �����M! N����� �)��� & �;�S ��S'�+ $� �6 �N�S j�M) ���+	�.  

• '�+ ���� 7=06 ]DG ��S ,��S
 xM! ��	�! ���� @�(�� 
�9
 '
 ��� ��d�)*<d (��� �!.  �)�6 \�
$�
 �
�;� _�A	
 
$ ���B $�� 7�	? ���+ �+�� �! [�
��
 �? �9�B N���	 ,��S
 ��B �� �
T�	
 . ��d� ��6

  
$ xCM! ���%� �	
��+ 7� ��+ &$�� 7<=	 7+ �� �
T�	
 �" ��� �! ��� �"�! N��S ��G �<B ��9
�;� ��c". 

•��� �! @�(�� $���$ $� �	m�� &
$p� ��A�
 �G�+ !
 \�
 .

�G b!wind up  '
 ��"$��G  

•J���4
 �� *9! ���T�� ���S ��c"
• $� �
�
 7�(+ 7=06 @�(�� ��0DG
•��S�+ �! ���� 7+ $����B '
 b���" ]Y! $�� ��M	 ��c"

���� �� b�S @�(�� $�N  )���PI  �0�� [�� �1 �S�+ . E9�! *9! ���T�� $� J� �)�6 \�
 $�wind 
up ��� �! .D9 �9�B 70I  �;��D	 �'�9
 7� ��S �! �$�+ $�=	?u    ���T�C� '
 C��$�+ �9�B ��d� *d�! 7+

9!* �;� �!]G ��c" ��S �! .��S �! 
�! �"�! '
 ��+ 7� ��
 ��S �"�	���	 E9�! !
 \�
.   
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T�	
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	? 7� ��+! &��$� 7+ �� 
T�	
 t�����
 ��S ��
� ���	 b�S.  
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T�	
 �9�B N��+! &��$� b�S $�v-  �C�
 ��S ��
� ���	 ����� ���=" .    ��C��� �C��=" �C�d�
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��S &��$� .  5�C! \�
 N��S .� ����� ���=" �.�! &��$� �" ��� �! ��� �"�! ��S �! ���� &��$� ��d�
��
 �� �
T�	
 �
���� '
 �S�	 � ��
 7��
�B�	 7� ��� �! ��A�
 &�B�".  

��
 ��S ������� ����06 �
$ b��! \�
 *�$ &
+.  
1 :�M! ��� �� E�S*9! ���T�� &
 7/M) 5
��c"
2 :velocity algorithm :��� �! ��DG
 �� �
T�	
 7+ Z`� � 7���M! ���� ���T�� 5
��c" �)�6 \�
 $�.  
3 :conditional integration ���
 �! h�."
 7=06 $� ,��S
 ��d� &�� �
T�	
 #d�" .   �C�d� �
�C" �! 
$ $�� \�


��
 ,��S
 xM! �
� _�A	
 ��
 �$�+ �0�B  �<B �� .  �C�
 EC���! �	�D	 �d�+ $���	�! &�<B 7���
 &
+ :  *C<d
���
 h�."
 �	�!' &�� �
T�	
  ��$� 
$ ���+ ,��S
 7� ��
 &�M	 7+ �� �
T�	
 &��$� � ��
 ,��S
 xM! 7�

�$
�.

  

  
 W=� )��� � '�+ ��0� N��S �! ,��S
 xM! ��d� z� \�
 $�P ��
 .     �C�0� �C" �CS��	 ,��CS
 xM! 7�	? T!

 ���� � 7�(+PI ���.  

4:Back-Calculation  
reset �(�	 f�M� ��S �
���� �� �
T�	
 �$���� ��� . �9�B�
� [;�� ���!���� J�$ 7+ ���+ 
	? .  b�CS

 )���PID  �C�
 ��S 7���" ��+��� 7=06 �? �� �
T�	
 $�� 7� �;� �! ���	 
$ .�     N��CS ,��CS
 xCM! �C�d
 �? � �� $
�=! w]�B
es  N ��+ �+ � ��S &�� �'
�	
1/Ti ��S �! ��DG
 �� �
T�	
 7+ . �9�B E�"" \�
 7+

��� �! $
d xM! ,��S
 '! $� �� �
T�	
 . �� �
T�	
 &��$� �(! �� ; '
:  

  
��
 . 7A��	 $�  

  
��? �! ���+ . 7� �	�S �! @�/�" &�M	 7+ E{
%es  ��C�	 �.�!.     N,��CS
 _�CG �C)�6 $�es=0    $
�C! � �C�


��
 ���� �4 ��S 7���".  
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\ ( &��r�Bumpless 	�� ��)](  

•���	 J� $�}� �9�B 7� ��S �d� ���+ $����B 7+ ���� '
 @�(�� ���%� b���" $�.  
• @��$�T)
 ,�	'
 )��� ��d�velocity  ��incremental �(�	 b��! W�
S \�
 ��A�
 N��
.  
•�;� �! ���	 
$ �)�D�! &�;)��� �)�6 $� 
$ $����B � ���� \�+ _	 s���" �' b�S.  
•��� j�M) &�M	 7+ ���+ ��S �! ��c" $�}� ��	 )��� &�;�!
$�� ��d� ,�%�! \�
.

•  

  
4-7%�J�  �� ���4��9�� $�PID �9�# �6�� �4#W ��&,  

1-��2�, �B	� ��4��9  
 '
 ���+ @�(�� 79$� ��d�2  '
 " ���~�� )��� ^+ ��
PID     ��CY! &
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�" �! 

 79$� @�(��3 ���T+ /	 $� 
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)��� �+ 
��+
 @�(�� \�
 s5.2
12.0 + PI: )��� �+ Z`� �&   K�C�
 +smith predictor    �C��� �C���   7C�

 [O+PI  �?s
11+ ��
. �;� �! ���	 
$ ��0DG $� 5��." b�S .  

3- !� �, !���&6 ���^�#���#  
 )��� �!�DG ��D�(�� \�
 &
+PID ��� �D	 ���.� . ��0DG &�&���PI   �	�C��	 �! &
$
� 7� �' @�(�� &�$

@��� �! ��$+ 
$ ��
.  

)25)(1(
25)(

2 ++
=
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sG

 �+ @�;
�O+ 
$ @�(�� \�
 �
PI  @; N@��� ����K  @; �Ti ���? �! ���+ �.�! . ��	? &
+ ��=�! ���=!K = 
-0.25  �Ti = - 1  ��
 . b�S $� )��� \�
 �+ @�(�� $���$3.42  &
+2    � *C9! ���T�C� ��c" �)�6load 

disturbance ��
 ��S ��
� ���	 . �)�6 $� *9! ���T�� 7� �;� �! ���	 b�Sb=0 ) $� *9! ���T�� �'�
PID (   ��C� ��C�� z�%� 7+ 
$ �? $�+ ��c" �)� ��
 ���	 ^�M" 
$ �	���	 �! �C�
 .  �C�d�b=1    N�C�� $
Cd

 *9! ���T�� ��	 b�S ���D	 �! ^�M" 
$ �	���	 �!3-43.  

  
+U 3�	  

 �0�� '
 N5�	���	 ��� 
�! &�9 7+ ����	 [;�� &
+notch  5�	���	 Z	��� $� 
$ ���T�� �" ��S �! ���.��

��� #��i" 
���S .
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 N�S�+ 7�S
� �	���	 E)�4 �! ^� W=� @�(�� �
 )��� 'PID     �C" �C� ���.�C�
 �
�" �! Z�0`D� &�;.� �+
 �0�� bDGnotch �;� _�A	
 
$ . &�;�!
$�� E���! @�/�" �+ 
$ $�� \�
Ti  �Td    �
� _�CA	
 �
�C" �C! .   \�C+ 7C<+
$
 &�;�!
$��PID �� $
d + �
�" �! 7	�T��
 
$ ��	 �0�� �.  

)2( 22 ωζω +⋅+= ss
s

Td

 7A��	 $� 7�  

 
���? �! ���+. 7<+
$ &
+ω  � @�(�� �	���	 Z	��� ^���	 ζ  bY! ^}��ζ=0.2 ��S �! 7��� /	 $�.   

4-8 �.�U � &�&�����)�* Single loop PID controller  
)��� ^� b�S ����� PID  ��0+�d �+auto tune  ���� �0+�" $� �? ���d�! ��;� �! ���	 
$.  

  
 &�;��0�mode  �up-down        [��CD	 NC)��� &�C;�!
$�� @�C/�" N*C9! ���T�C� @�/�" ���!
 �;��0� T�� �

�$�? �! @;
� 
$ ���� ���T�� � ��S &�� �'
�	
 ���=! .2      � *C9! $
�C=! ��C!' @C; ��;��! ���!
 T���D	
�'�� �! @;
� 
$ ���
� �9�B . T���
 $
d \�
 '
 �;)��� 7	�T��
 @�! 5�oO�!�:  

1.\S�)�'$ b���" $�  7+ ��)�	?����A�� : 12bit ADC/DAC
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2. Z	���7	�D	 &$
�+ :40mS / 1 second
3.�����$� : ,�	 b����!"J, K, R, S, B, C  � D  NRTD(Pt-100) 2 �3  q��)� N7D��DC �	��9 &��$� N(4

– 20)mA .
4.���9�B

•~��� �9�B�: 0 to 10VDC ���� ���T�� NForward / Reverse �;$�"�! &
+ 
•��)�	? �9�B :4-20mA  ��0-5VDC  ��0-10VDC +$�� >�O�	
 7+

5.&��$� &�� �'
�	
 $� �M� :Better than ± 0.1% of the specified range.
6. [��D	 �M�: +/- 1°C for Thermocouple +/- 0.1°C for Pt-100 and for other inputs
7. )��� @�/�": Auto Tune /Manual
8. 5�oO�!)��� PID   �� ON/OFF  )>�O�	
 b+�d(.
9.����"$
 ��o"
 : &��$�4-20mA 
$ @�/�" &
+�   *C9! ���T�C� $��-   u�C�"$
RS 485-   u�C�"$
FIELD

BUS 7+��! �

72��� �	(&�  
1. )���PI  �+PB=%50  �reset time=2s ��(���+.
2. @�(�� �
G(s)=2/(1+2s)  )��� �P  �+PB=100% ���
 $�=} �6
� 70� $���	�! &�<B N�S�+
3. @�(�� �
  )��� �P  �+PB=100% ���
 $�=} �6
� 70� $���	�! &�<B N�S�+
4. 
}PI ��� $
�����	 
$ @�(�� �	
�" �!.
5. 
}D ���S �D	 7���" �+� ���� &
+  

72���  
1. &�;)��� ��0DGP NPI NPD PID ���� �(�) 
$ .��(���+ 
$ ^�; ���.��
 �$
�!.  
2. �A� $�PID �$
� f�9" T�� &�; )��� �<�
S 7} $� � ��S �! ���.��
.
3. @�(�� &
+

( )8110

1
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+
=

s
sG ��! 
��+
FOPTD  )��� �? &
+ Z`� ��� �
O��
ZN  �ITAE  z�

����.
Sim 4-1  : &
+ 7�(+ 7=06 &��O���PID  �+ &��6�ZN NITAE ,�	 �� ; NCHR  �CC   $
��CD	 ^� &�$ 
$

��;� f�%�" 
$ w]�B
 ��� @�$ . &�;�!
$��c  �b ���T+ .�  
$ )���.  
Sim4-2 :: &
+ 7�(+ 7=06 &��O���PID   &�C�6� �+ZN NITAE       
$ w]�CB
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   �B�C" &
$
� WC=� N
 �	�!'τ  \�+���(; T����.  

  
\�
 $� ����! ����M! '
 �9�B 7� ��
 &�M	 7+ ���� �'�6 @�/�" b{�(! )ymax  �ymin( ��T	 �$�B .  �C�d�

 &��$�on ��S �! ���+ �' 7<+
$ �+ �9�B N��
 . 

��
�

	



�

�
−
−=�−−+=

−

min

max
2minminmax ln

2

yKa
yKaTt)e)(1y(Kayy T

t
 

 \��� /	 $� �+t1=t2- τ  $
�=! ��6y2 ��? �! ���+ �' 7<+
$ '
  

)e)(1y(Kayy T
t1

minmin2

−
−−+=  

 7���M! &
+y1 @��� �! ��$+ 
$ *<d �	�!' $���$  

��
�

	



�

�

−
−=�−−+=

−

Kby
KbyTt)e)(1y(Kbyy T

t

max

min
4maxmaxmin ln

4  

 \��� /	 $� �+t3=t4-τ ��? �! ���+.  

)e)(1y(Kbyy T
t3

maxmax1

−
−−+=  

����� ����     

 

5-4

5-4

  

  
b�� ���� 5����M! \�
 �+T1=t2+τ  �+ ��
 +
+ *<d ���� �T2=t3+τ    7A��	 $�  

T= t2+τ+ t3+τ= 

  
�+�� �! [�
��
 b�� � *<d ���� �B�" y
 $� 7� ��S �! 7A��	 7<+
$ \�
 '
.  

%�J�:  1 ��+ �$�� 7+ �B�� �" ��� �! ��� 7=�d� . �$�� ��+100°C/lit/s  �? �	�!' �+�y �10  �C�
 7=�d� .
   '
 [�C+ �$�� 5$
6 79$� Z	
0" 7� ���� \���" 
$ 7)$ 5�oO�!1000±10%  ��C�	 .    C�� �'
�C	
 �C9�B-

2+0.02θ  ��
 �)� .  
>
�9 :��+
�9 '
 ���- 7)$ ���� 7�!
�7 �15   �? �G �1.36± �)�  *9! ���T��-17.77  

  
 �+ 
$ &'�� 7��Sfixed point   '
 �D� &$
�+ 7	�D	 ���� �0.1s ���� 
9
.  

10s+1

100

Transfer Fcn
Step

Scope

RelayAdd 1

-2

0.02



����� ����   

 

5-5

5-5

5 -2 O(	 ��	�,!�6�  Relay Feedback  
)��� �6
� &��S�$ '
 ��� &�;�!
$�� 7+ 7� ��
 �)���	 0T�' �(	��� J�$ N     ��C�� �C���	 � �C�+ �C���	  

�$
� '��	 .    K�C�
 C+ �CS�$ ���
 '
 ��� @�(�� &$
�����	 7+ A�! ��
 \�D! �;�!
$�� \�
 �0DG ��$�? ���+
 ������� 7�(+ 7=06 @�(�� $� 7)$ '
 ���.��
��
 ��S.  
$ &������� J�$ b�S  ���	�! �;�.  

 
1.  ��� �! ���.� ��9�! ���� 7=06 ��D; N���� ����	 � ��+ ����	 \���" &
+  7C)$ �)�    �C��� &'
�C! &


��
 ��S ��
� ���	 b�S $� 7� 7	�T	? ��S �! 7���". 
2. 7)$��S �! �$�B $
�! '
 )��� � 7��� $
d 7=06 $�. 
3. ��? �! $� ����	 7+ �9�B N7=06 \�(+ �+ .�
 \�D! $�/�! \�
 &
+ �7�!
�  7)$ ����d �S�+ 7�S
� @�/�" 7+ '��	. 
4. 5
��c" �6d ���	 b�O! 
$ @�(�� ��0DG 7� ���T+ /	 $� 7	�T	? 
$ . ���T�� � ��?$� ����	 7+ $
�! ��D�

 ��+! )���50 %��S 
5. �9�B ������ � ���� ��+! ���T�� \�+180�$
� ��9� '�� w]�B
 79$�. \�
 $�     $� 7C=06 �C�+ �C)�6

 5�	���	 Z	���1 ��
. 
6.��
 @�(�� ���� ����	 +
+ � ��+! ��! ���� ��D; N�9�B 5�	���	 ���� .Pcu 
7.���
� 7���
 �� �+N      Z	�C�� $� �C��
� �C�+ N�C�� �! #��i" 
$ ��+! &��$� &m�+ Z	��� &����	�!$�;

�9�B 7�!
� @�(=" b��6 +
+ Z	��� ����	 ��
 ���� ��+! ��! ��
 ^�	�!$�; 7�!
� 7+. 

 
 �? $� 7�2a  ( �B(&I ��T �, ��T2d ��� ��(	( ��T �, ��T.  

8. +
+ �6 Z	��� $� ���
� 7�!
� $� �6 ��+ >i0��61- ��S ���+ .
p)  

  
�
 $� 7� ��
 a  � K���� 7�!
�d ��
 ��+! ��! 7�!
�. \�
 '
 2  )��� @�/�" &
+ $
�=!PID    ���C9 gC��

���� ���.��
 �)���	 0T�'. 7	�D	 ��
 ��S ��
� ���	 b�S $� �9�B � ���� ���T�� '
 &
.  

d
aG cu

π
ω

4
)( −=

a
dKcuKcuG cu π

ω 41*)( =�−=

����� ����     

 

5-6

5-6

  
[�$&�9�� �, ��	  

7)$ 7)$ ^+��� $
�! $� 7� &
     5$�Co��
 C�4 $� �CS�+ Z�'�(�; ���	
 &
$
� ���+ ��S �! ���.��
 &
   x�C	
 �C+
 &���	 @�+  ���� @��$ �!�$�B .
� 7� ��S �d� ���+�S�+ Z�'�(�; �G '
 �D� ���	 7�!.  

  
 &
+ E���! ���=! >�O�	
 �+ε  �d �$�? $� ����	 7+ >�0<! 7�!
� �+ 
$ 7=06 �
�" �! .   7C)$ '
 ���.�C�
 5$�� $�

  �
 $
� Z�'�(�;ε<<a ��
 h��� �0�d W+
�$ �S�+..  

 $� &@�� ��� 3��b��� O(	�,!�6 ��	�  
 �(	��� 5�oO�! �0�d  [��!'? @�(��)5�	���	 Z	��� � 7�!
� ( 7<=	 $�1-  �(�{����	 $
��D	)  '�C�180- (

�
� �! 
$ . '�� $� @�(�� �(	��� 5�oO�! 7� ��
 &T�� �+$�� �' b�S90- �;� �! 
$.  

  
%�J�:  @�(�� &
+

( )10
110

1
)(

+
=

s
sG  )���ZN ���� z� ��+��� 7)$ J�$ 7+.  



����� ����   

 

5-7

5-7

  

1

poly(-10*ones(1,10))/10^10(s)

Transfer Fcn

Step

Scope

Add

PID

       

    

����� ����     

 

5-8

5-8

5 -3O(	   ��I�� %!�Internal Model Controller (IMC)

5 -3-1 8�.�9� �U�&t  
�S ���.��
 ���9 '
 )��� �6
� �0�d &�; J�$ $� .     �C! �C��! C)��� �C6
� &
+ &T�� J�$ �A��
 $�

��S . J�$ \�
 $�  
1. ��S �! ��
� 7�(+ 7=06 >�0<! t���Td ) 79$�1  ��+ �+1( 
2.��? �! ���+ �' 7<+
$ �) )��� Z`�  

)1(1 00

0

d

d
dd TG

T
Gc

GcG
GcG

TG
−

=�
+

==
  

3.��� �! ��)�" $
�����	 )��� ��} �(�	 ��DG
 b+�d '�� bd
�6 �4 � $
� �B�" @�(�� & 
+ z� \�
 .  zC�
IMC ��
 ��S b6 �? $� b��! \�
 7� ��
 @�=�(! z� 7+��!.  

 b�S3  �;� �! ���	 
$ �6
� \�
 &
+ ����! $��B��  

��
  

; &?� %�U \���� L��Td(s)=1  �? ��+ 7� ��? �! ���+ �? ���
 ���� N��S 7��
�B�  ��
 . )��� \�

�(�	 &'�� ����� b+�d.  

leunrealizabinInfinitega
TG

TGc ,
)1(0

∞=
−

=.  

5 -3-2 O(	IMC

 J�$IMC + ��D�(�� ���� &
+ ��(	 �L/T  �$�+ �$�! �' b�S g+�<! ���.��
  �C�� �C! $
d .   *C�$ &
C+
 N��
$ �D� .� � �B�" b��! z� \�
 $�G=G1*G2  �Td=Gd*G2  7� ��S �! 7��� /	 $�G2   � �B�C"

 �p��	 K���! [O+ ��)��
$ �D� .� (��
 @�(��  

G

G1
+

+
-

r y
d

Gd

+-

+
-

r ye u
d

1/G1

G1

Gp

G2=e-Ls

Gs

  
 \�
 $�@�(��  



����� ����   

 

5-9

5-9

1. ���
� ���=" ��! Gp )��
 ��!? ���+ [��!'? �� � �+A" 5$�� 7+ 7� (   &�C9 �C��
� &'
�! )��� $�
��S �! ��
� .  

2. �? 7+ )��� $� ���
� ��! \��� $
d b�)� 7+Internal model controller ����� �!.  
3.��S �! ���! �9�B $� �S���4
 �+ N@�(�� $� J���4
. 
4.�
� ���=" ��! 7+ ��2  ��	�S K���! �D(dG1(s)  ��S K���! b+�d �4 �G2(s) ��S �! @�(=" . �B�"

�	�� �! &�9 �B
 7��� $� ��
$ �D� .� 5]D9 �pGGG ≈21 

5. 70D9G2  �? E�=" 7� ��
 �B�" � ��
$ �D� .� ��	��+ $� � �6
� ��+ &
$
�Lse− ��
. 
6. 70D91/G1 ��S �! ��
� &�9 )��� $� &� 5$�o+. 
7.Gd  >�0<! $���$ 7� ��
 $p� \���� �0�� ^�)�B�" ���+ ( ��� �! nO�! 
$ 

r
c

d
s

G
)1(

1
+

=
τ

  

 7<+
$ \�
 $�τc ��
 7�(+ 7=06 @�(�� &
� >�0<! �	�!' �+�y . &���	�;r  �,  ( ��� �"J� Y�>* �!R �
 �� ��&? �� \�k�#� ��>#Gd/G1  &9�proper ��&? )��� �O! 79$� '
 �D� �� +
+ 5$�� 79$� . *+�"
z� \�
 $� /	 �$�! b���"  

Ls

c
dd e

s
sGsGsT −

+
==

1
1)()()( 2 τ

  

��� �! �' $
d 7+ )��� ��!� E�"" \�
 7+.  

)1( 21 GGG
GGc

d

d
−

=  

��
 7	�� \�D; ��	 b�S $� 7� .  

  
 %�J��9��8  �B	�1:   79$� @�(�� &
+ �
1  79$� >�0<! t���1  )��� N��S 7��� /	 $�PI   �C! ���+

��?:  

  
 %�J�8�9�� �B	� 2 :  79$� ���
� &
+2  79$� >�0<! $���$ �1 )��� NPID ��S �! 7A��	.  

����� ����     

 

5-10

5-10

 

  
 %�J�8�9�� 2�, �B	�:  $
� �B�" ��! �+ ���
� NT�� &��D�(�� $� �	
�" �!��S �! ��' E�="  

sLp e
Ts
K

sGsG ⋅−
+

=≈
1

)()(0  
 �? $� 7�G  � ��d
� @�(�� ��!G0 ��
 �? $
� �B�" E�=" .  �C��+ J�$ \C�
 7+  �0� �)�6 $� 7� &)��� 

 �
�" �! �"
���D" �+ �)� ��m�+ 79$� m�D�! ��? �!PI  ��PID �$�? ���+.  
#)
 (- '
 ��O+G ��� �! K���! N���	 b!�S 
$ �B�" � ��
$ �D� .� 7�.  

pK
sTsG += 1)(/1 1  

> (@��� �! nO�! 
$ �0�� ��6 . 7� ��� �! \���" ���=" $�<+ 
$ 7�(+ 7=06 @�(�� $���$ �0�� \�
Tf  �+�y
��
 �? �	�!'. 

)1(
1

+
=

sT
G

f
d  

� (�+ ��
 +
+ )���  

)1(
1

1
*1*

1
11

1*
1

1

Ls
fpLsp

pf

pf
c

esTK
Ts

e
Ts

K
K

Ts
sT

K
Ts

sT
G −

− −+
+=

+
+

+
−

+
+

=  

1. 
�' �;� �! ���	 �)
T�	
 $���$ ��B '
 )���Gc(0)=� ��
 ��
 .� $���	�! &�<B Z�.   
2. �? $��B�� 7} �
 ��
 �B�� b+�d )��� \�
PID �(�	 . 
3.��? �! ���+ �<B � ���� ���T�� 7<+
$ \�S�	 �+ 

)(1)()1( sE
K

TssUesT
p

Ls
f

+=−+ − 

 + 7<+
$ \��� @�(=" �+1+Tf s ��? �! ���+ �? ��� E"! �  
)(

)1(
1)(

)1(
1)( sUe

sT
sE

sTK
TssU Ls

ffp

−
+

+
+

+=  

 7� ��
$ �D� _�� 70D9)�B�" '
 b�d ( ��!' $� �9�B ���+ [�� �
���+ �
�" �! 
$t  �C� �=0" .   7C+ �C��
 '

 )��� \�
 predictive PI (PPI) ����� �! . �+Tf =T ��S �! ���� �M%
� ,�%�! \�
.  

4. �B�" �+ &��D�(�� &
+��
 �� g��! '
 ��+ N�9�B ���+ [�� b�)� 7+ )��� \�
 N���'. 
5. )��� 7� ��
 ���9 '
 �D� 
$p� &�<B *D9 N��
 ���' �B�" ��d�PID ��S ���.��
 . 

 �, ��&.�PI  (PID



����� ����   

 

5-11

5-11

�
  

  
 ���+ 7	�T��
 )��� ��!� ��S ��' E�="!��? �.  

  
 )��� 7�PI ��
 . J�$ �+ �B�" �
Pade ��S ��' E�=".  

  
)��� �d�	? �"�&.� PID ��? �! ���+.  

  

  
  @�(�� &
+SOPTD   79$�$�0�" J�$ �+ �B�" W(+ �+1 )��� ��	PID ��? �! ���+.  

  
7��#  

1. J�$ $�IMC ��
 ��S 7���" *%
� $�<+ ���	 � J���4
 b+�=! $� @�(�� ���+ _��=! .    \���C� C�0�� �!
$�C�
 $p�Tf �=! \�+ @�/�" 7.�l���$
� ���G + 
$ $�	�! ��0+�d � @�(�� ���+ _.  

2.��? �! ���+ &��$� ���T�� 7+ ��(	 �)�G ��0DG �+ �D�(�� J�$ \�
 '
.  
3. $��6
�  ��S wp6 .� �+ E<d N)���  

����� ����     

 

5-12

5-12

sL

f

sLp

fp
c e

TL
e

sT
K

TLK
sTGG −−

+
=

++
+=

)(
1

1)(
1  

 7A��	 $�  
1.�+ 7(��=! $� $�+ '
 �S�	 J���G
 b+�=! $� @�(�� ��0DG �(�	 >�B E)�4 E<d &
$
� &��D�(�� . 
2. E9�!����  �4 &�;�! ��!? 7�(+ 7=06 $� ���� b+�d    �CS�+ $
�C����	 �C� � �C�� �! �
 7� ��S �!) .  EC<d

 $�M! ^���	jω �S�+ $�M! \�
 ��
$ �D� �� (��
 ����
 @�(�� b��!. 
3. J�$ 7+��! bDG �)�6 \�
 $�IMC ��
.  
4. ���� �)�6 $�Td(s) �	
�" �!  79$� @�(��1  �	�!' �+�y �+τC  �CS�+.     �	�C!' �C+�y C�
τC    C/	 $� ^C}��

��S 7��� �$
� �D9��" ��0DG @�(�� N)Kc �$�+ .( �
τC       7C/��M! @�C(�� �C�0DG N��CS $�C/�! �$�+
 ��
 7	
$��)Kc ^}��.(  

%�J� :  @�(�� &
+  
se

s
sG ⋅−

+
= 5

12
10)(  

 J�$ 7+IMC  7� ���� z� &)���tf=1 ��S 7�	�y.  

>
�9 :)
2
11(

60
2)(

s
sGPI c +=�  

5 -3-3 8�F��λ  λ tuning  
 ���U � /�# 
��IMC  'W 	� �� ��� \���� L��;Tc λτ = ��S �! 7��� /	 $�.   

Ts
sG

Ts
esT dd

Ls

λλ +
=

+
=

−

1
1)(

1
)(  

 �A��
 $�λ ��
 7�(+ 7=06 $���$ @�/�" �!
$�� . bDG $�λ  \�+0.5  �"5 ��� �! >�O�	
 .λ=1  �)�6 \�" ����
 7� ��
��
 '�+ 7=06 ��	�! 7�(+ 7=06 &
$p� $���$ . �
λ<1    � '�C+ 7C=06 $���$ '
 ���� 7�(+ 7=06 $���$ �S�+

 �
λ>1 ��
 Z�G + �S�+.  
5. [;�� �+λ  �+�� �! [�
��
 ���+ ,�%�! \�
. 

%�J� :  @�(�� &
+  
se

s
sG ⋅−

+
= 5

12
10)(  

 @�/�" J�$ 7+λ  7� ���� z� &)���λ=1 �S�+.  

>
�9 :)
2
11(

70
2)(

s
sGPI c +=�  

5 -3-48�F�� Haalman  
 ��	 J�$ \�
IMC  �? $� 7� ��
 7�(+ 7=06 >�0<! $���$ � �+�y    �C<B 5�C�+! ,�CDA! ��� bd
�6 K��
 +

 7+ A�!  



����� ����   

 

5-13

5-13

sLe
Ls

GGc
−=

3
2  

 ���! 7+ 7A��	 \�
 ��� �!  

15.0
1

5.1
1)(

5.1
)(

+
≈

+
=�

+
= −−

−

LseLs
sG

eLs
esT LsLs

sL

dd  

%�J�:  @�(�� 7+ \D)�; J�$ ��DG
3  79$� &�!
$��1  �'  

Ts
esG

sL

+
=

−

1
)(  

)���  

  
 )��� 7� �;� �! 7A��	 
$PI  ���=! �+

L3
T2K =  �Ti=T ��
 .  E�
C% �+ �
�" �! 
$ E�
% \�
K=0.9T/L 

 �Ti=3L  7� �$�! $� �)���	 0T�' ���9 �;� �! 70�(! \�
�� 7(��=!.  
 @�(�� 7+ J�$ \�
 �
4 ��� ��DG
 �' &�!
$��  

  
)��� &�;�!
$�� 

L3
2T1T2K )( +=N Ti=T1+T2  �

2T1T
T2T1TTd

+
= . ��? �! ���+.  

� ��S ��' E�=" �)�! �+ ���+ ���
� " ���~�� &��D�(�� &
+�� ����� 
$ J�$ \�
 ����� 7+ �
��+ 7.  

  
%�J�:   @�(�� &
+  

se
s

sG ⋅−
+

= 5
12

10)(  

����� ����     

 

5-14

5-14

 J�$ 7+Haalman ���� z� &)���..  

>
�9 :)
2
11(

150
4)(

s
sGPI c +=� 

5 -3-5Smith predictor
b��! b6 &
+ �B�"�$�+ &�;N  O.J.M. Smith  ��� $�1957 7� �6�  _�	 7+Smith Predictor   7�B��CS

��S �! �� ���! 
$.  

G

e-Ls

Gc

+

-

+
-

r ye u

G1

+
-

Y prediction

Prediction. error  
  \�
 $� &
 ��A	' z� ���� 7=06 �0B
� ���+ [��  �C9�Byp   7C=06 �  �9$�CB   �C��+ [�C� $� �C<B ep  
$

��� �! �����.  ��Y! &
+ �
D�(�� �  
)()( 1 sGesG Ls

p
−=  

 N�S�� [O+ �9�BG1(s)  $� �9�B ���+ [��L  ,�d� '
 b�d 7�	�y��
  �+ 7� ^+������ �! ���Y" �0B
�.  ��! �

 N�S�+ g�d�G1(s)   \�C��" �9$�B 7=06 $� 7� ���+ [�� &�<B � �$�? �! @;
� 
$ �9�B '
 �=�d� ���+ [��

��S �! .� ��S �!.  
 �� ��� 
�� +�j�yp �9�# �&�? 3$�!#� +,�T �)T�( ��S 7��� [�� $� ��
 \�D! �
$ �� 70�(! �+ 7�9
�! &
+  

1-  �]��	 �$�9�!�G1

 7+��! J�$ �)�6 \�
 $�IMC  ��
 ��S ��
� ���	 b�S $� 7� ��
.  

GGc
+

-
r ye u

G1(1-e-LS)

+
-

(a)

GGc
+

-r(n)

y(n)r(n)-y(n)+yp(n-L)
u

G1

+

e-LS

+
-

(b) yp(n)   
2-  �&�? 3$�!#� 8�.�9� &�^�B(&I G1

 '
 ���=" @�=�(! �4 $�<+ 7� ��S �! &�� �'
�	
 &T�� ���T�� J�$ \�
 $�yp ��� 7{
$
 
$ . @�(�� $� ]Y!
 �D"
 �� �'
�	
 W��" h$� �!�O% N��
 /	 �$�! �!�O% ���Y" 7� �$�	Nucleonic  &�� �'
�	
 ��
 \�D!

��S . )��� 7+ �<B � 7(��=! >�0<! �!�O% �+ �!�O%P   ��CDG
  ��C� �C! .     xCM! WC��" C)��� �C9�B
 N�$�	 &���<04 &$�+ �+ 70��� ���)�$��;s ��� �! @�/�" 
$ .     70C��� $� C�� �'
�C	
 N�"�C�0DG b�m�+ 7� �A	? '




����� ����   

 

5-15

5-15

 >�0<! �	 �	���	 $���$ 7+ A�! 7� ��S �! ��A�
 �B�" 7=06 $� N��� �! Eo	 ���<04 '
 "$�� &��/6]! b+�d
��� �! .  

  
 �
 b��! *�$ &
+ '
SP  �S �$�S
 7� $�<	�D; 7� ��? ���+ ���+ �B�" '
 b�d �!�O% '
 ���=" ��S ���.��


�$
�	 ���!
 ]DG �? @�=�(! &�� �'
�	
 .     �!�OC% @�=�C(! C�4 $�C<+ 7� T�� &����D� &�� �'
�	
 7A��	 $�
��S �! ���.��
 ��;� �! 
$ �B�" '
 b�d .��+ J�$ �� �A��
 $���S �! �  

Z��(SP �4���^ ��*�6 $� ���k] 
��k� ���� &,  
 &$�+ �+ 70��� 7+ 79�" �+ h$� �!�O% J�$ \�
 $� N��S ��y �� �'
�	
 W��" 7�	? '
 b�d��S �! ��' \�DO" .

��� �! ���.��
 �' 7<+
$ '
 \�DO" &
+. 

  
 7<+
$ \�
 $�h  Nh$� �!�O%C0  N���<04 &$�+ �+ 70���P  � ���)�$��; xM! �)�DG
 &��	 Ks E�%    ��.C�

stiffness ��
 �$�	 @�(�� .�;� �! ���	 
$ @�(�� \�
 b�S.  

  

����� ����     

 

5-16

5-16

\(SP X&B '��&B �., ���� &,  
 E�"" 7+ �? '
 �9�B � �$�	 7+ &��$� h$� �G� � �!�O% �
h1  �v1  �h2  �v2  9 �=+ ��	�d '
 N�S�+ �! _

�S�	 �
�" :  
Rate of mass flow in = Rate of mass flow out  

N�S�	 �
�" �! �S�+ +
+ �9�B � &��$� h$� �G �
 ��6  

2

11
22211 v

vhhvhvh =�=  

��� �'
�	
 �
�" �! @;� ��� &���<04 �
$�� �G� �� &$��) ��� �G� �+ 
$ h$� ��6 �G� .  �!�OC%
 K��� $� ��	 &��$� h$��' \�DO" �
�" �! 
$ �9�B h$� �!�O% 7A��	 $� N��
.  

&�&��� �U�&t  
 )��� �6
� &
+Gc  $���$ �" ��S �! z�G1 ��� >�0<! .  

 J�$1 :Gc=K  N��S 7��� /	 $�K  $���$ 7� ��S �! \���" &�M	 7+  

dG
KG

KG =
+ 1

1

1
  

��� >�0<!.  
 J�$2 : bDG �
�" �! ��	 @�=�(! J�$ 7+��. '
 5$�o��
 $�  

)1(1 d

d
c GG

GG
−

=  

 ��S �! ���.��
 7� �+Ls1e Ls −≈−  ��2Ls1
2Ls1Lse /

/
+
−− ≈ )���PI ��? �! ���+ .   �)�C��A�� &'�C� ����� $�

�(�	 E�=" 7+ &'��	� �$
� ��9� �B�" ��� j�M) ���!
..  
��
 $
=��
 '
 7�(+ 7=06 �)�6 �� ; $�.  

Ls
dd eGT −=  

%�J� : &
+ @�(��
10)1(

1)(
+

=
s

sGa
 J�$ 7+SP )���P z� ����  7�(+ 7=06 �	�!' �+�y 7�0.15 ��S.  

 \���" &
+G1 $
� �B�" ��! 
��+
 Ns58e
1s51

1 .

).(
−

+ 7� ��S �! ��' E�=" �? &
+
).(

)(
1s51

1sG1 +
=    7CA��	 
$

�;� �!.   
 J�$2 :�6
� @�=�(! J�$ $�  

s
s

eGG
GG

s
s

TG
TG Ls

c

c
CT

ss

s
c 65.8

)15.1(
)1(115.0

15.1
)1()1( 1115.0

1
15.1

1
115.0

1

1

+=
−+

=�
+=

−
=

−
= −

++

+  

 J�$1 : �
 Gc=K ��S �! 7	�T��
 5����M! ��S ���.��
.  
9

115.0
'

)15.1(
)( =�

+
=

++
= k

s
k

ks
ksT  



����� ����   

 

5-17

5-17

s
s

s
s

ks
k

sGeG
sGsG

sc
Ls

c
CT

)15.1(
78
9

178
)15.1(9

)5.811(1)()1(1
)()(

15.1
1

1

+≈
+
+=

+−+
=

−+
=

+
−

  

+��? �! ���. 

����� ����     

 

5-18

5-18

5 -3-6 %&������)� 	��6	 �, 8�9��  
��;� �! ���	 ��B '
 ���B $���$ ��D�(�� '
 �i�+ .        �C�9 $� 
�C�+
 ��C� �C! ��CDG
 7C0� �C�	? 7+ ��d� ]Y!

    �C	�� �C! C+ �0C�
 �(! 7+ Z`� � ��� ��6 K���! .     '�C� bd
�C6 C�4 &��D�C(��)   �DC� .C� &
$
�
��
$(��;� �! ���	 
$ $���$ 7	�T��
.  

���)� 	��6	 �, 8�9�� $� ���J�  
 &
+���� �d� b�S $�O+ e�� @�(�� 7+ ��Y! . 7)�) $� ���9 �+ � ��S &� e�� �$
� XD� g�� '
 $��� � >?

��� �! e�� �$
� � ��S b���" >? $�O+ 7+ �	$p� �! b��! '
 7� ���; .     �C�d���! eC�� �	�Cd�� �DC(d '
 $�O+
��� �! �$�B .��
 $��� � $�O+ � >? u�0O! b!�S e�� \�
 +��+ .� $�O+ $
�=! K��
 + e�� bB
� *��! f<

��� �! ���� &��$� >? �+� W��" � '��	 �$�!.  

  
��
 ��B $���	�! �)�6 $� *��! ,�."$
 N�S�+ +
+ $�O+ �+� � &��$� >? �+� ��d� .    �C+� �	�C���	 $�C<+ �
 ��6


��� [�
��
 e�� bB
� $��� N�S�+ �+�y &��$� >? �+� � ��S @� �9�B $�O+     @C� *��C! ,�C."$
 ��d���! � ���
��� �! 
��� [�
��
 ��B $���	�! �)�6 7+ �"�! '
 ��+ 7���
 �" ��S �!.     �C+� �	�C���	 [�
�C�
 7A��	 $� !
 \�


  �C+�� �C! [;�� ��B $���	�! �)�6 7+ Z`� � ��S ���' ,�."$
 
��+
 7� ���
 �! h�."
 ��	 K���! �)�6 7+ $�O+ .
�	 b�S $� $���$ \�
��
 ��S ��
� ��.  

���)� 	��6	 �, 8�9�� +�!"� g,��  
�$
� ��
$ �D� .� K���! $���$ �+ @�(��  

)1)(1(
)1(

)(
21

0
ss

sK
sG

ττ
α

++
−

=  

����� �! '�� bd
�6 &��D�(�� N��D�(�� \�
 7+ .     7C9$� 5]CD9 7C+ @�C(�� 7��A" '
1      7C� �C�? �C! �C��+
 79$� @�(�� �� b%�." @�(��1 ��
  

)1(
2

)1(
1)(

21 s
K

s
KsG

ττ +
−

+
=  



����� ����   

 

5-19

5-19

7� ���� �� �
  

 
 ���
  '
 E��" 5$�� 7+ �
�" �! 
$ b�S 70� t���2 ��� T���� K���! t��� .  

  
���)� 	��6	 �, 8�9�� %&���  

��
 b��! $
� �B�" &��D�(�� ��	�! ��D�(�� \�
 ���� . ^���" '
 ���+ ��	 ��D�(�� \�
 ���� &
+  7+�C�!
IMC ��S ���.��
.  $�/�! \�
 &
+    p�m�� 8�m9�� �m� ��� �� 8� 'W $� ��*� 8�9�� �,�j� ���9��

 ����!# �&b*!��, cd ��� &b* ����� ��.

+
-

r
Gc

+-

+
-

r ye u d
)1)(1(

)1()(
21

0
ss

sKsG
ττ

α
++
−

=

)1)(1(
)(

21

43
ss

KsKsGp ττ ++
−=

  

)1)(1(
)1(

)1)(1()1)(1(
)1(

)(
21

0

21

43

21

0
ss

sK
ss

KsK
ss

sK
sGT ττ

λ
ττττ

α
++
+

=
++

−
−

++
−

=  

 7�λ �S�+ .� �� ^}�� �0�B �	
�" �! . &
+ ��6GT  &��S�$ 7+d��� �! z� )��� b� .  

)1)((
)(

TsG
TsG

T
C −

=  

 m�D�! ��S �! >�O�	
 �A��
 $� 7� &)���PI ��
 .  
%�J�:  @�(�� &
+

ss
ssG

+
−=
23

2)( J�$ 7+SP ���� z� )���.  

����� ����     

 

5-20

5-20

 
 ��+ �+ �0�
 @�(��1- ��S �! �	���	 . )��� 7��)�6 $�SP  ��+ $�40-     �C(�	 ��C!' ��CS $
�����	 7���
 ���+3   �C"4 

�;� �! 7�	�y. Gsp(s) ��S \���" 7	�T	?  �+ �? ,�DA! 7� ��
G(s) �S�+ 7�S
�	 ��
$ �D� .�.  
%�J�: �' ��Y! $�  z� ��� ���	� $�+ ^� '�� bd
�6 @�(��IMC  �! $
d &'
�! 7� �)�! T��$�+ $� � ��
 ��S ����

��� �! �Y�B 
$ ��
$ �D� .� y
 7� �() �)�! 7�0+ �(�	 @�(�� ��! ��D; �=�d� ��� .   @�=�C(! J�$ 7C+ 7!
�
 $�
 ���� ,�DA! @�(�� &
+PI ��
 ��S z� .��
 ��+ _�� z� 7�)�
 $���$ 7� �;� �! ���	 b�S.  

 
  
  

Step
Scope

3s

3s  +s2

Gsp(s)

s-2

3s  +s2

G(s)

-1

   

0 5 10
-1

0

1

2

3

time

15(s-1)

(s+3)(s+5)
system1

15(s-1)

(s+3)(s+5)
system

15(s-2)

(s+3)(s+5)
model 1

80/6(s+3)(s+5)

s(s+80)

Zero-Pole3

20*16/15(s+3)(s+5)

(s+4)(s+80)

Zero-PoleStep
Scope

15(s-1)

(s+3)(s+5)
Model

0 1 2
-2

0

2

4



����� ����   

 

5-21

5-21

5 -4��	��I��%&��� �.�U &@�� �
5 -4-1 �� 3&�K#$ %&���Cascade Control  

 b�S 5$
6 ����" @�(��1 ���T+ /	 $� 
$.  

 
 ��C� �! ��)�" _� >? N>? � $�O+ \�+ 5$
6 ����" �+ @�(�� \�
 $� .      7C9$� N>? 5$
C6 7C9$� @�C/�" &
C+

5$
6 �? ��� �! 7(��=! >�0<! 5$
6 79$� $
�=! �+ � ��S &�� �'
�	
      �C(! $� ��C9�! �CS �C��� �+ �
��? �! ���+ >�0<! &�!� $�O+ .  

        $� �C" �C�� �C! ��C� �"�C! eC�� �C"$
6 ^�!���� b�)�+ N�S�+ 7�S
� ��9� _� $�O+ $��� ��c" �]�B
 �

��S ���Y" � &�� �'
�	
 � ��S ;�l �9�B.  &
 ��A	' ���� $� \�
  7C=06 ^� W��" �!� \�!�" $� �]�B


�" ��� �! ���� 
$ &��$� �+� 7� ��+���/��S �! @� .    [;�C� �]�CB
 �
�C�G 7+ $��� ��c" y
 E�"" \�
 7+
�+�� �! .�;� �! ���	 
$ &
 ��A	' ���� @�(�� \�
 b�S.  

 
��� 7=06 7� �;� �! ���	 @�(�� _
���� ��0+  �C�
 ��CS ��A�
 �0�
 7=06 bB
� �) .    7C=06 *C9! ���T�C�

��� �! \���" �9$�B 7=06 
$ �0B
�.  

����� ����     

 

5-22

5-22

 

 
 &
 ��A	' ���� 5�d 7<=	��
 $
d \�
 '
:  

1. �0B
� 7=065m]�B
 y
         7C=06 '
 �C�O+ EC�"" \C�
 7C+ �C�� �! $��! 
$ ��B �<B �4 &�;$���$ � �0B
�
��S �! �<B �4 5
y
 � �]�B
 ���+ .��S �! " ���� �9$�B 7=06 )��� �6
� 7���
 7A��	.  

2.�$
� '��	 $���$ ����+ &
+ &" ���� 7�)�
 )��� . b�S4  )��� '
 ��d� 
$ ,�%�! \�
PI S ���.��
  ��C�	 ��
�;� �! .�+�� �! [�
��
 �0B
� 7=06 )��� ��9� b�)� 7+ �;�!
$�� �
��	 ��!�D; 7��)
. 

��
 '��	 �$�! &�;$�(�� �
��" � �;)��� �
��" [�
��
 J�$ \�
 E���! '
.  

��&�&��� �U�&t  
1. �0� >�0<! ^�!����Td=Gde-Ls ��S �! ��
�.  
2.��I�� 8�9��:  �0B
� 7=06 &
+Tf2  7� m�D�!3  �"4  '
 ���� +
+Gd  ��
 7��� /	 $� )��� � z�

��S �! .  

)1( 22

2
2

fp

f
c TG

T
G

−
=  

3.��� 8�9��:  ���� &
+@�(��	 �! m�6 �0�
 7=06   

)1(21
1

dfp

d
c GTG

GG
−

=  



����� ����   

 

5-23

5-23

  
%�J�: ��S �! ��)�" �!� ����D�S ��)��� 7A��	 $� .��� 5$�� �+�y &�!� �M" ���+ ��)��� .  $�C�G �+ �$ \�
 '


��S �! _�A	
 5$
6 79$� ���� N7/.M! �$
�9 '
 �� >?.    �C��� �C�0DG ��Y! \�
 &
+PID    � 7C=06 ^C"
��A	' )��� ���� 7(��=! 
$ &
 . )��� �0B
� 7=06 &
+PI + � �9$�B &
PID ���� z� . �	�!' �+�yλ  &
+

���� >�O�	
 E���! 
$ @�(�� $���$.  

  
$ \�
 $� W+
�T  N^	�" bB
� 5$
6 79$�Tj ��O! 7���� bB
� *��! 5$
6 79$� � Fj   &��$� �C+� �C�
 .  �CS �C�+N K 

 \�+ ���=!0.5  �"1.5  
$ ��T+ ��B 7+.  

 u&t&�^ �� 3&�K#$  
 z� $�7=06 ^"  ���
� ��! >�0<! t��� &
+

1
1)(
+

=
s

sGd    

5.15.0
)15(

5.1
)1)(15(

5.1)( 02.302.2 ≤≤
+

≈
++

= −− ke
s

ke
ss

ksG ss

 )���IMC  E�=" �+ ��! \�
Pade  7�(+ 7=06 �	�!' �+�y �Tf=1�+ ��
 +
+  

sss
ss

GG
GG

sG
f

f
c 51.11)51.11)(11(

)151.1(
5.1

)15(
1

/
)(

2

1

+−++
++=

−
=  

)
51.1
01.4(51.1*5.1

)151.1)(15()(
+

++=
ss

sssGc  

&
'
 7+ 7=06 ^" @�(�� $���$ b�S ���=!  #0�O!k �;� �! ���	 
$ .�(�	 E���! �? $���$ � ��� @�(��.  

����� ����     

 

5-24

5-24

  
�� 3&�K#$ u&t

��I�� �.�U:  )�����0B
� 7=06  
Gp1(s)

 
 

 >�0<! t��� �+5  �"10  ���� $�+) �A��
 $�10 +
+ ( �0� 7=06 '
)���PI ��? �! ���+ �'.  

s
ssG

s
sG

s
sT cpf 1.0

)1()(
1

1)(
11.0

1)( 111
+=�

+
≈

+
=

  
�B	�I �.�U:  @�(�� ^�!���� z� \�
 $� �+ �? E�=" �Pade ���(; $
=��
 '
.  

  
Gp(s)

 
 J�$ 7+ )���IMC 7�(+ 7=06 �	�!' �+�y �+ 7�	�y ^��+ ��
 +
+  

)3(5.1
)1)(15(

11)1)(1(
)1(

5.1
)15(

)1(
)(

21 +
++=

+−++
++=

−
=

ss
ss

sss
ss

GGG
G

sG
f

f
c  

 #0�O! ���=! &
'
 7+ &
 ��A	' ���� @�(�� $���$k ��
 ��S ��
� ���	 b�S $� .    tC��� �C+ ���C� @�C(��   �!��C=!
 5
��c" 7+ ��(	k ��
 ��!
 ���+.  

  
5 -4-2�$��� �� 3&�K#$ %&���  

 �;� �! ���	 
$ &
 ��A	' ���� &'
�! ,�	 �' b�Sparallel cascade control . &T�� ��D� z� \�
 $�
y2  �9�B ��	�! 7� �$
� ��9�y1   '
 ���� �? $���$ �G� �!
 ��
 &��$� � �]�B
 �y�" �M"��
 �9�B .
�+  ����y2  $���$ �0B
� 7=06 $�y1 �+�� �! ����+.   ^C	�" �' @�(�� $�3   ^C	�" ��1  �2    �C�� �C! 7C�pc" 
$ .



����� ����   

 

5-25

5-25

 ^	�" ,�."$
 ���Y" w�;1  �S W��" 7� ��
f1  �C�� �! 5$�� .   " N�C��� ��C��+ &
C+ C	� ^2    ^C�!���� �C+
��" ��
 &��$� � � �]�B
 �y�" �M" ��	 �? 7� ���� ��� �! 7�)�$
� ��9� �� .(    ���C� ^C	�" ,�."$
2  $�

��� �! ���� �0B
� 7=06 . ^	�" ,�."$
 ���Y" 7� �9$�B 7=06 $���$ ����+ !
 \�
1 �$
� ���	� 7+ 
$ ��
.  

  
  

����� ����     

 

5-26

5-26

5 -4-3	��I��feedforward   
 &�$
�!�$
�$����� '
 ���.��
 7+ '��	 ^+��� '
 �4 7+ 7� �	$
� ��9� �$
� ��9� .     3$�!m#� +m,�T %��mI� �m�T(

!��, �&�?��
 �9�B '
 �? y
 wp6 &
+ &y�! J�$ �$
�$����� N .    '
 ^+�C�� 7C+ ��C(	 �$
�$�� ��� ���!
  [;�C� 706! �$
� ���� @�(�� �9�B $� �]�B
 \�S
p� y
 '
 ��+ N^+��� �)�6 $� 7� ��S �! �S�	 �A	?

 �)�6 $� �)� ��� �! �? ��
� f�Mo" bDG 
$�� ��S &�� �'
�	
 �]�B
 �$
�$�� ��� 
$ �! '�4?��� . 7A��	 $�
�+�� �! ����+ �]�B
 y
 $��! $� @�(�� ��
$�� � bDG �G� N^+��� @�(�� $��� $� �$
�$����� &��$��+ �+.  

7	�&U %��"�  
 b�S �"$
6 ����" @�(�� 7+ E0<! ��S \S�$ &
+1 ���� �d�.  

  
  

 ��c"�S�+ 7�S
� 
$ �]�B
 [=	 �	
�" �! ��S �! �$
� �"$
6 ���! 7+ 7� ��O! �� >? �+� .   �C! C��c" \�

�S�+ ^	�" $� *��! ,�."$
 ��c" '
 �S�	 �	
�" .   �C+ @�C(�� W=� � �S�+ 7�S
�	 ��9� �$
�$����� u��"$
 ���� ��

��S ���� ^+��� .! m�+ �9�B >? &�!� N�+�� [;�� �+� ��d���$ � .  &C�� �'
�	
 $�(�� W��" �!� [�
��

��S �! ��DG
 ^+��� 7=06 7+ � ��S . ���Y" 
$ �!� ��� �! J]" �S \�(+ g�� '
 $�O+ �+� [;�� �+ ^+���

��� .  

  
  

��� �! ��� �"�! �]�B
 y
 \��$ \�+ '
 &
+ � ��
 �� �d� b� $� 5��0DG \�
 .  &C�� �'
�	
 �+� �
 ��6
��+ \�+ '
 
$ �]�B
 y
 @�(�� �" ��� �! ��� &�D� ��!' N��� ��DG
 ���� @�(�� 7+ �? 5
��c" � ��S .

�+�� �! [�
��
 �]�B
 7+ @�(�� t��� �G� 7A��	 $� .\�
  �'
�	
 b+�d �]�B
 7� ��
 �p� ���!
 �	�!' �!
 $��
�S�+ &�� . _
���� x�0+�$
�$����� @�(��- ^+��� b�S1  b�S $�2 ��
 ��S ��
� ���	. 



����� ����   

 

5-27

5-27

�"9# %&��� v��k�  Ratio control  
 �]�B
 �? $� 7� ��
 �$
�$�� ��� ���� �G�	 ��(	 ����)���	 ���� &��$� (��S �! &�� �'
�	
  ��(	 �

 ���� @�(�� �9�B ��(	 7+ �?)���� �M" &��$� �+� (��S �! 7�S
� 7T	 �+�y .   �C�"$��G �? &�C;�+$��
'
 : ��(	 ���� N
�; 7+ �B�� ��(	 @�/�"2 u�0O! $� *��! �� ��(	 ���� N �/04 @�/�" $� ��0M!. 

7+ 
$ ��(	 ����  �' z� �� '
 ^�;�� ����� �
�" �!. 
 u&t1:  �9��.� �,�"9# gB&�:  *��! �+� J�$ \�
 $�A  �B        &
C+ �� �? \�C+ ��C(	 � ��CS &C�� �'
�C	


 �+� ����B ��
.��
 ��!? b�S $� 7~	? ��	�! ��S �! ���.   
 u&t2 : �9��.� �,�,� gB&�:     �C+� '
 �C)� ��CS �! &�� �'
�	
 *��! �� ; �+� ��	 J�$ \�
 $�A   ��C(	 �

 �+� N>�0<!B ��� �! 5$�� ���� � \���" . b�S6  
 m�D�! N��(	 ���� $� )���PI ��S .� $���	�! &�<B �" ��
 . &���	 �0�)� 7+ �=��! 70D9 '
 ���.��
 _�G

��
 *��! ���9 ���+.  

   
��� �, �I�� �"9# %&��� 	���� 	�  

�! &�� �'
�	
 
�; �+� � �B�� �+� 
�; 7+ �B�� ��(	 ���� &
+ ��S . $� 7� �A	? '
   ��C(	 >�CB h
�6

 
�; 7+ �B�� ��(	 �? K��
 + � &�� �'
�	
 
�; 5$
6 79$�N �$
� �T�(+ 
�; 5$
6 79$� 7+ 
�; 7+ �B��

��� �! \���".  

����� ����     

 

5-28

5-28

  
�	�(	�6!�6 ,!�6 ���&�  

 7� ���T+ /	 $� 
$ �/04 ���� @�(��2   �	�CS �C! u�0O! @; �+ ��0M! .  �C�)��M! '
 �C��    �  �C��� ���C+
��
 ���� &
$
� &T�� .��� �! $
d ���.��
 �$�! �$
�$����� ^+��� E��" �/04 ���� &
+.  

1-�F�^ $� ,!�6 O(	:   b�S $�8.(a)    ��C0M! �C+� N^+��� g�� '
 � ��S &�� �'
�	
 �9�B �/04
��S �! @�/�" N����  b+�d .    �]�CB
 �C+� $� C��c" �' N�S��	 [O+ ���%$ �	
�" �! @�(�� \�
 ��0DG

�+ �! ��!' �? f�Mo" 7� �;� �! $
d �y�" �M" 
$ �9�B. 
2-�"9# %&���:  z� $�8(b) ��S 7��� $�� 7+ ��(	 ����    �C�O+ �C! ����+ 
$ @�(�� ��0DG 7� ��


    �C�� �C! f�MCo" 
$ �C��
� $���$ � ��S �! 7=06 �$
� ��S &�� �'
�	
 $
�=! N�]�B
 ,�d� sM! 7+ 
�' .
��
 �$
�$����� W=� z� N��S �D	 &�� �'
�	
 �9�B �/04 �A��
 $� ��}. 

  
3-,!�6 ( �"9# %&���:  �)�D�6
 b!
�G y
 h�� z� $�    ��C�	 7C��� C/	 $� ���	 &�� �'
�"
 �)]�B


��
 .   �C+���! b�CS &" ����D�
 b+�d ���� @�(�� �? 7+ ^+��� 7=06 ��� 7��%
 �+ \�
 + ��+8(c) . $�
��� �! ���.��
 ��(	 @�/�" &
+ �? '
 � ��S �! &�� �'
�	
 ��	 ��O! bB
� �/04 �A��
.  

  

 



����� ����   

 

5-29

5-29

  +�!"� g,�� �"��>��	�(	�6!�6  
 b�S _
���� x�0+ K��
 + N�$
�$����� b���" *��" 7���M! &
+3 �? $� 7� �� bDG �
�" �!:  

G(s)   N���
� b���" *+�"Gn(s)  � �]�B
 &$
p� y
 b���" *+�"Gc(s) ��
 )��� b���" *+�". 

 
 z� \�
 $�2 �$
� ��9� )��� . ��+��� )���Gc(s)     J�C��4
 Cy
 ��C� �Y�B &
+ 7� �$
�$����� )��� �

��
 ��S 7���" .�+ ��
 +
+ �0� �9�B K��
 \�
 +:  

  
@�(��	 �! ��S .� J���4
 y
 �$
�$����� �+ @�;
�O+ �
:  

  
wp6  7� ��
 (�! ��d� �]�B
 b!����!  �]�B
 � ���
�Gp(s)  �Gn(s)    �C)�6 $� 7C� ��S�+ nO�! �=�d�


 ��d
��(�	 $�<��.  ��0DG 7A��	 $�FF �(�	 �? ���
 �)�6 ��	�! .   ��C��� ^+�C�� ��C9� ^)p�!    _�CG &�C;
 
$ ��! g��<" [;�� &
 7/6]! b+�d $
�=! 7+ �!�;�.  

 ��+ '
 W=� &�$
�!$�Gf(s)  &
+FF         $�C��$ $� � �C;� �C! [;�C� 
$ �]�CB
 $���C	�! Cy
 7� ��S �! ���.��

�$
�	 �y�" �? &
$p� .�;� �! ���	 
$ 70�(! \�
 b�S.  

����� ����     

 

5-30

5-30

 
%�J�  

�$
�$����� ���� @�(��-���T+ /	 $� 
$ �' b�S $� ��
� ���	 ��0M! �� u]�B
 ��+��� 

 
 

 )��� @�(�� \�
 $�PI  � ��
Ci 
$ �]�B
 [=	 �$
� .    7��C%
 C)��� �C9�B 7+ �$
�$����� ���T�� �A��
 $�
��
 ��S .b�S &����0+ b���" *+
�" K��
 + ��6:  

3)1(
1)(

+
=

s
sG p   

3)1)(15(
1)(

++
=

ss
sGn   

 �' 5$��G 7+ �$
�$����� x�0+ b���" *+�"��? �! ���+.  

)15(
1)(
+

−=
s

sGc  

 &����I���$
�$����� )���:  
1.7+ ��
 K�(6 $��(+ �]�B
 � ���
� ��! $� �<B. 

2.�(�	 ���.��
 b+�d �S��	 &�� �'
�	
 b+�d �]�B
 �
. 

3.��
 K�(6 $�� 7<=	 ��c" b�)� 7+ ��! $� ��c" 7+. 

4.�$
�	 &�y�" @�(�� &$
���� +. 



����� ����   

 

5-31

5-31

5.�S��	 �B�� b+�d ��
$ �D� E<d �0�)� 7+ �? *+�" ��
 \�D! .   
 \C�D! 
C	? �C)�6 \�
 $�   �C+ �C�Lag-
Lead �' E�=" n)�B ��+ ��.   

�%�J:  �"]��! �+ bDG $� �$
�$����� &'�� ������;� �! ���	 
$ 5]��! \�
 '
 &
 7	�D	 �' ��Y! ��
 �
D; 
��
 �? �O! '
 �D� �$
����� *+�" 5$�� 79$� �? $� 7� . 7�	? T! N�(�	 �B�� b+�d ]DG ��+�" \��} \�


��S ��' E�=".  
��S�+ �' $
d 7+ �]�B
 � ���
� b���" *+�" �
:  

2)1(
1)(

+
=

s
sGn    

3)1(
1)(

+
=

s
sG p  

 *+�"FF �+ ��
 +
+:  
)1()( +−= ssG f  

�(�	 �B�� b+�d ������ 5$�o+ 7� .�S�+ 7	�T��
 �	
�" �! b���" *+�" \�
 �0DG �B��  

  
 7� �? �+Lag-Lead ��S ��' E�=" .�+ ��
 +
+ �? ����! �B�� b+�d b���" *+�":  

  
7<+
$ \�
 $� T�� ��Y!N ���(; �' �]�B
 � ���
�.  

  
�+ �	+
+ b���" *+
�" \�
 E�=":  

  
�+ ��
 +
+ ��? �! ���+ @�(�� \�
 &
+ 7� &�$
�$����� *+�":  

  
 �(�	 �B�� b+�d 7�)�(�	 �0G .( �$ \�
 '
��S ��' E�=" �" �� J]" ���+.  

125
)110(1.0)(

+
+−=

s
ssGf

  

 &
+ �? ��+ ��� 7���
 ��FF ��S $�/�!.  
Kf= -0.1  

%�J�:  ���! ���� @�(�� ^� $�  �+� �+ &
Qa  �/04 �Ca  �+ �+� �+ &T�� ���!Qb  �/04 �Cb   �C! u�0O!
�	�S . �(! &�$ ���� �SQa �$
� $
d .! @�(�� \�
 &
+��S �! \���" �' ���=.  

Qa=800L/min Ca0=1Kmol/L Qb=200L/min Cb0=2Kmol/L V=5000L 
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 �? $� 7�Q=Qa+Qb ��
 . �/04 ���=! ��S ��
� ���=! 7+ 79�" �+ ����" �)�6 $� b� ���! $� ^�;'
 ��"$��G:  

  
 ���! 7+ 7�C=1.2 ��
.�������$� �+� \�+ �' ��(	 \�!�	 ���� w�; 7A��	 $�  

4
200
800 ==

Qb
Qa  

��
 ��S 7���" ��	? \�+ ���� ���!
 7� �;� �! ���	 
$ J�$ �� ; ^��)�D�� $
��D	 b�S .  

  
 [��D	 \�
 $� �+�Qb  7�	�y $�60  '
200  7+300 �+�� �! ��c" . )��� ��S ���.��
 )���PI ��!� �+  

)
2.0
11(20

s
+  

 ��
 �+� ���� @�(�� 7� ��$ �! $�/�	
Qa   �C��	 ��c" ��0M! �/04 �" ��
� [�
��
 
$  b�CS   @�C(�� $�C��$
�;��! ���	 
$ ����.  

  
 �/04 
��+
 
��A! �)� �+�� �! [;��>�0<! �)�6 7+0.8 ��� �! + ��B .   �C�
 ��C(�� J�$ �� C; ��0DG .

*9! J�$ $� 7� ��
 \�
 $� 5��." ���"- 7+ .� �; �]�B
 ���	�+ ���� &�<B �+�100   ���T�C� � ��$ �!

Qa

Q

Ca

QC

QCa

Qa setpoint
Qb

1

5000s
Transfer Fcn

Scope

4 Ratio setpoint
QbCb

200

Qb0

QaCa

800

Qa0

Qa/Qb

Product2

PID

PID 
Controller

Method 
switch

Divide

Disturbance

2

Cb0

1

Ca0

200

4

59 60 61
0.79

0.8

0.81
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  WC=� �<B $
�=! ��(	 *9! J�$ $� �!
 ��� �! ��DG
 )��� 7+ ���d4-800/300  �C�
 .    �� C; 7C���
 &
C+
 J�$ ��+ �	�S 7(��=! 7	�.o�!200 *9! &�<B �(! $�-��
 ��S ��
� $
d ��(	 . ; ��0DG E�"" \�
 7+

��
 7+��! ��.  

5 -4-4Override Control  
 �	�S ���� ���+ 7� �9�B ���T�� \���} b+�=! $� ���� &��D�(�� '
 �i�+ $� %&��� %��@�� � Q.6

 3!���u �	�� ��B( .v�B ,�	 ��D�(�� \�
 ���(; ��c�! ��} &��D�(�� .   �C�} �C�c�! ��} &��D�(�� $�
��
 ���9�B �
��" '
 �D� &��$� �
��" �A��
 $� �)� �	$
� ��9� &��$� ��} � �9�B.  

  ���9�B '
 ��� ��D�(�� \�
$�)���(6 (  $���	�C! ���9�B T�� ��6 \�6 $� � ��S �! ���� &��$� W��"
=�(! 7�	? ���+ �	�� �!�	�S ���� �D� .   ����CM! '
 �	�CS �D	 ���� �D�=�(! 7� ���9�B T�� '
 ��� �


*<d ��
 �9�B ���� $
�! N��S �$�B ��B '�A!N  ���� $
�! �  ��CS �$�B �6 '
 �9�B   ��CS �C! ��C�� . '

 _�	 7+ J�$ \�
 7� ���$ \�D;Override  ��Selective ��S �! ��	
�B ����.   

 7���" �+ $�� \�
“High Selector Switch” (HSS)  �“Low Selector Switch” (LSS)    �C" �C�
 �p� ���!

��� J$
�� 
$ '�A! ����M! '
 �9�B ��S �$�B .�;� �! ���	 
$ @�(�� \�
 '
 &
 ���� 7	�D	 b�S.  

 $�O+ $��� &��G �)�6 $� $� ���9 �G� &�� �'
�	
 �+ $�O+ e�� $�O+ C(! $�  �C9�B �   �CS &�$ �C��� �
��� �! 5$�� .   �C�0� ��CS �D� �? bd
 �6 f<� '
 $�O+ e�� $� *��� f<� 7���D; �)�LSS    � ��CS ��C��

 ���� 7=061  ���� 7=06 � ��S �$�B $
�! '
2 ��� �! ���� . ���� 7=062       $� *��C! f<C� �C" �C�
 ��C��
��$ "m�+ ��B bd
�6 $
�=! '
 e��.   

  
5 -4-5Split Range Control  

  �$
� ��C9� �C9�B ^� W=� &��$� ����� ���� ���T�� \���} b+�=! $� ��D�(�� \�
 $� .    \�C+ $�C� @�C(="
 ���� @�((�� W��" ����� ���� &��)��T��Split Range ��S �! _�A	
.  ���	 
$ @�(�� \�
 '
 �)�Y! b�S

 $��� ���Y" w�; 7� �;� �!header ? @�/�" &
+ 7� ��
�$
� ��9� �S \���} �.  
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72���  
1. For proper operation of a Smith predictor, the model of the process must be known with 

sufficient accuracy- justify. 
2. Explain a Smith predictor scheme used for automatic gage control in rolling mill. 
3. A transfer function of a process with inverse response will have a zero on the right half 

splane – justify the statement. 
4. Draw and explain the operation of a compensator for compensating the inverse response of 

a process in a feedback control scheme. 
Fermentation )�DO"(  is a chemical process where sugar, in presence of micro organism breaks 
down into alcohol and carbon dioxide. Control of fermentation finds wide applications in 
several industries, e.g. (a) brewing, (b) dairy (c) bakery (d) wine. Fig. Q1 shows a typical 
control scheme for controlling the dissolved oxygen content in a fermentation process. 

(a) Explain the operation of the control scheme. What type of control is it? 
(b) Identify the inner and outer loops in the control system. 
(c) What types of control would you recommend for the inner and outer loops? 
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5. When would you recommend the use of feedforward controller? What is the advantage of 
using this control? 

6. Draw the general block diagram of a feedforward-feedback control scheme and develop 
the transfer function of the feedback controller. 

7.  What modification of the transfer function of the feedforward controller is suggested 
when the obtained transfer function of the controller is not proper? 

8.  Explain with an example the principle of ratio control. Elaborate with a block diagram any 
one scheme for achieving ratio control. 

9. Why the controller used for ratio control is normally P-I type? 
10. Discuss the advantages and disadvantages of using cascade control. 
11. Write down the conditions for maintaining stability of a cascade control system. 
12. What do you mean by override control? Explain with an example. 
13.  What do you mean by split range control. Show a schematic arrangement of this 

type of control. 
b{�(! :  

1.S�;� �! ���	 
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2.�;� �! ���	 
$ �$�� ^� 5$
6 79$� ���� _
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 $� �$�� ��CS �! �
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:  J�$IMC  �+τf=0.9 ���� z� )���. 



����� ����   

 

5-37

5-37

> (@�/�" J�$ 7+ λ  �+λ=0.9 ���� z� )���.  
> :7+  J�$Haalman ���� z� )��� �? &
+  
�( J�$SP  �+ )���PI  7� >�0<! $���$)�B�" ���+ ( 79$�2  �+ �(�	 ��!'4  � 7�	�yPO=%4.7  

S5-1-2 ; 70� &�; t���5 ���� @�$ b�S ^� $� 
$ �6
� J�$  
5. *��! f<�H  $�reboiler  N�+ &m�+ $� $��� @�/�" �+ �<=" �+ ^�Ps  ��CS �! ���� .   
$ $�C�� @�C/�"

�;� �! _�A	
 �$
� $
d $�O+ �(! $� 7� �)��� �S .���
� b���" *+�": 

��
 .�	
 ��! �
 �� �'
Km=0.5 psi/in   �S ��! �Kv= 2.5 �S�+. )��� E���! ��! >�O�	
 �+  
#)
 ( J�$ 7+ZN ���� z� )���. )���� ���.��
 Z	��� � ��+ ����	 ��� 
��� &
+ k
$ ���9 '
(  
>( ��+��� 7)$ J�$ 7+)����)�D�� &'�� 7��S �+ ( �Tyreus�Luyben   z� )��� @�(�� \�
 &
+����.  
�(�S�+ �B�� b+�d 7� ���� z� &)��� @�=�(! J�$ 7+ .Td(s)  79$� 
$1 ���T+ /	 $� E���! 5$�� �+.  
�( J�$ 7+ &)���SP ���� z� ���
� \�
 &
+.  

sim 6-3 :���� 7(��=! 
$ ����	 � @�$ 
$ � � > N#)
 70� &��O���. 
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6  
�"��&� %&���-�.���  

  
  

6-1�"��&� %&���-�.���  
 �;�+$�� '
 &$��(+ $� �9�B ����	 � �(�	 7����� ���
� ���"���=!   ^C� '
 &����!   ^C}�� 7CG�DA!  7C+ 
$

��� �! ��B.  �? ��Y! \�" ���� 7� ��
  �S ��S 7�(+ �� '�+ N$�"�! ��� J�!�B �� \S�$ ���=!  �C9�B
 ��
 &���+)^� �� .� .(       $� ��C��
�; � �;�CS N�C;$�"�! N�C�0� ��C� J�!�CB �� \S�$ �+ &��D�(�� \�
 $�

�	�S �! J�!�B �� �����
 $�� 7+ 7��+! &��	�!' .����� �! 7�((� �9�B ���� @�(�� N��D�(�� \�
 7+.  
7G�DA! $� ��d� �!�DG N�S�+ 7�S
� ��9� �;���
� \�
 '
 &�
��" &
  '
 N��
 /	 �! ��	? u��! � �=<�! �)
�"

 �$ \�
@�(�� 7+ �; 7G�DA! \�
 �������"" ���� @�(�� N-  ��CS �C! 7�.� �=<�! .    @�C(�� $� ��CY! &
C+
  ��CS �C! _�A	
 ��)
��! 5��0DG '
 �oO�! E�"" 7� ��� �! bDG 7	�T��
 7+�S�	 &��+ 7�(+ � ���� .  \C�
 '


 b{�(! ��� $��� 7+ $� ������S �! ����.   
  _�CA	
 7�((� �' b�m� 7+ �oO�! &�;�+$�� $� �)� �
� _�A	
 �
�" �! ��	 7����� 5$�o+ 
$ ����)��� '
 �i�+

�� �!	�.  
• ��d�����! ���=! &��$�  ��B 7++��T: 7)�=	 7D(" $�"�! ���� $�N        �C� � �C�� �C! �C�6 �C� 7DC(" 7�

��
 #d��!N �(�	 7����� ���� 7+ '��	.  
• 7�m $����� �"$�/	: ��S �! ��
� 7����� ���� &��D�(�� 7+ $���� �? $� 7�.

A.'$ w	�� 
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$ �' x$�! \�S�! b�S  7����(�� &���	
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��� �! ��y 
$ �!]G $��� �+ 7�<d &�$ +. ��S _�A	
 ���9 &$
p� 7�<d �" 7��$ m�+ ���(�� Z`� . \�S�! \�

2  �$
� ���C(�� ��+ m�+ &
+ &T�� � ��$�? \���� &
+ ��� N��{�	�)�� .    &
$
� \�C�} @C; \�CS�!2   $�C(��

 
$ m�+ Y�
�6 � \���� bd
�6 7+ ���(�� ����$ 7� ��
 �~�{�� ���!��� �! nO�! . @�(�� 7+ ��A!��0� 
�(; ��	 �0�
 b�� � *<d .  &
$
� @�(�� E�"" \�
 7+3  � &��$�2  �C�
 �9�B .     *C<d �0C�
 �C�0� �C�d�

��� #d�" m�+ ���d�! $� ���+ ���(�� N��S.  
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S1.2:
A. Define what is Logic Control system in your own language. Give an example 
B. In the context of your example show typical objectives in Logic Control 

B.�����; %&��� ( �"��&� %&��� �9��.�
��
 �' &���D(d &
$
� 7����� )��� ��	�! ���"" )���:  

1.��
 ��!� &�;��0� � �;$�(�� 5�G]�
  \��� b!�S 7� &��$�.
2.��� �! ^�M" 
$ ���M! 7� �9�B
3.�;� �! _�A	
 
$ J'
�� 5��0DG 7� T0DG .��S �$
�	���
 $
��
 �O�  [O+ \�
 &PLC  '
 7} �
 N�$
� _�	

�� ���.��
 �
�" �! &TS'
�� ;.  
�;��! ���	 
$ ���"" � 7����� ���� \�+ ����
 &��"��." �' ���9.

  
  

S1.3
A. Of Logic Control and Analog Control which one appears simpler and why ? 

B. Can you cite an example system, which requires both Analog and Logic Control? 

C.���&,	��
'
 ��"$��G ���"" ���� &�;�+$�� 70D9 '
:  
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•  Logic/Sequence control 
•  PID control and computing 
•  Coordination and communication 
•  Operator control and monitoring 
•  Plant start-up, shut-down 

 &�� $�� 7+ ���	�� N��� �! ��)�" 7�((� &$
�" ��oM! 7� &��)�" WB ;PLC ��
 . ��	�! &��)�" u�<B
70D9 �? '
 �����]� 5m�oM! N�9�(	 N&��$ E)�d N&$����S�! &��;�T��� �	
.   �C�	? '
 T�� &�
��" �' ���9

�;� �! 7{
$
 
$.  

  
D. �lk�	��PLC :��	 �����,�� ��

    7C)$ N���	�C�!���)
 b��C�� �C+ ����� &��D�(�� ���� N�; $�(������! ,
�B
 '
 b�d    XC!m N�C; ���C%� N
�S �! _�A	
 ���	��! �� ���	���)
 &�;D��" .  7C)$ �0+�C" $� b���� \�
  &
Relay Panel    �	�CS �C! ��
� &�C9 . 

 7��� /	 $� ��	? &
+ ���B $��B�� N5
�D�" � &$
��T	 $� �)��� &
+ �!       $��B�C� _�C	 7C+ 7C� �C�
 ��CS
 �	�+�	Ladder ��S �! 7�B��S .70� 7+ �	�+�	 $��B�� $�  �;rung ��S �! 7�.� .   &��$� �C�} �C� ^� �+ 70� ;

��S �! @�B �9�B ^� W=� 7+ � ,�S .�B����
 b�S g+�<! �	�+�	 $� .  

 ,
�B
 �+$�(������!       7C� ����;�T�C�� 7C+ ����C� &��D�C(�� �C��� NProgrammable Logic Control 
(PLC) �S $
p�
� ��S �! ��	
�B.  

E.&�:; ���#&, �.��� &�&��� Programmable Logic Controller (PLC)
    N��CS �C! ���.�C�
 $����B &�;���
� '
 T�� &$��(+ � ���
� ���� N^�"�+$ $� �'�!
 7� �	$�! )���PLC 

��
 .PLC       
$ C�' 5�C�0DG 7C� �C�
 ����C� ���� e	$�]+ 5����M! &
+ v�B $�(������! ^� *d
� $�
�;� �! _�A	
.  
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2.' N���9m 5��0DG &
9
�+�� E�G � ���� &
+ J$�DS N5��0DG &���	�!
3.��4
} ��� \S�$ � ���M! ^�M"  Drives Actuators/Indicators
4. T�� �+ u��"$
�;"��`!��  Communicates with other computers

F. ����/�PLC  
 &��
�! '
 �i�+PLCN  '
 �S�	 ��0+�d N���+ $m��! N�$
�	���
 �+ g+�<! $
��
 �O� �(��	 7!�	+ W�M! � ����"$


�?N ��
 $
d \�
 '
  
1. N&��+ @�� ��c" &�9 7+ 5��0DG ��c" &
+ 7!�	+���� $��(+ 7� ��S �! ��
� ��c"   �C�
 C". .   @�C� �C��"

��+ 5m�o"
 ��� �! ��c" 7� �������9�B � �����$�.
2. �(��	 7!�	+ 5�	��!
PLC ��
 >�0<! $��(+ +$�� &
+ �;. ����$
� ��9� 5��0DG ,
�	
 &
+ ���(� 7	�O+ .

 � &'�� 7��S &�d 5�	��!
debugging ! ��9���
.
3. �+ ����PLC��� �! ��cS
 &�D� &�i�.
4. &$
��T	 � Eo	PLC " �6
$ �;N ��
 "m�+ ��	? ����D�
 ��0+�d �.
5.7/��6 � ���9�B N�����$� �
��" $m��! 7���" ���!
 ��
 ����.
6.PLC  �
�" �! 
$$�  ��S *�'�" �����!�"
 @�(�� 7G�DA! �
� $
d � +�� 5$�/	 �?.
7.�$
� f�9" ���� &�;�0+�" + N��S ���+ &�6 '
 ���� ���� � ����~�� ��d�.
8. ���	
�"PLC  � &'
�! N&� ����$� $�S7��  N5�G]�
 &
�;� �! [;�� 
$ &��+ @�� @A6    ^C" �C+ 
C�' N

+ �
�" �! b+���� b��6 u��"$
 &���' b���� �.
9.�+�� E�G 5�	��!
 ��9�N �'�� �! \�D! 
$ @�(�� ��)��� ��� #d��! ���+ E�G *�$ ���!
.

10. 7� �A	
 '
PLC 7)$ &�; �0+�" b!��" 7A��	  k
�! N��
 &
    $�� �C�
 ��C� �C.6 
$ ��	?  7�C��"PLC   \C�

��
 ��S �.6 �	�+�	 $��B��.  

S1.4
E. Name three of the most prominent advantages of the PLCs over hardwired Relay Contactor Logic 

F. Can you name a single disadvantage in any situation? 
G. Do you think the idea of developing programs that look like Relay Ladders is very efficient? If so, 
why? If not, why was it pursued? 

G. �9��# ���#&,PLC
��	'�� 5m�oM! &�$ �
�" �! 
$ �$
�	���
 &�; 7!�	+ �� ����� ��c" ���+ 5��.�! &�; . &��S�$ '
 ���.��
 �)�

�S�+ 7�S
� 5
��c" ��DG
 7+ '��	 bDG $� ��
 \�D! ���	 $
�	���
 .  �$
�	��C�
 &����� '
 ���.��
 ���
 '
  ��CS
��
 f9!.  

International Electrotechnical Commission (IEC)    �$
�	��C�
 �C�IEC 1131    [��CD	 �C���
� J�$
@��$�T)
 :Sequential Function Charts (SFC) � 5�oO�! &��	��' 7!�	+ �(��	:

1.Ladder diagram (LD)
2.Function Block Diagram (FBD)
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3.Structured Text (ST)
4.Instruction List (IL)

 ��� $� 
$1993  b�D�"��
 ��� . ��	��' \�
 \�+ '
RLL  �FBD ���(; ����
� .�$
�	���
 w�;:  
•�����! &
+ w�<�	
 ��0+�d � J'�!? 7���; [;�� &
+ �$
�	���
 J�$ 7{
$

•7!�	+ &
+ $m��! � ��D" Nx$� b+�d $��B��

 �$
�	���
 5�oO�!IEC 1131-3
1.Multiple Language Support�(��	 7!�	+ ��+' ��} '
 ��!�D; ���.��
 .   '
 �DC(d C; �	
�" �! +$��

���� �+ 
$ 7!�	+ �(���+ ��+' \�".
2.Code Reusability ���!
   _�CT�; 7+ ����� &
+ 7	�O+��� $� ��
�$
d � *+
�" &
+ ���o�B
 �� \�S�	

��
 '��	.
3.Library Support �$
�	���
  �C�
 ��S 7�S�	 b�d '
 &����0+ � *+
�" '
 &
 7	�O+��� &
$
� .    �C; 7C!�	+ \C�


���(; ��S ��
9
 �� 5$�o+.���� 7��%
 �? 7+ 
$ ���B *+
�" ��
 \�D! ��	 ����	'��.
Execution Models 7	�� 7+ 7!�	+ ���� �!�DG $��B��  ��� �� � ���
���
 N�0��� �	
��+ 7!�	+ 7� ��
 &
��S 
9
 ��.

H.3x�( Y��S� ��� �"��&� %&���  
�S
� �
���D	 ��	? '
 &T�� �(." ��D�
 &
+ � �	$
� ��S #��" @�;�.! �' &�; �q
�  

1.ON  ��S ��DG
 ���� $
�! � \�S�! 7+ h+ 7� ��
 ��)�6��
  ���!? \�S�! �RUN ��
 .  �C)�6 \�
 7+
STANDBY ����� �! ��	 .

2.OFF  Z�GON  �C�
 ��S *<d ���� $
�! � \�S�! h+ �;� �! ���	 7� ��
 .    ��C�� �C)�6 \C�
 $�
��
 y
 7+ �0+�" &�;��0�.

3.RUN ��
 \�S�! 7+ 7)�M! $�� _�A	
 �� $�� J�� �)�6 .RUN  �+ 
$ON ����	 ����S
 .  �C	
�" �! @�(��
ON  �)� �S�+RUN �S��	.

4.STOP  \�S�! 7� ��
 ��)�6ON  �)� ��
RUN �(�	 . ����STOP  bDGRUN ��� �! #d��! 
$.
5.JOG  ��B &�9 � ��
 +$�� ��� $� 7��)�6 $� 7�<d �" ��� bDG ���	
 �
�" �! \�S�! 7� ��
 ��)�6

��� $
d . '
 $����B $�<+ ����	 ��T���JOG  7+RUN ��+.
6.INCH  7+��!JOG ��
.
7.CYCLE 0DG b!�� 7B} ^� \�S�! 7� ��
 5��0DG ,�	      ��CS �C! #Cd��! � �C;� �C! _�CA	
 5�� .  7CT	

 \�S
�CYCLE ��S 7B} ^� '
 [�+ _�A	
 7+ A�! ����	 . T�� 7B} _�A	
 &
+CYCLE  �C;$ ���+  �
��S ���� 
��A! . ���%� \�
 7+SINGLE CYCLE ��S �! 7�.� ��	.

8.2 HAND OPERATION : ��T��� 7� ��
 ��)�6 ���� �� 5��0DGRUN   �C�CYCLE 
$    �CD	 ,�CS
 ��!�D; 
�A! ��0� �� 7�	? T! ���)��� �� �+ (��S ���� .   �	�CS �C! ECo	 @; '
 70��� �+ ��0��� .  \C�


��S �! 7���" ��
 x�	<B ��� �+ �? 7�pc" 7� ������S�! $� �)�6.
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6-28��	�@�� 5���# ( �U�&t  
���� �d� ���$�! \�S�! )��� 7!�	+ ���+ �6
� 7+.  

!�� �#�,$ '��,u&t <�  
��$ \���� � m�+ ���+ 7� ��
 ���(�� ^� &
$
� @�(�� . 7+ \��$ \���� � m�+ &
+2    �C�
 '�C�	 ��{�	�0C� .  &
C+

 ��	 \���� � m�+ 7+ ����$ ���d�! n�O�"2 ��
 '��	 �������! .   �C�	 \�CS�! $�� &
+ �0�
 ��0� ^� \�S
�
��$ �! /	 7+ &$�% . 7A��	 $�3  � &��$� ��0�2 ��� �! ���.� @�(�� $�� &
+ $�(�� .  

   �C+ � �C	' �! x$�! 7�<d + � 7��$ \���� ���(�� �0�
 ��0� ���� �+ 7� �S�+ 7	�T��
 �	
�" �! @�(�� ��0DG
��S �! #d��! � ��!? m�+ ���(�� �0�
 ��0� *<d.  

 g+�<! ��
 \�D! ��S 7�(+ *�� � �d� ���+ z� \�
 7)$ '
 ���.��
 �+ �
��?$� �' z� .  7�C�
�B 7C�   &�C;
��� \�!�" 
$ ���� . ���(�� ��d�TOP   7C+ ����$ �+ � ��$ �! \���� 7+ ���(�� �0�
 ��0� ��� ���� �+ ��


Bottom ��S �! #d��! .   wC� 7C+ 
$ ���(�� 7� ��S �! ���� ��m�+ 70� � ���� �4 ������ 70� ���%� \�
 $�
�+ �! m�+ .' �" z� \�
 �+�	' �! x$�! 
$ 7�<d � 7��$ \���� � m�+ ���(�� N��
 ���� �0�
 ��0� 7��	�!.  

  
��S �! ���� �? $� �' E���! g�d� ��$+ '
 ��+  

•  ��CB &�9 � � ��� �D	 ��6 �0�
 ��0� ��� ���� �+ T�� ��T��� N��S *<d �0�
 ��0� �
$ \�+$� �

�	�! �!.

• �d�� z�part detector �S�+ ��	 x�	<B $
p� 7�<d +$�� &
+ �	
�" �! &q	
 #0" '
 &
�9 7� ��
.

A.�"��&� %&��� �U�&t ��4��?  
��
 '��	 )��� �6
� &
+ ^�"�D�(�� J�$ N5]��! �+ 79
�! [;�� &
+ .'
 ��"$��G J�$ \�
 
�9
:  

•*+
�" �)
�" � ���9�B N�����$� 5�G]�
 J$�T	 � &$�? *D9  
• �S�$����
� �M�9" N@��$�T)
 7{
$
 &
+  
•z� �(��	 7!�	+  
• 
9
����	 �+�+ E�G �  
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•    C�� �C0�B �
C�
 
�' ��S �! �d� w]"
 7+ A�! �? $� ��o=	 7	�� ; � ��
 @�! $��(+ �6
� ��
 _�d
��� �! #�� .  �C�
 EC���! N���(�	 ���
� 5��0DG  &
+ v�oO! noO�! ���� ������! 7��A	? '
 

��S ���	� 7	�B$�� ���
� \�����! �+ ^���	 &$��D; �+ ��
 _�d 7� . @�(�� $���$ #0�O! ���+
 _�d \�
 $�
��� �! $
d �M+ �$�!

B.7�R�t� �	(W g�B
�4��(	(:  

��	�! �����$� �S
���� : � ��!� &�;��0� N�;$�(��Man Machine Interface (MMI)     &
C+ '�C�	 �$�C! 7C� N
��
 z� .��$�'
��"$��G ���$�! \�S�! &���:  

• Part sensor: A position switch that detects when a part has been placed. In cases where 
proper positioning of the part can take time. One may also consider using manual switch to be 
operated by the operator once he is satisfied that the part is properly placed and ready to be 
stamped. Here an automated part detect sensor has been assumed. 
• Auto PB : A push button that indicates that machine is ready to stamp parts one after the 
other in the ‘automatic mode’ 
• Stop PB: A push button that the operator can use to stop the machine any time during the 
time that the piston is moving down. This is needed to avoid stamping a part if any last 
second error is discovered by the operator regarding, say, the placement of the part. 
• Reset PB: In case the piston has been stopped due to some error condition, it is desired that 
the operator explicitly presses this push button to indicate that the error has been taken care 
of, and the machine is ready to return to stamping in the auto mode. 
• Bottom LS: This sensor indicates when the piston has reached the bottom position. 
• Top LS: This sensor indicates when the piston has reached the top position. 

�4�B(&I  
 � �;T���D	 N���M! 7+ �9�B �S
����MMI ��
 z� '��	 �$�! 7� .$��G ���$�! \�S�! $� �9�B'
 ��":  

• Up Solenoid: Control output that drives the Up solenoid of the electro-hydraulic 
direction control valve which in turn drives the piston up. 
• Down Solenoid: Control output that drives the Up solenoid of the electro-hydraulic 
direction control valve which in turn drives the piston up. 
• Auto Mode Indicator: An indicator lamp that indicates that the machine is in ‘Auto’ mode. 
• Part Hold: A gripping actuator that holds the part firmly to avoid movements during 
stamping 
S3.2 A. Can we use corresponding toggle switches, instead for the Auto, Stop and Reset 
PBs? 
What difficulties may be encountered? 
B. For the limit switches, and the part detect sensor, would you prefer mechanical switches over photo 
switches for this application? Justify. 
C. Propose at least one additional each of sensors, indicators and actuators for the above application and 
mention their benefits. 

7����R �����  

����� ����     6-8

6-8

�
$ N&$
<%
 N&��G $�� &
+ ���+ 7� �"��0DG �)
�" J$�T	  ��CS _�A	
 ��T��� ��� J�!�B � 7�)�
 &'
�	
 .  &
C+
$�! \�S�!��
 $
=��
 '
 5��0DG �)
�" ���:  

A. The “Auto” PB turns the Auto Indicator Lamp on 
B. When a part is detected, the press ram advances down to the bottom limit switch 
C. The press then retracts up to top limit switch and stops 
D. A “Stop” PB, if pressed, stops the press only when it is going down 
E. If the “Stop” PB is pressed, the “Reset” PB must be pressed before the “Auto” PB can be 
pressed
F. After retracting, the press waits till the part is removed and the next part is detected 
S3.3 A. Note that in step F above, it is important to detect that the part is removed. What 
would happen, if this is not detected? 
B. What would happen if after Stop PB is pressed, Reset PB and Auto PB are pressed in that 
sequence, even if the piston has not been taken to the top position manually? 

�&���R &, �/B� �����U� ��&�� &M� ��	&,  
        ��CS >
CB �C�	�! N���C(�	 ��CM! �C)� �C��.�+ h�."
 ��
 \�D! 5$�	 7+ 7� ���;�
�
 �)�D�6
 5
y
 ��$+

'
 &���09 &
+ &$��;
$ \���� � ��4 � \4�$ $��� ��
 N����"$
 &��0+�� *<d N�;$�(�� �)�D�6
 &��"$�(B .  
��	
�" �! �;�
�
 ���$�! \�S�! @�(�� $� ^�)�$��; XD� \4�$ $��� ��
-  ��	�! 7�(+ �� '�+LS �;  

S3.4 A. What would happen in the process controlled by the program shown in Fig. 20.2 if 
top/bottom Limit switch is stuck closed/open? 
B. What would happen in the process controlled by the program shown in Fig. 20.2 if the hydraulic 
pump pressure becomes too low to move the RAM? 

�	�!4@# &��)� ( ����� ��&, !�!B ��4�B(&I ( �4��(	( �, $��#  
m�+ &
+ ���+ &��!$m? � �;T���D	 N�;$�(�� '
 ���.��
 ��$+\�S�! �+ $�� ���+ ��D�
 ��+ .  
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C. 8��	�@�� �$�9�!�Finite State Machine(FSM)
   $��B�C� �C+ N��S J$�T	 @��$�T)
 N�;�
�
 � 5�id��" wp6 � #�� &
+Finite State Machine (FSM)   ��C!

��S �! . �{
�dFSM �	$
=��
 '
:  
1.FSM  �+ ����
� 5$�� 7+ 
$state diagram ��S �! ��
� ���	 .   CoM�! &�C; �$�DS �����%� _
���� $�

�	$
� �� 7+ . �? $� 7� b�S _
���� ��	�!6 ��
 ��S ��
� ���	 ���%� .
2. ���%� ^� $� W=� @�(�� �	�!' 7/M) ; $�)70� (��
 \�D! &�����%� ����! '
.
3. ; $���S �! ��
� $
�=! @�(�� &�;�c�! 7+ ���%� .\S�$ ��Y! &
+- ���C%� �
} ^� ��S J�!�B .

state table ��� �! 7{
$
 
$ #0�O! &�����%� $� �;�c�! '
 ^� ; $
�=!.
4.  ��C!' $� �;�c�! ���=! K��
 + 
oM�! ��	? &��+ ���%� $
�=! 7� ��S�+ &�M	 7+ ���+ ���
� &�;�c�!

 �0����S \���" .���%� ���" ���$�! \�S�! $� ]Y! TOP  �BOTTOM     ���C(�� ���C%� \�C��" &
+
�� &�;�c�! 7�0+ �(�	 ���� ��	�! T"\��$m�+"#d�" N"   �"��!? \����"   �	�CS j�CM) ���+ ��	.   \�C�~D;

 _�	 7+ &T�� �c�!part detector �+ b��� ,�S ���!
 �� �;� ���	 �" ��
 '��	 ��	�$
� ��9� �.
5.��S��	 T�� �i�+ � &�� �'
�	
 b+�d ��
 \�D! �;�c�! '
 �i�+.
6.�$
� �T�(+ z
� 7+� ��
 �!��.! �	�S �! #��" 7� ���;�c�! >�O�	
 .     $�C� ��CM	 7C+ C�c�! ,�	 ��D%

��
 7�(+
� ��	 \�S�!.
7. $� \�S�!
 � ��$ �! T�� ���%� 7+ ���%� 7+ ^� '
 ��B &$�� &��G DG�;� �! _�A	
 ��)
��! 
$ $�� \� .

 ��C+ ��B $�� &��G ���%� '
 �4 �������%� 7+ @�(�� 7� ���
 �! h�."
 5�d�
 �i�+ .    $�C/�! \C�
 &
C+
��S g=M! 7��+ ! &�;$
p� ���T��  �� +$�� '
 $���� ��	�! �	
"��� _�D"
" ��4 � .  ���C%� ^� '
 \��$

S g=M" 7+ 
oM�! T�� ���%� 7+��
 7�(+
� $
�� W�.

8.��T+ ��B 7+ 
$ �	'�� �! �;�c�! E��" 7� �������%� '
 �i�+ �	
�" �! W=� @�(�� .    �����C%� \C�
 7C+
reachable ����� �!.

9. _�	 7+ �����%� '
 ���initial state ��� �! ,�S �A	? '
 
$ ��B $�� \�S�! 7� ��S �! 7�B��S.
10.��)�" �9�B &�
��" ���%� ; $� �	�S �! nO�! �)��9 $� 7� �	�� �!.

%�J�:  ���$�! \�S�! &
+State diagram  �state table ���� @�$.  
���(; �' b�S � ���9 ��	�! �����%� $
��D	 � �9�B ���9.  

. 
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���$ �
�" �! �' �$
�! 7+ �����%� $
��D	 '
.  

1. �$�DS '
 �����%�1  �"6 �$�DS ��S &$
p� �	
.
2.���(; g=M! �;�c�! �� 7+ oM�! 7G�DA! ^� ���%� ; $� .  ���C%� $� ]Y!3  �� C; Nlimit switch 

 N���(; ���� �4part detect c�! � ��
 ���� ���(�� ��6 �"\���� 7+" ��
.
3. ���%�1  ���%�initial ��
 5��.�! �����%� T�� �+ �? b�D� 7� ��
.
4.�;$
p�  ��.)
 w�6 �+A-G �$�DS ��S &$
p� �	
 .��
 �
�B$ ^� �+ l���! &$
p� ; . $
p� ��Y! &
+B   7C+

 ��S ���� ���!part detect ��
.
5.��S �! ��$�? ���%� ���9 $� ���%� ; �9�B.

D. �	�!#���� ���6�&? 	����#SFC Sequential Function Chart   
SFC  ��	�!state diagram    ��C�	 �;$
pC� � ��!�� �)
�" 5$�� 7+ 
$ 5��0DG �)
�" 7� ��
 ����
� [��D	 ^�

�;� �! .SFC     @��$�CT)
 �C6
� &
C+PLC    �C�
 ��CS �$
�	��C�
 .SFC      �C(��	 7C!�	+ $� 5$�C}�0� 7+�C�!
 ��	�! �"��0DG &�; 7!�	+ �? K��
 + 7� ��
 &"��`!��RLL NFBD   ��C�� �C(��	 7!�	+ &��S�$ T���  �C! �

��S . $
�	���
 &��)��D�SFC �	$
d \�
 '
.  
1.��; ��

��S �! _�A	
 �? x�0+ 5��0DG ���%� �� 70� ; $� .  W�
CS � ���+ ���� �? �0�d 70� 7� ��S �! ���� ��d� 70�
�S�+ ��S ���! 70� �? 7+ $
p�.70� 7�=+ b�D� � ,�S 70� b�D� b�S �;� �! ���	 
$ �; . '�4? $� 7�)�
 70�  ,�CS

 '
 ��+ �� � 7!�	+reset ��S �! 
9
  

 
�S�+ ���9 ; �	
�" �! 7� �$
� ��9� 7�)�
 70� ^� W=� 7!�	+ ; $� .    
C9
 &�C���0+ ��C9 �C	
�" �D	 7�)�
 70�-

 ��!�D;simultaneous branch �S�+
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   �CS�+ ��C�� ��	? '
 ��� '
 [�+ ��6 � ��S�+ 7!�	+ $� ��	
�" �! &���' �)�D�! &�; 70�)   �C+ 5��C.�!FSM( . $�
 ���9scan �	�S �! ��$+ ���� &�; 70� W=� . ��B 7� �S�+ 7�S
� ��9� �"��0DG x�0+ ��
 \�D! 70� ; $�
 ^� �+RLL  ��CS 7�S�	 ��	�+' T�� �� .     �CS ��C�� C�4 7C0� �C�d�    �C)�6 7C+ �? &�C;�c�! �initial   �C	�$ �C! .

7G�DA!  ^� $� ��
 \�D! �; 70� '
 &
macro step �	�� &�9 . $� 70� ���
 '
FSM   7C0� ,�	 \�" ����SFC 
��
.  

2.g,���
7G�DA! W��" ��
 \�D! *+�" ; 70� '
 &
 �	�S #��" �;$
p� � �;.

3.��	�:?  
�
 N��
 ���� 70� ^� $� 7!�	+ ��d�  ��C� �! ���� &��+ 70� � ���� �4 �0�� 70� N��S g=M! �? '
 ��+ $
p� .

�S�+ $�(�� ^� �9�B �� � ��0� ^� ��
 \�D! $
p� . 70� b�S $�S1 ��
 ���� . $
p� ��d�T1  N��S g=M!
S1  � ���� �4S2 ��� �! ����.  

S4.2 A. What is the difference between a step of an SFC and a state of an FSM? 
B. Why action logic is separately indicated from step logic, although both occur in the same step? 
C. How is the computation for step logic different from that of transition logic? 

B.  �(���+ 
$ �6
� �$
�	���
 J�$ ��� ���	� E�G ^��.
C. ���+ _�	 
$ �(��	 7!�	+ $� �<B ^(�$ [;�� '
 &�9 �(��	 7!�	+ �$
�	���
 J�$ T�� ���! ^�.

��	�:? i��#�  
6 �$
� ��9� $
p� ,�	.
1-3��� 	�:? : '
 $
p�S2  7+S3  $� ��d� ���
 �! h�."
S2  N����T2 ��S .    ��CS ��C�� C�4 7A��	S2   ��C�� �

 ��SS3 ��
.  b�S21.7 �;� �! ���	 
$ $
p� \�
 .(A : active; I:inactive)  
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Divergence of a Selective Sequence:   7C� �$
� ��9� &��+ 70� \���} >�O�	
 ���!
 ���� 70� ^� '
 ��+
��S �! ��	? '
 ��� W=� .�S�+ ���� �? $
p� 7� ��
 &
 70� &��+ 70� . ^� '
 [�+ �
 '
 ���)�
 N�S�+ ���� $
p�

��
 ��
$ 7+ X}.
Convergence of a Selective Sequence  70� \���} ����  7C+ 7��+! $
p� g=M" 5$�� $� 7� �	$
� ��9�

�	�$ �! 70� ^�.���(�	 ���� ��!�D; �; 70� 7��)
.

:Divergence of a Simultaneous Sequence    7C� ��C+ 70� ��} �� �� 7+ ��
 \�D! 70� ^� �)�6 \�
 $�
��+ ��;
�B ���� �TD; . ��d� b�S $�T1  70� '
 ��S ����S1  70� 7+ @;S2  70� 7+ @; �S3 ��$ �! . 
��+
 7���


S2  �� ��S �! 
9
S3 ��
 ���	 nO�! �$
�	���
 $�.  
Convergence of a Simultaneous Sequence : ��}7� 70�      $
pC� gC=M" 5$�C� $� ���C(; ���� ��!�D;

T2 �	�$ �! 70� ^� 7+.

�.�U ( O&;  
SFC  [��D	 &
+ 7� ��
 $���	�� b�D� &
$
�jump  �cycle ��S �! ���.��
 .    ^C� '
 �C�+ 
$�C� 
��! $���	��

�$
� $
d 70� ^� '
 b�d 
$�� �o=! $���	�� � $
p� .jump 70� 7+ 70� ^� '
 J�   �C�
 &�C�+ 70� '
 �4 "�09 &
 .
 �
S2  N����T2  � ���� �4T3  7+ 7!�	+ N��S g=M!S4 ��$ �! .cycle  �C�
 �0�d &�; 70� 7+ J� .  C�
S4 

 � ����T5  N��� g=M!S1 ��S �! ����.
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S 4.3 A. Identify whether the SFC segments indicated in Figuare valid. If not, justify your 
answer.

4. 	� ���#&, 5���# 	��I��SFC

 $� @��$�T)
 $��B�� b�SSFC �;� �! ���	 
$ . 7!�	+main  ��CS �! 7�S�	 x�0+ ^� �
��G 7+ .   �0C�
 x�C0+
��� 
�� 
9
 ���9 $� 
$ &T�� &����0+ ��
 \�D! . x�0+ ; $�3 �$
� ��9� �D(d:  

Z��(Preprocessing  
 �"��0DG 7B} ; ,�S $�scan      \C�
 �C	�� �C! �C�$+ ��;� �! $
d �y�" �M" 
$ ���"" ���� 7� �0!
�G

'
 ��"$��G b!
�G:  
• Initialization;
•+$�� '
 $����
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• Resetting the SFC to the initial state.

\(Sequential Processing  
 [O+ \�
 $�PLC          7CB} ^C� _�CA	
 ��C!' 7CA��	 $� �C�� �C! ^C} 
$ ��	? $
p� W�
S � ���� &�; 70� W=�

�+�� �! [;�� �"��0DG .��S �! ���� &��+ 70� � ���� �4 �0�� 70� $
p� g=M" 5$�� $�.  

h(Post processing  
 b�D�" '
 ��+SFC   7C!�	+ ��
 \�D! 7� ��S �! _�A	
 [O+ \�
 b��� ^� $�safety interlocks   
$ �C�4 �

�;� _�A	
.  

%�J� :'$ w	�� 
���� �!K� �U�&t
'
 ��"$��G z� 5��$�%:  

 Part sensor N Auto PB N Stop PB: N Reset PB N Bottom LSN Top LS 

'
 ��"$��G ���9�B � �����$�:  
 Up Solenoid NDown Solenoid N Auto Mode Indicator N Part Hold: 

5��0DG E�""  
A. The “Auto” PB turns the Auto Indicator Lamp on 
B. When a part is detected, the press ram advances down to the bottom limit switch 
C. The press then retracts up to top limit switch and stops 
D. A “Stop” PB, if pressed, stops the press only when it is going down 
E. If the “Stop” PB is pressed, the “Reset” PB must be pressed before the “Auto” PB can be pressed 
F. After retracting, the press waits till the part is removed and the next part is detected 
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state diagram  b�S21.18  7+��!SFC  b�S21.20 ��S�+ 5��.�! ��0�D� '
 �i�+ ��
 \�D! ���" N��
.  

 ��+' '
 �
�" �! �(��	 7!�	+ &
+RLL �� ���.��
 �S zS ]�d 7�.  

�4��J�:  
��Y!1 : ���� �! $�� ��!�D; 7� K� @�(�� �� &
+SFC ���� @�$ . ���� �+start     �C! \���C� $��0�C� � ,�S b���

 �" ��$ limit switch �� \���� �" ��$ �! m�+ $��0�� Z`� ��S ��limit switch ��S �! #d��! � ��� ���� ��m�+. b�S
(a)

��Y!2 :SFC  ���� �+ 7� ���� @�$ ���$�! \�S�! &
+start  �" ��� �! #d��! � ��? �! m�+ � 7��$ \���� $��0��start  
��S ���� 
��A!. b�S(b)

��Y!3 :SFC ����+ �D�;
$ �
} &
+ . �(! �� ; �
} &��G �)�6 $�20  � ��� 7�	�y10   �C�
 �$' 7C�	�y .   wC� �� C;
�	$
� ����� $��G 7D�� . N��S ���� ����� 7D�� �
10  '
 ��� �
} � ��S �! ��
� ����� 7+ $��G �'�9
 7�	�y20  7+30  7�	�y

��S �! 7��%
. b�S(c)
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a) b)  

c)  d)  
��Y!4 :SFC ���� @�$ 
$ q
$�� >$� ���� .��
 $
d \�
 '
 q
$�� >$� ��$��. b�S(d)

a. There is one button inside the garage, and one button remote control. 
b. When either of the buttons are pushed the door will move up or down. 
c. If the button is pressed once while moving, the door will stop, a second press will start motion again 
in the opposite direction. 
d. There are top/bottom limit switches to stop the motion of the door when it reaches either of the two 
ends.
e. There is an infrared beam across the bottom of the door. If the beam is interrupted while the door is 
closing the door will stop and reverse. 

f. There is a garage light that will be on for 5 minutes after the door opens or closes.
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6-3�4��(	(  
A.��	�9��

 &�����$� �;$�(��PLC ��;� �! b���" 
$ .��� �! ���! 
$ �;$�(�� '
 &�
��" ���9.  

  
 7/��6 $� �����$� &
+��S �! ��
� v�o�B
 ��+ .   ��CB 7C+ 
$ &��$� $
�=! N�����$� >�$�9 _�T�; 7+ ����+ \�


�	�� �! .�	�S �! �=0" &��$� �
���+ ����+ \�
 5����M! _�A	
 $� � .   M! �GC� [�
�C�
 &
C+ $�� \�
  5��C��
��� �! 5$��.  

Limit Switch
      �C	�� �C! ^C�M" \�CS�! xCM�! 5�C�<d W��" 7�0+ N���(�	 ����� b+�d +$�� W��" ��~��� \�
 .  \C�


��S�+ �(����c! �� &$�	 N���	��! ��
 \�D! ��~���.  

                  
Cam operated limit switch

 ��D)
 \�
��S �! ���.��
 $�� ^� ����� $� ��
� Z)�� &
+.  
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B.�4l��� :��(	( '��&6 ���  

 7+ $���� ��DG
 ��9 +$�� &
+ ��0� N��!� &��~���PLC ���(;.
NC and NO switches  

 '�+ &��G �)�6 $� ��~��� '
 �i�+Normally Open (NO)     7�C(+ &��CG �C)�6 $� T�� �i�+ �Normally 
Closed (NC) ;���( .��
 ^�M" ��DG
 ���+ N&��G '
 $�/�!.  

 
 ��4l���Pushbutton

�$
� ��9� &$��� ���� ,�	 ��.  
7/M) &$��� ���� &
 :�	�S �! *<d ��� \�S
�+ �+ � ���+ ���� ���(; ���� 7� �	�!' �" ��~��� \�
 . b�S

 &��~���NC  �NO �;� �! ���	 
$ &$���.  

  
 �0.d &$��� ����maintained :    ��C�� �? \�B�C� �
'? @4C�0G � ��� �! ���� ���� N��~��� \�
 ���� �+

�	�! �! �d�+ .�	�S ���� ���+ T�� $�+ ^� �? ��� ���� �4 &
+.  

�	$
� ������ ^� '
 ���+ ����� &��~���.

y��� ����  
�	$
� �"��.�! &��0�S �+$�� ,�	 7+ �T�(+ ��~��� 7D�� .  
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cd ��� y���  $
� j�.6 7D��guarded �$
� .  7CA��	 $� �" �$
� $
d w]4 bB
� ���
 *+$ �" @�	 ���6 7D��
���	 ^�M" ����o" �$�B+ .��
 '��	 ��T	
 ��	�! &
 70��� 7+ ��0� \�
 ���� &
+ . 5��0DG &
+ ���� \�


START, RUN, CYCLE,JOG  ��RESET ��S �! ���.��
.  

 	����( y��� ��
 w]4 f<� @; 7D�� . 7D�� \�
 7+flush ����� �! .  &C" #��% �l�.6 7D�� ,�	 \�

��� �! ��A�
 �d�."
 ^�M" b+�=! $� .��S �! ���.��
 �S�+ �
} &
$
� ���+ 7D�� 7� ���;�+$�� $�.  

���	 ��� y��� 	� � 7D����
 w]4 ���+ ]!� .       C�/	 �"�C�0DG &
C+ 7CD�� ,�C	 \C�
STOP, PAUSE 
��
 E���!.  

3 ��S �D	 ���.��
 �	�S �! _�A	
 '�$ $� $�+ �;�� 7� ���;$�� ���� � &$
<%
 &��~��� $� h�� 7D�� .  &
C+
��
 '��	 ��S�+ K��� b+�d �)��� 7+ 7� ���; 7D�� �+$�� �� \�
 . \�
 '
 ,�	 �� b�S    �C! ��C�	 
$ �C; 7D��

�}$�d 70� &��!�	 7+ 7� �;�mushroom head   ��palm head �	�S �! ��	
�B.  

cd ��� y���  &
+ 7� ��
 &
 7/M) ���� ^�CYCLE ��S �! ���.��
 .     �C+ bC+�� m�CD�! ��~��C� \�

 70���24  &
+ �" ���(; ���
2 handed CYCLE �	�S ���.��
.  

 ���	 ��� y��� �C	�! �! �d�+ ���� N��S ���� ��d� 7� ��
 �0.d ���� ^� .     �? ��C� ��C�� C�4 &
C+
��S ����� ���+ ���+ 7D�� . &
+ 7D�� \�
Emergency Stop ��S �! ���.��
 .  eC	$ �!d m�D�! 7D�� \�


��
.  

��	�����
7/M) &��~��� ��	�! &$���0� &��~��� b�D� �� ^� 7� 5��." \�
 �+ ��
 &
��S �! @�$ �? &
+ 7�.
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   �C�
 7�C(+ ��$ �C�
$ �D� 7+ 7��� ��d� � '�+ ��
 X} �D� 7��� ��d� X} �D� $���0� .   �DC� ���C�
��
 ������ �� &
$
� ��
$ .��
 *<d ������ � b�� ��m�+ ������ N��
 X} �D� 7��� ��d � . ��	�B} �+

 b�� ������ � *<d ��m�+ ������ N��
$ �D� 7+ 7�����S �!.  
Master Control Relays (MCR)

 ��d�MCR  ��$�� &
+ h+ N��� ^�M"rung ��S �! ��DG
 �; . ���+ ���� �4 �)�6 $�MCR  '
 ^� ��;
rung �� �;
�O	 $�� �;.  

S 1.1 A. Categorise the following sensor systems as Discrete or Continuous 
a) thermostat b)clinical thermometer c) the infrared sensor in TV sets 
B. Categorise the following actuator systems as Discrete or Continuous 
a)the trigger of a gun b) the steering wheel of the car c) a step motor 

6-4�4�B(&I
 '
 7� ��� �! ���! 
$ ���M! '
 &�
��" �' ���9PLC $� ��!����� �! ����.  

  
��� �! $
�=! �9�B �
��G 7+ 7/��6 ��+ 5����M! _�T�; 7+ .    7C+ �C���+ \C�
 N���9�B ���$
 _�T�; 7+ Z`�

 �+I/O �	�S �! b=��!.  

��)]( ��4^�&d
���(; ���%� �
} &
$
� �;�0+�" _�D".  

•��� �! _]G
 
$ \�S�! &$�� �0�� �)�6 ��4
}.
• &
 ��
� ��4
} b�D���S �! @�$ �G��S u�<B �? �$�B $� 7� ��
.  

.
•/�&T z�&d ��
 ��S ��
� v�o�B
 ��D�
 � �	
M+ &�����%� [��D	 &
+ . ��	�! �������%�ON, RUN 

70D9 �? '
 �$
� �
�
 @�(�� �� ��
 '�+ >$� �� �	
.
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•/"� z�&d ��� �! _]G
 
$ \D�
 ���%� .�� ��
 J�!�B $�"�! ��	�! �������%� ���(; ���� �;�!".
•�	$ z�&d ��;� �! ���	 
$ x�	 <B �4 �)� @�! &�����%� .  [;�C� ��6$� *��! f<� ��	�! �������%�

��
 #d��! \�S�! �� ��
 ��S _� ��6$� \�S�! N��
.
•��;� �! 7{
$
 
$ ��D�
 �+ u�+! �4 � �	
M+ �4 5�G]�
 T�� &��T	$.
•6 �
} +$�� 79�" E09 &
+��� �! ��B 7+ �' ^D�} �)�.
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6-5The Relay Ladder Logic (RLL) Diagram
 $� \�+	�+'&�� �(��	 7!�	+ PLC NRLL 7)$ &�;�0+�" k
�!  ��
 @��d &
  '
 bC�d 7�PLC    �C��"" �C��� $�

��
 ��S �! ���.��
.  �(��	 7!�	+ ��M	RLL ��
 �' zS 7+.  

A. ��*� 
�#��TRLL
1. [��D	 $�RLL ���(; $
�! 7�pc" 7� �$
� ��9� &�DG WB �� .  7C�pc" XC} �D� WBN    ��C�
$ �DC� �

��
 \�!'. �+�� ���9 X} 7+ ��
$ '
 �	
�" �D	 � ��
 ��
$ 7+ X} '
 7�pc".
2.=�
 u�<B�  �� 70� _�	 7+rung ��� �! @�$ &��DG u�<B \�+.

3.� 70� ;$� �9�B ^� W=� � X} �D� $� &��$� &�
��" &
$
 ��
 ��
$ �D�.

4. $� '��� bM! � 7�pc" ��M	 b�SRLL �;� �! ���	 
$.  

  

  
5.RLL ��S �! 
9
 ��
$ 7+ X} '
 � \���� 7+ m�+ '
.
6. �)�6������  $� ���� �4 ���%� 7+ u�+!RLL ��S �! @�$.
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7.��
 ��	$�DS �� 7)$ �$�DS ��D; ��4 � ��	$�DS N7)$ ; ���� �$�DS.
8.
+ 70� ; �9�B��
 ���.��
 b+�d 
$�� &��+ &�; 70� &.
9.�$
p� y
 �0�d &�; 70� &�$ �	
�" �! &��+ &�; 70� �9�B .     �C�=��! &
C9
 �C	
�" �C! ��+��� �y�" \�


��� \�Di" 
$ 5��0DG 7B} ��!?.
10.&�; 70�AND  �OR  

  
11. 70�Latch : ��� b.d 5��0DGlatching      ��CS �C! ���.�C�
 ��CS �C! ���� &
 7/M) ���� 7� ���9 .  �C+

 �	��! *+�" ^� ��0� ����ON  ���� ��� �;$ '
 ��+ � ��SON �	�! �! �d�+.

  
12. 70�NOT

13.     �C�	
��+ �C�	? '
 ^C�; �C" �	�S �! 7�(+ &'
�! 5$�o+ m�D�! ���� �! ���� 
$ 7B} ,�S 7� &��~���
���� ,�S 
$ 7B}..

14.      �C�	
��+ �C�	? '
 ^C�; �C" �	�CS �! 7�(+ &� 5$�o+ m�D�! ���� �! ���� 
$ 7B} #d�" 7� ����~���
���� #d��! 
$ 5��0DG ..
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15. �� ��I�� g,���Flag��: ]G  �C�B| 
$ �	��! &���)�6 �" ��
 '��	 ��	 �0B
� *+
�" N���9�B � �����$� + ��
��� . *+
�" \�
 7+Flag 7)$ �0+�" @�(�� $� � �	�S �! ��	
�B ��D� *+
�" _�	 7+ &
 .   \C�D! *C+
�" \�
 �
��"

��� ���M! ��
 .   
S2.2 A. What is the basic difference between Input and Auxiliary Contacts? 
C. Design an RLL Program for the following Industrial Problem 

16.  &��0D�)
$����RLL ��	�� �! &�9 �' &�; ��� $.  
• Standard relay logic type 
• Timer and counters 
• Arithmetic 
• Logical 
• Move 
•  Comparison 
•  File manipulation 
•  Sequencer instructions 
•  Specialized analog (PID) 
•  Communication instructions 
•  Diagnostic 
•  Miscellaneous (sub routines, etc.) 

B. �9��# ���#&,�	�!#���� RLL  
 ��+' 7+ �(��	 7!�	+RLL ��
 �' &��!�� &
$
�:  

•.� ���%� 7+ \��$
• ���%� ^� '
 $p� &
+ �	�+�	 $
��D	state T�� ���%� 7+
•���%� ; $� ��	�! � ��$� &
+ �	�+�	 $
��D	
•���9�B �	�+�	 $
��D	

 �' ��Y! $� �$
�! \�
f��" �	�S �!.

1-&b* ��)]( �, 
�6	  
 .� ���%� 7+ �	
��+ @�(�� 7� �� |�O"
 ���+ ���""initial state ��+. Master Reset    &$
<C%
 �C)�6 $�

�+ �! .� ���%� 7+ 
$ @�(�� .  
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2-��	�:? �#�,�&# 	����#  
 ��0� �+ &� $
p� ; 7)$NO ��� �! $
d $p� b!�G ��0� � 
��! ���%� . ]YC! �A��
 $�   $pC� 7C)$ A    �C+ &C�

 ���%� ��0�1  $p� b!�G ��0� �Auto PB �$
� $
d.  

  
3-�4��)]( '�,�&# 	����#  
1. $p� ��d�A  ���%� '
 ���+ @�(�� ��S ����1 ���%� 7+ 2 ��+ .  �C����� ^� N�? &'�� ����� &
+NO 

) $p� 7)$A ( ���%� 7)$ �+ &�2  ������ ^� �NC ) $p� 7)$A (   ���C%� 7C)$ �+ &�1    �C! ��
� $
Cd
��S.

2.&�������� N�$
� ��9� �(! ^� '
 [�+ ����%� $� �
NO �	�S ��
� $
d &'
�! ���+  7��+!$p� &�; 7)$
3. ���%� ^� '
 �
2  &�������� �$
� ��9� $p� �(!NC �	�� $
d &� ���+ 7��+! $p� &�; 7)$.

�� ����� ��M	 b�S�;� �! ���	 
$ ��0D�)
$���� \�
 &'.  

 
4-�4�B(&I �#�,�&# 	����#  

 ��0� &
$
� �9�B ; 70�NO     �C�� �C! ��C�� 
$ �C9�B 7� ��
 ����%� 7+ u�+ ! .    �C�} $� �C9�B C�

 ��0� ����! ���� ���%�NO �	�S �! ��
� $
d &'
�! ��	? _�D".  
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S3.5 A. What would happen if the order of the transition, state and output logic blocks is 
changed in an RLL program? 

C.  �9��# ���#&, ��4���(!>�RLL  
 �(��	 7!�	+ $�RLL  $�PLC  ��
 \�D! �' 5]��!��? ����.  

1.��S �! ��
� b��� ^� �'�9
 W=� 70� ; $� . ��
 ���M! 70� ; &'
�! &�; 7B�S �
��")  ]YC!7 . ("  �
�C�
��
 ���M! ��	 7B�S ; $� &� ������ .          7C�=+ � �C� #C��" �	�C�! bC��� �C��+ ���C%
 �C����� &
C+

�� $�/�! �? 70� $� 
$ ��������.
2. &��DG ������)70� �� \�+ (�(�	 '�A!.
3. �" $� �" &��������nested  �(��	 7!�	+ $� &�6 �" W=�PLC ��
 '�A!.
4. $�RLL 6 ��
$ 7+ X} '
 h+��� �! ��.
5. $�PLC ��
 �c�! ��;�	$�DS � �;D��" 7�)�
 $
�=! �; .9999 ��
 �)�D�! $
�=! . $�PLC    ^C}�� &�C;

 ��
 \�D!999 �S�+.
6.  �(��	 7!�	+ $�PLC  N^}�� &�;RLL    � bC��� \�C+ u��"$
 
�' ��
 �(��	 7!�	+ &
+ >�O�	
 \���+

��
 f%
� ������ . ��� ���	� 
$ 5��0DG �� �	
�" �! ����
� 7�=	 &�$ '
 5
�D�" K���! \�
 + ��]G
 
�'PLC   �C�� �C! \���" 
$ �������� � ��0��� ���% � 7� ��
 ����D	 7M.� &
$
� ����	'�� 
Y�
 .  C�

 7}RLL   �$
�	��C�
 g�� �(��	 7!�	+ @�! &��	�+' '
 ���IEC 1131-3  N�C�
      7C!�	+ $��B�C� �Cd�� �C!


��
 E"! � ��D" �(��	 :�$
�	 ���� ��"
! 70(0� $��B��.   
%�J�3 :$�"�! ��
$ X} ���� :  

E=G ��6 ���!
 �' ��Y!-�$�? �! @;
� 
$ $�"�! �09 .? 7�pc" �!]G 7+ $�"�! ��6 ��9  �C�
 7�C(+
� � .   C��c" \C�

 
$ 7�pc"RLL �$�? �! @;
� �'.  

��
 �' b!
�G b!�S �09 7+ ��6 7+ u�+! 70�.  
1. A normally closed stop push-button (IN001), 
2. A normally opened forward run push-button (IN002) in parallel with a normally opened 

auxillary contact(OP001), 
3. A normally closed auxillary contact(OP002) and 
4. The contacter for coil(OP001). 

�S
� �;
�B 
$ �' b!
�G ��	 E=G ��6 7+ u�+! 70� 7+��! $�<+.
1- A normally closed stop push-button (IN001), 
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2- A normally opened forward run push-button (IN003) in parallel with a normally opened 
auxillary contact(OP002), 

3- A normally closed auxillary contact(OP001) and 
4- The contacter for coil(OP002). 

	�� 3�>#  
•��� �D	 ��6 � ��
 \��� $�"�! 7�)�
 �)�6 $�.
• ��6 &
+forward  7D��forward run  ��S �! �;$ � ����(IN002). 7A��	 $� ��D� 7)$ OP001 

�	�! �! �d�+ ���� � ��S ����.  ������OP001    �C�6 ��CS ���� �'�9
 � ��S '�+ _�� 70� $�reverse 
 ��0� ��S ���� 5$�� $� ��6reverse �;� �D	 
$ .

• 7D�� ���+ 
��+
 K���! ��6 _�A	
 &
+stop  ��S ����IN001 .  7CA��	 $�OP001     � ��CS ��C�� C�4
 7D�� �+ $�� ���!
reverse  ��? �! ���+IN003.       �;�C�0� \�C+ �T�C(�D; \C�
 7C+Interlocking   �C!

��� �! #d��! 
$ T�� 70� 5��0DG 70� ^� 7� �����.

2-Handed Anti-Tie Down, Anti-Repeat  
  &����CS�! �$
�	���
 g��cyclic     &'
�C	
 �
$ �C�0� �C��+2-Handed Anti-Tie Down, Anti-Repeat   7�CS
�

��S�+ .   �� C; �C" ���� �! &'�� ����� 
$ J�$ \�
 �$�� 7+ ����	 7!�� &
+ ��4 � K� NJ+ &����S�! $�
 
$ 7�<d �	
��	 � ��S 7��� $�� 7+ �$�� ���+    ��CS ��C�+ �C� ��CS K� &� ��� ��
 \�D! 7� ��T .  &
C+

� ��0� ��� ��D; �+ � ���� *�� 
$ �;��0� '
 ��� �	
��	 �$�� 7���
 _��	��! �$��.+ 
$ T�Anti-Tie Down 
and Anti-Repeat 7��� $�� 7+ ��S �!.       $� �C	$
� $
Cd @C; '
 70C��� �C+ 7� ��0� �� ; b��� ^� ,�S &
+

 m�D�! �	�!' 70��� Y�
�60.5 ��S �D	 ,�S b��� 5$�o��
 �4 $� N�	�S ���� ���+ 7�	�y .  $�C/�! \�
 &
+
 7)$ 7+ON-Delay '��	 ��
.
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2-Handed, Anti-Tie Down, Anti-Repeat, Single-Cycle Circuit 
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6-6 ���#&, 	� g,���PLC  
 $��B�� $�RLL  N������ � b��� + ��]G�	$
� ��9� ��	 ��4 � D��" N��	$�DS ��	�! &T�� &��	�D)
.  

Sequencer Instruction
7)$ &��D�(�� $� 7	
���
 N����� ���� &
  &
�� �! ��DG
 
$ 5��0DG �)
�" �' b�S ��	�! . �+�y $�� �+ 7	
���


  �C�� �C! ���� ��!' ; $� 
$ ���B &��~��� �? &���T�(9+ � �B} �! .   &
$
� 7	
��C�
 \C�
16   �T�C(9+
 �	
�" Z! 7� ��
16 ��� ���� 
$ �������!.  

  
&����  

 ��Y! 7+ ��� �! nO�! 
$ D��" 7+ '��	 b�)� 7� �d����� .  ��C�$�� ^� $�3       �C�	? ��$�C� 7C� �$
� ��C9� \C�
��
 �!
�)
 .���; \� \�
 &
+ e��$���	�! @�(�� z� w�; .��
 $
d \�
 7+ z� 5��{9:  

1- bd
�6 �
2 ��
 \S�$ �
} � ��!	 *%� �S�+ \S�$ \�.  
2-\� '
 ��� �
  Z	��� �+ �
} N�S�+ \S�$ �;0.5 �	�+ ^D�} �";.  
3-�
  � ���+ ^D�} Z	��� N��S�+ J�!�B \� 7� ;2 ��� �";.  
4- �
} 7� ��
 ���� ��d� $���	�!"plant in operation"  ����)^� (�S�+.  
5- ��0�"lamp test"  ��d�"plant in operation"  �! �' ^D�} �� \S�$ 
$ ��4
} _�D" �� � N���� ��
 .�

���.  
7)$ &'�� ����� &
+  TS'
�� $� ���;D��" N$
��B�" &�;PLC       ,�C	 7C+ �C�	? �
�C�" 7C� ��
 ��S 7���"PLC 

��
 7�(+
� .��
 �p`	��!
 �G�� \���} �" 7�	�y �0�! ��} '
 &��	�!' \�S
� ���!
 .    ��C�	 
$ D��C" ^C� b�S
�;� �!. ��S ��
� ���	 b�S$� D��" &����0+�d �	
.  
 ��0+�d�;D��" '
 ��"$��G:  

•Preset register value ��
 @�/�" b+�d 7!�	+ W��" 7� ��
 J$�DS $
�=! @D����!.
•‘enable reset logic’ ��� �! #d��! � .� J$�DS ��S .� ��d� .  ��
� J$�DCS �'�9
 �? ��S ^� �+

��S �!.
•‘run logic’  ��d�1 ��S �! ,�S J$�DS ��S.
•DS ����$ �+ �9�B $
�=! 7+ J$�Preset ��� �! ^� � ����.
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�	$
� ��9� �' &�;D��" ,
�	
:

On delay timer
 '
 ��+1  ��S&��$� ��� �! ��� �"�!(delay=PR) �9�B �"1 ��S�)� N  �+0  ��S&��$�   
$�C� �9�B0 

��S �! . 7+ D��" \�
1 &��$� ��S  '
 �D� 7�delay ��
 �;� �D	 >
�9.  

 
��
 ��S ��
� ���	 b�S $� 7��� D��" K��
 + �? �B�� ��M	 . ��d�I01=1  N�S�+O01  @; 7A��	 $� � ����enable  �

 @;run ��S �! ���� D��" . �Sp� '
 ��+delay  �9�B ��
 ��S �$
� D��" $� ]�d 7�O02 ��S �! ���� . �+0   ��CS
I01  N�)�6 ; $�enable=0  �9�B � ��SO02=0 ��� �!.  ���! D��" on-retentive 
��.

Off delay timer
 �+ D��" \�
 $�1  
$�� �9�B N&��$� ��S1 ��S �! . 5$�� $� �!
0  �"�! &��$� ��Sdelay  ��� �! ���

��S .� �9�B �" . ����� '
 b�d &��$� �
delay=PR  
�A!1  D��" ��S0 ��S �D	.  
�� bDG �
�" �! b�S g+�<! 7��� D��" �+ �? �B�� &
+ . ��S ���� �+I01=1  �9�BO03=1   $� ��C� �!

 7��� D��" �9�B 7��)�6O02=0 ��
 . 7��	�!' �" �9�B ���+ ����I01=1   �C	�! �C! �d�+ ��
 .  �C+0   ��CS
 &��$�I01  7)$ &��$� �� ;enable  �run  �)� �	�� �! ����O02 ��~D; �0  �C�
 .  ���C%� $�O02=0  �

O03=1  ���~D; �9�B1 ��
 .  �CSp� '
 ��+delay   D��C"1   ��CS �C! .  �? ECd���!OP02=1 �   �C9�B
OP03  � ���� �40 ��S �! . $
�=!delay ��
 ��S �$
� ]�d D��" $�.  
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Fixed pulse width timer

 '
 ��+ D��" \�
 $�1  ����! 5�! &
+ &��$� ��Sdelay=PR   �C9�B1    �C�+ � �C�
0   ��CS �C! .0   ��CS
 ��!' + &�y�" 5�! \�
 $� &��$�1 �$
�	 �9�B ���+.  

Retentive timer
 &�;D��" $�retentive  '
 ��+0  �9�B N&��$� ��S ��	$�DS  
$ ��CB $
�=! � #d��! 7�0+ ��S �D	 .� D��"
��� �! �.6 . '
 ��+ �;D��" \�
 $�1  �C;� �! 7!
�
 ��B �0�d $
�=! '
 ��+ 
$ J$�DS D��" &��$� ��A! ��S. 

 7+ D��" ��	$�DS �9�B ��d�PR  D��" �9�B N���$1 ��S �!.  

  
Non-retentive timer

 &�;D��" $�non retentive  �+0   &��$� ��CA! ��S ^� �+ � ��S �! .� D��" ��	$�DS �9�B &��$� ��S
��� �! '�4? .� '
 J$�DS . D��" ��	$�DS �9�B ��!' ;PR  D��" �9�B N��S1 ��S �!.  
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3!#	���  

 ;PLC  \���} ��
 \�D!��	$�DS  ��B TS'
�� $��S�+ 7�S
� . '
 ��	$�DS0  �"999 ) 7+ �T�(+PLC ( �!�$�DS . ;
 7�)�
 ��S ��
� $
�=! +
+ J$�DS $
�=! �d�(set)  �9�B N��S"^�" ��S �! .    ^C� &��$� Z)�C� C; &
'
 7+ ��	$�DS

�DS �! �$�DS.  

  
���(; �' zS 7+ ��	? b�D� � ���"" ���� &��	�D)
 T��.  

T transformer  CR control relay  R resistor 
C capacitor  LS limit switch  PB pushbutton 
S switch   SS selector switch TDR or TR time delay relay 
M motor, or motor relay    L indicator lamp or line phase 
F fuse   CB circuit breaker 
OL overload switch or overload contact 


�&��  
 $
�!RLL  '
 7� ����+5  �
 ��O!3 �;� $�<B
 �	��+ �)�B ��	? &�".  

���D�;
$ :���� �=<�! $
�! $� 7~	? ��	�!  
	? ��$�? ���+ 70�(! 5$�� &
+ �=<�! 7<+
$ Z`� � ��� ��$� �)��9 ��

��'�(+.  

�' ^D�} �
} ��Y!  
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6-7�9��# ���#&, ��4#�,$ &@��
A..Function Block Diagram (FBD)

FBD M!�$�? �! @;
� 
$ ���~�� &�; )��� ����
� �(��	 7!�	+ ���!
 7� ��
 �$
�	���
 &��0� ��o . @�$
�	�S �! b�� @�+ @�� W��" ����0+ �? $� 7� ��
 $
�! ����� ��	�! 7!�	+ .    ���C(; ���C���$�T)
 *C+
�" x�0+

��S 7�S�	 b�d '
 7� �	
 . 7+ 
$ 5��0DG ���9 ��M	 ����
� [��D	  �C;� �C! ���	 �	��? .   x�C0+ &
$
� $
�	��C�

��
 [�
��
 b+�d +$�� � ��	'�� W��" 7� ��
 ����! *+
�".  

  
��Y! :��(���+ 
$ h�� b�S �=<�! *+�".  

B.Structured Text (ST)
ST  \�S�	 7� �"��0DG �(��	 7!�	+ &
+ 7� �� m�+ f<� 7���� $��B�� ��+'FBD   ���.�C�
 �(�	 E���! ��	?
�! ��S .ST  ��	�! ��S *+
�"IF NFOR N WHILE  �REPEAT ��� �! 
9
 �)��� 7+ 
$ . 7!�	+ ��M	 \�
 �+

 $� 7� ��S �! 7�B�� *+
�" x�0+ �(��	FBD ��� �! $
d ���.��
 �$�!.  

  
��Y! : h�� 7!�	+ &
+FBD ����+.  

C.Instruction List (IL)
��
 E���! &���+ 5��0DG _�A	
 &
+ 7� ��
 �(��	 7!�	+ \���� f<� ��+' .   ��C!' &'�C� 7���+ &
+ ��+' \�


��S �! ���.��
 ����0+ $� 7/��6 $
�=! � 
9
 .

  

����� ����     6-34

6-34

��Y! :RLL  &�; 7!�	+ ����!IL ��S ��
� ���	 ��0�S $� �	
 .��;� g��<" 
$ ��	?.  

        

 


�&�� : ��&,RLL !�9���, !� &�$  

S4.1 A. Name one programming task for which, IL would be your chosen language. 
B. Name one programming task for which, ST would be your preferred language over FBD. 
C. For whom are the features code reusability and library support important, and why? 
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6-8�k�  $�/6�PLC
PLC     5�C�0DG � �C;� �C! _�A	
 e	$�]+ 
$ 5����M! 7� ��
 $�(������! ^� �=�=6 $�I/O  �"$
 C���� 
$

��� �! g=M! .PLC ��
 �' 
�9
 &
$
� $� 7� ��S ��
� ���	 b�S �	
.  

  
A. 	��I��PLC
1.��:r� g"��:�S�+ 
�9 �� � ��	'
�� �+ &�$ ��
 \�D! 7�pc" . '��	 �$�! &�;q��)�5  �24  �)�DC  �220 

 �)�AC ��
 . � ���(; ��S ���Y" �;q��)��M� ��S �! ���� ��	?.  
2. �, &,	�� Q��(PLC  +�����)]( ��4^�&d:  &$�� ���%� 7� ����4
}PLC    J�!�CB � \CS�$ ��	�!

��S �! b!�S 
$�(��	 7!�	+ � ��!� &�;��0� N.  
3.��,  #0�O! &�;�+PLC ��� bo�! @; 7+ 
$.
4.�/�&� 3!#$��&;:  ��
 \�D! 7� ��
 &TS'
��8 N16  ��24 �S�+ ���+.
5.7�t�"�	� 3!#$��&;: ��CS $
p�
� 
�9 ��	'
�� ^� 7+ ��
 \�D! 5����"$
 #��l� .   &
$
� ���C�"$
 ��C	'
��

RAM  �EPROM ��
 ��B n�O! .
�;� �! _�A	
 
$ �' 5��0DG ��	'
�� \�:
•���� �+ u��"$
N ��	�9 b���� T�� � T���D	 N��0� 7M.�
• T�� �+ u��"$
PLC �;
•�"$�/	 ���� "��`!�� �+ u��"$

•Local Area Network (LAN) :   �$
�	��C�
 bC�"��interoperable network protocol  $�PLC   &�C;

��S �! ��
� &�9 �'�!
.
6.�F6�U :PLC  7/��6 �+ &
$
�RAM  �EPROM ��
 5�G]�
 � 7!�	+ &$
��T	 &
+.  
7. ����&,��(	( I (�B(& :PLC  �6
� �� � �+ &
$
� �;I/O      � �C���$� 
$ �;$�C(�� ���T�C� 7C� ���(;

��� �! ^�M" 
$ ���M! . $� ��)�	? � ����A�� &���9�B � �����$�PLC �	�S �! 7���" �;.
8. �)���I/O

 &�;�+I/O  �6
� bB
� 7���"  expansion unit  g�� '
 � �	�� �! $
d Z�����
 �+ �?  &�C�! )��� 7+
��+�� �! ��o"
 .�"$
 \�
 �� 7+ u�J�$ ��S _�A	
 ��
 \�D!.  
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Z��(  �)��� !U�(I/O ��/# ��*�6  &��! )��� 7(.d $� � �? �����	 $� ��) �"200  �GC� 7+ �T�(+ �!
5�G]�
 ����" (�$
� $
d.  

\(  �)��� !U�(I/O 	(� 3�	  �"1000      gC�� '
 � �$
� $
Cd &�C�! C)��� &�!remote interface   �? 7C+

 bo�!�� . �)�6 \�
 $� �" &��! )��� ; 7+16  7���" �6
�I/O  �� b�� �
�" �! . �
$ 7���" �6
� ; 7+
 �" $��4 �� b�� �
�" �! @; ^���	 70��� 7���" �6
� . b�S22.3 �;� �! ���	 
$ ��6� \�
.  

  
9.Special Purpose Modules

PLC ��S�+ ��
 \�D! ��	 v�B &���O+ &
$
� �;:  
• High speed counting 
• High accuracy positioning 
• On-line self-optimizing control 
• Multi axis synchronisation, interpolation 
S  5.0 A. Name three major elements of a PLC System 
B. What is the need for special purpose I/O modules? Explain with an example 
C. What is a communication Processor? 
S 5.1 A. What is remote i/o? How is it different from the other kinds of i/o? 
B. What are the functions of the blocks named Man-Machine Interface(MMI) and Programmer? 

10. ��),�PLC

Rack Mounted PLC :��
 �+ \���} &
$
� � �$�+ E04
 .   N���C�"$
 N��C	'
�� �+ N�;�+I/O    *C+
�" �C+ �
��
 v�B . \���} ��
 \�D! _��) *d
�! $�rack �	�S b�� @�+ .  ��Co"
 ��	��" K�C+"  �$
� _�C	 .  �C;� K$�?

b!�S @�(�� \�
 $� 5� : K$�?rack K$�? Nslot  ) $� 7	�Brack (��
 5� K$�? ��T	? �.   �C;� K$�? ��M	
��
 5��.�! 5m�oM! $� . \�
PLC  �CS�+ �! ,�	 \����<�	
 b+�d � \��	
� �; .  b�CS22.2  7C	�D	   
C	? '
 &


�;� �! ���	.
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Mini PLC  ��	�!Rack Mounted PLC �$
� 
	? #o	 ���� �)� . b�S22.4  �C;� �! ���	 
	? '
 &
 7	�D	.
 \�!' &�$ ��
 \�D! ��D�(�� \�
 �d�� E04
 � �	�S Eo	 $
��� 7+ ��extended bus ���(;.  

  
Compact PLC : \�
PLC 7���" 5�	��!
 � �	�S �! Eo	 $
��� &�$ �; ��
 ���M! ��	? &
 .   ��C���! �CD�d

������! $��(+ ^}�� &�;�+$�� &
+� �	$
�.  
Micro PLC :�	�S �! Eo	 ��! &�$ �� � $
��� &�$ ����
 .  �
�C�G 7+ � �	$
� ������ �D�dembeded   @�C(��

�	�� �! ���.��
 ��6� bB
� . �
��"I/O        ����C� &�;�C+$�� &
C+ 
pC) N���C(; ���CM! 5�	��!
 �+ � �+�y ��	?
���(�	 E���!.  

Software Based PLC : \�
PLC "��`!�� ^� 7+ �+ ^� W��" �; ��	�! PC  �	�CS �! bo�! .   _C	 7C!�	+
 &$
��
PLC ��S �! Eo	 "��`!�� &�$ 7� . *+��! '
PC � �"����M! 5��0DG � ��� ���.��
I/O    �C! _�CA	
 
$

�;� . \�
 ���!PLC  g�� '
 7� ��
 �?PC  T�� N�	���
 7+ �	
�" �!PLC  ��S b�� �;"��`!�� T�� �� N�;
 ����
� 5�	��!
 '
 �PC ��� ���.��
.  

S 5.2 A. Name one application each for which a mini PLC may be appropriate. Provide 
justifications for your choice. 
B. Why is a special bus extender unit needed for extending the bus over long distances? 

B.3!#$��&;
��	'
��  $� '��	 7+ �T�(+ 5��.�! &�; 5$�d �+ �;PLC ��S �! 7���" �; . ��	'
��I/O     v�CB &�C;�+ CT�� �

) �+ u��"$
Fieldbus  � ���� ^��) �Ethernet ��4 � ( $� 7� 
$rack ��� �! ����! �	$
� $
d .
 &
$
� ��	'
�� �+battery backup ��
 �' �$
�! &
+:  

• Flags ( internal relays), timers and counters; 
• Operating system data 
• Process image for the signal states of binary inputs and outputs. 
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 ��	'
�� �+ 7� �$
� ��9� ��D�6
 \�
back up      ��C�G C+ 
$ 5�C�0DG �C��� ���� �
�
 5$�� $� �" ��S Eo	
��T+.  

&$
��
 �O� ���l Y�
�6 � bd
�6  $�rack mounted PLC ��9 $� �;� �' !?��
 ��.  

  
C. �&,��(	(

 �;$�(�� ���T�� &��$� �+( 0-24v Dc, 4– 20mA)  q��)� f<� 7+ 
$PLC   �C���5V   �C�3.3V    �C! b��C�"
��� . ��)�	? &��)��T�� �D�=�(! �;�+ \�
thermocouple NRTD  7+ � ���=" N����$� 
$ �;$�(�� T�� �i�+ �

PLC ��;� �! b��M" . � �; &��$� \�+PLC ��
 $
d+ �����)
 7)���
 . ���	 b�S $� ����m���
 \�
 '
 �G�	
��
 ��S ��
�.  

o���#W ��(	(  
 ��)�	? �+8/16  ��	? $
�=! 7� ��p� �! 
$ &��$�0-5V  �� �0-10V ��
.     
$ �C;�+ \C�
 5�CoO�! �' ���9

�;� �! ���	 . ��	
�" �! �����$���S�+ �0%�." �� � ^" . @�� ^� &
$
� � ^" &��$�common   @�C� ^� �
��
 ���T�� . &
$
� �0%�." &��$� �!
2     �C! �C��=" � &C�� �'�	
 ��	? \�+ q��)� w]�B
 7� ��
 ���T�� @��

��S . �/	 ���;$�(�� &
+ v�B &�����$� ����
 + ��]GRTD �$
� ��9� ��	 .  �C�O+ &
$
� ��)�C	? �+  C�' &�
��
. 
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• Analog to digital (A/D) converters 
• Analog multiplexers and simultaneous sample-hold (S/H) 
• Analog Signal termination 
• PLC bus ports 
• Synchronisation 

  
��(	( %���K��  

 N&��$� �+ f<� 
$ &���+ &�����$�  &���C+ ���T�� f<� 7+PLC   �	�C�$ �C! . '
 &��$�PLC   �C�
 7C)���
. .
 ���9 �+ 5�oO�!�;� �! ���	 
$ ����A�� &��$� .

  
S 5.3 A. Why so many types of analog inputs have been provided for? 
B. How to select between integrating and successive approximation converters? 
C. What is the significance of the input ranges for digital input modules? 

D. �&,�B(&I
 �9�BPLC ��� �! ���� 
$ ���M!.  

1. Solenoid Valves - logical outputs that can switch a hydraulic or pneumatic flow. 
2. Lights - logical outputs that can often be powered directly from PLC boards. 
3. Motor Starters - motors often draw a large amount of current when started, so they 
require motor starters, which are basically large relays. 
4. Servo Motors - a continuous output from the PLC can command a variable speed or 
position to a servo motor drive system. 
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B &
+�9� DC &$��(��	
" ����� ���=" N��S �! ���.��
  �" 7�1A �;� �! ���9 .   ��C��� �C��=" \C�
   �C;
 ���� ��!'1ms �	$
� . &
+ �9�BAC  ��D)
Triac ��S �! 7���" �+ $�  �" 7�1A �;� �! ���9.   C+ ��]G

7)$ &���9�B N,�	 �� \�
 ! j�M) ��	 m�+ �
�" &���M! ^�M" &
+ &
��� � . 7C)$    @C; �C;DC   @C; �AC  
$
 ��� �)� ���� �! ����) ���6 e��~���10 7�	�y �0�! (���(; @�A6 � N�
� .�	�S �! ����� \�
 + ��]G .
 7)���
 &���9�B b�SPLC  N7)$ '
 ��	? $� 7� �;� �! ���	 
$TTL   ���.�C�
 x��"���
 � $��(��	
"���
 N&$�	

��
 ��S.

Relay       Opto-AND   

Opto-Triac       Opto=Transistor  
  

 \�+ u��"$
PLC ��
 7)���
 �����)
 /	 '
 ���M! � . &
+^�M"   xCM!    �C�	�! �9$�CB 7C�pc"120V ac, 
24V dc, 12-48V ac/dc, 5V dc (TTL) or 230V ac   � ��CDG
 �+ ����m���
 �9$�B w� 7+PLC   ���C�

��� �! ���G + 
$ ��	? . &
$
� �;�+8/16 ���(; 7+��! �9�B .     �	�C�9 5$�Cd �C+ �C+ N'�C�	 7+ 7�(+-  &q�C�)�
��S �! &$
��B E���! .  

o���#W �B(&I
 7+ �)���A�� �9�BD/A  ��CS �! ��)�" �9�B ��)�	? ���T�� � ��DG
 .      ���T�C� N�CS�+ �"$�Cd xCM! C�


��" ���+ �9�B ��)�	?��S ���=" �9$�B �
�" ����� ���=" W . �	
�" �! �9�B ���T��disable  $� 7� ��S
�	�! �! �d�+ �+�y $
�=! \�B? 5$�� \�
 .��� �! ���! 
$ ��)�	? �9�B �+ 5�oO�! ���9.  
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%���K�� �B(&I  
 $� &q��)� f<� \�+ ����A�� �9�B �+PLC 
 b���" �9�B $� /	 �$�! q��)� f<� ��;� �! _�A	 . ���T��

��S �! �/��M! ��"�� ��o"
 b+�=! $� '��� �+ �9�B .��
 ��!? ���9 $� ����A�� �9�B �+ 5�oO�!.  

  
S 5.4 A. Determine the significance of the following specifications for an analog output module: 
a. Load resistance b. Linearity c. Conversion time 
B. Determine the significance of the following specifications for a digital output module: a. Max. 
switching frequency b. Shrot circuit protection 

E. �&, +.�9�g,��� ������R
 &
+I/O  N���d�! g�d� ���� �� $���	
 $�(�� '
 Z)�� J$�DS ��	�! *�� b=�(! �+I/O   �C! 7��� /	 $�

��� @� 
$ �0�
 ��	'
�� �"����M! $�+ �" ��S.   m�CD�! 7� �	��+ 5
��c" 7+ ��S J'
�� � *�� t��� �;�+ \�

��;� �! ��S �! &�� �'
�	
 �;$�(�� W��".

 �&,3!#	���  
 �" *�� &��()�� �+ \�
2MHz  $���B
 $� 
$ J$�DS 7A��	 � �$�DS �! 
$  �$
pC� �C! �0�
 ��	'
�� .  ��	$�DCS

 m�D�!16  � ���+up/down �$�DS �! . &�� �'
�	
 &
+ ��	$�DS����      �C! $
Cd ���.�C�
 �$�C! ��	 Z	��� �
��� .'
 ��"$��G �+ 
�9
 :   ��C��� @�C(=" � &�"$
�� g�d� $�"]��
 N���	���)
 ��	$�DS N&��! ��	'
�� �+ W�
�

Z	��� . �)
�" �+�
� J�(� 
$ J$�DS �	$ �
�" �! �; ��	$�DS .     gC�� '
 �C� �D�=�C(! �C	
�" �! &��$� Z)��
��S b�� ��	$�DS 7+ �(	��� ����� @�(=" .       ��C��� @�C(=" gC�� '
 �C� �D�=�C(! �C	
�" �! \��~D; ��	$�DS

��� b�� �0B
� $�"]��
 7+ Z	��� .�(; ���� � Z	��� &�� �'
�	
 5�!��0! ����
�� .  
'
 ��"$��G 7� ��� $�� �	
�" �! #0�O! &�;�! $� ��	$�DS:

• Count mode binary or BCD coded 
• Count once or cyclically 
• Count on rising or falling edge 
• Count up or down 
• Counting of internal clock or external pulses 
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 �&,��9, �.�U &�&���  
 ��} �" �	
�" �! �+ ;    �C�� �C��� 
$ 7C�	�y �C�} �" 7�	�y �0�! ��} '
 &$
�+ 7	�D	 ���� �+ ���� 7=06 . �C+N 

��� �! 7(��=! *9! ���T�� �+ � ��� &�� �'
�	
 ��)�	? &��$� '
 
$ ���
� �9�B .  C)��� 7+ 7(��=! 7A��	
��)�	? �9�B g�� '
 )��� �9�B � ��DG
 ��S �6
�N    �C! ^C�M" 
$ xCM!  �C�� .   ��C	'
�� &
$
� �C+

��
 v�B .      �C;� �C! $
Cd �C+ ��C	'
�� 7C/��6 $� �0�
 ��	'
�� 
$ *9! ���T�� � )��� &�;�!
$��   \C�
 �
��� �! ���$
 �0�
 ��	'
�� 7+ 
$ ���
� �9�B N��	'
��.  

   �C! ��
� &�C9 �? 7/��6 $� 7=06 $�� ,�	 7+ �T�(+ 7� ��S �! #��" x�0+ 5$�o+ �+ ��	'
�� ��
9
 7!�	+
��S .�	
�" �! ����0+ \�
 : �`!$ ��6 �� ���d�! ���� N�G� ���� ��4 ��S�+ .  �C�A	' �C��� �)�6 $�  &


9$�B 7=06 &
+ T�� ��� � �0B
� 7=06 7+ �;)��� '
 �����S �! $�/�! � .  
�$�T)
 �	
�" �! )��� ; @�PID ��� ����� 
�9 �� � ]� 
$ .  
$ �C��9�B e��$���	�! [=	 �	
�" �! ����
 + ��]G

�;� $�<B
 ��4 � �G� 7��%
 �� ���9 7��%
 &
+ � �;� _�A	
.   
 &'�� ����� ��M	PID  $�PLC  ,�	incremental  ��
 . )��� &
+PID ��� 7��  

  
��S �! ���.��
 �' �)���A�� )���  

  
��
 �' b�S 7+ �? T�� _�.  

  
S5. 5 A. Name two advantages and two disadvantages of using a function module for an 
automation application 
B. Based on the illustrative figures given for the counter module, determine the maximum possible 
timing interval that can be programmed on the counter module. 
C. Describe the meaning of the various counting modes of a counter module 
D. Consider a position control application. Describe the options for receiving feedbacks for the loop 
controller for this application 
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6-9 O(	���#&, ��&B�  
A. w��,�g,�

 ���C(; ���~�� *+
�" 7���
 �� �	�� �! $
d ���.��
 �$�! 5
� 7+ 7� ��
 �)
��! 5
$���� 7G�DA! *+
�" x�0+ .
_	 *+
�" 7	�O+��� $� ����0+ \�
 �	�� �! $
d $
��
 . T�� �+ u��"$
 N&��$� \��� *+
�"PLC    7C0D9 '
 �C�4 � �;

���(; ��	?.  

B.���#&, ��&B�
\�D! 7!�	+ &
9
  �CS�+ �G�� Z)�� �+ �� ���
���
 N�0��� ��
 .  $� m�CD�!PLC     �C! ���.�C�
 �0��C� J�$

��S.  

����� ��&B�  
1. &'
�	
 �
$ '
 ��+PLC      �	�CS �C! ��
� $
Cd 7C/��6 $� �)��C9 $� � ��C	
�B �����$� N .    ��Co" ���C9 \C�


 �������$�(PII).
2.�! 
9
 70� 7+ 70� 
$ 7/��6 $� ��S ��
� $
d 7!�	+ ��� .   7C/��6 $� &��$� ��Co" '
 
$ �����$� 
9
 \�
 $�

     �C(��	 �C! 7C/��6 $� �C��9�B ��Co" ���9 $� 
$ ���9�B � �	
�B �!(PIQ).     ��Co" '�C�	 5$�C� $�
��	$�DS � �;D��" &���9�B 7	�B � �$
� ��9� 7/��6 $� 7� �; �	
�B �! 
$ 7/��6 &�;.

3. ���9�B ��o" Nb��� _�D"
 '
 ��+��� �! ���$
 ���9�B 7+.
4. _�� 7+1 ��S �! 
9
 &��+ b��� � 7��$.

 N7B} ^� _�A	
 ��!' 5�!scan time ��S �! ��	
�B .   �? ��C!' 5�C!     7C0� �
�C�" N��C	'
�� �GC� 7C+   � �C;
�$
� �T�(+ ��	? ����~�� .�;� �! ���	 
$ �0��� &
9
 b��� b�S.  

 �, �� ( ��;�&���� ��&B�clock  
��� 
��� f�9" b��� 7!
�
 + v�B �
�B$ ^� 7+ t��� ��d� N��� $
d 7.d� ��! $� �	
�" �! �0��� &
9
 .

�$
� 5$�% 5$�(B '
 &���09 � E�G f�Mo" &
+ �
�
 ,�d� 5$�� $� $�� \�
 .    7C+ �CS�+ ^C����� 7.d� �
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��� 5$�� ����� ���+ 
9
 7� ��
 ���! \�
 .7� �0��� 
9
  E04
$�� ��M	 ��S �! 
9
 �+�y ���� �+PLC 
��
 �;.  

S2.1 A. What are the different modes of execution? 
B. Which is the most common? 
C. State for each of the others, when these are to be used. 
D. Give examples for your arguments if you can 

C.�9��# ���#&, 7�	���� :  
 7+ �(��	 7!�	+ 5
$����4 �	�S �! @�(=" 7���.

• Binary or Logic functions 
• Numeric or Arithmetic functions 
• Program control functions and 
• Other statements 

���B2 ( �&���, g,���  
 ��	�! &���+ *+
�"AND NOR ���(; �? 7+��! � .     �C����$� �C!�DG *C+
�" \C�
 &�����$�I  �C��9�B NO  �Flag 

���(; . ���9�B ��o" $� *+�" �9�B)��D� � �0�
 (��� �! &�9 .  
��!R ( �]��	 g,���  

��;� �! _�A	
 
$ �
T�� � >% Ng�." N*D9 ��	�! �%��$ 5��0DG *+
�" \�
.
�t&� g,��� ��&��� 7����R ��  

�
���� �! ^} 
$ �;$
p� *+
�" \ . ��	�!jump Ncycle ��4 �  
�4�&; ��� �	�W

���� �! ���.��
 ��B v�B &��S�$ '
 ��"� �;� K$�? &
+ ����	'�� . $� 7~	?PLC  �! ���.��
 Z�D�' &�;
   �C	$
� $
Cd ���C" ��; &�; 7��� $� ��	? 7� ��
 �9�B �� &��$� ; 7+ ��+ ^� v�o�B
 ��S .   &�C; 7�C��

�	$
� _�	 ���+ ���" ��; . ��Y! &
+I4.2  ��+ $� &��$� ���! 7+2  ���+4 ��
 .Q0.3    &�$ �C9�B �C��! 7+
 ��+3 ��
 .� ���+ .  
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6-10 Q�>� 	� �$�� ��"� ( �9��# ���#&,Siemens Logo!soft
 W�M!Logo!soft  &�$ 
$ �' 5�	��!
PC �$�? �! @;
�:  

• Offline program generation: First you develop your applications at your desktop. 
• Simulation of your circuit: You simulate the application in your computer and test 

whether or not it functions properly before the circuit is actually put to use 
• Generation and printing of a block diagram 
• Saving the program to the hard disk or other storage media 
• Program transfer 

– from the LOGO! to the PC 
– From the PC to LOGO! 

• Reading the operating hours counter 
• Setting the TOD 
• Summertime/Wintertime conversion 
http://www.ad.siemens.de/logo/html_00/softcomfort.htm

 � Z�D�' ��S ���� $�demo 7!�	+N S b6 &��)�Y!'
 ��"$��G ��	? '
 �i�+ 7� ����+ �! 
$ &���' ��:  
Staircase or corridor lighting system Automatic door 
Ventilation system   Rainwater pump   
http://www.ad.siemens.de/logo
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LOGO �� ���.��
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a) b)   
  

 72��� L��;  
A. S1.1����(; 7�((� _
�� � 7����� �' &�;$�(�� '
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a) thermostat : Discrete b) clinical thermometer : Continuous c) the infrared sensor in TV sets : Discrete 
B.����(; 7�((� _
�� � 7����� �' &���M! '
 ^�!
��

A) the trigger of a gun: Discrete b) the steering wheel of the car: Continuous c) a step motor: May be 
considered Discrete or Continuous depending on the mode it is used. If it is used in the incremental 
mode it may be thought to be discrete (clockwise/anticlockwise). If it is used in the slewing mode, it 
may be considered continuous 

A S1. 2��	�+ ���"" ���� &
+ �)�Y!
Ans: The example of a die press, However, try to give your own example. 
B. In the context of your example show typical objectives in Logic Control 

• K1 Main contactor Open 
• K2 Main contactor Close 
• S1 (n.c. contact) Limit switch Closed 
• S2 (n.c. contact) Limit switch Open 
• B1 (n.o. contact) Infrared motion detector 

outdoor 
• B2 (n.o. contact) Infrared motion detector 

indoor 
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Ans: The following are valid control objectives for the die press example. 
1. When MCS is off Up_lamp should never be 1
2. Every transition of the Up_lamp signal from 0 to 1 should be immediately followed by a transition of 
Dn_lamp from 0 to 1 
3. Up_lamp and Dn_lamp can never simultaneously be 1, although they can simultaneously be 0.  
Such statements are specifications in the sense that the logic controller must ensure that they are 
satisfied in the controlled system. 

S 1.3 A ���� _
�� 7����� � ���"" ���� \�+ '
 ����(; "
Ans: Analog Control is more complex than logic control. This is because of the fact that logic control 
models are captured by simple state transition systems containing only a few states. The state space of 
an analog control system is in infinite. The dynamics can be far more complex than simple state 
transition systems. Factors such as disturbances must be considered, unlike in logic control 
B. Can you cite an example system, which requires both Analog and Logic Control? 
Ans: There are many examples. In a variable air volume air conditioning system, the cooling water 
temperature is controlled by on-off control of the chiller, while volume of air is controlled by analog 
speed control of the fan. In a CNC machine the speed of the spindle is controlled by analog means, 
while auxiliaries, such as coolant flow are controlled by PLCs. 

A S1. 4  3  &�����! '
 �"PLC 7)$ &�;�0+�" + �(���+ 
$ &
�.  
Ans: 1. Programmability 2. Ability to incorporate complex control 3. Expandability, among many 
others.
B. Can you name a single disadvantage in any situation? 
Ans: For very simple and small systems such as power distribution control a relay based control panel 
may be a cheaper solution. 
C. Do you think the idea of developing programs that look like Relay Ladders is very efficient? If so, 
why? If not, why was it pursued? 
Ans: It is not efficient. It was pursued, because when PLCs were developed Plant Engineers were more 
conversant with Relay Logic. So the language was introduced for ease of understanding of Plant 
Engineers.

S 2.1   E,F 3 ���(; " �!�DG ^�!
�� ����(; _
�� 7!�	+ &
9
 5��.�! J�$
Ans: Cyclic, Interrupt Driven and Clock Driven, The cyclic Mode is most common 

G  ��	�+ �)�Y! ^� ; �+$�� &
+.  
Ans: The interrupt driven mode is to be used for those tasks that need an immediate response during any 
time of normal execution, but as such are sporadic. Clock driven modes are used for those tasks which 
have to precisely synchronized with time relative to some defined clocks. 
H. Give examples for your arguments if you can 
Ans: Emergency Shutdown/Alarm Tasks are programmed using interrupt driven modes. 
Communication tasks to supervisory computers for say trend updates can be implemented with clock-
driven tasks. 
S 2.2 A. What is the basic difference between Input and Auxiliary Contacts? 
Ans: Input contacts correspond to physical devices that can be asserted either by external agents or by 
the process itself for feedback. Auxiliary contacts are basically memory locations storing intermediate 
logical results and do not correspond to physical devices. 
B. Design example of Fan monitor 
Ans: In a controlled plant three fans are to be monitored. If at least two fans are running, the indicator 
light of the monitor is permanently switched on. The indicating lamp blinks slowly if only one fan is 
running (with 0.5 Hz) and rapidly (with 2 Hz) if no fan at all is on. the monitor is only active when the 
signal “plant in operation” signal status “1” is activated. 
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Otherwise the indicating light is switched off. The function “lamp test” can be carried out with the 
signal “plant in operation”. At signal status “1” of this signal the indicating light is either permanently 
on or is flashing. 
Hints: The total logic control is primarily made up of 4 elements 
_ Scan, if at least two fans are funning. 
_ Scan, if no fan is running 
_ Scan, if only one fan is running 
_ Summary of all three scans and logic control with the signal “plant in operation” 
S3. 2 A. Can we use corresponding switches, instead for the Auto, Stop and Reset PBs? 
Ans: The only difference between PBs and switches is that a PB is assumed to be released 
automatically, while the switch is not. However, since the transition logic does not remain on for more 
than one scan cycle, in this case, it does not make a difference whether these are PBs or switches. 
B. For the limit switches, and the part detect sensor, would you prefer mechanical switches over photo 
switches for this application? Justify. 
Ans: Mechanical switches would be preferred here, since these are much more rugged. 
Turning these on and off does not cause any problem for the ram which is hydraulically powered. 
C. Propose at least one more each of sensors, indicators and actuators for the above application and 
mention their benefits. 
Ans: A hydraulic pressure sensor may be used for sensing the pump pressure before turning the 
machine into auto mode. This would be useful, particularly if the machine is run in auto mode for long 
intervals with robotic material handing equipment for part placement and removal. A fault indicator is 
also useful to indicate any deviation from normal cyclic operation. In this example, the electric power 
switch is always assumed to be on. One can add a contactor (actuator) to switch the power on, from 
state 1. 
S3. 3 A. Note that in step F above it is important to detect that the part is removed. What 
would happen, if this is not detected? 
Ans: The same part may be stamped many times, before it is removed. 
B. What would happen if after Stop PB is pressed, Reset PB and Auto PB are pressed in that sequence, 
even if the piston has not been taken to the top position manually? 
Ans: If reset PB is pressed the process would move to State 1. However, pressing the auto PB would not 
take it to State 2, since UP Limit switch would not be made. At this point the process would deadlock 
unless the piston is taken up manually. After it moves up, if the Auto PB is pressed, the machine would 
move to State 2. 

S 3.4 
A. What would happen in the process controlled by the program shown in Fig. 20.2 if top/bottom Limit 
switch is stuck closed/open ? 
Ans: If the top LS is stuck closed, the Down solenoid would not be would off even if the piston comes 
to the bottom position. The piston would push the part to be stamped, but would not go up as desired 
during normal operation. Similarly, if the bottom LS is stuck closed, the piston would never come to the 
bottom position, since, the moment it would come to state 3, it would exit to state 4 and thus the UP 
solenoid would be on. One can similarly argue for the stuck open case. 
B. What would happen in the process controlled by the program shown in Fig. 20.2 if the hydraulic 
pump pressure becomes too low to move the RAM? 
Ans: The Up solenoid would be switched on, but the piston would not move. Thus the system would be 
deadlocked in state 4. 
B. Mention any one disadvantage of a formal modelling approach, if you can think of it. 
Ans: The formal modelling may lead to more number of rungs in the RLL program compared to one 
that does not use it. Consequently the memory and execution time requirements would be higher. 
However, these are not significant drawbacks for present day PLC speed and memory sizes. 



����� ����   6-49

6-49

C. Mention any one advantage of a formal modelling approach, apart from the reduced risk of 
programming errors. 
Ans: It is much easier to modify an RLL developed following the formal method. 

S3. 5
A. What would happen if the order of the transition, state and output logic blocks is changed in an RLL 
program? 
Ans: If the transition block is not put first, there would be an unnecessary delay of one scan cycle in 
turning on the state. If the output block is put before the state logic there would be a similar delay. 

S 4.1
A. Name one programming task for which, IL would be your chosen language. 
Ans: Consider a triple redundancy voting logic for 3 digital sensor inputs, for tolerance against sensor 
failures. The logic aims to select the three desired bits corresponding to the sensors from an input word. 
Then it evaluates a Boolean function that implements the voting logic (the exact Boolean logic for 
voting is left to the learner as an exercise). Note that all the above involve bit-operations on binary data 
types and are therefore easily and efficiently implemented using assembly like low-level languages. 
Hence the preference for IL. 
B. Name one programming task for which, ST would be your preferred language over FBD. 
Ans: Consider implementing a custom fuzzy-logic based PID controller. Since the controller involves 
logic and arithmetic based on real-valued data, RLLs are clearly not suited. Neither is IL, since the 
computations are complex and algorithmic in nature and based on real-valued data. Thus ST is the best 
suited for implementation of this algorithm 
C. For whom are code reusability and library support important, and why? 
Ans: These are very important for developers of control algorithms. This is because a proven library of 
routines of routines not only lead to faster development of control programs, they also lead to a better 
quality program in terms of a cleaner and more readable and reliable code. 

S 4.2 A  \�+ w]�B
FSM  �SFC ��(�} $�  
Ans: A step of an SFC denotes a computation module which gets executed cyclically, as long as the 
step is active. A state of an FSM is an instantiation of the values of its state variables.  Note that a step 
in the SFC can represent a possibly cyclic subgraph of an FSM through which the FSM moves during 
the time the step is active. In the simplest case, a step of an SFC represents one state of an FSM. 
B. Why action logic is separately indicated from step logic, although both occur in the same step? 
Ans: The computation within a step can be of two types, namely, those that update internal state 
variables other than outputs and those that update the outputs which are exercised on physical outputs. 
The second type of computation is named action logic and explicitly indicated at the steps. Since the 
physical outputs are of final importance, these are separately indicated for each step. 
C. How is the computation for step logic different from that of transition logic? 
Ans: Systems are supposed to spend time in the states. Transitions are instantaneous and merely 
indicate conditions under which systems change from one state to another. In an SFC, at any point of 
time, a number of steps and transitions are active. However, the computations of the steps can update 
output variables in the action logic while the computations in the transitions cannot. 
S 4.3A. Identify whether the SFC segments indicated in Figs. 21.13-21.15 are valid. If not, 
justify your answer. 
Ans: a. The SFC in Fig. 21.13 is invalid because a backward jump connects the two states S3 and S1
without an intervening transition. This is illegal. Any two steps in an SFC must contain an intermediate 
transition.
b. The SFC in Fig. 21.14 is invalid because there is a jump into one of the branches of a simultaneous 
sequence. This is illegal, since the steps in the other branches of the simultaneous sequence are 
indeterminate. 
c. The SFC in Fig. 21.15 is valid. 
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Ans: CPU, I/O Modules, Communication Processor 
B. What is the need for special purpose I/O modules? Explain with an example 
Ans: Some i/o operations like high speed counting of shaft encoder pulses to measure speed is very 
computationally intensive. Therefore to free the CPU from this load, so that other control logics can be 
computed, special i/o modules with dedicated processors for the task are used. 
C. What is a communication Processor? 
Ans: It is a special processor that handles all communication related tasks with other supervisory 
systems. 
S 5.1 A. What is remote i/o? How is it different from the other kinds of i/o? 
Ans: Local i/o, as contrasted with remote i/o is where the field terminals of the PLC i/o modules are 
connected directly to the field devices. Each channel carries data that is not multiplexed. On the other 
hand for remote i/o, multiplexed data for several field channels is sent in multiplexed form to a remote 
i/o device that demultiplexes and transmits data for each field device to it, with or without data 
conversion and signal conditioning. Local i/o may be analog or digital. Remote i/o is always digital. 
Remote i/o is used to mainly to save on cabling of individual data channels from the device to the PLC 
rack.
B. What are the functions of the blocks named MMI and Programmer? 
Ans: MMI is an acronym for Man Machine Interface. Generally PLC modules do not have faciities for 
visualization. However, if needed, one can connect a special MMI device like a terminal or a printer and 
visualization of process outputs and their transitions. Similarly, a programmer is another device which 
facilitates easy development, debugging and monitoring of programs through graphical interfaces. The 
developed programs can be compiled and downloaded into the PLC memory. Programmers are 
available in table-top PC based as well as handheld versions. 
S5. 2 A. Name one application each for which a mini PLC may be appropriate. Provide 
justifications for your choice. 
Ans: A typical example would be a CNC machining Centre. Typical i/o requirements for such a centre 
would be less than 100 channels. The number of channels are going to be more or less fixed. 
Communication, visualisation and programming requirements are non trivial but not extensive either. 
Therefore, neither a full PLC rack, nor a compact PLC is suitable. 
B. Why is a special bus extender unit is needed for extending the bus over long distances? 
Ans: That is because for long distances, the capacitive loading of connecting cables increases 
significantly. A much higher value of capacitance therefore needs to charged and discharged at a high 
rate, without causing signal voltage degradations. This requires much higher current driving capability 
and thus necessitates a separate driver module. 
S5. 3 A. Why so many types of analog inputs have been provided for? 
Ans: So that the user need not face the trouble of signal conditioning for most of the common sensing 
devices, such as those providing voltage or current outputs, resistance sensors, thermocouples. These 
can be easily interfaced with the input modules directly. 
B. How to select between integrating and successive approximation converters 
Ans: For integrating ADCs conversion is the slowest with conversion times in the range of several 
milliseconds but can be very accurate. Successive approximation types are a thousand times faster, are 
now available with good accuracies and therefore are suited to most applications and are popular too. 
C. What is the significance of the input ranges for digital input modules? 
Ans: The wide input voltage ranges and the wide separation of the ranges for 0 and 1 signal levels has 
been designed to ensure reliable data transmissin in possibly very noisy industrial environments. 
Obviously power levels for signals drivers have to be very high to maintain these levels but is not a 
concern here. 
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S 5.4 A. Determine the significance of the following specifications for an analog output 
module: 
a. Load resistance b. Linearity c. Conversion time 
Ans: The significance of the specifications are described below. 
Load Resistance: Decides the current drive capacity that needs to be provided on the output module 
Linearity: Basically works like an accuracy specification between the digital value and the analog field 
level output. 
Conversion time: Added to the control computation time, decides the lower bound on sampling time that 
can be used for control. 
B. Determine the significance of the following specifications for a digital output module: a. Max. 
switching frequency b. Shrot circuit protection 
Maximum switching frequency: Decides the speed of the control application. However, for inductive 
loads, the switching frequency depends on the power sourcing and sinking capabilities provided on the 
module.
Short circuit protection: Since the load being driven may be shorted, this feature is essential to protect 
the module from damage. 
S 5.5 A. Name two advantages and two disadvantages of using a function module for an 
automation application 
Ans: First advantage is that the main processor computational burden is reduced significantly. For 
example, for a control function, that main processor only has to supply the set point and not compute the 
control input every sampling time. The second advantage is that the application program developer does 
not need to be concerned with the fine details of a control algorithm for a specific application such as a 
precision positioning. One of the disadvantages is the additional cost of such a module. The second 
disadvantage may be that the functional module may prove to be a constraint if one is interested in using 
a different control algorithm for the application. 
E. Based on the illustrative figures given for the counter module, determine the maximum possible 
timing interval that can be programmed on the counter module. 
Ans: The maximum timing interval that can be programmed on counter, for the data of 5 cascadable 16 
bit counters, is, the half clock period divided by 280.
F. Describe the meaning of the various counting modes of a counter module 
Ans: The meanings of the modes are described below. 
Count mode binary or BCD coded: Refers to the code using which the count values propagate. Codes 
may be chosen depending on requirements of other software/hardware modules that interface to it. 
Count once or cyclically: Refers to whether the counter should stop after reaching terminal count or 
would reload the initial count and restart counting. 
Count on rising or falling edge: Refers to the edge that increments/decrements count value. 
Count up or down : Self explanatory 
Counting of internal clock or external pulses: If the counter increments by internal clock, it becomes a 
timer. It would generate output after a fixed time interval which depends on the clock frequency and the 
number of bits in the counter. With external pulses it counts the number of pulse events in the field. 
G. Consider a position control application. Describe the options for receiving feedbacks for the loop 
controller for this application 
Ans: The options for feedback depend on the sensors used in the drive. If the position sensor used is 
analog, like a resolver, a potentiometer or an LVDT, then an analog input channel has to be used. On the 
other hand, if the sensor used is a shaft angle encoder, then either a digital input channel is to be used, in 
which case, the pulse counting has to be done by the module. Else the encoder channel can be interfaced 
to a counter function module and the count value read from it via the bus. Similar arguments apply for 
the speed feedback input, if any. 
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 ���A+�9 �'�	 '
 `0� 70��� $�x $��� N1psi ��� �! ��c" . \�+ 7<+
$x  �p0  ����M! $�3-15psi    �C<B �C��="

��
.  

����� ����     7-2

7-2

 
	�� �	�|�  

��S �! /��� �A��
 $� 
�; &�p� @�
" '
 �)��� &
+ .
1(����0� : �<B �4 ��!� �+� '
 &$��G�+ ��
 +
+  �)�	+ ��	�d K��
 + ����0�:  

0ppQ srs −= α
 �? $� 7�αr  �$
� �T�C(+ �? *<=! f<� 70D9 '
 ����0� 5�oO�! 7+ � �+�y .Ps    � XCD� $�C��p0    bCB
� $�C��
��
 �.6 .  

2(�'�	 :�+ ��
 +
+ �'�	 '
 &$��G �+� ��G�d ��D; g��  
ambins ppxQ −= 0α  

? $� 7� � �'�	
 <d �+ &
 7	
���dn  gDG �xi  �αn  �'�	 7oO�! �+�y E�%��
 . �9 $��� �'�	 �$�B $� 
�; $���
��
 .7A��	 $� ��
 +
+ �'�	 '
 �9�B �+� �+ ����0� '
 &��$� �+� ����" �)�6 $�:  

00 ppppxQQ srambinns −=−�= αα  
 \��� /	 $� �+pamb=0 �S�	 �
�" �!  

i

i
r

ns
kx

xp
p −≈

+
=

2

0

)(1

1

α
α  

 b�S2 �;� �! ���	 
$ 7<+
$ \�
 . &
+\�I ����9U 
����} 
�, 3�(!>� 3-20psi  �� �m�  �m�>�� �
�&�? �� 	�&T 3��b��� �	�� ��� ���$.  

7-1 -2  ���, ��	Air Relay  
`0� ����� ���="- �$
�	 
$ $�� _�A	
 �
�" �'�	) ��	�!opamp ���	���)
 &��D�(�� $� .(    7C+ 
C	? �C��+ \�
 +��+

�� b���" �
�" ����� ���=" . &
+��S �! 7��%
 z� 7+ &��+ 7)$ $�/�! \�
 . b�S3     ��C�	 
$ �C��9 $��B�C�
�;� �! . 7d�� + �$
� &��	 ����" �)�6 $��+ ��
 +
+  

kyA
x

pkyApF
i

r

n

s −
+

=−=
2

2
)(1

α
α  
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7-3

 $��� ��c" E9�! `0� ���A+�9p2   ��CS �C! �? 7+ bo�! 7d�� � @�
���� ��6 ��d���! � .   �� &
$
� �CS \C�

��
 ���" . ��d�p2  �D�=�(! *��! $��� � ��S '�+ �S  ��S ���')����0� ���+ (�+�� �! �
$ �9�B 7+ . [;�� �+

$���N  �	��M" �(! � 7�(+ �	�d�� �(!)���9  $�( � �9�B 7+��� �! b� .���=" \�
 ��+ ��
 ���' �����.  

  
  

7-1 -3���, ������ &�&��� )���#��� ��(	(- ���, �B(&I(
`0� ����� ���=" ��+ $
�=!-��
 7�(+
� *��! $��� ��c" ��	�! &
 7��
�B�	 b!
�G 7+ �'�	 .  �C��=" \�S
� &
+

 ^+��� '
 ��S ���Y" ��+ �+ &
 �����)���=" $� 7~	? 7+��! ��S �! ��DG
 ���	���)
 &�; ����� ( �! ���.��

��S.  b�S1  _� �
D; 7+ &��+ $
� ^+��� ����� ���=" �? $� 7� �;� �! ���	 
$ )��� \�
(dam)    C�� � �C;

�$
� ��9� . �9�B $��� @�(�� \�
po  �+ E����!e ��� �! ��)�" .      
$ 
�C; �C" �C(�	 m�C+ $�C�� @�(�� \�
 $�
��� /	 $� �p��	 @�
" �
��+ .'
 ��"$��G _
���� x�0+ 
�9
 :  

1-����:  �y�" �M" 70�!2  w� '
 ���A+�9e  w� '
 �z ��� �! $
d . $
�=! 7A��	$�x �+ +
+:  

  
2- 3!��� ���.����, : ��S �<B7<+
$  \�+P2  �x �+ ��
 +
+:  

����� ����     7-4

7-4

 

 

 
3- X� 1 	�� &�6 :p2 ��
 bo�! �? 7+ &�� 7� ��� �! ��DG
 �!� 7+ .7A��	$�  

  
4-X� 2  	�� &�6:  $��� \�+ 7<+
$p0  _� 7+ 7� �� �2 ��
 $
d \�
 '
 ��
 bo�!:  

  
 7� ��? �! ���+ b�S _
���� x�0+ 7A��	 $� �
k1  7�(+ 7=06 b���" *+�" N��S 7��� /	 $� �$�+  

  
��? �! ���+ .       @�C/�" bC+�d �C�+ 
pC) N�$
�C	 �T�C(+ ���(; Z	
0" &
$
� 7� �0!
�G 7+ ����� ���=" \�
 ��+

��S ���Y" �;� �! &
 . @�/�" �+ ��+α  �β ��� �! ��c".  

7-1 -4 ���, 3!��� ���.�)���, ��(	(- ���, �B(&I(  
 b�S4 �;� �! ���	 
$ &��+ ����� ���=" @�(�� \�
 .&
$
� @�(��  _� ��)
�; 7/.M! (��
 .   �
�C" @C� $���

 ��
 _� 7+ &��$�pi ��S �! ��DG
 . �
�"� $��� W��" _�� _�p0    ��C� �C! ^C�M" .   &
$
� \�C�~D; @�C(��
 &
'
 7+ ]Y! ���� ��� �! ���.��
 .� @�/�" &
+ 7� ��
 &��pi=0  $
�=!p0=3psi ��S .  \�C+ ����" 7<+
$

��
 7	�T��
 _� ��.  
=

� 7<+
$ \�
 $A �; _� *<=! f<� �;  �a  �b ���; _� '
 ^�; 7+ u�+! &�'�+ . 7A��	 $�  

��? �! ���+ .��
 7�(+
� N���(; �+�y 7� N�;�'�+ � ���<=! f<� \�+ ��(	 7+ ��+ 7<+
$ \�
 $�.  
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7-5

  
 ��d� 7� ��
 $
d \�
 '
 $�� ��M	pi  ��S @� E9�! 70�! 7+ �)�DG
 &��	 N�+�� [�
��
xi ��� �! . \�
 ��d���!

 7)$ bB
� $��� [�
��
 !
po �$
� �
D; 7+ 
$ . [�
��
po   �C" ��� �! �$
� 70�! 7+ #)�O! ��9 �+ ����	xi   ��C�'
 $��� � ��Spo �+�� [;�� .  7<+
$ 7� ��$ �! �)���" 7<=	 7+ b!��" \�
)6 (�" 
	?��� �! \��.  

7-1 -5 &�&���PD ���,  
 ��� 7��%
 �+� ����0� )��� N_� 7+ &��$� ��+ �(! $PD  �C�? �! ���+ b�S g+�<!.     � @�C(�� \C�
 C���G

��
 $
d \�
 '
 ^� ; W+
�$.  
3�?��?:  ��S �<B '
 &$��G '�� �+�����0� �+ ��
+
+.

),( fo PPGQ =
1

0

R
PP

q f−
=

  
X� 	��&�6:  ��S �<B _� bB
� $��� �+�y 5$
6 79$� $��+ ��
 +
+  

 
ff vCmCp 43 −=
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+ �� �!��=! y
 � @A6 ��c"  
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CzmzACz
A
K

mC f
f

f =�+= 43  

����� ����     7-6

7-6

  
  

 ��6 \�+ 7<+
$z  $��� �po  �!��=! \��� /	 $� �+����0� ��? �! ���+ E�"" \�
 7+.  

�
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=
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zCmq f
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 �
α=β  x�0+ ��S ��_
���� ��? �! ���+ �' b�S ����.  ����� ���=" ��+ �
K'    7C��� C/	 $� �$�+
 b���" *+�" N��SPD ��
.  

  
7-1 -6  &�&��� PI ���,  

 )���PI ��? �! ���+ b�S ��	�! �`} �D� _� 7+ ����0� ��� 7��%
 �+ .     �C! @�C(�� \C�
 &
C+ 7� �<+
�$
��
 $
=��
 '
 �S�	 �
�".  

����0� :'
 ��
 5$��G ����0� ��S �<B 7<+
$  

1

10

R
PP

q
−

=  

X� 	��&�6:  _� 7<+
$ )��� ��	�!PD ��S �! 7�S�	 7	�T��
.  
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 � &��$� �+� \�+ u��"$
z �$
� $
d �? �(! $� ����0� 7� �!� &
+ 
$ 
$ @�(��	 �! 7	�T��
.  
zCpCmq p ��� −== 0  
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   \�+ 7<+
$z  $��� �po ��? �! ���+ E�"" \�
 7+ ����0� �!��=! \��� /	 $� �+.  
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pp
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 �� �+α=β  b�S ���� _
���� x�0+7 ��? �! ���+ .     *+�C" N��CS 7C��� C/	 $� �$�+ ����� ���=" ��+ �


 )��� ^� 7� �' 7�(+ 7=06 b���"PI ��? �! ���+ ��
.  

   
�
� _�A	
 ����0� 7	'�$ ��c" �+ �
�" �! 
$ �
T�	
 �+�y @�/�".  

7-1 -7 &�&���PID ���,  
 )��� b�SPID �;� �! ���	 
$ &��+.  ��	�! )��� \�
PI �$
� ^+��� �(! �� .    � �CS �C(! �� C; $� �)�
�$
� ��9� _�. &��!
���� E��" '
 �D�=�(! �? &
 7��9 _
����PI  �PD ��? �! ���+.

�S�	 �
�" �! b�S 7� 79�" �+  
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7-8

 #��" �+T*i=RiC  �T*d=RdC �S�	 �
�" �!:  

  
 *+�" 7A��	 $���? �! ���+ b���".

  

  

  
 ��c" �+ 7� ��S �! 7/6]!Ri*  �Rd*      �C+�� �C! C��c" C)��� &�C;�!
$�� .   zC� \C�
 $�  $� bB
�C"  @�C/�"

 �;�!
$���$
� ��9�.  
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7-9

7-2�4�&>�  
7-2 -1���, %&��� &��  

��� �! 5$�� ���M! W��" ���� ��DG
 .    CT�� &�;�C��
� '
 &$��C(+ � ����D�S &�;���
� $� @�! xM!
��
 ���� �S .���� $�� ���)�$��; �� &��+ N�����)
 $���� �+ ��
 \�D! �;�S \�
 . $��� N&��+ &�;�S $�

��� �! 7�(+ �� '�+ 
$ �S � ��
� ��6 
$ �S 7d�� ��+ .
�=!  $�C�� $3-15psi  �C�
 .     7�C�� �� 7C+ �;�CS \C�

�	�S �! @�(=" ��+��� ���� � @�=�(! ���� .  

Z��(8�.�9� %&��� �, ���, &�� : b�S6 �;��! ���	 
$ �S \�
 '
 &
 7	�D	.  
 ��S �! 7�(+ ��
 '�+ &��G �)�6 $� 7� �S � 7��$ \���� 7d�� N@�
���� + ��+ $��� ��DG
 �+ . " 7C<=	 $�  ���C�

��
 $
d+ 7d�� ���d�! � $��� \�+ �' 7<+
$:  
  

 �? $� 7�A  � @�
���� *<=! f<�K ��
 �� �+�y .  �C�
 5$��G �S \�
 �$�+ b��!1 (    �C<B C�4 u�C�"$

��d
� �� 5�oO�! � @�
���� y�! f<� ��c" b�)� 7+ N7d�� ���A+�9 � &��$� $��� \�+ .2 (  &�C�	 '
 ��D4


���D	 �! E���!�	 �$�+ &�; �+� &
+ 
	? � ��� �! �$
� 7d�� 7+ ���� 7� &��DG .   ;�CS \C�
 \�
+�C�+  &
C+ �
��S �! ���.��
 ^}�� &�; *<=! f<� �+ &�; 7)�) � @� &�; �+�.  

\(��,!�6 %&��� �, ���, &�� : b�S $� 70��� \�
7 ��
 ��S ��
� ���	.  

  
     7C+ �C)��� �CS 7� �0�
 ���(�� 7+ ��+ ��9 � $
�=! � ��� ��6 �? 7d�� N5�0�� �S 7+ ��+ $��� ��DG
 �+

��� �! ��c" ��
 bo�! �? 7d�� .  7d�C� �+ ���	��! ��o"
 �y�" �M" N&��$� ��+ $��� + ��]G 5�0�� �S 7d��
�(; ��	 �0�
 �S .! &'�+ 
$ �.�! ^+��� [=	 ��o"
 \�
��� � .  \���C� 7+ 5�0�� �S 7d�� N��+ $��� [�
��
 �+

      ��CS �C! bC�� 7C�0O" �C(! 7C+ ��m�+ �.6 � $��� *��! 7+ �0�
 $��0�� ������ �.6 7A��	 $� � ��$ �! . $�

����� ����     7-10

7-10

��� �! m�+ ��	 
$ 5�0�� �S 7d�� �? *�" 7+ � 7��$ m�+ ���(�� 7A��	 .     $� �0C�
 �CS 7d�C� $���C	�! �)�6 $�
�d�!   �$
� �0C�
 $��0�C� 7� &$��� �+ �S 7+ 5�0�� &��$� $��� 7��%
 7+ &�� &��	 \�+ 7� ��� �! $
d ���

��S +
+ ��� �! .��
 �<B ���=" 5�0�� �S 7+ &��$� $��� � �0�
 �S 7d�� ���d�! \�+ u��"$
.  

7-2 -2���&���� %!"�-���,  
� �! b���" &��+ 7+ 
$ �����)
 ���T�� ��)��! \�
��� .    �C��M! 7C��)�6 $� ���C(; �����)
 �;)��� �9�B

��S�+ &��+ ��
 \�D! .��S �! ���.��
 70��� \�
 '
 u��"$
 &$
d+ &
+ . ���9 E04
 &��$�4-20mA   �C�

 ��+ $��� 7+ 7�3-15psi ��S �! ��+ . b�S5 �;� �! ���	 
$ 70��� \�
.  

  ��
 &��+ ����� ���=" 7+��! �? ��D�B��   �C�
 �C����)
 ���T�C� ��+ &�9 7+ &��$� 7� 5��." \�
 �+ .  $�C�G
   7C0�! XC} �D� � � ��!? ��9 �+ 7��
� &��	 @{
� &�+�;? � �? 7�(; \�+ ��S �! E9�! ��� @�� '
 ���9

��S �! ��	
$ m�+ w� 7+ . $��� [�
��
 �+ � ��
� ���	 [��
� ��c" \�
 7+ &��+ @�(��po   	 �C+ 7C0+�=! 7+  &�C�
��� �! bDG �)�DG
 .��S �! ���Y" ����" 7<=	 $� b!��" \�
 .    �C��+ �C9�B $�C�� �S�+ ���+ ���9 7} ;

��
.  

  
7-2 -3�!�, ���� ��&��  

1-��9, ���R ( $�, ���R: �	�S 7�(+ �� '�+ ��
 \�D! $���� ��DG
 7A��	 $� �;�S) b�S2( .  7C� &�S ,�	
�" ���+ 7� ��D�
 7+ ��S �! ���.��
�$
� �T�(+ ��S 7�� .      $� �B�C� ��C��� \�!�C" �CS N$�CO+ @�(�� $� ]Y!

��S 7�(+ ���+ ����"$
 �
�
 ��9� 5$�� .    �CS ���C�"$
 �
C�
 ��9� 5$�� $� N����� ^�B @�(�� ^� $� �)�
�	�D+ '�+ ]!�� ���+

2-�� �;�� ��!)� : b�S ��S�+ ���" �� �� ^� &
$
� ��
 \�D! �;�S3.  
 � &���;�� :�	�S '�+ ]!�� �� � 7�(+ ]!�� ��	
�" �! �;�S \�
 .    &�C�	 *��C! $�C�G '
 �S�	 m�+ w� 7+ $��� �0�)� 7+

��
 _'m �S ���%� ���Y" &
+ &���' .�	�S �! ���.��
 @� &�; �+� $� �;�S \�
 
p).  
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�;�� (� &�� :�B�� Z	
0" �0�)� 7+N 7�(+ ]!�� ��	
�" �D	 �;�S \�
  �C�
 @� ��	? $� ���%� ���Y" &��	 �)� �	�S .
���� �! �Y�B 
$ T���� &��	 � ��� �! ��6 \���� � m�+ �D� 7+ ��9 �� ; $� *��! 
�'.  

3- �Skj��,�: ���" b�S   �C�� �C! 7oO�! 
$ 7d�� ���%� ��c" 7+ �+� �T�(+
� ��M	 .    N7CoO�! \C�
 7C+
 �"
| 7oO�!inherent ����� �! �S .$  �? 7C+ 7� �$
� �T�(+ ��	 *��! �0� @�(�� $� �? ���%� 7+ �S $���
 y�! 7oO�!effective ����� �!.

  
7-2 -4�Skj� &�� %W 3!��  

 ��	�! �S ����0�orifice  ���" 
	? �'
�	
 7� ��
plug ��� �! \���" �S . &$��G �+� N�)�	+ ��	�d '
 7���+
�S�	 �
�" �! 
$ 7	�;� ^� '
:  

  

����� ����     7-12

7-12

a  �S 7d�� ���d�! '
 ��+�"z ��
 .  �C�? �C! ���+ �S �"
| 7oO�! N��
 �+�y �S w� �� $� $��� ��d�.
              

�$
� �T�(+ �; ���" b�S 7+ 7oO�! \�
 .��S �! 7�S�	 7	�T��
 �S ��S ��!	 7oO�!  

 �? $� 7�x  �m �+ �	+
+:  

 
 ��
 \�D! �;�S &$��G �+� 7oO�!

(a) Quick opening 
(b) Linear 
(c) Equal Percentage. 

�S�+ . b�S $� �;$���$ \�
4 ��
 ��S ��
� ���	N  �S w� �� $��� ��d���S �� �+�y.

  
 b�S $� ���� ��A�
 
$ $���$ \�
 ��	
�" �! 7� ���; ���"5 �	? ��S ��
� ���	.  

  
 �<B �)�6 $�dm/dx=1  �)�6 $� �equal precentage E�S N��
 &$��G �+� +
+ 7oO�!.  

  
��
 �<B N��
 �D��$�T) �=�
 $�M! ��d� $
��D	 \�
 .�(�	 .� �+� ��	 .� $� ��D�.  

  
7-2 -5 �Skj� &�� �)T�(  

 �"
| 5�oO�! + ��]G ��d
� �)�6 $�!#	�� &�M�� &�� 	��6	 	� /�# �&@�� +���R &��   $�C��$ ,�DA! $� 7�
�	'�� �! 
$ �S y�! . $� b�S6  ��� 7+ &
 7)�) N�+�y ,�."$
 �+ ��O! �� \�+L �$
� $
d. $��� ��
 E9�! 7)�)



����� ����   7-13

7-13

�;� �! ��c" 
$ �S y�! &$���$ 7oO�! � ��S �! .   �CS�+ �C<B �CS �"
| 7oO�! ���� �� .   �C+� $
�C=!
�+ ��
 +
+ &$��G :  

 �? $� 7�z  � �S 7d�� ���d�!Δh ��
 7)�) '
 �S�	 $��� ��
 .
�=!�+ ��
 +
+ $��� ��
 $:  

  
 �? $� 7�F  N7)�) x��<�
 E�%L  N7)�) ���D  � �? *<=! f<�v ��
 *��! $��G �G�.  

 
����T��9 �+N ��? �! ���+ �+� ���9 7<+
$.  

 �+ �+� u��"$
 N�;� �! ���	 7<+
$ 7�	��~D;z �(�	 �<B T��.  b�S $� u��"$
 \�
7 ��
 ��S ��
� ���	 . $�C��$ $
��D	  
q/qmqx  b�S $�8 ��
 ��S ��
� ���	.  
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7-2 -6%&��� ���&�� �4B   direction control valves  
�	�S �! @�(=" 7��� �� 7+ �)��� &�;�S  

1. &�;�S @�/�" 7�����! �� &�;�S ��	�servo  E����! &�;�S �Proportional
2.7��� &
  N�;�S '
&�;�S $��G ��9 ���� ��
 .�;�S \�
 7+N  ���� &�;�S ��9  �C���� �C! .

'
 ��"$��G �;�S \�
 ,
�	
: 
1.�6&��� &��  Check Valve

��
 7�� ^� ���� 7+��! �S \�
.  b�S ��	�! ���" � �� N�S \�
 ��D�B�� $�27.2   �C�
 ��CS 7���" .  $�C�G
� '
 � ���(! w<�� '
 *��!��� �+ T�� w ��S ���
 �p� ���!
 �� . b�S27.1    ��C�	 
$ �CS \�
 b�D�

�;� �!.  

  
Fig. 27.2 A check valve (from left) 1) Symbol, 2) blocks flow in reverse direction, 3) permits flow in 
one direction. 

2. �6&t � &������;�  Pilot – operated Check Valves  
\�
 �S $� b�S 27.3 ��
 ��S ��
� ���	 .     $� $�C�G 7C� 5��C." \C�
 �+ ��
 7�� ^� �S ��	�! �S ��0DG

��
 �p� ���!
 ��S ��
� ��!� �
 NK���! ��9 .&��+ ��!�N �	
$ �! \���� 7+ 
$ 7d�� � ^�M" 
$ 5�0�� . $�
� Z�G ��9 $� *��! $��G ���!
 7A��	��? �! ���.  

Fig 27.3 a(left) Unidirectional flow without pilot pressure, b(middle) Unidirectional flow without pilot 
pressure, c(right) Reverse flow with pilot pressure 
S 1.1 
A. Can you draw an inlet pressure flow characteristics of the ball type check valve? 
B. What should be the nature of the spring used in the check valves, hard or soft? 
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3.'�I&d &�� Rotary Valve  
! � ��$ �! �09 �� E=G 7d�� N7d�� ��	�B} �+ 7� ��
 &�S �(�;� �! ��c" 
$ *��! $��G. .  [C=	 �;�S \�


���� �!  ���� 
$ T�� &�;�S 7� �	$
� 
$ ��	�!� �S .
4. &��3	���� �� Spool Type Valve  


 $�E=G &
 7	
���
 �$���! N�;�S \�-   �C�� #Cd�" �CoO�! ����! &�����d�! $� �	
���! � ��$ �! �09 .  C; $�
 �! u��"$
 �9�B � &��$� &�;�(! '
 �i�+ \�+ �S ���d�!�;�.

5. ���	 (� &��Two way valve  
�;� �! ���	 
$ 7;
$ �� �S b�S.  

Fig. 27.4 a(left) asymbol for a two way valve, a two way valve with the spool to, b(center) the 
left, c(right) the right  

�S \�
 �)�6 ^� $�$� N� &�P  7+ 
$B  7+ T�� �)�6$� �A  b�S �;� �! �
$27.4a .�S \�
 T   �C�
 7�(+ �
��� �! ��
�; ��O! 7+ 
$ �S $� �
�! ��	�D�d�+ W=� . �����)
 N���)�$��; N���� ��
 \�D! ���%� >�O�	


�S�+ ��4 �. P   NXD� �����D	T  \4�$ ��O! �����D	)���+ ( �A  �B  ��!� &�;�(!7+  ���C(; @�(��.  $�
^�)��D� $
��D	 7�)�6 �� �S N ���%��;� �! ���	 
$ $��G ���%� ^� $�+ ; 7� ��S �! @�$ $�+ �� �S  

6. &��4 ���	
 &�;�S $� �;� �
$ ��M	4 ��
 ��S ��
� ���	 b�S $� 7;
$ .  

Fig. 27.5 a(left) asymbol for a four way valve, a four way valve with the spool to, b(center) the left, 
c(right) the right 

 �S N�S \�
2 ��
 7�)�6 . �S3  7��� /	 $� ��	 �Y�B �)�6 ^� 7� �$
� ��9� ��	 �? 7�)�6��S �! .
�J�I ��)](  

 b�S27.6  ��} &�;�S �Y�B �)�6 &
+ \�D! ���%�4 7;
$3 �;� �! ���	 
$ 7�)�6 .�M	 ���+ 7�(+ �� '�+ �
 ^�; $� �;�(! '
0�S�� ��
 ��S ��
� f�%�". ��+ �Y�B �)�6 7+ \4�$ $��� �� �� �+ ��
 \�D! �S.
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Fig. 27.6 Various center configurations and their symbols  
�&>� &��  

 b�S27.7a  �S ^� b�D�4  7;
$3  7�)�6&��{�	�0� ��
  7� 5$�o+ ���� �����)
��S �! .   �CS �C���
�S�+ ��	 ���)�$��; � &��+ N���	��! �	
�" �! .�"$�d &�;�SN �	�S �! ���� ���)�$��;.  

  
S 1.2 
A. In Fig. 27.7a, what is the position of the valve when there is no pressure at both the pilot ports? 
B. Is it possible to connect directional control valves in series and/or parallel? Can anything be achieved 
thereby? Are there conditions in which this is possible? 

7. '����t� ���&��Relief Valve

 '�A! &m�+ �6 7+ $��� [�
��
 5$�� $���S �! '�+ ����D�
 �S . b�S27.8 � ��D�B��^�    � ��C��D�
 �CS
�;� �! ���	 
	? b�D� .��
 ���" � �� b!�S ���� ����D�
 �S ^� ��D�B�� . ��9� ��	 �"�0�� ����D�
 �S

 7� �$
� @�/�" '�A! $�����
 ��!� 5�0�� g�� '
 N���	��! &�9 7+ �? $�.  
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7-3 ����(	!�� ��4��9��:�/B� ( %�*�  
$� ���)�$��; &���M! �	�S �! ���.��
 ��
 &$�% ���' &��	 � �G� 7� ���; �+$��.

7-3 -1����(	!�� ��4��9�� 	�� %�*�  
1.%����; '�#�T

  �C! ��DG
 �? 7+ ��O! f<� + ��DG � ��S b=��! u�=	 _�D" 7+ ���G N��S ���M! *��! 7<=	 ; 7+ �)�DG
 $���
��S.

2.(&�# ���.�
 ���M! *��! ^}�� f<� + �)�DG
 &��	��SN ��S �! ��$�+ f<� $� ��$�+ &��	 ��)�" 7+ A�!.  

A1

1
1

2
2

11 F
A
AF

PAF
PAF

=�
�
�
�

=
=

   $�
���=" \�
 7A��	N  ��
 ��c" ���+ ��S _�A	
 $��F1x1=F2x2

S 2.1: A. Can you give an analogy of the force amplification in hydraulic system from an 
electrical system? 

7-3 -2����/� ����(	!�� ��4�&>�  
��
 5����! g�� '
 �
�" ��=�	
 ^�)�$��; @�(�� '
 $�/�! .    �C� �C����)
 XCD� N�0�
 xM! ��D�(�� \�
 $�

��
 $�"�! .�	�S �! 7���" ���)�$��; &�;$
�! 
p) �(�	 (�! XD� ���� �+ W=� �9�B �
�" ��c" ���!
   �C"
 @;
� �)�=�	
 �
�" ���� ���!
?�� . $
d \�
 '
 ���)�$��; &��D�(�� &��
�!���(;:  

�4B ( �R&� &��r� 	� <��)#�:     �C! $�C� �C+�y ���=" $�� $� �!�DG �d
�6
 &�;$�"�! � �����)
 &�;$�"�!
�(�	 �p`	��!
 �G� 7+ ��	? ��6 ��9 ��c" � ���� . ��c" � ��9 ��c" �G� 7+ ���)�$��; &���M! �!


 �! �G��;��.
Power-to-weight ratio: ��(	 ���)�$��; xM! ���� � �'���
 �����)
 @�(�� '
 �D� N5$�d 7+
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Stall Condition and Overload Protection :      ��C� C�� �C� $�C+ 7��C%
 5$�� $� ���)�$��; &��D�(��
����+ �D	 7!��. + ���� �'
�	
 7+ *��! � ��S '�+ ����D�
 �S W�
S \�
 $���S �! ��
�; ^	�" 7.  ���%� \�


�	�� �! '�� @�	 �����O+ � �	' �! 7!�� �����)
 &�;$�"�! 7+.  
  S2. 2 

A. Consider two types of variable speed drives. In the first one an electric motor with a power electronic 
servo drive is directly coupled to the load through a mechanism. In the second one an electric motor 
with a constant speed drive drives the pump in a hydraulic system which provides the variable speed 
drive to the load. Which one of these two is more energy efficient? 
B. Why is stalling an electric motor is likely to cause damage? What can be done to prevent it? 

7-3 -3����(	!�� 8�9�� �/B�  
1.g��� ��(	!��  
•��� b=��! 
$ �
�" �" �S�+ �p��	 @�
" ���+ ����
 ^�)�$��; \4�$  
•�+�� [;�� x��<�
 �" ��� &$�� \4�$ 
$ xM�! 5��<d ���+ ��!�D;  
• ��� ^�B �!� ��=�	
 �+ 
$ ��S _� 5��<d
• ��'$� [=	sealing �$
� 
$ 7	�+ � xM�! 7�<d \�+ 70��� $�.

����! ��S �! @�
�! ���	
 W=� 7� ��
 ��.	 5�=��! '
 ��S �! ���.��
 7�  .
2.
^(	 '/k�  

 *��! N��O!\4�$ ��
 @�(��.  ���)�$��; @�(�� ��.� 7� N�S�+ \4�$ $� 
�; �
    $�  N�C�� �C! J��CO! 
$
 ��S �! �
'? �A��
 ���S �! 7��� �? '
 \4�$ &�!� ��D�.  

  
3.&���6 
^(	  

 5
$| �{
'   �CA+�9 \C4�$ W��" N�	�S @�(�� ��S >
B E9�! ��	
�" �! � �	�S �! ��A�
 @�(�� $� 7� &��$
��SN �	�� �! &$�? *D9 �0�� W��" �.  

S2. 3 
A. What would happen if orifices of valves are blocked by, say, a metal chip in the hydraulic oil? 

4.�� ������&��( ( 72�S�� }  
7)�) ���� �! b=��! ��O! 7+ �A	? '
 � ���M! 7+ XD� '
 
$ @�(�� \4�$ N�;.  
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 b�S26.5 	 � 5m�o"
 '
 7	�D	�;� �! ���	 
	? ^�)��D� [��D.  

 
�; 7)�) ��o"
 &
+ N��
 &��+ >? &�;S
� � ��o"
 &�;� 7+ '��	.  

5.����(	!�� ��4~�;
��`D�& " *��! $��� 7+ 
$ ���	��! &q	
����� �! b��.      �C�
 �? �.CS �
$�� �GC� *+�C" XCD� �9�B �+� . 

$� XD� ^�)��D� [��D	 ��
 ��S ��
� ���	 b�S.  

�� 3!#� c�; Gear Pumps  
 XD� \�
 $���	� U} '
 ��� �B} �! �? *�" 7+ &T�� � ��S �! ��	�B} �; .   $� $�C�� @C� 7=<�! 7A��	 $�

&��$�  7� ��? �! ���� *��! 
$ bB
� 7+��� �! .  �$�CB 7+ 
$ *��! 7� ��� �! ��A�
 $��� � 7=<�! �9�B $�
�! ��
�; ���.  b�S26-9  

S2. 4 :A. Why do gear pumps usually operate at comparatively low pressure? 

 c�;�r�� �� Vane Pumps

��`D� \�
 $� 7=06 bB
� $�"�$  &
 &�i�+�B} �! .���S $�7���� &�$ &��  7c�" $�"�$    $� 7C� �C	$
�$
d ���C;
 7+  
$ ��	? 7� ��(; bo�! ���;�� 7+ ���	
�	
$ �! 7=06 �D�.        � $�C"�$ W�CM! \�C+ 70C��� ��CS ���' � @� �+

�	�$ �! bB
� �� ���+ 7+ �; 7c�" 7=06 . &��$� b+�=! \�
     7C+ 
$ \C4�$ � ��C!? ��C�+ �; 7c�" � ��
 ���' 70���
��	
$ �! ��S �! @� 70��� 7� �9�B w� .   	�C!
�� 70C��� 7C� &
 7=<�! $��    � &��$� N�C�
 ��C�' �� �? $�
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�$
� $
d �9�B ��
 @� 70��� 7� �0M! . b�SN   7C=06 7� 7c�" ��} XD� ^� �?     �C! ��C�	 
$ �C�
 &�Ci�+
�;� . XD� \�
2  �+ �9�B �� � &��$�180 �$
� �	��! w]�B
 79$�.  b�S26-11  

 
Radial Piston Pumps  

 $�M! @; �? $�� 7=06 � $�"�$ XD� \�
 $����(�	 .�
$�� 7A��	 $�N ��	��(�� �G��S ���� �! ��6 . 7=<�! $�
  7C+ 
$ *��! � 7��$ ���+ 7+ ��! '
 ��� &��	 �y�" �M" ��	��(�� N��
 ���' 7=06 � $�"�$ ��!
�� 70��� 7� &


��! �! ��$� .��S �! ��	
$ �$�B 7+ *��! � ��S @� 7=06 � $�"�$ ��!
�� 70��� �9�B 7=<�! $� .   \C�
 b�CS
�;� �! ���	 
$ @�(��. b�S 26-12  

6.��	��������(	!�� � :	�(� ��4�&>�
Z�G �;$�"�! ���� �! b���" ���	��! ���A+�9 7+ 
$ ���)�$��; $��� � ���� �! $�� ��`D� .$�"�!N    _�CD" 7+�C�!

�$
� ��9� �	�S ��
� f�%�" 7� ����`D� ,
�	
.
7. �� 3	�"#�Accumulators :$�� 3&�I�

 �" ��S �D	 ���� ^�)�$��; \4�$       �C� �C���$� m�C+ UC	 �C+ _��C) *Cd�! $� � ���� 
$ ��	? �;'�� ��	�! �
��+. 
�$��	
  �;)�'�B 7+��! (���� �! ��B| $��� �M" *��! .��� �! ��)�" '�� �� �� W��" $��� .   $�C�� 7��"$�C� $�

���� �! \�!�" $��� ��
 '
 &���09 &
+ '��	 �$�! �+� �; �$��	
 \�
 N��� ��
 �9�B.  
 	�� &�6 ��� 3	�"#�Spring-Loaded Accumulators  +��26-15  

 b�S26-15 �;� �! ���	 
$ �$��	
 \�
 '
 &
 7	�D	 .
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 �$�? 3	�"#�Gas Charged Accumulator  +��26-16  
�$��	
 N�	�S �! ���.��
 �!�DG 7� ���; �$��	
 ���(; &'�� &�; .��
 ^�B �q���	 m�D�! ��	? '�� .

  
8.��I ��4�&>� :��	!����

���(; �<B ��6 xM! �;$��0�� .  
Single Acting Cylinder  �;$��0�� \�
���(; $��� 7/.M! ^� &
$
� . 

Double-Acting Cylinder &
$� �;$��0�� \�
2 ���(; $��� ��DG
 7/.M!.  
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7-4 ���	�!�����(	!��
7-4-1����(	!�� 3!��� ���.�  

b�SN �;� �! ���	 
$ ���)�$��; ����� ���=" ^�.  

yAq
xKq

ba
bex

�=
=

+
=

1

*

 
 \4�$ ��S �$
� �+)non compressible ( @A6 ���(�� 7+dV  �C�� �! ��cS
 
$AdydVqdt ==  \C�
 $�

 7<+
$A  N*<=! f<�dy ���A+�9 $
�=!  � q(m3/sec) \4�$ �+� ��
 . \�+ 7<+
$ �
q  �x  �S4   7C;
$  �C<B
 ��S ��         �$
� �C)
T�	
 �C�0DG �C;� �C! ��C�	 7C� �C�? �C! �C��+ ���(�� &
+ �' 7<+
$.

xKyA 1=�  
���� �d� _;
 ��0DG 7+ ��6 . ���A+�9 �+e  ���d�!x ��� �! ��c" ��	. 7A��	 $� �+� q   � ��CS ���(�� �$
�


 ���d�! �	
�" �! \�y �;� ��c" 
$ . ���d�!y  $� 7� ��+ �;
�B &
 7	�� 7+! ��� $
d + ����" ���)�$��; $
�
�;� �! ���	 
	? _
���� ��0+ b�S.��? �! ���+ �' 7<+
$ 7A��	 $�.  

 
 �! ��
 ���' ���)�$��; ����� ���=" ��+ 7���
 �� �+�S�	 �
�"  

  
7-4-2 &�&���PI  

 )��� $
�! b�SPI  ���)�$��;�;� �! ���	 
$. ^� � ����� ���=" ^� $
�! \�
 $�Dashpot   $
Cd �� ^� �
�$
� .�S 7�S�	 b�d [O+ $� ����� ���=" ��! . ��!Dashpot   �C�? �C! ���+ 7	�T��
 �� � .   '
 �C9�B �C+�
 �SDashpot �+ ��
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+:  
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=  

 ���A+�9 $
�=!���(�� ��
 $
d \�
 '
 ��	.  
)( dydxAqdt −=  

��? �! ���+ 7	�T��
 ��� �! �$
� �� 7� ����	.  
kyppAF 21 =−= )(  

 7<+
$ 7A��	 $�  
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+= ��  

��? �! ���+ �+ ��
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+ �? b���" *+�" 7�:  
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=
+

=
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)(.  

��
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=��
 '
 @�(�� �0� _
���� x�0+ ��6:  

  
 �
 7�K  )��� 7<+
$ N��S 7��� /	 $� �$�+ ����� ���=" ��+PI ��? �! ���+.  
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 7+ 5$�d @D����! $� \4�$ $��� \�!�" &
+ �D�(�� $�2 ��
 '��	 XD� .      $�C�� �C�d� 7C� �C��� �C6
� $
�!
 &T�� ��� \�!�" �	
�" �! ��`D� '
 ��� 
$ ���
�B$� ��S �$�B $
�! '
)    &�$ $�C�� �? �C9�B ��CS Z��+ �+

��S 7�S
�+ XD� (��S &q	
 wo! ���9 w� �".  
�;� �! ���	 
$ @�(�� \�
 b�S . '
 ��"$��G @�(�� \�
 
�9
:  

A, B: Hydraulic pumps,   C, E: Pilot operated Spring loaded Relief valves,  
D:Check valve 

 b�S $�28.1 ���� �! \�!�" 
$ $��� XD� �� ; .       �CS &
C+ ��CS @�C/�" $
�C=! '
 [�C+ ��S \�!�" $��� �
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 XD�B ��� �! \�!�" 
$ $��� . �?B  $��� N��� \�!�" 
$ �9�B $��� �	
��	    ��C��D�
 �CS � �C��
 �!C   *C<d
 ��SA ��� �! + $��� \�!�" 7+.  

S  3.1:
A. Can you imagine what would happen, if the check valve was not present? 
B. How would you modify the system if you wanted to unload pump B instead of pump A? 

 	�!�2 : 
����3 	�j6 ����U  
$
�! $� 
$ $��� 7� ���� �6
� &3  $
�=! Y�
 �6 � W���! Nbd
�6 \�!�"���.  

  $
�! 
�9
 b�S $� 7�28.2 ��S ��
� ���	  �	
'
 ��"$��G:  
A: Reservoir with Filter,   B: Hydraulic Pump,  
C, E: Pilot Relief Valve,   D:Solenoid activated Four-way Directional valve. 

A .	�j6 +T�!U  
1- ��{�	�0� �� ;a  �b ���(; ���� �4.  
2- �S4 �$
� $
d �Y�B �)�6 $� ��B �� W��" 7;
$.   
3- �� @�/�" 
$ $��� Y�
�6C  ��� �! \���")��
 b�� ��O! 7+  7+ �? 7�0O" 
�'(.  
B.Q���� 	�j6  
1- b�S $�28.3  ��{�	�)��a  �S � ����4 ��
 X} �D� $� 7;
$.  
2- &�;�S &�;�� @�/�" ,�DA! 
$ $��� Y�
�6C  �E ��� �! \���"..  7�0O" 
�'C     �C+ �C" ��CS &�6 7+ ���+

 ��E ��� 70+�=!..  
C .2�, 	�j6  
1- b�S $�28.3  7)$b  �S � ����4 �$
� $
d ��
$ �D� �)�6 $� 7;
$.  
2- �� 
$ $��� #=�C ��� �! \���" ���(! 7�0O" �+.  
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 b�S28.2 )X} (-28.3 )W�� ( �28.4 )��
$ (  
�S  3.2 
A. Why are lines connecting C to D and D to E marked in dashed lines? 

72���  
&��+ @�(��  

1. Explain with a simple sketch the principle of operation of a flapper nozzle amplifier. 
2. Sketch the input-output characteristics of a flapper nozzle amplifier. 
3. What is the function of air relay in pneumatic control? 
4. What is the major advantage of using a flapper nozzle amplifier in closed loop? 
5. Explain the construction and working principle of a direct acting type pneumatic valve 
postioner. What are the limitations of this type of positioners? 
6. How can you convert a 4-20mA current signal to a 3-15 psi pressure signal? Explain with a 
schematic

�;�S  
1. Discuss the construction, advantages and disadvantages of a double-seated control valve. 
2. When would you recommend to use an air-to-close control valve? Give an example. 
3. Sketch and discuss the plug shapes and ideal flow characteristics of three different types of 
control valves. 
4. How does the friction loss of a pipeline connecting the control valve affect the flow 
characteristics of the valve? Explain clearly. 

^�)�$��; @�(��
1. State Pascal's Law
2. Name several advantages of a hydraulic system 
3. What makes petroleum oil suitable as a hydraulic fluid? 
4. What determines the speed of an actuator? 
5 Name four primary functions of the hydraulic fluid. 
8.  Name three functions of the reservoir? 
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7 Name two functions of an accumulator.
S 1.1  
A. Can you draw an inlet pressure flow characteristics of the ball type check valve? 
Ans: Let a positive pressure drop correspond to the forward flow direction. Then, because of 
spring force, a minimum positive pressure drop would be needed to establish full flow. 
Similarly, below a minimum pressure drop, no flow would take place. For negative pressure 
drop, the flow is zero. 
B. What should be the nature of the spring used in the check valves, hard or soft? 
Ans: With a hard spring, because of spring force, the minimum positive pressure drop needed 
to establish full flow would be high. Therefore the spring should be soft, only ensuring that 
when the pressure drop across the valve is very small, the flow is cut off. 
S 1.2 
A. In Fig. 27.7b, what is the position of the valve when there is no pressure at both the pilot 
ports? 
Ans: The valve shown is a two-position four-way valve. The spring symbol indicates that if 
no pilot pressure exists at either port, the position is determined by the spring. Since the 
spring is shown at the left, the left box shows the position of the valve when pilot pressures at 
the ports are zero. 
B. Is it possible to connect directional control valves in series and/or parallel? Can 
anything be achieved thereby? Are there conditions in which this is possible? 
Ans: The valves can easily be connected in parallel, provided the pump is capable of 
delivering the required flow. In case they are connected in series, the tank port of the first 
valve is connected to the pump port of the other. For two position valves this is possible. 
However for three position valves, for independent operation of the two loads, the valve 
should be open center type, that is the pump and tank ports should be connected. If these ports 
remain plugged then independent operation of loads would not be possible. 
S 2.1 
Can you give an analogy of the force amplification in hydraulic system from an electrical 
system? 
Ans: The electrical analog of force is voltage. Both are called across variables, while the 
electrical analog of flow rate is current, both which are called through variables. Note that the 
product of force and flow rate is power as is the product of voltage and current. Thus the 
analogy of force amplification is voltage amplication as can be achieved by transformers. 
S2. 2 
A. Consider two types of variable speed drives. In the first one an electric motor with a power 
electronic servo drive is directly coupled to the load through a mechanism. In the second one 
an electric motor with a constant speed drive drives the pump in a hydraulic system which 
provides the variable speed drive to the load. Which one of these two is more energy 
efficient? 
Ans: The first one is likely to be more efficient. This is because the overall efficiency of both 
the systems would include the efficiency of the motor and the efficiency of the final 
mechanism that connects the load with the actuator, such a gear or a ball screw. However, the 
hydraulic system would further involve the efficiency of the pump and cylinder as well as that 
of other speed control equipment such control valves. For the first system this would involve 
only the efficiency of the power electronic converter, which is likely to be higher. Thus the 
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lesson is that hydraulic systems are not used for their energy efficiency, but rather for their 
small size, high power handling capacity and ease of control under high loads. 
B. Why is stalling an electric motor is likely to cause damage? What can be done to prevent 
it? 
Ans: Stalling an electric motor reduces the back emf in the motor to zero. Therefore very 
high current flows in the motor causing thermal damage. To prevent such damages, current 
control techniqies are applied in all motor drives which sense the current and reduce the 
motor terminal voltage whenever the current exceeds its limit. In other cases, where such rise 
of current is considered to be due to fault, over current trip mechanisms are employed that 
switch off supply to the motor. 
S 2.3 
A. What would happen if orifices of valves are blocked by, say, a metal chip in the hydraulic 
oil? 
Ans: Immediately the pressure difference across the hydraulic cylinder, which moves the 
cylinder against load, would be neutralized. Thus the load motion would stop. At the same 
time the pressure difference across the jammed orifice would rise. Sometime this resulting 
force can dislodge or shear the chip that causes the jam. 
S 2.4 
A. Why do gear pumps usually operate at comparatively low pressures? 
Ans: The load imposed by the drive shaft depends on the operating pressure. By construction, 
this load is unbalanced in the gear pump and therefore, considerable side loading on the drive 
shaft exists. To limit this loading, operating pressures have to be kept low. Note that due to 
the symmetry of the inlet and out let ports such forces do not arise in balanced vane pumps. 
S 3.1 
A. Can you imagine what would happen, if the check valve was not present? 
Ans: Then, if the setting of the relief valve C is reached, both pumps would have unloaded. 
B. How would you modify the system if you wanted to unload pump B instead of pump A? 
Ans: Then, a check valve is to be placed between pump B and the system, after the relief 
valve D. The relief valve after C would be removed. Finally, the setting of D would have to 
be set lower than that of C. 
S 3.2 
A. Why are lines connecting C to D and D to E marked in dashed lines ? 
Ans: Because these are pilot lines for the relief valve. 
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8
Real Time  Embedded Sysytem  

  
  

Real Time Embedded System (RTES)       &
C+ ����CS�! bCB
� 7C� �C�
 �"����M! &"��`!�� $
��
 �O�
��B 5��0DG _�A	
� ��S �! 7���".

 �#	��,Real Time : :        ��CS �C! ��C�	� �G�C� Z)�C� �C+ gC�<�! 5�C�0DG &���	�!' 7� ��
 ���! \�
 7+. 
 &��D�(��RTES ��;� ���	 e	$�]+ [��
� �? 7+ � ��� $���	�! 
$ W�M! E"! ���+ .   @�C(�� $� ��CY! &
+

     ��CDG
 �C��
� 7C+ � 7�C��M! ���� ���T�� )��� 7+ 79�" �+ N��S &�� �'
�	
 @/�! $�<+ ���+ �9�B N����
��� .	 � &$
�����	 7+ A�! 7=06 \�
 $� ���	 >�(6 � >�0<! �	 �B�" ��9���� �! ��0DG n=.  

8�9��Embedded :    �C(�	 �C��$ bC+�d 7C� ��
 ��S ��
� �9 &�M	 7+ T�� @�(�� $� 7� ��
 �D�(�� .
 )��� ��Y! &
+CNC �(�	 ���$ b+�d �$
� $
d ��!� �0+�" bB
� 7�.    �B�C� $� &��C�' �6
� &�������M!

 &��D�(��RTES  wo! N�'� N���+
 7+ �
�" �! ��	? 70D9 '
 N�(�	 ��9�! T�� &��D�(�� $� 7� �$
� ��9 �
���D	 bDG e	$�]+ �	
��+ �" ��
 E���! $�� �G� �D�! 7D; '
 � '�A! &q	
.  

 �+ b�SRTES ;� �! ���	 
$�  $� �	
�" �! 7�rack  ��slot ��� $
d ��T��� ^� ��!� �0+�".  

RTES&,s�I �&,	�� ��  
RTES  E"! 
$ ���B ���M! &�; 7!�	+ � �	�S �! �6
� nO�! &�;�+$�� &
+ m�D�! �;    �C+ � �GC� �C+
 ��!�	
$��;� �! _�A	
 . b!�G @�(�� 
$ 5��0DG \�
OS ��� �! ����! �? . b!�G @�(��RTES    ���C� $��C(+

 ��	�! �!�DG b!�G @�(�� ^� '
 "Windows  ��
.  
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S2.1 A. Give one example of an embedded system and of one that is not. Justify your examples. 
B. Name an industrial embedded system. Explain whether the above characteristics hold for it. 
C. Name an Industrial Real Time systems, which may not be called embedded. Explain your answer. 

 ����R 	��I��RTES
 &
+ N�!�DG &��D�(�� �+ 5��.�!RTES �� @��" ��+$�� _�D" &
+ ����y ��<d $��B�� �
�" �D	 .  ^)pC�!

�
� f�%�" ����!
���� x�0+ 5$�o+ 
$ �? �
�" �! f�%�" $�/�! 7+.     �C! ��C�	 
$ ��D�C(�� \C�
 $��B�� b�S
�;� .6 $� b!�G @�(���S�+ �' &����0+ b!�S �	
�" �! �? ����A�� [O+ � ��S �! ��
� &�9 @�(�� 7/��.  

1. Processor
2. Memory

3. Input/Output devices and interface chips
4. Real Time System Operating System Software

•5. Application Software

8-1	�/6� �k�
A.$��&;3!#
 ��	'
��RTES �+ �� )��� ��	�! v�B &�;$��PID $�M! ���� NCNC ��4 � �;� _�A	
 .    7C� ���C; ��C	'
��

 �	�� $
d ���.��
 �$�! ��
 \�D!'
 ��"$��G:  
1. General Purpose Microprocessors 
2. Microcontrollers 
3. Digital Signal Processors 

 '
 ��
 \�D! v�B &��6� &
+ �)� ��� �! ���.��
 $
'�+ $� ��9�! &�; ��	'
�� '
 m�D�!FPGA  ���.��

��S .FPGA  ��
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$
� 7� ��
 �	�D)
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General Purpose Processors
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'$
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�%��$ 5��0DG �? &�$ N�	
�B �! 
$ ���� 7� ��
 ��D)
 $�(������!-      $� 
$ 7CA��	 � �C;� �C! _�CA	
 �C=<�!

�(��	 �! 7/��6 .�$
�
$ 7/��6 �+ 5�G]�
 ����" &
+ 5
$���� ,
�	
 $�(������!.  

&�&���(&���  
 ^� )������!single board computer     ^C� $� 7C� �C�
IC    �C�
 ��CS ��
� &�C9 .    $��B�C� 
�C9
 b�CS

�;� �! ���	 
$ )������!.   

  
&
$
� ��B $� 7� ��
 �	�D)
 )������!:  

1.$�(������!
2.RAM NROM  �� �EPROM 
3. �(! &
��"I/O . ��)�	? � ����A��
4. ��	$�DS � D��"

 5
$���� �)� ��
 ���M! �;)������! $� 7/��6 �+ u��"$
 5
$����bit processing     �C�
 \C�D! &��C��!
�S�+ 7�S
�.  
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Digital Signal Processor (DSP)  
DSP  &��+��� K��
 +Harvard ��S �! ���.��
 e	$� ]+ &�;�+$�� &
+ � ��
 .  

  
	? @�! ��I����   

1.array multiplication.
2.b��� ^� $� 5
$���� 
9

3.b��� ^� $� 7/��6 \���} 7+ ��!�D; ����� :6 7/��dual port

4.��
 ���M! ��D)
 &�$ �9$�B &��<�
� �
��".  
5.Very Long Instruction Word (VLIW)  �C�
 E���! �S'
�� &�;$�� &
+ .  7C	�D	 b�CS   
C	? '
 &


�$
� ��9� ���� ��B � ��$� �(! � *+�" \���} bD�)
$���� ^� $� 7� �;� �! ���	.

 
S2.3 A. Give one example each of an embedded system that can use a GPP, a microcontroller and a 
DSP. Justify your examples. 
B. Name one each of commercial versions of a GPP, a microcontroller and a DSP that is used in 
industrial embedded applications. 
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B.Memory  
$� RTES  ^� $� �� � �+ ^� &�$ ��	'
�� � 7/��6IC �	$
� $
d . $� 7!�	+ROM ��� �! &�9 . '
 �; 7/��6

 ,�	Flash   �C� �C(��	 7!�	+ 
$ ��	? ����� 7+ �
��+ � ��;�	 ��� '
 
$ ��B 5�G]�
 5$�d *<d �+ 7� ���(;. 
 $��B�� $�Princeton  � 7!�	+	$
� $
d 7/��6 ^� $� ����  $� �C)� �Harvard Architecture    '
 �C��� � 7C!�	+

���� �! ���.��
 5��.�! &�; 7/��6.

S2.4 A. State with justification if the following statements are right (or wrong) 
a. Cache memory can be a static RAM 
b. Dynamic RAMs occupy more space per word storage 
c. The full-form of SDRAM is static-dynamic RAM 
d. BIOS in your PC is not a Random Access Memory (RAM) 
B. Order the following in the increasing order of their access speed Flash Memory, Dynamic Memory, 
Cache Memory, CDROM, Hard Disk, Magnetic Tape, Processor Memory 

C.Input Output Devices and Interfaces  
RTES  &
+ W�
� $
�! &
$
�I/O  � \�	? N��	�9 b���� �+ u��"$
 �LAN �S�+ �	
�" �! .   Nu�C�"$
 &$
Cd+ &
+
RTES �$
�	 �9$�B $
�! 7+ '��	 m�D�! . u��"$
 &
+I/O   �? $� ��)�C	?D/A  �A/D    ��C� �C! 7C���" .  b�CS

� &�;$
�! 7	�D	 W�
RTES �;� �! ���	 
$.  
 �	�S�`D; �% �0�� N���	 wp6 &
+ �0��Anti-ailiasing  &��$� &
+A/D     '
 xCM! � $�C"�! C)��� $
�C! N

 $� W�
� &�;$
�! &���O+ T��RTES ��
.  

  
S2.2 A. State one characteristics each of industrial embedded systems in respect of 
Processors, Memory and I/O. 
B. Describe typical i/o organization of industrial embedded systems. 
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RTES    �C�
 &�+$�C� $
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 _	 � @�(�� $
��
 _	 &$
$� &"��`!�� &�;$
��
 �O� 7�=+ ��	�! .   bC!�G @�C(��


$ $
��
 �O� �+ u��"$
 &
+ &�+$�� &�; 7!�	+ \�S�	 ��� �! b��(".  
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• �C�
 ������ @�(�� &�;�
�B$ 7+ bD�)
 Z�G $� 5����M!      �
�C�" �C��+ ����C� &�C;"��`!�� \�
+�C�+ N
 &���'I/O ��S�+ 7�S
�.

•��
� ^�!���� 
�' �(�	 ���' �;�
�B$ �!�DG �G�   ���C(; �C�� 5$
C6 79$� ��	�! �;� .  &�;�C��
� $�
��S �! ���.��
 ���o�B
 ��	'
�� '
 N��
 "m�+ �G� 7� ���	��!.

•��	'
�� 
p) N�	$
�	 &���' &������~�� ��D��$�T)
 ���� �! ���.� �)�D�! &�;.
•
9
 &���	�!' ���"���
 ����! 
p) N��
 e	$� ]� � �0��� 5����M!  @�! [O+ ��� �! ���.�.
•  N�C��$�� �<�M! �O� W�
S $� ���+ )��� �)� ��
 \���� $��(+ ���
� �D�d � )��� �D�d \�+ ��(	

h�� ����D�
 ��0+�d 
p) ��
 @�! ����)
.
A.+��R 8�9��  

7!�	+ 7G�DA! b!�G @�(�� ��.��
 $
��
 �O� �+ u��"$
 &
+ &�+$�� &�; 7!�	+ W��" 7� ���(; ���; &
 �! �
�	�S . 7/��6 '
��
 �O� '
 $�/�!RAM ��
 �"����M! � ��	�9 b���� �.   

��9�� i��#���4 +��R  
1. b!�G @�(��stand alone  $� 7�PC'
 ��"$��G �	�S �! ���.��
 �;:

• DOS  • Windows 2000 Professional • Mac OS X 
2. b!�G @�(��7��S �; '
 ��"$��G:

• Windows 2000 Server • Unix  • Linux  • Solaris 
3. ^� $� 7� ^}�� &�;"��`!�� � b���� b!�G @�(��ROM '
 ��"$��G ��S �! &�9:

• Windows CE  • Pocket PC 2002  • Palm OS 
��S��	 �� ��S�+ e	$�]+ ��	
�" �! ��0!�G @�(�� \�
  &��D�(�� $� �emdeded �	�S �! ���.��
.

S3.1  A. What are the factors on which the execution time of a program depends on? 
B. While a task is executing, is the CPU continuously busy? 
C. Suppose there are two mutually independent programs A and B. If only program A (B) executes on 
the processor P, it takes tA ( tB) units of time. If these programs are fired simultaneously and run under 
multi-programming, neglecting time related to program switching, would the execution time for both 
programs taken together be greater than, equal to or less than (t A + tB B )? 

8�9�� �#	��, +��R  
Real-Time OS (RTOS)     �C�	 �? gC�d� &�C��	�!' 7�0+ N5��0DG _�A	
 �? &
+ ���" 7	 7� ��
 �0!�G @�(��

�$
� ��D;
 .��
 �
�
 ,�d� 7+�Y! 7+ �? &
+ &���	�!' g=O" _�G .
program: ��S 
9
 ���+ 7� ��
 &
 7!�	+.  
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Process :process   �$
� �$�CS
 7C!�	+ &
9
 7+ .process   ^C�independently executable unit    7C� �C�

��S �! ����! b!�G @�(�� W��".  

Thread :process  7+ �;thread �	�S �! 7��A" �; . \���}Thread �	�S 
9
 &'
�! ��	
�" �!.  
task: task   �	
�" �!process  ��thread �S�+ .task   ^�independently schedulable unit ��
.  

Multitasking
•�$�? �! @;
� 
$ &'
�! &�;�
�B$ 7+ [��
� ���!
.
• \���}thread �	�S �! 
9
 ��!�D;
• ��!'CPU ��S �! ����! &y�! �M	 7+.
•task  ��� �! \���" b!�G @�(�� 7� �S�$ g�� @; �+ ��	
�" �! �;communicate ����.

 @�(�� \�S
� &
+multi task ��S j�M) ���+ �' �$
�!:  
A. Process Management 
•  interrupt handling 
•  task scheduling and dispatch 

_ create/delete, suspend/resume task 
_ manage scheduling information 

– priority, scheduling policy, etc 
B. Interprocess Communication and Synchronization 
•  Code, data and device sharing 
•  Synchronization, coordination and data exchange mechanisms 
•  Deadlock and Livelock detection 
C. Memory Management 
• dynamic memory allocation 
• memory locking 
• Services for file creation, deletion, reposition and protection 
D. Input/Output Management 
• Handles request and release functions and read, write functions for a variety of 
peripherals 

�#	��, +��R 8�9�� 84� 7�Skj�  
1.RTOS ���+ multithreaded �S�+.
2. 7+ �	
��+ ���+thread  �;priority �;�+.
3.thread  �
$ �	
��+ ����	 \���� ���)�
 �+thread ��� �� 
$ m�+ ���)�
 �+.
4. \�+ �	�!�D; &��!��	��! ,
�	
 ���+ b!�G @�(��thread/task �$�? @;
� 
$.
5. ; &
+ &
9
 ��!'system function �S�+ ���+ [�� b+�d .
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S3.2  A. What are possible reasons for which execution time for a can be unpredictable? 
B. Why preemptive multi-tasking is such an important requirement for an RTOS? 
C. Suppose there are two mutually independent tasks A and B. Let B be the higher priority task. If only 
task A (B) executes on the processor P, it takes tA ( tB) units of time. I B f these tasks are run under multi-
tasking, neglecting time related to task switching, can the execution time for task A be less than (tA + tB B 

) ? 

72��� L��;  

S2.1 A. Give one example of an embedded system and of one that is not. Justify your examples. 
Ans: The controller for a microwave oven is an embedded system. Its existence is deep within the oven 
casing and not immediately visible at all. However, it controls each functionality of the microwave 
oven. On the other hand a pocket calculator is not an embedded system although it has very similar 
structural characteristics and handles similar kind of i/o, like LCD display and keypad. The calculator is 
a standalone computing device, which does not have a embedding environment. 
B. Name an industrial embedded system. Explain whether the above characteristics hold for it. 
Ans: Consider a CNC milling machine controller. The controller is custom designed to control the CNC 
milling machine. It cannot be used, as a PC for example. Thus it is single-functioned. It is clearly 
reactive and real-time, since it interacts with sensors every sampling cycle. Its design is likely to be 
constrained by cost. However, design of industrial systems is less constrained compared to other 
categories, in respect of power, size, weight and consequently, memory, processor speed etc. 

S2. 2 A. State one characteristics each of industrial embedded systems in respect of Processors, 
Memory and I/O. 
Ans: Processors for industrial embedded systems are generally characterized by a sophisticated
interrupt handling system. This is necessary to support an asynchronous i/o subsystem, that is typical of 
industrial i/o as well as to facilitate a preemptive priority scheduler that is an integral part of an RTOS. 
Memory configurations for industrial embedded systems are characterized by the fact that there is 
generally enough available memory to preclude a virtual memory system. This is because virtual 
memory systems can introduce significant variations in task latencies and are therefore not good reliable 
for realtime applications. One important characteristics of industrial embedded i/o is that it involves 
both processor driven cyclic i/o as well device interrupt driven asynchronous i/o. 
B. Describe typical i/o organization of industrial embedded systems. 
Ans: I/O in industrial embedded systems can be divided into field i/o and device i/o. Field i/o typically 
means signals from sensors and signals to actuators and indicators. These are generally sensed 
cyclically, as for every scan of an RLL. Other kinds of i/o involve data exchange with various system 
devices such as programmers, MMI devices or communication processors, keyboards and displays. 
Finally the last kind of i/o involves network i/o following standard protocols such as the Ethernet or the 
fieldbus.

S2.3 A. Give one example each of an embedded system that can use a GPP, a microcontroller and 
a DSP. Justify your examples. 
Ans: A large industrial controller like a rack-based PLC can use a GPP. Motor drive controllers often 
use DSPs. A single-loop temperature controller can use a microcontroller. These are chosen depending 
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on the number of computing tasks, special kind of floating point computational requirements and the 
need for a simple system with limited off-chip resource requirement. 
B. Name one each of commercial versions of a GPP, a microcontroller and a DSP that is used in 
industrial embedded applications. 
Ans: 80186 processors have been used in the past to build embedded controller cards. More recently 
processors like the Power-PC may be used for industrial applications. Similarly, 8031 processors have 
been used for building small industrial controllers. More recently one can use ARM processors to build 
industrial embedded devices like intelligent sensors. Texas instruments has a special category of DSPs 
that have been designed for motor control (TMS 658030) 

S2. 4 A. State with justification if the following statements are right (or wrong) 
a. Cache memory can be a static RAM 
b. Dynamic RAMs occupy more space per word storage 
c. The full-form of SDRAM is static-dynamic RAM 
d. BIOS in your PC is not a Random Access Memory (RAM) 
Ans: a. Yes, because it is very fast and limited in density; b. No, they have the highest densities among 
memory technologies; c. No. it is synchronous dynamic RAM; d. Yes, BIOS cannot be on volatile 
memory like RAM. 
B. Order the following in the increasing order of their access speed Flash Memory, Dynamic Memory, 
Cache Memory, CDROM, Hard Disk, Magnetic Tape, Processor Memory 
Ans: CDROM, Magnetic tape, Hard disk, Flash memory, Dynamic memory, Cache memory, Processor 
memory 

S3.1 A. What are the factors on which the execution time of a task depends on? 
Ans: The execution time of a task can be divided into two types of activities, namely, CPU time and I/O 
time. In a multi-tasking operating system a third kind of time is added to this, namely the time spent by 
the task in waiting for the resources needed, that is CPU, or I/O. This may depend on a variety of 
factors, such as the other tasks running in the environment, priority, scheduling policies etc. 
B. While a task is executing, is the CPU continuously busy? 
Ans: The CPU is always doing something except during the times when it is fetching address or data 
from memory or devices. But since it may require sometime for the device to send the data, during that 
time, the CPU may do tasks other than the one for which it requested the device. In this sense the CPU 
may not be continuously busy. 
C. Suppose there are two mutually independent tasks A and B. If only task A (B) executes on the 
processor P, it takes tA ( tB) units of time. If these tasks are fired simultaneously and run under multi-
tasking, neglecting time related to task switching, would the execution time for both tasks taken together 
be greater than, equal to or less than (tBA + tB B ) ? 
Ans: That depends on the scheduling policy. If the policy is non-preemptive, it will take time equal to 
(tA + tB ). If it is preemptive, however, it is expected to take less time than (t B A + tB B ).

S3. 2 A. What are possible reasons for which execution time for a task can be unpredictable? 
Ans: Basically due to variations in its execution environment. This includes factors such as the other 
tasks which are executing at the same time, there priorities related to the task in question, the nature and 
frequency of interrupts coming from the environment etc. Note that, even apart from these 
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environmental factors, the execution time of a task depends on the input data set used for the run. 
However, this cannot be termed “unpredictable”. 
B. Why preemptive multi-tasking is such an important requirement for an RTOS? 
Ans: The first reason is that, without it, the concept of priority cannot be implemented properly. Thus 
without preemption, a task, that may have started when no other higher priority task was present, can 
block such higher priority tasks for long times, thus violating the principle of priority scheduling. 
Secondly, with a given computing speed the CPU utilization that can be realised with preemption cannot 
be utilised without it. Even if limited preemption, (namely that, only a task waiting for I/O is preempted) 
is used, a given set of tasks that is schedulable with respect to their deadlines under preemptive 
scheduling, may not 
be so without premption. It is for these reasons that it is an indispensable feature for an RTOS. 
C. Suppose there are two mutually independent tasks A and B. Let B be the higher priority task. If only 
task A (B) executes on the processor P, it takes tA ( tB) units of time. If these tasks are run under multi-
tasking, neglecting time related to task switching, can the execution time for task A be less than (tA + tB B 

) ? 
Ans: Yes, because, while task B is waiting for I/O, it would be removed to a waiting queue and task A 
would be scheduled till the time the interrupt for I/O completion is received and task B is put into a 
ready queue. 
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Computer Numerically Controlled 
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CNC ��9�d  

 g�d� &$����S�!�
��+ �
 ��6 N�
� _�A	
 �
���D	 ���� 5$�o+ 
$N �$
� '��	 ���' �d� � ;�! �$�� 7+ .  �C��
 '

 �CS�+ �! '��	 �$�! '�!
 ���� $� $����B &$����S�! @�(�� .computer numerically controlled (CNC) 

��! �" ^}�� 5��<d &�$ $����B &$����S�! ���!
 7� ��
 �;�T����;
� 
$ W�$�? �! @. 

 ��� $�1940 ��� $��+ � �6
� 
	? ���~�� 5��<d �B�� &
+ ���!
 ��
�; &��	 .  �� $� \�CS�! \C�
   &�C;
50  �60 �S &$�A" $�(������! &
�B
 '
 b�d .     �? $
�C+
 
�C�" � ��CS bC�D�" �)� ��+ @� 
��+
 �? $
�+
 �
��"

���� [�
��
. 

Numerical Control
 $�NC  ��CS �! ��
� ��T��� 7+ &��G 5
$���� �+ �? _�A	
 �G� � 5��0DG ,�	 N$
�+
 >�O�	
 ���� .  \�CD; '


 _�	 ��	 �$Numerical Control ��
 7��� ��B 7+ .   �CS �C! �	�C� $
�	 &�$ 5
$���� 7)��	� 
��+
 $�  7C�   �? 7C+
�S �! 7�.� 7�<d &$�� 7!�	+ .
�B �! _�� 7+ _�� 
$ $
�	 ��T����� �! 
9
 � �	.  ��
+ �G� &��6 _�� ; ��

��
 ��4 � $
�+
 ��6 �G� N&$
�+ .��
 ��S U�(�! ^��
 �~	�� J�$.  
Computer Numerically Controlled (CNC)  �$�! ,�	NC   �? �C0B
� "��`!�� 
$  &��G &�;�� 7� ��


Machine Control Unit (MCU)   �C�� �C! ��DG
 � ��)�" . $�CNC       �C��� $�C� ��C!�D; N��C	'
�� \��C�}
��S $
� ���G 
$ &$����S�! ���� &��! ��	'
�� �" ��;� �! _�A	
 
$ �;$�M! �G� � ���d�!. 

 ����/�CNC

CNC ��
 �' &��
�! &
$
�:  
•m�+ &�p� w�<�	
 :\�S�! ^� W��" $�� \���} _�A	
 b�)� 7+ 
•$
�+
 ^�"�!�"
 \�S
�+ 
• 7�<d 7!�	+ ��
�&"��`!�� 5$�o+ 
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 ��c" � &$
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�{
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•m�+ ����D�
 ��0+�d �+ � \D�
 ��$�� :�	�(	
 �)�B� [;�� � e��$���	�! @�(�� b�)� 7+ 
•@� &���9 :��
 ��S ��
� &�9 ��� $� \�S�! ��} 7�	? b�)� 7+. 

 E���! '
CNC '
 ��"$��G:  
•��T��� &m�+ ���(	 �D�d 
•���~�� ���(	 &$
��T	 � �D�" 
• Z��	 7!�	+ 7+ '��	;�! 

 7� ��
 ���! �? 7+ E���! \�
CNC ��
 E���! W���! ��)�" @A6 � g�d� &�;�+$�� &
+.  

9 -1 i��#�NC ��
CNC 7��� 7+ &$�� 5�oO�! /	 '
 �; �	�S �! @�(=" �' &�;:  

•Point-to-point or contouring 7<=	 &$����S�! &
/  &$����S�! &$��	��)'
" @; f<� �� ��M�!( 
•Incremental or absolute g0<! �� ��(	 5�o�O! 
• Open-loop or closed-loop 7�(+ �� '�+ 7=06 ���� 

A. ��.# �	������� ��PTP  / �	��#��)$�&� 8� (Contouring

 �	�������PTP : ���d�! J�$ \�
 $� &$����S�! _�T�; 7+ �;$�M! 7C�<d �� $
�+
 ��6 ��6 $� � ��
 �+�yN 
��S �D	 _�A	
 &$����S�!.  W=� J�$ \�
 $� \�
+��+ ���d�!7/M) ���d�! � ��S �! ���� �o=!  �(! $� &


�$
�	 ��D;
.   C�/	 &$��B
$�� &
+ @�(�� \�
drilling, boring, reaming, tapping  �punching   ���.�C�

��S �! .  

 �	��������	��#�� :J�$ \�
 $�N    ��CS �C! _�CA	
 �� ; �� $
��
 �� 7�<d ��6 ��6 $� &$����S�! .  \�
+�C�+
��S ���� ���+ 7/M) 7+ 7/M) �(!. ��� ��c" ���+ �;$�M! �G� �S�+ �<B �4 �(! ��d� .   7C+ '�C�	 ���
 '


motion controller   �G� �" ��
 ���d�! �7/M)  
$ &
 ��� ���	� &
+ ��S ��
� �(! C��Y" �C�� � .  &
C+
 $�/�! \�
��S�+ ���� b+�d 7	��
�9 ���+ ���d�! /	'
 @; � �G� /	 '
 @; �;$�M! $�"�! .   '�C�	 \C�
 + ��]G

 ��
 �+�� ���! 7+��T�� 7��  
$ �;$�M! ���d�! � �G� )��� &
+  *9!��� ��)�".  
S1.2 A. Comment on the sensing requirements for PTP and Contouring axes 
B. Do you think the overall cutting time can be optimized for PTP and Contouring systems? 
Are there any constraints to that? 

B.�"9# 7�S�k�/&�9� ����
�"9# 7�S�k� :      �C! ��
� �C0�� �C��d�! 7C+ ��C(	 $�M! ; &�$ &��+ ���d�! N�;� 5�o�O! J�$ \�
 $�

��S . '
 �' b�S ��6 $� ��(	 ���d�!A  7+A  �+ ��
 +
+50 N20N60 N30- N70-  �30-  
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���� 7�S�k� :
��! .� 7+ ��(	 �; �'
�	
 g0<! 5�o�O! $�N �S�+ ��!' 7+ 7�(+
� �� �+�y �	
�" �! 7�N  &
+

 ;��S �! ��
� $�M! . .� g0<! J�$ 7+ h�� b�S $� �;� 5�o�O!50 N100 N130 N100 N30 ��
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 $� �;� 5�o�O! J�$ �� ;CNC �$
� ��9� &'�!
 &�;.  
C. %&���$�, �.�U/ ��9,

$�, �.�U :     �CD	 �C���$� �? �C9�B '
 ��+�C�� � ��� �! ��DG
 xM! �� $�"�! 7+ *9! ���T�� '�+ 7=06 $�
��S . &$����S�! $� '�+ 7=06 ����PTP      �C(�	 ���.�C�
 bC+�d &$��	�C� &$����CS�! $� � �$
� �+$�� .  m�CD�!

stepper motor   � ��� �! $�� '�+ 7=06 �+��S �! ���� Z)��.  
��9, �.�U :� 7=06 ���� $7�(+N    �C;�!
$�� $� C��c" � �]�B
 @4�0G �=�d� �M	 7+ 
$ *9! ���T�� �9�B

��� �! ���	� . �; )��� \�
 $
�!���~�� E"
! 7+   $� � �C�
 "CNC      &�C��d� �C" &'�C!
 &�C;2.5μm   bC+�d
��
 �����.  

S1. 5 A. Why is closed loop control required for continuous axes and not for PTP axes? 
B. What sort of motors, drives, controllers and sensors would you recommend for continuous axis 
control? 
C. Comment on the comparative requirements of computing speed and memory for PTP and continuous 
axis control 

9 -2!� 7�	���� CNC  
 �4B ( !U�(7�S�k� 	�>�  

9 5�o�O! &�;$�M! 5����S #��" ��
 .    $� 
$ #�$�C�" \C�
 7C	�D	 ��0�S2     �C�;� �C! ��C�	 �+$�C� .  �C6
�
��6 5�o�O!N  _�	 7+ 7� ��
 $�M! ; ��6 \S�)�'$basic length-unit (BLU)   ��CS �C! ��	
�B.  &
C+ 

 �
 ��Y! $�(��$���	
& 500  $�� + Z)�� +��)�" ��� $�� ; 7A��	 $� �N  $�M!5mm    7�CS
� �C<B ���A+�9
 �� \S�)�'$ N�S�+BLU  +
+5mm/500=0.01mm ��
.   f�M� >i! 5$�o+ ��6 $
�=!BLU   7C!�	+ $�

��S �! ��$�? .CNC  5�o�O! ���9 &�;floating point ��S �! �+���9 >�� ���! W��" 7� �	�p� �! ��	.  
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S1.3 A. Can you think of one advantage and one disadvantage of the incremental coordinate system 
compared to the absolute one? 
B. Is there any connection between the choice of coordinate system and the position sensing machine 
used for the machine tool? 
C. How would you decide on the BLU for systems with position sensors such as LVDTs and resolvers? 
D. Is the BLU affected by the motor or the drive system also? 

 ���#&,�	�������  
 b�Ssyntax $���� CNC ��� �! ���! 
$.  

  
 ��9� �' 
�9
 �(��	 �� \�
 $��	$
�: 

1- &�;��G ��� �! nO�! 
$ $
�+
 ��6 .��
 ��!? ��+ [O+ $� ��	? �(�). 
2- �(! 5�o�O!xN y �z �S�+ g0<! �� ��(	 ��
 \�D! 7�. 
3- ��S  �G�spindle 
4-  ��M  #d�" � ,�S ��	�! �"��0DGspindle ��!? �(�) $� 7� ��4 � �	
  
5- ��F Nfeed rate  ��T ��4 � ��S�+ �! ��4 � $
�+
 �$�DS. 
6- ��	�! 7!�	+ &
9
 &�;�� 7+ u�+! ���O+ T��block skip  �� end of block ���(;. 

 
S1. 4 A. Consider the part program segment given below. 
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Identify the meaning of the codes 
B. Draw the trajectory of table motion that this program seeks to create. 
C. Consider the part program segment given below for cutting a circular arc. 

 
Determine the parameters of the circle. 
D. Is there any other way of operating machine tools other than by Part programs? 

�	������� ���#&, !�
G  �M  &�;��CNC �	
 ��S 7{
$
 �' [O+ $� .G ���(; $
�+
 ��6 7+ u�+! �;��.  

G00 - Rapid move (not cutting)  G01 - Linear move 
G02 - Clockwise circular motion  G03 - Counterclockwise circular motion 
G04 – Dwell    G05 - Pause (for operator intervention) 
G08 – Acceleration    G09 - Deceleration 
G17 - x-y plane for circular interpolation G18 - z-x plane for circular interpolation 
G19 - y-z plane for circular interpolation G20 - turning cycle or inch data specification 
G21 - thread cutting cycle or metric data specification 
G24 - face turning cycle   G25 - wait for input to go low 
G26 - wait for input to go high  G28 - return to reference point 
G29 - return from reference point  G31 - Stop on input 
G33-35 - thread cutting functions  G35 - wait for input to go low 
G36 - wait for input to go high  G40 - cutter compensation cancel 
G41 - cutter compensation to the left  G42 - cutter compensation to the right 
G43 - tool length compensation, positive G44 - tool length compensation, negative 
G50 - Preset position   G70 - set inch based units or finishing cycle 
G71 - set metric units or stock removal  G72 - indicate finishing cycle 
G72 - 3D circular interpolation clockwise G73 - turning cycle contour 
G73 - 3D circular interpolation counter clockwiseG74 - facing cycle contour 
G74.1 - disable 360 deg arcs   G75 - pattern repeating 
G75.1 - enable 360 degree arcs  G76 - deep hole drilling, cut cycle in z-axis 
G77 - cut-in cycle in x-axis   G78 - multiple threading cycle 
G80 - fixed cycle cancel    
G81-89 - fixed cycles specified by machine tool manufacturers 
G81 - drilling cycle    G82 - straight drilling cycle with dwell 
G83 - drilling cycle    G83 - peck drilling cycle 
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G84 - taping cycle    G85 - reaming cycle 
G85 - boring cycle 
G86 - boring with spindle off and dwell cycle G89 - boring cycle with dwell 
G90 - absolute dimension program  G91 - incremental dimensions 
G92 - Spindle speed limit   G93 - Coordinate system setting 
G94 - Feed rate in ipm   G95 - Feed rate in ipr 
G96 - Surface cutting speed   G97 - Rotational speed rpm 
G98 - withdraw the tool to the starting point or feed per minute 
G99 - withdraw the tool to a safe plane or feed per revolution 
G101 - Spline interpolation 

M ���(; \�S�! ���� *+
�" �;��.  
M00 - program stop   M01 - optional stop using stop button 
M02 - end of program   M03 - spindle on CW 
M04 - spindle on CCW   M05 - spindle off 
M06 - tool change    M07 - flood with coolant 
M08 - mist with coolant   M08 - turn on accessory (e.g. AC power outlet) 
M09 - coolant off    M09 - turn off accessory 
M10 - turn on accessory   M11 - turn off accessory or tool change 
M17 - subroutine end   M20 - tailstock back 
M20 - Chain to next program   M21 - tailstock forward 
M22 - Write current position to data file M25 - open chuck 
M25 - set output #1 off   M26 - close chuck 
M26 - set output #1 on   M30 - end of tape (rewind) 
M35 - set output #2 off   M36 - set output #2 on 
M38 - put stepper motors on low power standby 
M47 - restart a program continuously, or a fixed number of times 
M71 - puff blowing on   M72 - puff blowing off 
M96 - compensate for rounded external curves 
M97 - compensate for sharp external curves 
M98 - subprogram call   M99 - return from subprogram, jump instruction 
M101 - move x-axis home   M102 - move y-axis home 
M103 - move z-axis home    

;�� T��� '
 ��"$��G: 
Annn - an orientation, or second x-axis spline control point 
Bnnn - an orientation, or second y-axis spline control point 
Cnnn - an orientation, or second z-axis spline control point, or chamfer 
Fnnn - a feed value (in ipm or m/s, not ipr), or thread pitch 
Innn - x-axis center for circular interpolation, or first x-axis spline control point 
Jnnn - y-axis center for circular interpolation, or first y-axis spline control point 
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Knnn - z-axis center for circular interpolation, or first z-axis spline control point 
Lnnn - arc angle, loop counter and program cycle counter 
Nnnn - a sequence/line number 
Onnn - subprogram block number 
Pnnn - subprogram reference number 
Rnnn - a clearance plane for tool movement, or arc radius, or taper value 
Qnnn - peck depth for pecking cycle 
Snnn - cutting speed (rpm), spindle speed 
Tnnn - a tool number 
Unnn - relative motion in x 
Vnnn - relative motion in y 
Wnnn - relative motion in z 
Xnnn - an x-axis value 
Ynnn - a y-axis value 
Znnn - a z-axis value 
;  - starts a comment , or end of block 

9 -3��	�>� ��&U ��&�!�
 � \���" 
$ ��6 �(! ��S ��
� �� K��
 + 7� &$
��
 _	 7!�	+set point  ��� �! nO�! 
$ �;$�"�! ����

axis manager �$
� _�	 . 7+ �;$�M! ��6 ����! 5��0DG2 ��S �! @�(=" �D(d  
• Axes interpolation 
• Axes servo control 

 ^� ��
 \�D! 
$ 5��0DG \�
 ��	'
����;� _�A	
 ���+ ��.    $� �C(! \�C��"PTP    � �C�
 ���C�  WC=�  �C��Y"
�o=! 7+ ����$ �$
� '��	 
$ . $� �!
&$��	�� &$����S�!     '��	 &��C�' ���C(	 5��C��M! 7C+ �(! \���"  �C�
 �C�! .

 5$�o+ Z`� ��S \���" �(!set point ��� �! ��DG
 �;$�"�! &���M! 7+ �A	? '
 � $�"�! ���� 7+.  
A.\�� '��� &�9� ��&U  

 ��� nO�! ���! 7+ ��6 �(! \���"  &�;�C(! ��	�! ���B �(! �" ���;$�M! &�;$�"�! *9! ���T��
���� �� 
$ �'.  

• Straight line 
• Circular 
• Helicoidal 

 N&$��	�� J�$ $�� �o=! � 
��! 5�o�O!   �C+ 
$ �C(! 5�o�O! >�� ���! � ��S �! ��
    u�C<B 7C�<d EC��"
 ��M�! � @�=�(!�'�� �! . �;$�M! &�;$�"�! ���d�! � �G� ���� *9! ���T�� ��S ��)�" �(! '
  \�C��"

�S �!	� . ,�	 �� 7+ *9! ���T��reference-pulse  �� �reference word ��� �! ��DG
.  
 �9��; 	����reference-pulse  
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��� �! ��DG
 Z)�� 5$�o+ *9! ���T�� J�$ \�
 $� . $�M! NZ)�� ; ��DG
 �+1BLU   ��CS �C! �A+ �9 .  7C+
����()�� Z	��� �+ E����! $�M! �G� E�"" \�
 . ��
 \�D! ��()�� \�
stepper motor   @�C(�� ^� �� �

�;� ��!� 
$ 7�(+ 7=06 ���� .�$ \�
 �����M! �G� 7� ��
 �? ���� J     Z	�C�� '
 [�C+ � �C�
 ���CM!
 �G�� *1BLU ��S �D	.  

  �	�!.� 	����reference word

��T�� J�$ \�
 $�� ��S �! ��
� ���� ���+ 5$�o+ *9!  �/	 '
 ������M! �$
�	 ��6 �G� ��DG
.  
S2.1A. Is it possible to have a reference pulse interpolator for a CNC machine with dc drive? 
B. What limits the speed of operation in reference word interpolator based systems? 

8�.�9� QI �(	 ��&U

  
 ��6 &
+2-D $�S�+ WB E�S +
+ ���+ �;$�M! �G� \�+ ��(	 NWB ^� &� .    ���CA+�9 �C6
� 7C� �A	? '


BLU  Z	��� $�M! ; &
+ N��
 Z)��  ��C� �C! ��DG
 �;$�"�! )��� 7+ � 7���M! >�� ���! W��" E���!. 
�;� �! ���	 
$ WB ��� ���	� &
+ �;$�M! ��6 ��M	 b�S.   

��>�� QI �(	 ��&U  
��� ��c" ��!' �+ @; 7+ ��(	 ���+ �;$�M! �G� Nb�S ��M�! �(! ��� ���	� &
+ .   7C+ &
 �C�
� �(! �


 ,��SR � N�S�+7/M) �G �+ �	+
+ $�M! �� 7����� &
 :  

 
   >$�Ci! $� �C;$�"�! ��6 ��S �! b��6 7~	? �)� ��� �! ��DG
 �;$�"�! )��� 7+ �G� \�
BLU   �C�


)��
 7�((� T�� ���d�! 7+ ���d�! ^� '
 ��6 ( �C�
 ��S ��
� ���	 b�S $� 7� .     7C� �C�
 \C�
 $�C/�!
 ����M! $� ���<B1BLU � ��
 \�D!��? ���.  

��? �! ���+ �' ����'�+ &��)�!� b�S '
.  

  
 ��
� $
d �+A=cos �  �B=sin � ��? �! ���+ �G� &��)��T��.  
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 �? $� 7�K=�V/R ��
.  

S2.2 B. How does one choose the value of α for circular reference word interpolation? 

B. %&�����	�>� �R&� ( ��)T��  
 ��CS �� >�� ���! W��" ��S \���" �(! ��S �! J]" N�;$�M! ���d�! � �G� 7����� ���� �+ .  �C;$�"�!

]=�(! ��� �! \���" >�� ���! 7� �"
$���� g�� �	�S �! ���� .      �C� '�C+ 7C=06 �C�
 \C�D! �;$�"�! ����
�S�+ 7�(+ 7=06 . &$����S�! $�PTP  7+ &'��	 7���S g=M! ���$� 7+ ���+ �o=! N�(�	 �(! ��� ���	� .  

3  ,�	 ������S �! ���.��
 $�M!:  
•Point-to-point Axis  
•Coordinated Axis   
•Spindle Axis  

 %&���PTP

 ���� $�PTP:  
1-�$
� ��D;
 �o=! 7+ ����$ W=� � �(�	 @�! �0�B �(!. 
2-�� ���.��
 �
�" �! g0<! �� ��(	 5�o�O! '
. 
3-
 '
 ���.��
 �+ '�+ 7=06 ���� 'stepper motor    ���.�C�
 \���C� 5$�d &�;�+$�� $�  ��CS �C! .   �C09 &
C+

��S @� ���+ �G� �o=! 7+ ����$ '
 b�d N��B
� '
 &�� . b�S24-7    @�C(�� '�C+ 7=06 ����PTP  
$
�;� �! ���	. 

4-Z)�� ^� ��DG
 �+N 1BLU ��S �! g=M! ���A+�9 .Z	��� Y�
�6 ��S >�O�	
 E���! ���+ Z)�� .  $
�C=!
�$
� �T�(+ $�"�! 5$�d � $�+ ����
 7+ �?.  5$�o��
 �4 $�slipping ���
 �! h�."
. 

5 -�� ���.��
 �
�" �! ��
 ��S ��
� ���	 b�S $� 7� 7�(+ 7=06 z� '
 b��! \�
 *�$ &
+ . z� \�
 $�
 ���	� 
$ &��$� �9�B �
	�DG
 �
�" 7��%
 ������ g=M! >�0<! �9�B �" ��S �! � . @�(�� $� ��6

 ��9� b�)� 7+ N7�(+ 7=06backlash ��S >���9
 ��B 
� '
 ���+ . �D� 7+ W=� ��! �� 7�<d $�/�! \�
 &
+
�	�B �! @� �G� �+ ����	 $
�=!. 



 

 

9-11

  
�;$�(�� � ��S ��
� g0<! 5�o�O! �
   ,�	 '
incremental  DS ^� 7+ '��	 ��S�+    7C+ 
$ ��C()�� �C" ��
 ��	$�

�$�DS . \�
 + ��]G &
+ J�� ��9up  ��down ��
 &$�% ��DS   

 
	��#�� %&����  

S @�/�" ���+ $�M! �� �G� \�+ ��(	 &$��	�� ���� $��   �C�� �C� 
$ ��CS \���" �(! 7�<d �� $
�+
 �" � . $�
��A	' ,�	 '
 � 7�(+ 7=06 ���� ��D�(�� \�
 ��
 &
 .9! &��)��T�� >�� ���!*  
$   7C+ Z)�C� 5$�o+  C)���

��� �! ��DG
.  �C;� �! ���	 
$ ���� @�(�� \�
 b�S .     ��C� �GC� &
$
� �C0B
� 7C=06(Tachometer)  �
���d�! &�� �'
�	
 &
+ �9$�B 7=06N  ��A!+ 7absolute encoder ��
.  

 �9�B $� $���	
incrementalN  ����! Z)�� ^� E04
1 BLU ��
 . $���	
 �+ �9�B �
incremental   &�� �'
�	

 N��S ^� '
 ���.��
 �+ ��	$�DSup/down �� \���" 
$ ���� &�<B �
�" �! .  

S2.3 A. Do you think the closed loop PTP system control loop would work for arbitry axis 
velocities? Justify your answer. 
B. What type controllers would you prefer for a cascade position controller for a contouring system? 
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9 -4 �&,PLC  ���	���� ��&U %&��� ��&,CNC  

PLCN    &�C;$�M! gC�d� ���� &
+ v�B �+CNC  �C	$
� .       ,
�C	
 � �C���$� 
$ �;$�C(�� ���T�C� �C;�+ \C�

 &�;$�M! &��)���CNC  �! _�A	
 
$��;�. b!�S �+:  

 
1-CPU ���� � 5����M! _�A	
 &
+ 
2-two rotational speed set point 
3- ��	$�DS16  &
+ ���+Incremental encoder 
4- �(�A�$20  ��+GRAY Code  &
+Absolute encoders 
5 - &
+ &��$�limit switches Nset point  

9 -5 	������  
 $� $�"�! ,�	 ��CNC  ��CS �! ���.��
 �; .   $�C"�! �� \C�
DC  ���C(;.       $�C"�! N�CB
���� &$
�C+ ��
C+ &
C+

spindle  ���+constant power  ���+ $
�+
 ��6 $�"�! �constant torque �	�S ���� .  $�C"�! �� ; \��~D;
��S�+ �c�! �G� ���+ .   >�CB ��C��D�
 �C�0+�d �+ � ��!�	
$ �+ N^}�� 7� 5$�d ^�	���)
 &�;$��
$� �B�� �+ 

 &�;$�"�! N���(;AC  $� @; �c�! $��CNC �	
 ��� 
��� &�9 �; .  

 	����Spindle  
 $�"�!spindle ��S �! ���� ,�	 �� . �
$�� �G� W=� �i�+ $� ��S �! ���� � �G� @; T�� �i�+ $� �

��S �! ���� $�M! 7��
' @;.  �	' ��	� &
+ $�� \�
 threading �M! 7��
' �" ��
 '��	 �+�y 
$ ���B b����� $
��� ���	�. ��S \���" ��	 �;$�M! T�� �+ u��"$
 $� ��
 \�D! $�M! �
$�� �G� .  
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 m�D�! $�"�!DC  ����M! $� �c�! �G� � ��
10-20000 RPM ��
$
� 
$ .    C�c" �y�C" �CM" ����	 �G�
��� ��c" 7�<d ��O� .��� _�A	
 ���+ �+�y �
�" �+ �G� ���� \�
+��+ . &�;$�"�!AC  ��C�!
    �GC� C��c"

10-1000000RPM  @;
� 
$��$�? �	
.  
 	������I ��&U

 $����� ���+ �;$�"�! \�
 �+�y � ���� \�!�" �
�$ ��6 '
 �S�	 �<B $��! �c�0.1-3000rpm   ��CS�+ 7�CS
�. .
�S�+ g�d� � *�� ���+ ���d�! ���� . $�"�!DC     
C�B
 7C}�
 ��CS �! ���.��
 �D(d \�
 &
+ �c�! �G�

 &�;$�"�!AC 7��� $
d ���.��
 �$�! ��	 �c�! �G� 
�	..  
S2.4 A. For the motion control board: 
a. Where is the interpolator situated? 
b. Where are the position and velocity loops situated? 
B. Why should a feed drive operate in constant torque mode, while the spindle drive should operate in a 
constant power mode? 

72��� L��;
S1. 2 A : @�(�� &�;$�(��PTP ��;� f�%�" 
$ &$��	�� �.  

Answer: PTP systems require only feedback of position. Contouring axes require feedback of position 
and velocity both. In PTP systems velocity is varied in open loop to achieve rapid traversal of the table 
with preprogrammed acceleration, deceleration patterns. However, often the hardware capabilities of the 
axis conforms to contouring. 
B. Do you think the overall machining time can be optimized for PTP and Contouring systems? Are 
there any constraints to that? 
Ans: For PTP systems the rapid traverse feature saves overall machining time. This means that the table 
movements from point to point are carried out as fast as possible, with acceleration and deceleration 
features. Deceleration is needed, so that the final position is reached accurately and quickly. The extent 
to which time can be minimized depends on the motoring and braking torque levels of the table drive. 
For contouring systems the instantaneous ratios of velocities along the motion axes are important to 
maintain the contours. Therefore over all time has to be minimized maintaining them. Note that 
whenever the contours take sharp turns, the velocity ratios also do so. Therefore it is very difficult to 
change the ratios sharply, if the velocities themselves are high. Thus contour cutting around sharp edges 
have to be done at low speeds. This constrains the minimization of overall machining time to maintain 
dimensional accuracy. 

S1.3 A. Can you think of one advantage and one disadvantage of the incremental coordinate 
system compared to the absolute one? 
Ans: An advantage of the absolute system is that a change in any one a position coordinate in an 
instruction does not affect the rest of the part program. In the case of the incremental system, any such 
change would require corresponding changes to be made in all subsequent instructions in the part 
program. On the other hand, for incremental systems programming for parts with mirror image 
symmetry is easier, since it involves only changes in signs for the position commands with respect to the 
symmetrical points. Similarly, verification of program dimensions with drawing is easier with 
incremental system. 
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B. Is there any connection between the choice of coordinate system and the position sensor used for the 
machine tool? 
Ans: Among the position sensors used, the most common ones are the linear optical scales or 
inductosyns which directly measure movement of the table slide with respect to the fixed parts of the 
machine. The other kinds are the rotary sensors such as the shaft angle encoders and resolvers. The 
translational motion of the slide is deduced from these using the ball screw pitch constant. Among these, 
the linear optical scale and the rotary encoder can either give absolute or incremental displacement, 
depending on the encoding on the grating. However, in fact incremental output is more common, since 
better resolution can be achieved. Thus, in an absolute coordinate system, this output must be integrated 
to generate absolute positions by electronic means. The resolver or the inductosyn, on the other hand 
naturally generate absolute positions with respect to a fixed origin. This means that these signals have to 
be differenced from the current origin of the incremental system, to generate incremental coordinate 
positions. 
C. How would you decide on the BLU for systems with continuous position sensors such as inductosyns 
and resolvers? 
Ans: 
D. Is the BLU affected by the motor or the drive system also? 

S1.4 A :��;� f�%�" 
$ �' $� ��S 7�S�	 7�<d &$�� 7!�	+. 

 
B. Draw the trajectory of table motion that this program seeks to create. 

 
S2. 1A. Is it possible to have a reference pulse interpolator for a CNC machine with dc drive? 
Ans: Yes, it is. Consider a closed loop system with an incremental encoder feedback. Implement an up-
down counter with the pulse train from reference pulse interpolator driving the count-up input and the 
pulse train from the encoder driving the count-down input. The counter value indicates the 
instantaneous position error which can be used to drive say an analog controller through a DAC. 
B. What limits the speed of operation in reference word interpolator based systems? 
Ans: The servo system dynamics limit it, rather than the interpolator loop execution time. This is 
especially true when one is cutting angles and corners. 

S 2.2 B. How does one choose the value of � for circular reference word interpolation? 
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Ans: The upper bound is decided by the maximum allowable deviation from a perfect circle. The lower 
bound is decided by loop execution speed of the interpolator. 

S2.3  A. Do you think the closed loop PTP system control loop would work for arbitrary axis 
velocities? Justify your answer. 
Ans: May not be. One of the reasons being that with high axial velocities there would be position 
overshoots. However, unless the counter can represent negative position errors correctly correct 
positions would not be reached. 
B. What type controllers would you prefer for a cascade position controller for a contouring system? 
Ans: Typically P or PD controllers are used in the position loop, since there is already one speed to 
position integration built into the open loop dynamics. Inner velocity loop controllers are generally 
proportional (usually a servo amplifier). 

S2.4 C. For the motion control board: 
a. Where is the interpolator situated? 
Ans: The interpolator must be situated external to the board, such as, in a PLC processor module. 
b. Where are the position and velocity loops situated? 
Ans: The position loop is implemented in the on-board software. Since the board provides velocity set 
points, it is assumed that the speed loop exists within the drive system. 
D. Why should a feed drive operate in constant torque mode, while the spindle drive should operate in a 
constant power mode? 
Ans: Because both torque on the feed drive motor and the power of the spindle motor can be shown to 
be roughly proportional to the material removal rate in machining. For a required degree of finish, a 
certain maximum material removal rate is possible. This is set through speed, feed and depth of cut 
settings. For all possible settings, to be able to obtain the best possible material removal rates, the feed 
and spindle motors should operate in their constant torque and constant power regions, respectively. 
  

 

 

9-16

 


