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 This research purposed to present about Automatic Controller Performance 
Enhancement for Extractors in Biodiesel Production Process by studying and finding out the 
suitable dynamic model of the Continuous Stirred Tank Reactor (CSTR) in Biodiesel production 
process. After that, we applied the Optimal Control Theory to calculate optimal energy, that was 
put into the system, for control heat energy which was used to stimulate the reaction in 
Biodiesel production process. Under the limited energy levels, we expect to use the least time to 
produce Biodiesel in the assigned concentrations and use Particle Swarm Optimization to 
compare controllerrs performance. Moreover, this research also experimented about the control 
through FieldPoint, and designed Human Machine Interface (HMI) for the Continuous Stirred 
Tank Reactor (CSTR) in Biodiesel production process. 
 
              From the results, Design controller using optimal control theory with input saturation 
and constrains with time and at final time ester concentration is 2.104  and temperature in 
biodiesel tank is 333.15  can minimized for the lowest time and input power for production 
process. 
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��ก����)�E�$�����
�  
   = ����G������D�!  

  = �

��ก����)�E�$��)  
  = ก"�)
$$�!�����D�!�*��ก�%G�ก�[�ก���A�  

 = �����D�!N�$�[�ก���A�
F� �)  
 = ก"�)
$$�!�����D�!�*����!	CF����  
 = �

��ก��NA�A�* 
  = �

��ก��NA�A�� 
  = �

��ก��NA�A%* 

  = integral (or reset time) time 
  = derivative time
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FieldPoint H)��N*A! HMI %D�A OpenGL 	"���
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 �%*�+)�*ก%D�A 
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���]�������	 
 

1. ��กH��

��������*�	����Z()�
�� �%*�+)'�D�%D�����ND�ND!
���*�
D�$ก�� %A 
'ED��)�'!ก��()�
!D�A�*�	�%��A'
D�$#��!�Nก��'ED�)
$$�!�*�G"�ก
% 

 
2. ��กH��	F�!
F����	�!�!ก
����#��$ (Human Machine Interface: HMI)  

%D�A OpenGL 
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ก�����F
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�� �^��ก�����ก�� 

 

'!�� �.�. 2551 ���! )*!�!���ก�), �*��A� H	! �E!B, ��uQG�
� ��*!����H)�	��* (CD�G��Q
E!�E
A �%D!"��	!�ก����กH��

�������	"���
�Z
$�[�ก��BH��
F��!#��$'!ก����!ก��()�
��
 �%*�+)  %A�	!��F���ก��!N�$ก��������ก����!ก�� �#� ก���ND�'Gก����!ก�� %D�A��
�!*& ���
�����
D!	F�!!*&%D�A�"�Z���#&!��! �����#�ก����!ก�� (process) 	"���
��

Z�N�$��� �#� 	����"�
!�A���*������	�  

 
 ก����!ก�� (Process) �#� ก����)*�A!H�)$N�$�

Z�%���*����!�ND�����w!()�
�
��B  %A'ED
ก��%"��!�!ก����$���* H)��}	�ก	B '!��$�[��

��"��F�ก����!ก�� (process) �*H!� !D�ZCก'ED
	"���
��
&$ processing operation H)� processing equipment  
 

�"�!�A��!*&���A�ก
B'EDก
�ก����!ก���
���� 3 ������ continuous batch H)� semi-batch 
Z
%�� �����G����

��AF�$ก����!ก�� H)�	���	
&!c �ก*�A�ก
�����%u!�)
กN�$ก��������   
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1. Continuous Process 

 
Continuous Process 4 H�� ZCกH	%$H(!�����D��F�$'!����*� 1  
 

 
 

����%� 1  Continuous Process 
 

1.1 Tubular Heat Exchanger 
  

      ก����!ก��N�$��)�!%D�!ND�$N�$�F�ZCก�)F��Au! %A!&"��)F��Au!�!��)#�ก%D�!ND�$ 


��AF�$ �����C����$��กN�$ก����!ก��N�$��)ZCก������ %Aก��G
%ก���

��ก����)N�$!&"� 
ก����)*�A!H�)$'!�����C����$�ND� H)��

��ก����)N�$ก����!ก��N�$��)�*()
F�ก��
%"��!�!ก��ก��H)ก��)*�A!�����D�! �����M�!
&! 

�H��!*&ZCก��G������w! disturbance variable 
 

1.2 Continuous stirred-tank reactor (CSTR) 
  

      ZD��[�ก���A���w!�[�ก���A���A�����D�! (exothemic) ��กc �
!G"���w!�*�G�������
�����C��N�$Z
$�[�ก��B  %Aก��G
%ก���

��ก����)N�$	���)F��Au!'!��)#�ก��D� (jacket) ��#� 
��A)B�Au! (cooling coil) �$#��!�Nก�����!�ND� (�$�B���ก�� �

��ก����) H)� �����C��) 	����Z
��w! manipulated variable ��#� disturbance variable  
 
 
 



 

6 

1.3 Thermal cracking furnace 
 

!&"��
!%��ZCกHAก
��G"�!�!N�$ lighter petroleum fractions  %Aก��ZF�A������ 
�D�!G�ก �E#&���)�$�(����D/��ก��(	� (burning fuel/air mixture) �����C���
�H)�G"�!�!N�$
��ก���*���ก�ก�!��'!�F�ก��+	����ZZCก������ %Aก��G
%ก���

��ก����)N�$�E#&���)�$ H)�
�

��	F�!�E#&���)�$
F���ก�� �$�B���ก��N�$!&"��
!%�� H)�)
กP�������D�!N�$�E#&���)�$��w! 
disturbance variable    
 

1.4 Multicomponent distillation column 
 
       �

Z����	$�Bก��������
F�$c 	����ZZCกก"��!%'�D	"���
� distillation column 
	"���
�

��AF�$  �$�B���ก��ก��ก)
�!	����ZZCก������ %A��
� reflux flow rate ��#� distillate 
flow rate ZD��$�B���ก����F	����ZZCก�
%H�� on-line �����C��Z�%'ก)D	F�!�!N�$ column 
	����ZZCก������H�! ZD� stream ���!�ND�ZCก'�D %A upstream process �$#��!�N���!�ND�G���w! 
disturbance variable  
 
 	"���
�H
F)�

��AF�$�
&$ 4 

��AF�$!*& �|Q��ก��������ก����!ก��ZCกH	%$ZW$
)
กP���M���  %Aก������������N�$ process variable ��w! 3 ������	"��
Qc 
 
 Controlled variables (CVs) �#� process variable +W�$ZCก������ �F��*�
D�$ก��N�$ 
controlled variable ZCก��*Aก�F� set point  

 
  Manipulated variable (MVs) �#� process variable +W�$	����ZZCก��
���#���
กP� 
controlled variable '�D�ND�'ก)D set point 

��AF�$ �EF! Manipulated variable �#� �

��ก����)   

 
 Disturbance variable (DVs) �#� process variable +W�$�*()
F� controlled variable H
F��F
	����ZZCกG
%ก���%D  %A�
���� disturbance 	
��
!�Bก
�ก����)*�A!H�)$	��$H�%)D��N�$
ก����!ก�� �EF! �$#��!�N���!�ND� ��#������C�� %A��� disturbance variables ��$������
	����ZZCก�
%H�� on-line H
F�)�Ac ��������F	����Z�
%�%D �EF! crude oil composition N�$
ก����!ก�� thermal cracking furnace 
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���	��

�N�$ CVs MVs H)� DVs ��w!N
&!
�!��������B'!ก���
s!�ก������������
	��$��)F�!*&NW&!�ACFก
� �����CD'!ก����!ก�� ���	�ก���B H)� �

Z����	$�Bก�������� 

 
2. Batch J#� Semi-Bath Process 
 

Batch H)� Semi-Bath Process ZCก'ED'!�)�Ac��
	��ก��� �EF! microelectronics 
pharmaceutical specialty chemicals, H)� fermentation Batch H)� Semi-Bath Process �*����
A#%�A�F!	"���
� multiproduct plant  %A�M����AF�$A��$��#��()�
�
��B��)*�A!H�)$����Z*� H)�
������!D�Ac H	%$

��AF�$ Batch H)� Semi-Bath Process 4 ������  

(e) Semi-batch 
reactor

(f) Wood chip
digester

(g) Plasma
etcher

(h) Kidney
dialysis unit  

 

����%� 2  Batch H)� Semi-Bath Process 
 

2.1 Batch ��#� Semi-Batch reactor  
 
    ���G������
D!N�$

��"��[�ก���A�!"���+W�$�$#��!�NN�$�[�ก���A� H)��[�ก���A�ZCกA��'�D
%"��!�!ก��	"���
����N�$��)��*�ก"��!% ��#�G!ก���
�$ก����)*�A!H�)$�*�ก"��!%�%D�� Batch 
H)� Semi-Batch reactor ZCก'ED�
����'! specialty chemical plant, polymerization plant (+W�$()
�)�A�%DN�$�[�ก���A�ZCกก"�G
%����F�$�[�ก���A�), pharmaceutical H)� bioprocessing facility �#�!c 
(+W�$ feed stream �EF! glucose ZCก���!	CF reactor ����F�$	F�!�!W�$N�$���ก�����! living 
organism �EF! yeast ��#� protein) ��w!
D! �����C�� reactor ZCก������ %Aก��G
%ก���

��ก����)
N�$	���)F��Au! �����ND�ND!G�%	�%�D�AN�$ batch 	����ZZCก������ %Aก����
������C���*�

D�$ก�� ก����)N�$	��

&$
D! (	"���
� semi-batch operation) ��#� �����)� 
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2.2 Wood chip digester 
 
       �
&$ continuous H)� semi-batch digester ZCก'ED'! �$$�!ก��%�P ��#��AF�A	)�A��P
��D��#��	ก
% cellulosic fiber G�%	�%�D�AN�$�[�ก���A����*ZCกH	%$ %A kappa number ก���
%N�$ 
lignin content �
!ZCก�������F��*�
D�$ก�� %Aก����
� �����C�� ����%
! H)�/��#� �����)� 
digester 

  
2.3 Plasma etcher in a semiconductor processing  

 
   single wafer ���G�H($�$G�!
��D�AE�&!ZCก��������#��	��(	�N�$ etching gases 
��A'
D�$#��!�N�*������	� ��#��	�D�$ H)��
กP� plasma (����
F�$�
กAB	C$ZCก'ED�*������C��	C$ H)��*�
����%
!
�"���กc) �
	%��*���F
D�$ก���!E
&!N�$ microelectronics circuit ZCก�)#�ก��ก�� %A
�[�ก���A���������C�� ����%
! H)� �

��ก����) N�$ etching gases ��A
$ reactor ZCก������ %A
ก����
����#��$�"������D�!����� H)� ��)B������� (control valve)   
 

2.4 Kidney dialysis unit  
 
        ���ก��Bก��H��AB!*&ZCก'EDก"�G
%N�$�	*AG�ก�)#�%N�$(CD���A+W�$�
)D���)� �

��ก��
��)N�$�)#�%ZCก�
กP���D %A�|�� (Pump) H)� �$#��!�N %A��� �EF! �����C��'! unit ZCก������
 %Aก����
��

��ก����) dialysis ZCก�"�
F��!#��$!�!���*�G�)%�����ND�ND!N�$N�$�	*A'�D�ACF'!
��%
��*�A���
��%D  
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ก�����ก��"#��$����%
&#  

'!���.�. 2548 ��	�
A �G!�!�E�|QGก�) �%D!"��	!��F��� �%*�+)��w!�)
$$�!�%H�!!&"��
!
%*�+) 	����Z()�
NW&!�%DG�กก����!ก�����*����F�$!&"��
!�#E��#��N�
!	

�Bก
�	���!�ก��
H�)ก���)B �EF! ����!�) H)�

���F$�[�ก���A�  %A��� ! )A*ก��()�
�� �%*�+)  H�F$��ก�%D��w! 
3 �������%DHกF 
 
1. ก�����ก������
��
����ab
�C�� (Transesterification Process)  
 

��w!ก����!ก���*�'ED%F�$��w!

���F$�[�ก���A�H)�����!�) �*ND�%*�#� ��w!��� ! )A*�*��*
ก��)$��!��F	C$!
ก�!#��$G�ก��w!ก����!ก���*�'ED�����C��
�"� H)�����%
!
�"�ก�F� 2 ���A�ก�� 
()�%DN�$�[�ก���A�	C$ZW$ 98 % H
Fก����!ก��!*&G���F�����ก
��

Z�%���*��*������ก�%�N�
!��	��
	C$ �!#��$G�กG��ก�%	�CF H)�	F$()'�D()�%DN�$ก����!ก��)%)$  
 

1.1 ก����!ก����	������}��E
! (Esterification Process)  
 
 ��w!ก����!ก��'EDก�%��w!

���F$�[�ก���A�H)�����!�) G�	����Z'ED�%Dก
��

Z�%��
��กE!�% H)��F�ก�%�N�
!��	����ก��%
� H
FND�%D�A �#� 'ED��)�'!ก���"��[�ก���A�!�! H)�'ED
�����C��'!ก���"��[�ก���A�	C$ก�F�'!�[�ก���A� ���!��	������}��E
! GW$�"�'�D
D!��!ก��()�

F�
�!F�A	C$ก�F�  
 

1.2 ก����!ก�� 2 N
&!
�! (Two-stage-Process)  

 

 ��w!ก��HกD�|Q��G�%%D�AN�$ 2 ก����!ก��ND�$
D! ก)F���#� �*����	����Z'ED�%Dก
�
!&"��
!�*��*�F�ก�%�N�
!��	��	C$ '!N���%*A�ก
!กu�*ก��'ED�)
$$�!
�"�  %A�)
กก���#�'ED

���F$
�[�ก���A�E!�%ก�% ��)*�A!ก�%�N�
!N�$!&"��
!'!N
&!
�!H�ก H)�'!N
&!
�!�*�	�$ 'ED%F�$��w!


���F$�[�ก���A� �EF!�%*A�ก
�ก����!ก�����!��	������}��E
! ZW$H�D�F�ก����!ก��!*&G�'ED
�)
$$�!
�"�ก�F�      ก����!ก����	������}��E
!�AF�$�%*A� H
F��ก�

Z�%���*�F�ก�%	C$��กc 
ก����!ก��'!N
&!
�!H�กG�'ED��)���กNW&! 	F$()'�D
D!��!ก��()�

F��!F�AN�$�� �%*�+)
	C$NW&!
����%D�A 
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 ก����!ก���*�'ED'!$�!���A�!��!�B!*&�#�ก����!ก��ก����!ก�����!��	�����
�}��E
! +W�$���ก��%D�A N
&!
�!ก���"��[�ก���A� ���!��	������}��E
!����F�$!&"��
!�#E H)���
��!�)  %A'ED +�%*A���%��ก�+%B��w!

$��F$�[�ก���A�'!Z
$�[�ก��B H)�N
&!
�!	"���
�ก"�G
%
	�����*�#�!c �*��)$��)#���#��ก�%NW&!'!�[�ก���A� +W�$�%DHกF ก��ก"�G
%����!�)�*���F�%D'ED'!�[�ก���A�
%D�A���#��$����A ก��HAกก)*�+���!+W�$��w!()�
�
��B�F����กG�ก�� �%*�+) ก��)D�$�� �%*�+)
%D�A!&"���#��ก"�G
%������ +�%*A���%��ก�+%B H)�N
&!
�!	�%�D�A�#�ก��G"�ก
%������!&"�)D�$�*�
��)#��ACF'!()�
�
��B
�� 
����*� 3 H(!���N
&!
�!ก��()�
�� �%*�+)H��
F��!#��$ 
 

 
 

����%� 3  N
&!
�!ก��()�
�� �%*�+)H��
F��!#��$ 
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 H(!���N
&!
�!ก��()�
�� �%*�+)%
$H	%$��D'!����*� 4  %A�*N
&!
�!
F�$c %
$�*�
�%Dก)F���)D�A�)W$ก
�N
&!
�!ก��()�
�� �%*�+)%
$H	%$'!����*� 3  %A��A)���*A%���ก��B�*�
'ED	"���
�ก��()�
�� �%*�+)��%
� Pilot Scale ���ก��%D�A 
 
 1. �|�� (Pump) 	"���
����!����!�) H)� +�%*A���%��ก�+%B�ND�	CFZ
$�[�ก��B (Reactor)    
  2. Z
$�[�ก��B (Reactor) 
 3. ���#��$���H!F! (Condenser) 	"���
����H!F!����!�) 
 4. �|�� (Pump) 	"���
����!()�
�
��B�ND�	CFZ
$HAก (Separator) 
 5. Z
$HAก (Separator) ��#��HAกก)*�+���!��กG�ก()�
�
��B  
 6. Z
$�กu�ก)*�+���! (Glycerin Storage Tank) 
 7. Z
$�กu�!&"�)D�$ (Wash Water Tank) 
 8. �|�� (Pump) 	"���
����!!&"�)D�$�ND�	CF��)D�$��	����B (Ester Washing) 
 9. ��)D�$��	����B (Ester Washing Unit) 
 

 
 

����%� 4  N
&!
�!ก��()�
�� �%*�+) 
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$�!���A�!��!�B!*&G��"�ก���%)�$H)��WกP�'!	F�!N�$Z
$�[�ก��B (Reactor) ��F�!
&! 
 %A	
%	F�!N�$!&"��
!
F�H�)ก��)BG�ก���WกP����F��F��$�*������	��ACF�*� 1:6  %A �)                
(��#� 1:0.2382  %A!&"��!
ก) H)������C���*������	� �#� 60  (333.15 )  %A�����ND�ND!
N�$��	�
��B (E) N�$ก�%�N�
! ��#��� �%*�+)��F�ก
� 2.104  

 

�d;e%ก��������
�����%���� 

 
'!�� �.�. 1999 Arthur E. Bryson, Jr �%D!"��	!�������N�$ก��������������*�	�% 

�\P[*ก��������������*�	�% (Optimal Control Theories) ��w!�\P[*�*�ก)F��ZW$ก��������
�����	��*�	�%'!H
F)����� %A'ED��!���H)��$#��!�N�*�G"�ก
% H�F$��w! 2 �
�ND�%
$!*& 

 
1. ���
���fA��ก��������
�����%���� 

�������|Q��ก��������������*�	�%H�F$�%D 3 ������ 

1.1 ก��������������*�	�% %A��F�"�!W$ZW$�$#��!�$�
$�
� (Optimal Control with No  
Terminal Constraints)  
 
 �#�ก�������������	��*�	�% %A��F�"�!W$ZW$�$#��!�$�
$�
� (Constraint) 	����ZH�F$
�%D��w! 2 �����#� 
 

1. ������F
F��!#��$ (Discrete System ) 
 
  ��w!�����*�����"�ก�� 	�F��F� (Sampling) 

�H��	�
�  � ��)��*�   %A���G�
ก"��!%�|Q�� 	�
� (State problems) �%D %A �)#�ก�F���!���     %A�*�  +W�$
�"�'�D�����*�F�!D�A�*�	�%��#���*Aก�F� ��!���+B (Minimize) %
$	�ก���*� (1)-(5) 

 

                                    (1) 
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��#��  �#� Cost function,  �#�

�H��	�
� � ��)��*�  ,  �#�

�H��	�
�  
� ��)������
D!H)�  �#���)�	�%�D�A�*�ZCก������%
$	�ก���*� (2)  
 %A���G��*�$#��!�NG"���w! (Necessary condition) �#�  
 

    (2) 
 

+W�$���	����Z��G����G�ก	�ก�� Discrete Euler-Lagrange  
 

                                                         (3) 

 
 %A�*�  ��G����G�ก  

 
                                (4) 

 
%
$!
&!���	����Z�N*A!�%D�*ก�C�H���!W�$�#� 

 
                             (5) 

 
 %A�*�  G��*�F��*��"�'�D �����*�F�!D�A�*�	�% 
 
2. ����
F��!#��$ (Continuous System) 

 
 ��w!����H��
F��!#��$  %A���G�ก"��!%�|Q��	�
� (State problems) �%D %A�)#�ก
�F���!���   %A�*�   +W�$�"�'�D�����*�F�!D�A�*�	�%��#���*Aก�F���!���+B (Minimize) %
$
	�ก���*� (6)-(9) 

 

   (6) 
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��#��   �#� Cost function,   �#��

��ก����)*�A!H�)$

�H��	�
���*A�ก
���)�H)�  ,  �#�
��)������
D!H)�	�%�D�A�*�ก"��!%
��)"�%
�%
$	�ก���*� (7) %A�*�$#��!�N�*�G"���w! (Necessary 
condition) �#� 
 

  (7) 
 
+W�$���	����Z��G����G�ก Differential Equations 
 

   (8) 

 
 %A�*�  ��G����G�ก 
 

      (9) 
 
 %A�*�  G��*�F��*��"�'�D �����*�F�!D�A�*�	�% 
 
 

1.2 ก��������������*�	�% %A�"�!W$ZW$�$#��!�$�
$�
� (Optimal Control with Terminal  
Constraints) 

�#�ก�������������	��*�	�% %A�"�!W$ZW$�$#��!�$�
$�
�(Constraint) 	����ZH�F$�%D
��w! 2 �����#� 

1 ������F
F��!#��$(Discrete System) 
 

��w!�����*�����"�ก�� 	�F��F� (Sampling) 

�H��	�
�  � ��)��*�   %A���G� 
ก"��!%�|Q��	�
� (State problems) �%D %A �)#�ก�F���!���     %A�*� 

 +W�$�"�'�D�����*�F�!D�A�*�	�%��#���*Aก�F� ��!���+B (Minimize) %
$
	�ก���*� (10),(11) 
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  (10) 

 
��#��   �#� Cost function,  �#�

�H��	�
� � ��)��*�  ,  �#�

�H��	�
� � 
��)������
D! ,  �#���)�	�%�D�A�*�ZCก������H)�  �#�N���N
�*�ก"��!% 
 %A���G��*�$#��!�NG"���w! (Necessary condition) �#�  
 

(11) 

 
 %A�*�  ��G����G�ก 
 

                    
 
G��%D   H)�  , �"�'�D���	����Z���F�   +W�$��w!��
���$#��!�N   
 

2 ����
F��!#��$ (Continuous System) 
 

��w!����H��
F��!#��$  %A���G�ก"��!%�|Q��	�
� (State problems) �%D %A�)#�ก 
�F���!���   %A�*�   +W�$�"�'�D�����*�F�!D�A�*�	�%��#���*Aก�F���!���+B (Minimize) %
$
	�ก���*� (12)-(14) 

 

  (12) 
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��#��   �#� Cost function,  �#��

��ก����)*�A!H�)$

�H��	�
���*A�ก
���)�,   ,  �#���)�
�����
D!H)�	�%�D�A�*�ก"��!%
��)"�%
�H)�  �#�N���N
�*�ก"��!% %A�*�$#��!�N�*�G"���w! 
(Necessary condition) �#� 
 

 (13) 
 
+W�$���	����Z��G����G�ก Differential Equations 
 

 
  (14) 

 
 %A�*�  ��G����G�ก 
 

 
 

G��%D   H)�  , �"�'�D���	����Z���F�   +#�$��w!��
���$#��!�N   
 

1.3 ก��������������*�	�% %A'ED��)�!D�A�*�	�%  (Optimal Control with Open Final 
Time) 

�#�ก�������������	��*�	�% %A�"�!W$ZW$�$#��!�$�
$�
� (Constraint) ��$%D�! 

��)� %AG�'ED��)��*�!D�A�*�	�% 	����ZH�F$�%D��w! 2 �����#� 

1. ������F
F��!#��$ (Discrete System) 
 
��w!�����*�����"�ก�� 	�F��F� (Sampling) 

�H��	�
�  � ��)��*�   %A���G�ก"��!%�|Q��	
�
� (State problems) '!�C�N�$ Mayer form �%D %A �)#�ก�F���!���     %A�*� 

 H)�EF�$��)�  t +W�$�"�'�D�����*�F�!D�A�*�	�%��#���*Aก�F� ��!���+B (Minimize) 
%
$	�ก���*� (15)-(19) 
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   (15) 

 
��#��  �#� Cost function,  �#�

�H��	�
� � ��)��*�  ,  �#�

�H�� 
	�
� � ��)������
D! ,  �#���)�	�%�D�A�*�ZCก������H)�  �#�N���N
�*�ก"��!% 
 %A���G��*�$#��!�NG"���w! (Necessary condition) �#�  
 

  (16) 
 
+W�$���	����Z��G����G�ก	�ก�� Discrete Euler-Lagrange  
 

                         (17) 

 
��#��  ��G����G�ก 
 

                                                                                          (18) 
 
H)�  ��G����G�ก Transversality condition 
 

     (19) 

 
 G��%D   H)�  , �"�'�D���	����Z���F�   +W�$��w!��
���$#��!�N    H)�  
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2. ����
F��!#��$ (Continuous System) 
 

��w!����H��
F��!#��$  %A���G�ก"��!%�|Q��	�
� (State problems) '!�C�
N�$ Mayer form �%D %A�)#�ก�F���!���   %A�*�   H)�EF�$��)�  t +W�$�"�
'�D�����*�F�!D�A�*�	�%��#���*Aก�F���!���+B (Minimize)  

 

    (20) 

 
��#��   �#� Cost function,  �#��

��ก����)*�A!H�)$

�H��	�
���*A�ก
���)�,  ,  �#���)�
�����
D!H)�	�%�D�A�*�ก"��!%
��)"�%
�H)�  �#�N���N
�*�ก"��!%  %A�*�$#��!�N�*�G"���w! 
(Necessary condition) �#� 
 

     (21) 
 
+W�$���	����Z��G����G�ก Differential Equations 
 

 
      (22) 

 
��#��  ��G����G�ก 

  
 

 ��G����G�ก Transversality condition 
 

 
 

G��%D   H)�  , �"�'�D���	����Z���F�   +#�$��w!��
���$#��!�N    H)�  
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2. ���%ก��JกE�fA��ก��������
�����%���� 
 

 '!�� �.�. 2006 M. Diehl, H.G. Bock, H. Diedam, P.-B. Wieber �%D!"��	!����*ก��
HกD�|Q��ก��������������*�	�% 

 
'!ก��HกD�|Q��ก��������������*�	�%	����ZH�F$���*ก��HกD�|Q����ก��w! 3 ���*         

%
$����*� 5  �#� 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
����%� 5  H(!���H	%$���*ก��HกD�|Q��ก��������������*�	�% 
 
 
 
 
 
 

Direct Methods: 
Transform into Nonlinear  

Programming (NLP) 

Single Shooting: 
Only discretized controls 

In NLP (sequenntial) 

Collocation: 
Discretized controls and 

states in NLP (simullaneous) 

Multiple Shooting: 
Controls and node start 

Values in NLP (simullaneous) 

Optimal Control 

Dynamic Programming 
(Hamilton-Jacobi-Bellman 

Equation): 
Tabulation In State Space 

Indirect Methods 
(Pontryagin Maximum Principle): 
Solve Boundary Value Problem 
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2.1  Direct Method 
 

��w!���*�*�H�)$G�ก���� infinite optimal control problem ��w! finite dimensional nonlinear 
programming problem (NLP)  %A���'ED���* variants of state-of-the-art numerical optimization 
ND�%*N�$���*!*&�#� ���	����ZHกD�|Q�� inequality constraints H)� active set changes �%D 
 

2.2  Indirect Method 
 

��w!���*�*�'ED �$#��!�N�*�G"���w!�*�������*�	�%N�$�����*���w! infinite +W�$���G�������G�ก 
boundary value problem (BVP) '! ordinary differential equations (ODE) ���G�HกD�|Q��N
&!
�!
H�ก %A'ED BVP G�ก!
&!GW$�"�ก�� discretize ���*ก��N�$ indirect method �*��CDG
กก
!�#����* calculus 
of variations , ���* Euler �Lagrange differential equations H)����* Pontryagin Maximum Principle 
���* BVP !
&!	F�!'�QFG�'ED ���* shooting techniques H)� collocations +W�$ ���*!*&G��*ND��	*A�#� 
	�ก�� differential ��$��
&$��F	����Z���"�
���%D�!#��$G�ก�*������F�E�$�	D!H)�������F�	Z*A�
	C$+W�$��G�"�'�D�ก�%ก����)*�A!  ��$	�D�$������  
 

2.3 Dynamic Programming 
 

��w!���*ก���*�'EDก���"�!��EF�$+W�$�ACF'!��กcEF�$��)� t H)� ��กc�F�  x0 	"���
�ก��*N�$ 
continuous time ���G�'ED���* Hamilton-Jacobi-Bellman (HJB) H)�'ED �!��
!�B��$	F�! (partial 
differential equation - PDE) 	"���
�����	�ก��	�
� +W�$���*!*&G���w!ก���"�!�����F�������
ND��	*AN�$���*!*&�#���GG��ก�% �curse of dimensionality�  H)�	����Z'ED���*!*&ก
������*���w! small 
state dimensions. 
 

�

Z����	$�B�)
กN�$ก��'ED�\P[*!*&�#� ก��������'�D Plant Biodiesel 	����Z()�
����!�)
�%D
���*�
D�$ก�� %A'ED�)
$$�! (Power) �*�G"�ก
%H)�'ED��)�!D�A�*�	�% (minimum time) �\P[*�*�'ED
�#� Collocation Method 
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Collocation Method 

 
'!�� �.�. 2009 M.Cizniar, M. Flkar, M.A. Latifi �%D!"��	!����*ก��HกD�|Q��ก��

������������*�	�%%D�A���* Collocation  %A���*!*&G���w! ก�� discretizing �
&$ controls H)� states 
G�ก Optimization Problem Statement 	����Z�N*A!�C�H��ก��HกD�|Q���%D 3 H�� 
 

1. Bolza form 

 

2. Lagrange form 

 

3. Mayer form 
 

 

 %A�*� 
 

 
 

��G����G�ก 
 

 %A�*��*�$#��!�N initial conditions 
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	����Zก"��!%N���N
�%D%
$!*& 
 

 

 
 %A�*� 
 

 

 

 
 

����%� 6   Collocation methods �!EF�$ state profiles, control profiles H)� element length 
 

���	����Z�������"�
���%DG�ก Lagrange polynomials 
"�H�!F$�*�   ,  
%
$	�ก���*� (23),(24) 

   (23) 

 

   (24) 

 
 

��#�� ,   ���A�����F�  �����G�ก 0 H)�   , NE �#� G"�!�!N�$ elements 
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 �#�G"�!�!  degree piecewise polynomial 
 �#�G"�!�!  degree piecewise polynomial 

 
��#��'�D  G�%�*��"�ก�� collocation '!EF�$%
$����*� 6 H)�G�ก basis function ���
	����Z normalized '!H
F)�EF�$ element    %A	����Z�N*A!�%D�*กH���#� 
 

 

 
 

��#��   %A�*��
&$  H)�  G��ACF'!�C�H�� basis functions �%DZCก
�"�!����DกF�!H)D�+W�$NW&!�ACFก
� Legendre root location 	
$�ก
�%D�F�  '!�C�H��
!*&	����Z'ED�%D$F�A��#������ZW$����A��N�$ element +W�$G�ZCก'ED�"�!����G�%�*���w!���%D�*�G���F

F��!#��$ 

 

 

 

 
Particle Swarm Optimization (PSO) 

 
'!���.�.1995 J. Kennedy H)� R. Elberhart �%D!"��	!����*ก��HกD�|Q����$�������
��B 

 %A�)*A!H���\
�ก���ก����)#��!�*�H)�ก��	#��	���*�N�$	

�B�*��ACF��w!ก)�F��EF!!ก �)� +W�$	

�B
��)F�!*&H
F)�

�	���
���*Aก�F���w!�!���� (particle) G�	#��	��ก
!��w!ก)�F�'�QFc (��*Aก�F� swarm) 
���*!*&G�EF�A'�Dก)�F�	

�B	����Z

%	�!'G�)#�กก��HกD�|Q���%D��u� 	����Z�)#�ก�	D!��$ก����
������%D%*ก�F�ก��

%	�!'G��*A$

��%*A�  %A�*	�ก��%
$!*& 

 

  (25) 
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 %A 
 

  �#� 	
����	����v�F��$�*� 
  �#��F� Weight factor  

  �#��F��*�	�F�'!EF�$ [0, 1]   
  �#� 
"�H�!F$H)�������u�N�$�!���� 
  �#� 
"�H�!F$�*�%*�*�	�%N�$�!���� 
  �#� 
"�H�!F$�*�%*�*�	�%N�$�
&$ก)�F� 

�#�G"�!�!���ก���"�!��(iteration) 
 
)
กP��ก���"�$�!N�$ PSO !
&!	����ZH	%$�%D%
$����*� 7  %A�*N
&!
�!ก���"�$�!%
$!*& 
 

 
 

����%� 7  H(!���)
กP��ก���"�$�!N�$ PSO 
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1. Initialization 
'!N
&!
�!!*& �F�

�H��
F�$cG�ZCกก"��!%NW&! 
"�H�!F$H)�������u�G�ZCก	�F�NW&!��  H)� 

 G�

&$'�D�*�F�	C$�*�	�% 
 

2. Fitness evaluation of each particle 
��กc���ก���"�!�� (  ) �F� fitness ��#� performance H
F)��!����G�ZCก�"�!�� ZD�
�F�'��F�*��"�!���%D%*ก�F��F�  �|GG��
! ����G��"�ก����
��F�  '�D��w!�F��*��"�!��'��F 
ZD��F�N�$  %*ก�F��F�N�$ �|GG��
! ����G��"�ก����
��F�  '�D�*�F���F�ก
��F�  

 
3. Exit condition 

��#���F� ��w!��
���$#��!�N��#�G"�!�!���ก���"�!��ZW$�F�	C$	�%��#��F�  !D�Aก�F��F�
����(�%�)�% (error criterion) กuG���N
&!
�!�*� 5 ZD���F��w!��
���$#��!�NกuG���N
&!
�!�*� 4  

 
4. Position and Velocity update 

�F�
"�H�!F$H)��F�������u�N�$�!����G�ZCก��
��F�
��	�ก���*� (25) ZD��F�
"�H�!F$H)��F�
������u�N�$�!����G�ZCก��
��F�'�D�ACF!�ก
"�H�!F$�*��D!�� (search space) �F��*���
�

&$'�D�ACF'!
N���N
�*�ก"��!%��w!�F��*�'ED 

 
5. Output result 

�"�
���*�%*�*�	�%N�$����ก��HกD�|Q���#��F�  
 

�I���I���������ก��
������ Human Machine Interface (HMI) 

 
	��$���%�P�B�*��!�PAB	�D�$NW&!��#���"�!�A����	�%�ก'�Dก
�ก��'EDE*��
���G"��
!��#�ก��

�"�$�!!
&! �*�)
ก�[��

�'!ก����กH���#�G�
D�$'ED$�!$F�AH)��)�%�
A %A�"�!W$ZW$�����W$
��'GN�$(CD'ED��w!�)
ก ��� ! )A*�*���*Aก�F� Human-Machine Interface (HMI) GW$��w!�����*�	�D�$
NW&!��#����w!	#��ก)�$'!ก���
�-	F$ ND��C)����F�$(CD'EDก
������

 !�

���#���F!A!
B�*����
��"�	
�$
��#���"�ก�������)()H)��"�$�!
���*� ��Hก����D ก�����A�ก
B'ED HMI �EF!ก��	�D�$
����	�#�!G��$�ก*�A�ก
�ก����!ก��'!ก���"�$�!'! �$$�!��
	��ก���H)�!"���'ED��ก�
%
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�!
ก$�!��#����w!ก��)%
D!��!'!ก����ก	�!H)���������	�������'!ก���"�$�!�!#��$G�ก��F
G"���w!
D�$'EDE�&!	F�!G��$'!ก����ก	�!+W�$�"�'�D��F
D�$�	*A�F�'EDGF�AN�$E�&!	F�!�*���G�ก�% 
�����	*A��AG�กก����ก	�!�*ก�
&$����A
$	����ZG%G"�ก����)#��!���N�$(CD�*��*�
กP�'!ก��
���ก��E�&!	F�!��#��'ED��ก	�!�"�'�D	����ZZF�A��%�
กP��%D�AF�$�*���	��������%D ��w!
D! 
 
 



  
 
 
    27 

���ก�9	J#����%ก�� 

 

���ก�9	 

 
1. �������
��B 2 E�%  

2.  ��Hก�� MATLAB/SIMULINK 

3.  ��Hก�� LabVIEW  

4. FieldPoint A*��D� National Instrument ��F! FP-2000 

5. DAQ card A*��D� National Instrument  ��F! PCI-6251 

 

���%ก�� 

 
 $�!���A�!��!�B!*&�����
D!G�กก����H��G"�)�$�)�

N�$Z
$�[�ก��BH��
F��!#��$'!
ก����!ก��()�
�� �%*�+) �)#�กG�%�"�$�!	"���
�Z
$�[�ก��BH��
F��!#��$'!ก����!ก��()�
��
 �%*�+) H)���กH��

�������	"���
�Z
$�[�ก��BH��
F��!#��$'!ก����!ก��()�
�� �%*�+) 
 %Aก��G"�)�$�!�������
��B %D�A ��Hก�� MATLAB H)�  ��Hก�� SIMULINK '!ก��
�%)�$	�%�D�A�%D���A�ก
B'ED FieldPoint ��w!

������� H)��"�ก����กH�� HMI H��OpenGL 
��#��'�D$F�A
F�ก��'ED$�!H)�H	%$()  %A�*N
&!
�!%
$!*&   
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����%� 8  H(!������*ก��%"��!�!ก�� 
 
1. ��J��F��#���#���B��]���e�ก�9	J���I�
�����!�ก�����ก��"#��$����%
&# 
  
 N
&!
�!!*&�����A���*ก����H��G"�)�$�)�

N�$Z
$�[�ก��BH��
F��!#��$'!ก����!ก��
()�
�� �%*�+)%
$����*� 8  %A�����
D!�WกP��#&!��!
F�$c �*��ก*�A�ND�$ก
�ก����H��G"�)�$�)�


N�$Z
$�[�ก��BH��
F��!#��$ H)���H��G"�)�$�)�

N�$Z
$�[�ก��BH��
F��!#��$'!ก����!ก��
()�
�� �%*�+)  %A�*N
&!
�!%
$����*� 9 

1. ��H��G"�)�$�)�

N�$Z
$�[�ก��BH��
F��!#��$ 
'!ก����!ก��()�
�� �%*�+) 

2.  �)#�กG�%�"�$�!	"���
�Z
$�[�ก��BH��
F��!#��$ 
'!ก����!ก��()�
�� �%*�+) 

3.  ��กH��

�������	"���
�Z
$�[�ก��BH��
F��!#��$ 
'!ก����!ก��()�
�� �%*�+) 

4.  �WกP��\P[*������������*�	�% 

5.  !"��\P[*������������*�	�% ���N*A! ��Hก��	"���
���
�F��)
$$�!�*����!�ND�Z
$�[�ก��BH��
F��!#��$'!

ก����!ก��()�
�� �%*�+) 

 6. ��กH��	F�!
F����	�!�!ก
����#��$ (HMI) 

7.  !"�()�*��%DG�กก����กH��%D�A�\P[*������������*�	�%
�����A�ก
B'EDก
� FieldPoint H)�HMI 
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����%� 9  H(!���ก����H��G"�)�$�)�

N�$Z
$�[�ก��BH��
F��!#��$'!ก����!ก��()�
            
               �� �%*�+) 
 

1.1 ก�ก���!��
กPB (Conservation Law) 
 

      �\P�*��+W�$�ก*�A�ND�$ก
�H��G"�)�$N�$ก����!ก����$���*�ACF�!�#&!��!N�$ก�
ก���!��
กPB (conservation law) �EF! ก�ก���!��
กPBN�$��) (conservation of mass) H)� ก�ก��
�!��
กPBN�$�)
$$�! (conservation of energy) 
��)"�%
� N��!*&�����G����ก�ก���!��
กPB�*�	"��
Q 
H)�'ED�
!�
s!�H��G"�)�$�)�

 (dynamic model) 	"���
���w!

�H�!N�$ก����!ก�� 
 

1.1.1 ก�ก���!��
กPBN�$��) (Conservation of Mass) 
 

 (26) 
 

1.1.2 ก�ก���!��
กPBN�$	�����ก�� i (Conservation of Component i) 
 

 (27) 
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	�ก���*� (27) �G!B	�%�D�A��$N���#�N�$ H�!�

��N�$ก���ก�% (��#� ก����A��) N�$
	�����ก�� i +W�$��w!()N�$�[�ก���A����* 	�ก��ก���!��
กPB	����ZZCก�N*A!'!�G!BN�$
�����������ND�ND! E!�%��
�� H)�E!�% ��)ก�) (Felder and Rousseau, 2000) 
  

1.1.3 ก�ก���!��
กPBN�$�)
$$�! (Conservation of  Energy)        
       %A�
����ก�ก���!��
กPBN�$�)
$$�!ZCก��*Aก�F� ก�ND��*��!W�$N�$ themodynamics 

(Sandler, 1999) ��w!��
��	�ก���*� (28) 
 

 (28) 

 
1.2 Kinetics N�$�[�ก���A�'!ก����!ก��()�
�� �%*�+) 

 
      �|GG��
!�[�ก���A��*�!�A�'ED'!ก����!ก��()�
�� �%*�+) �#��[�ก���A����!��	�����

�}��E
! (Transesterification Reaction) +W�$��w!�[�ก���A��*��ก�%NW&!����F�$!&"��
!�#E+W�$��w!
	����!��*AB�������
�ก)*�+���%B (TG) H)�����!�) (A)  %A'ED%F�$��w!

���F$�[�ก���A� �EF!          
 +�%*A���%��ก�+%B 
 

OORCH

OHCH

OHCH

OHCH

OHCH

OORCH

OORCH

OORCH

−+

−

−

−

⇔−+

−

−

−

3

2

2

3

32

2

12

3

|

|

3

|

|

 

                        Triglyceride                  Methanol                  Glycerol                    Methyl ester 
 
����%� 10  �[�ก���A����!��	������}��E
!N�$ TG ก
�����!�) 
 

�[�ก���A����!��	������}��E
!N�$ TG ก
�����!�) %Aก���ND��F��N�$

���F$�[�ก���A�
������%F�$ G��%D��	�
��B (E) N�$ก�%�N�
! ��#��� �%*�+) H)�ก)*�+��*! (GL)  %A�* � !ก)*
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�+���%B (MG) H)� �%ก)*�+���%B (DG) ��w!	��

�ก)�$%
$	�ก���*�  %A k  ��w!�

���F��$�*� 
(rate  constants) 

313

1

2

COOCHRDGOHCHTG
k

k
+⇔+  

     323

3

4

COOCHRMGOHCHDG
k

k
+⇔+                 (29) 

333

5

6

COOCHRGLOHCHMG
k

k
+⇔+  

�[�ก���A���� 

GLRCOOCHOHCHTG
k

k
+⇔+ 33 33

7

8

 

 
�C�H���
����N�$	�ก���E�$�!��
!�B�*�H	%$)
กP���M�����w!)"�%
�N
&!N�$�[�ก���A��

��!��	������}��E
!N�$ TG ��w!��
��	�ก���*� (29) (Noureddini, H. H)� D. Zhu, 1997)   
 

   (30) 

 
��#��  �#������ND�ND!N�$	�� x  

 
 �#� �F��$�*�N�$�

��ก���ก�%�[�ก���A� (reaction rate constant) ZCก������ %A!��G!B�*�

���#�!ก
� Arrhenius equation  
 

     (31) 
 
��#��  �#� frequency factor   �#� activation energy H)�   �#� gas constant 	�ก���*�(31)        
��G�ก transition state theory H	%$�F������C��NW&!ก
��F��$�*�N�$�

��ก���ก�%�[�ก���A� (reaction 
rate constant)  
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������%� 1  �F��$�*�N�$�

��ก���ก�%�[�ก���A� 

      



�H�� �F� �!F�A 

1k  0.05 (50 Co ) )/( minmoll ⋅  

2k  0.11 (50 Co ) )/( minmoll ⋅  

3k  0.215 (50 Co ) )/( minmoll ⋅  

4k  1.228 (50 Co ) )/( minmoll ⋅  

5k  0.242 (50 Co ) )/( minmoll ⋅  

6k  0.007 (50 Co ) )/( minmoll ⋅  

01k  3.8888e+007 minmoldm /3  

02k  5.7421e+005 minmoldm /3  

03k  5.8221e+012 minmoldm /3  

04k  9.7844e+009 minmoldm /3  

05k  5.3305e+003 minmoldm /3  

06k  2.1385e+004 minmoldm /3  

1E  13145 molcal /  

2E  9932 molcal /  
3E  19860 molcal /  

4E  14639 molcal /  
5E  6421 molcal /  
6E  9588 molcal /  

  
 �F� ik0  'ED Arrhenius equation '!ก���"�!��  %A'ED ik  H)� iE  '!    Noureddini, H. 
H)� D. Zhu, 1997 +W�$ก"��!%�F� ik  �*������C�� 50 Co   
 

��AF�$ก���"�!���F� ik0  �EF! 01k  G�ก Arrhenius equation 	�ก���*� (31) G
%�C�	�ก��
'��F��w! 

    (32) 
 

H�!�F� 1k =0.05 1E =13145 R =1.987 H)� T =323.15 (50 Co ) G��%D 
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    (33) 
 

���	����Z�"�!���F� ik0  �F��#�!  %A���*�%*A�ก
!  
 
2. J��F��#���#���B��]���e�ก�9	J���I�
�����!�ก�����ก��"#��$����%
&# 
 

TG

A

ρ,V

T

 
 

����%� 11  Z
$�[�ก��BH��
F��!#��$'!ก����!ก��()�
�� �%*�+) 
 

    G�ก����*� 11 ��������
D!ก����H��G"�)�$�)�

N�$Z
$�[�ก��BNW&!ก
�	��
���!%
$!*& 
 

1. Z
$�[�ก��B (CSTR) �"��[�ก���A�ก
!�AF�$	���C�B 
2. �����!�H!F!�E�$��) (mass density, ρ ) N�$	��

&$
D!�*���)�ND� H)�()�
�
��B�*���)

��ก��F�ก
! H)��$�*� 
3. �����
�N�$N�$��)� (liquid volume, V ) '!Z
$�[�ก��BZCก�
กP�'�D�$�*�  %A overflow 

line 
 

	"���
�	��
���!!*& H)�ก�ก���!��
กPBN�$��) (Conservation of Mass) G��%Dก��%�)��) 
(unsteady-state mass balance) 	"���
�Z
$�[�ก��B�#� 
 

oAiTGi qqq
dt

Vd
ρρρ

ρ
−+=

)(     (34) 
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��#�� TGiq  H)� Aiq  �#� �

��ก����)�ND��E�$�����
�N�$ TG H)� A 
��)"�%
� oq  �#� �

��
ก����)��ก�E�$�����
� ������F� V  H)� ρ  �$�*� 	�ก���*�(34) )%�C���)#� 

   AiTGio qqq +=                    (35) 
%
$!
&! H�D�F��

��ก����)�ND� H)��

��ก����)��ก��G��)*�A!H�)$ �!#��$G�ก�$#��!�NN�$ 
upstream ��#� downstream H
F	�ก���*�(35) 
D�$��w!G��$
)�%��)� 

	"���
�	��
���!!*& H)�ก�ก���!��
กPBN�$	�����ก�� i (Conservation of Component 
i) ก��%�)	F�!���ก��N�$	��
F�$c (unsteady-state component balances) 	"���
� 	�� TG, DG, 
MG, E, A H)� GL ('!�!F�A molar) �#� 

 

    TGoiTGi VrTGqTGq
dt

TGd
V +−= ][][

][  

    DGo VrDGq
dt

DGd
V +−= ][

][  

   MGo VrMGq
dt

MGd
V +−= ][

][   

          Eo VrEq
dt

Ed
V +−= ][

][          (36) 

        AoiAi VrAqAq
dt

Ad
V +−= ][][

][  

     GLo VrGLq
dt

GLd
V +−= ][

][  

 
ก��%�)	�ก��!*&��w!��
��ก��%�)	F�!���ก��N�$	��
F�$c ��#�� ][ ix   �#������ND�ND!

N�$	��   N��ND�, ][x   �#������ND�ND!N�$	��  x  '!Z
$ H)� xr �#� �

��ก���ก�%N�$	�� x   (rate 
of reaction of x) +W�$��w!�|$กBE
!N�$�

���F��$�*�H)������ND�ND!N�$	��
��	�ก���*� (36) 

 
Z
%�� �����G����ก��%�)�)
$$�! (unsteady-state energy balance) 	"���
�Z
$�[�ก��B H)�

	�D�$	��
���!������
��   
 
4. ก����)*�A!H�)$��!�
)�� (enthalpy) �*��ก*�A�ก
�ก��(	�N�$	����)�ND�ก
�N�$��)�'!

Z
$�*�F�!D�A��#����*A�ก
�ก����)*�A!H�)$��!�
)��	"���
�ก����)*�A!H�)$�[�ก���A����* ��#�����
�D�!N�$ก��(	��*�F�!D�A��#����*A�ก
������D�!N�$�[�ก���A����* 
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5. $�!�#�!c (shaft work) H)�ก��	CQ�	*A�����D�! (heat losses) 	CFE
&!���A�ก���*�F�
!D�A��ก 


���C�H��N�$ก�ก���!��
กPBN�$�)
$$�! (Conservation of  Energy) H)�	��
���! 
1 ZW$ 5 G��%D 

 

QQTTCmTTCmTTCm
dt

dT
CV RxopooAipAAiTGipTGTGip ++−−−+−= )()()( &&&ρ  (37) 

 
��#�� pC , pTGC , pAC  H)� poC  �#� ����G������D�!N�$	��'!Z
$�[�ก��B, TG, A H)� 	��N�
��ก
��)"�%
� TGim&  H)� Aim&  �#� �

��ก����)�ND��E�$��)N�$ TG, A 
��)"�%
� om&  �#� �

��
ก����)��ก�E�$��) T  �#� �����C��'!Z
$�[�ก��B TGiT  �#� �����C��N�$ TG N��ND� AiT  �#� 
�����C��N�$ A N��ND� oT  �#� �����C��N�$N���ก RxQ  �#� ก"�)
$$�!�����D�!�*��ก�%G�ก�[�ก���A� 
H)� Q  �#� ก"�)
$$�!�����D�!�*����!	CF���� 
 

G�ก	�ก���*� (35)- (37) ���	����ZG
%H��G"�)�$�)�

N�$Z
$�[�ก��BH��
F��!#��$'!
ก����!ก��()�
�� �%*�+)'�D�ACF'!�C�N�$	�ก��	Z�!� (state equation) �%D%
$!*& 

 

 
 (38) 

 
 
 %A�F�

�H��
F�$c ZCกH	%$��D'! 
���$�*� 2 
 

 

 



 

36 

������%� 2  �F�

�H���*�'ED'!H��G"�)�$�)�

N�$Z
$�[�ก��BH��
F��!#��$'!ก����!ก��()�
    
    �� �%*�+)  (J.M.N van Kasteren and A.P. Nisworo, 2006) 
 


�H�� �F� �!F�A 

ρ  0.878 lkg /  

V  200 l  
TGiq  5 minl /  
Aiq  5 minl /  
oq  10 minl /  
TGim&  4.39 minkg /  

Aim&  4.39 minkg /  

om&  8.78 minkg /  

RxH∆  0.3585 molcal /  
RxQ  202.194 mincal /  

TGiT  303.15 K  
AiT  303.15 K  
oT  303.15 K  
pC  113.3983 )/( Klcal ⋅  

pTGC  397.935 )/( Klcal ⋅  

pAC  19.0005 )/( Klcal ⋅  

poC  113.3983 )/( Klcal ⋅  

R  1.987 )/( Kmolcal ⋅  
 
 Heat of reaction (slightly endothermic), RxQ , �*�F���F�ก
� 0.032 skJ /  	"���
������
� 
0.4555 3m  (J.M.N van Kasteren and A.P. Nisworo, 2006) 	"���
������*������กH���*�����
�
��F�ก
� 0.2 3m  (200 l ) �"�ก����*A�	
%	F�!G��%D RxQ  �*�F���F�ก
� 0.0141 skJ /  
F���H�)$
�!F�A��#��'EDก
������*������กH���*�F���F�ก
� 202.194 mincal /  
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 ก���"�!���F� RxH∆  ��������F�����G�ก����กH����F�ก
� 80000 yeartonnes /  
(J.M.N van Kasteren and A.P. Nisworo, 2006) Molecular weight N�$�� �%*�+)�*�F���F�ก
� 
270.45 molg /  H�)$�!F�A�F�����G�ก����กH��      
 

s

mol

s

mol

s

g

year

tonnes
3799.9

606024365

45.270/)1080000(

606024365

1080000

1

80000 66

=
×××

×
=

×××
×

=  

 
G�ก RxQ  �*�F���F�ก
� 0.032 skJ /  ���	����Z�� 
 

mol

kJ

mol

s

s

kJ
H Rx 0034.0

3799.9

1
032.0 =⋅=∆  

 

F���H�)$�!F�A��#��'EDก
������*������กH���*�F���F�ก
� 0.3585 molcal /  
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3. <Hก;� �fA���%�<Hก;� 

G�ก������F�E�$�	D! (Nonlinear System) 
 

 
 

 
ก"��!%

�H��	�

 

�H����!��
 H)�

�H������B��
 �#� 
 

 

 
 

 
H��G"�)�$�)�

N�$Z
$�[�ก��BH��
F��!#��$'!ก����!ก��()�
�� �%*�+)G��ACF'!�C�N�$
	�ก��	Z�!� (state equation) �%D%
$!*& 
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 %Aก"��!% Initial conditions �#� 
 

 

 

 
 

�|Q���*��WกP��#� 
 

 %A�*�$#��!�N%
$!*&: 

 

                                 

 
!
&!กu�#����
D�$ก��)%��)��*�G�%	�%�D�A��#���)��*������ND�ND!�ND�	CF	�����$

�  %A�*�$#��!�N

���*�ก"��!% 
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4. 
#��กF���������������]���e�ก�9	J���I�
�����!�ก�����ก��"#��$����%
&# 

 
N
&!
�!!*&G������AZW$ก���)#�กG�%�"�$�!	"���
�Z
$�[�ก��BH��
F��!#��$'!

ก����!ก��()�
�� �%*�+)  %A�*��A)���*A%%
$!*& 
  

��G����H��G"�)�$�)�

N�$Z
$�[�ก��BH��
F��!#��$'!ก����!ก��()�
�� �%*�+)
��
	�ก���*� (38) '�D�ACF'!�C�N�$ 

 
 

 
�%)�$���!�F� u  ��#��'�D�%D�����C���*� 333.15 K  (60oC) +W�$��w!�����C���*������	�'!ก��
�ก�%�[�ก���A� ( Darnoko, D., Munir Cheryan.  2000.) 
������*� 12 
 

ssu ssx

 
 

����%� 12  ก���)#�กG�%�"�$�!	"���
�Z
$�[�ก��BH��
F��!#��$'!ก����!ก��()�
�� �%*�+) 
 

+W�$�F�   �*�   (5.9303 KW) G�'�D�F� 7x  (T ) ��F�ก
� 333.15 K  (60oC) 
%D�A��
�!*& ���GW$�)#�กG�%�"�$�!�*�   

 
 

 

 
+W�$��w!��
���$#��!�N 
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5. Linearization B��J��F��#��$�I
C��
�E� (nonlinear model) 

 
Linearization �#� ก��������H��G"�)�$��F�E�$�	D! (nonlinear model) '�D��w!

H��G"�)�$�E�$�	D! (linear model) �*�G�%�"�$�!G�%�!W�$ ��#����������BH��G"�)�$��F�E�$�	D! 
(nonlinear model) ��w!H��G"�)�$�E�$�	D! (linear model) � G�%�"�$�!!
&!�%D  
	��
��F�H��G"�)�$�)�

��F�E�$�	D!��w! 
 

),( uxfx =&  
 
��#�� x  ��w!	Z�!� (state) H)� u  ��w! input ก���������E�$�	D!N�$	�ก��!*&	����ZZCก�%D��
 %Aก��'ED taylor series expansion H)�ก��

%�G!B�)
$�G!B�
!%
�H�ก (first-order term) ��ก 
G�%�D�$��$	"���
� linearization �#� G�%�"�$�! steady-state �ก
� ),( ssss ux  
 

)()(),(),(
,,

ss
ux

ss
ux

ssss uu
u

f
xx

x

f
uxfuxf

ssssssss

−
∂
∂

+−
∂
∂

+≅  

 
 %Aก��!�A�� �$#��!�N steady-state 0),( =ssss uxf  !�กG�ก!*&

�H����*�A$��! (deviation 
variable) (G�ก steady state) ��w!()G�ก����E�
�N�$ taylor series expansion ก)F���#� 

ssxxx −=δ  H)� ssuuu −=δ  %
$!
&! linearized differential equation '!�G!BN�$ xδ  H)� uδ  
�#� (�)
$G�กH�!�F� xx && =δ ) 
 

u
u

f
x

x

f
x

ssssssss uxux

δδδ
,, ∂

∂
+

∂
∂

=&  

 

uBxAx δδδ +=&  
 

��#�� 
ssss uxx

f
A

,∂
∂

=  H)� 
ssss uxu

f
B

,∂
∂

=  

 
 
 



 

42 

�"�!�$�%*A�ก
! 

u
u

h
x

x

h
y

ssssssss uxux

δδδ
,, ∂

∂
+

∂
∂

=&  

 

uDxCy δδδ +=&  

��#�� 
ssss uxx

h
C

,∂
∂

= , 
ssss uxu

h
D

,∂
∂

=  H)� ssyyy −=δ      

 
Linearization �������]���e�ก�9	J���I�
�����!�ก�����ก��"#��$����%
&# 
  

���	����Z�"�ก�� Linearization �%D%
$!*& 
 

uBxAx δδδ +=&  
uDxCy δδδ +=&  

��#�� 

 

 

 

 

 
 



 

43 

"#J#���F��9	 

"# 
 

$�!���A�!��!�B!*&��กH��ก���%)�$��w! 5 ก���%)�$�)
ก %
$!*& 
 
ก����#�����ก��F��#�� (Simulation) 

 
1. 

��������*�� %A'ED���* Pole placement 

1.1.  

��������*�� %A'ED���* Pole placement 
1.2.  

��������*�� %A'ED���* Pole placement with Input Saturation  

2. 

��������*�� %A'ED���*  Particle Swarm Optimization (cost function = IAE) 
2.1. 

��������*�� %A'ED���*  Particle Swarm Optimization  
2.2. 

��������*�� %A'ED���*  Particle Swarm Optimization with Input Saturation 

3. 

��������*�� %A'ED���*  Particle Swarm Optimization  
(cost function = tf �*��"�'�D x(4) = 2.104) 

3.1. 

��������*�� %A'ED���*  Particle Swarm Optimization  
3.2. 

��������*�� %A'ED���*  Particle Swarm Optimization with Input Saturation 

4. 

�������������*�	�% with Input Saturation (cost function = tf �*��"�'�D x(4) = 2.104) 
5. 

�������������*�	�% with Input Saturation  (cost function = tf �*��"�'�D x(4) = 2.104,  

x(7) = 333.15) 
 

ก����#�����ก�������ก�	!CE (Implementation) 

 
1 FieldPoint and HMI  %A'EDก���%)�$�*� 5 

 
 %A�*��A)���*A%
F�$c%
$!*& 
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ก����#���%� 1 ����������%$����!CE���% Pole placement 

 
      ก���%)�$�*� 1 'ED

�������H���*���*���กH�� %A'ED���* Pole placement ������
�����ND�ND!N�$�� �%*�+) '!Z
$�[�ก��BH��
F��!#��$'�D�%D�*� 2.104 lmol /  �*������C�� 
333.15 K %AH�F$��w!N
&!
�! %
$!*& 

 
1.1.  

��������*�� %A'ED���* Pole placement 

��G�������� 

),( uxfx =&  
),( uxhy =  

 
��#�� nRx∈  �#� 	Z�!� (state), pRu∈ �#� control input, pRy∈  �#� controlled output, 
�|$กBE
! f , h  ���!��
!�B�%D�AF�$
F��!#��$'! ),( ux '! %��! pn

ux RRDD ×⊂×  '�D 
p

r RDr ⊂∈  ��w!�F��D�$��$�$�*� 
 
 ���
D�$ก����กH��

�������H�����!ก)
�+W�$ 
 

∞→→ tasrty )(  
 
ก"��!%'�D yre −=  
 

PK

IK∫

+−

++r e

σ

y

),(

),(

uxhy

uxfx

=

=&u

 

����%� 13  ก��������E!�%�*�� 
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G�ก����*� 13  ก��������E!�%�*�� ก"��!%'�D 
 

σIp KyrKu +−= )(  
 
 %A PK , IK  �#� �

��ก��NA�A�* H)� �

��ก��NA�A�� 
��)"�%
� G�ก!
&!ก"��!%'�D 
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�"� linearization N�$�����$�}%G��%D 
 

r
r

rfrf

ssssssss rrrr

δ
ξ

δξ
ξ
ξ

ξδ
ξξξξ ====

∂
∂

+
∂

∂
=

,,

),(),(
&  

 
��#��  
 

ss

ss

rrr −=

−=

δ

ξξδξ
,    

ssss rr

rf
A

==
∂

∂
=

,

),(

ξξ
ξ
ξ ,   

ssss rr
r

rf
B

==
∂

∂
=

,

),(

ξξ

ξ  

 
G�ก!
&!���F� PK , IK  �*��"�'�D A  �*�	Z*A���� 
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�"�
��N
&!
�!G��%D�F� PK , IK  �*��"�'�D A  �*�	Z*A���� �#�  
 

 
 

 
 %A�F�)
กP���M��� (eigenvalue) N�$�����$�}% ( A ) �*�F�%
$!*& 
 

 

 
+W�$�ACF'!��!����}%+D�A�#� (open left-half plane) �
&$��% 
 

G�กN
&!
�!�
&$��%�*�ก)F����	����Z�����������ND�ND!N�$�� �%*�+) ( ][E ) '!Z
$
�[�ก��BH��
F��!#��$'�D�%D�*� 2.104 lmol /   
������*� 14  %A�F�  
H)�  �%D()ก���%)�$
����� H)�
���$%D�!)F�$    
 

 
 
����%� 14  ก���%)�$�*� 1.1 

�������H���*�� %A
�$ 
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����%� 15  �����ND�ND!N�$	��
F�$c '!Z
$�[�ก��BN�$ก���%)�$�*� 1.1 

������� 
                  H���*�� %A
�$ 
 

 
 
����%� 16  �����ND�ND!N�$�� �%*�+) ( ][E ) '!Z
$�[�ก��BN�$ก���%)�$�*� 1.1 

�������          
                  H���*�� %A
�$ 
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����%� 17  �����C��'!Z
$�[�ก��BN�$ก���%)�$�*� 1.1 

�������H���*�� %A
�$ 

 

 
����%� 18  ก"�)
$$�!�����D�!�*����!'�DZ
$�[�ก��B ( Q ) N�$ก���%)�$�*� 1.1 

������� 
                  H���*�� %A
�$ 
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������%� 3  �F��*��F�!�%DG�ก���ก���%)�$�*� 1.1 

�������H���*�� %A
�$ 
 

 Peak time  
( min ) 

�F��*� Peak time Settling time 
( min ) 

�F��*� Settling 
time 

][E  ( lmol / ) 7.254 2.825 46.51 2.107 
T  ( K ) 149.1 333.2 49.84 322.4 

Q  ( mincal / ) 1 1.865 x 105 56.2 7.609 x 104 
       

 �!#��$G�ก ก���%)�$�*� 1.1 �ก�%�|Q��ก�����!ก"�)
$$�!�����D�! ( Q ) +W�$�*�F�)�'�Dก
�
Z
$�[�ก��B GW$�ก�% ก���%)�$�*� 1.2  %A 

 
1.2 

��������*�� %A'ED���* Pole placement with Input Saturation  

 
ก���%)�$�*� 1.2. 'ED

�������H���*���*���กH���%D�����������ND�ND!N�$�� �

%*�+) ( ][E ) '!Z
$�[�ก��BH��
F��!#��$'�D�%D�*� 2.104 mol/l  ����� saturation block �*�F�

&$H
F 0 ZW$ 

128976.7841 cal/min  (water heater 220V 9000W, �.H	$E
A���
��B) ��#�����$ก
!ก�����!�F�ก"�)
$
$�!�����D�! ( Q ) +W�$�*�F�)�'�Dก
�Z
$�[�ก��B
������*� 19  %A�F�  
H)�  �%D()ก���%)�$
����� H)�
���$%D�!)F�$    
 

 
 

����%� 19  ก���%)�$�*� 1.2 

�������H���*��H��G"�ก
% u  �F���ก 
 

PI Controller 
Saturation 

0-128976.78cal/min 
Biodiesel 
Reactor 

r e y u + 

- 
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����%� 20  �����ND�ND!N�$	��
F�$c '!Z
$�[�ก��BN�$ก���%)�$�*� 1.2  

�������H���*�� 
                      H��G"�ก
% u  �F���ก 
 

 
����%� 21  �����ND�ND!N�$�� �%*�+) ( ][E ) '!Z
$�[�ก��BN�$ก���%)�$�*� 1.2  

�������             
                 H���*��H��G"�ก
% u  �F���ก 
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����%� 22  �����C��'!Z
$�[�ก��BN�$ก���%)�$�*� 1.2 

�������H���*��H��G"�ก
% u  �F���ก 

 

 
 

����%� 23  ก"�)
$$�!�����D�!�*����!'�DZ
$�[�ก��B ( Q ) N�$ก���%)�$�*� 1.2  

�������H���*�� 
                  H��G"�ก
% u  �F���ก 
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������%� 4  �F��*��F�!�%DG�ก���ก���%)�$�*� 1.2 

�������H���*��H��G"�ก
% u  �F���ก 
 

 Peak time  
( min ) 

�F��*� Peak time Settling time 
( min )              

�F��*� Settling 
time 

][E  ( lmol / ) 8.105 2.843 50.99 2.061 
T  ( K ) 149 333.1 67.96 328.4 

Q  ( mincal / ) 1 1.289 x 105 111.7 8.392 x 104 
 
 
ก����#���%� 2 ����������%$����!CE���%  Particle Swarm Optimization (cost function = IAE) 

 
ก���%)�$�*� 2 'ED

�������H���*���*���กH�� %A'ED���* Particle Swarm Optimization     

���F�  H)��F�  �*�%*�*�	�%��#�������������ND�ND!N�$�� �%*�+) '!Z
$�[�ก��B
H��
F��!#��$'�D�%D�*� 2.104 lmol /   %AH�F$��w!N
&!
�! %
$!*& 

 
6. 

��������*�� %A'ED���*  Particle Swarm Optimization (PSO) 

 
���* PSO G���w!���*�*�	����Z���F�  H)��F�  %*�*�	�% � local optimization  %AG�

�%D�F�  = 23492.1221 H)��F�  = 7168.1883 �%D()ก���%)�$
����� H)�
���$
%D�!)F�$    
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����%� 24  �����ND�ND!N�$	��
F�$c '!Z
$�[�ก��BN�$ก���%)�$�*� 2.1  

�������H���*��  
                  %A'ED���*  PSO 
 

 
 

����%� 25  �����ND�ND!N�$�� �%*�+) ( ][E )'!Z
$�[�ก��BN�$ก���%)�$�*� 2.1  

������� 
                 H���*�����'ED���*  PSO 
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����%� 26  �����C��'!Z
$�[�ก��BN�$ก���%)�$�*� 2.1  

�������H���*�� %A'ED���*  PSO 
 

 
 

����%� 27  ก"�)
$$�!�����D�!�*����!'�DZ
$�[�ก��BN�$ก���%)�$�*� 2.1  

�������H���*��         
                  %A'ED���*  PSO 
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������%� 5  �F��*��F�!�%DG�ก���ก���%)�$�*� 2.1  

�������H���*�� %A'ED���*  PSO 
 

 Peak time  
( min ) 

�F��*� Peak time Settling time 
( min )              

�F��*� Settling 
time 

][E  ( lmol / ) 8.105 2.843 50.99 2.061 
T  ( K ) 149 333.1 67.96 328.4 

Q  ( mincal / ) 1 1.289 x 105 111.7 8.392 x 104 
 
�!#��$G�ก ก���%)�$�*� 2.1 �ก�%�|Q��ก�����!ก"�)
$$�!�����D�! ( Q ) +W�$�*�F�)��ACF�)uก!D�AGW$
�ก�% ก���%)�$�*� 2.2  %A 

 
6. 

��������*�� %A'ED���*  Particle Swarm Optimization with Input Saturation 
 

ก���%)�$�*� 2.2.'ED

�������H���*�� %A'ED���* PSO ��#�������������ND�ND!N�$��
 �%*�+) ( ][E ) '!Z
$�[�ก��BH��
F��!#��$'�D�%D�*� 2.104 mol/l   %A����� saturation block �*�F�

&$H
F 
0 ZW$ 128976.7841 cal/min  (water heater 220V 9000W, �.H	$E
A���
��B) ��#�����$ก
!ก�����!�F�
ก"�)
$$�!�����D�! ( Q ) +W�$�*�F�)�'�Dก
�Z
$�[�ก��B
������*� 19  %A�F� KP =13492.1221 
H)�  KI =7168.1883 �%D()ก���%)�$
����� H)�
���$%D�!)F�$      
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����%� 28  �����ND�ND!N�$	��
F�$c '!Z
$�[�ก��BN�$ก���%)�$�*� 2.2 

�������H���*�� %A 
                 'ED���* PSO H��G"�ก
% u  �F���ก 
 

 
 

����%� 29  �����ND�ND!N�$�� �%*�+) ( ][E ) '!Z
$�[�ก��BN�$ก���%)�$�*� 2.2 

������� 
                 H���*�� %A'ED���* PSO H��G"�ก
% u  �F���ก 
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����%� 30  �����C��'!Z
$�[�ก��BN�$ก���%)�$�*� 2.2 

�������H���*�� %A'ED���* PSO  
                  H��G"�ก
% u  �F���ก 
 

 
 

����%� 31  ก"�)
$$�!�����D�!�*����!'�DZ
$�[�ก��B ( Q ) N�$ก���%)�$�*� 2.2 

������� 
                  H���*�� %A'ED���* PSO H��G"�ก
% u  �F���ก 
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������%� 6  �F��*��F�!�%DG�ก���ก���%)�$�*� 2.2 

�������H���*�� %A'ED���* PSO  
                  H��G"�ก
% u  �F���ก 
 

 Peak time  
( min ) 

�F��*� Peak time Settling time 
( min )              

�F��*� Settling 
time 

][E  ( lmol / ) 12.43 2.494 65.3 2.044 
T  ( K ) 164.2 333.1 64.66 327.5 

Q  ( mincal / ) 180.9 8.489 x 104 61.04 7.367 x 104 
 
ก����#���%� 3  ����������%$����!CE���%  Particle Swarm Optimization (cost function = tf �%����

!�E x(4) = 2.104) 

 
3.1 

��������*�� %A'ED���* Particle Swarm Optimization (cost function = tf �*��"�'�D  

x(4) = 2.104) 
 

ก���%)�$�*� 3.1 'ED

�������H���*���*���กH�� %A'ED���* Particle Swarm 
Optimization     ���F�  H)��F�  �*�%*�*�	�%��#�������������ND�ND!N�$�� �%*�+) '!Z
$
�[�ก��BH��
F��!#��$'�D�%D�*� 2.104 lmol /  H)�'ED��)�'!ก��()�
!D�A�*�	�%  

 
���* PSO G���w!���*�*�	����Z���F�  H)��F�  %*�*�	�% � local optimization  %AG��%D 

�F�  = 1453.0657 H)��F�  = 7304.5471 �%D()ก���%)�$
����� H)�
���$%D�!)F�$    
 



 

59 

 
 

����%� 32  �����ND�ND!N�$	��
F�$c '!Z
$�[�ก��BN�$ก���%)�$�*� 3.1 

��������*�� %A 
                 'ED���*  Particle Swarm Optimization (cost function = tf �*��"�'�D x(4) = 2.104) 
 

 
 

����%� 33  �����ND�ND!N�$�� �%*�+) ( ][E ) '!Z
$�[�ก��BN�$ก���%)�$�*� 3.1 

��������*��  
                  %A'ED���*  Particle Swarm Optimization (cost function = tf �*��"�'�D x(4) = 2.104) 
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����%� 34  �����C��'!Z
$�[�ก��BN�$ก���%)�$�*� 3.1 

��������*�� 
                  %A'ED���*  Particle Swarm Optimization (cost function = tf �*��"�'�D x(4) = 2.104) 
 

 
 

����%� 35  ก"�)
$$�!�����D�!�*����!'�DZ
$�[�ก��B ( Q ) N�$ก���%)�$�*� 3.1 

��������*�� 
                  %A'ED���*  Particle Swarm Optimization (cost function = tf �*��"�'�D x(4) = 2.104) 
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������%� 7  �F��*��F�!�%DG�ก���ก���%)�$�*� 3.1 

��������*�� %A'ED���*  Particle Swarm  
                  Optimization (cost function = tf �*��"�'�D x(4) = 2.104) 
 

 Peak time  
( min ) 

�F��*� Peak time Settling time 
( min )              

�F��*� Settling 
time 

][E  ( lmol / ) 15 2.492 49.64 1.747 
T  ( K ) 155.5 333.1 52.71 320.1 

Q  ( mincal / ) 166.3 8.489 x 104 42.07 3.643 x 104 
 
�!#��$G�ก ก���%)�$�*� 3.1 �ก�%�|Q��ก�����!ก"�)
$$�!�����D�! ( Q ) +W�$�*�F�)��ACF�)uก!D�AGW$
�ก�% ก���%)�$�*� 3.2  %A 
 

3.2.   

��������*�� %A'ED���*  Particle Swarm Optimization with Input Saturation 
 

ก���%)�$�*� 3.2 'ED

�������H���*���*���กH�� %A'ED���* Particle Swarm 
Optimization  with Input Saturation ���F�  H)��F�  �*�%*�*�	�%��#�������������ND�ND!N�$  
�� �%*�+) '!Z
$�[�ก��BH��
F��!#��$'�D�%D�*� 2.104 lmol /  H)�'ED��)�'!ก��()�
!D�A
�*�	�%  

 
���* PSO G���w!���*�*�	����Z���F�  H)��F�  %*�*�	�% � local optimization  %AG��%D

�F�  = 1453.0657 H)��F�  = 7304.5471 �%D()ก���%)�$
����� H)�
���$%D�!)F�$    
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����%� 36  �����ND�ND!N�$	��
F�$c '!Z
$�[�ก��BN�$ก���%)�$�*� 3.2 

��������*�� 
                  %A'ED���* Particle Swarm Optimization with Input Saturation (cost function = tf �*��"�  
                  '�D x(4) = 2.104) 
 

 
 

����%� 37  �����ND�ND!N�$�� �%*�+) ( ][E ) '!Z
$�[�ก��BN�$ก���%)�$�*� 3.2  
                  

��������*�� %A'ED���*  Particle Swarm Optimization with Input Saturation (cost   
                  function = tf �*��"�'�D x(4) = 2.104) 
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����%� 38  �����C��'!Z
$�[�ก��BN�$ก���%)�$�*� 3.2 

��������*�� %A'ED 
                  ���*  Particle Swarm Optimization with Input Saturation (cost function = tf  
                  �*��"�'�D x(4) = 2.104) 
 

 
 

����%� 39  ก"�)
$$�!�����D�!�*����!'�DZ
$�[�ก��B ( Q ) N�$ก���%)�$�*� 3.2 

��������*�� 
                   %A'ED���* Particle Swarm Optimization with Input Saturation (cost function = tf  �*��"�  
                   '�D x(4) = 2.104) 
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������%� 8  �F��*��F�!�%DG�ก���ก���%)�$�*� 3.2 

��������*�� %A'ED���*  Particle Swarm   
                  Optimization with Input Saturation (cost function = tf �*��"�'�D x(4) = 2.104) 
 

 Peak time  
( min ) 

�F��*� Peak time Settling time 
( min )              

�F��*� Settling 
time 

][E  ( lmol / ) 15 2.492 49.64 1.747 
T  ( K ) 155.5 333.1 52.71 320.1 

Q  ( mincal / ) 166.3 8.489 x 104 42.07 3.643 x 104 
 
ก����#���%� 4 ���������
�����%���� with Input Saturation (cost function = tf  �%����!�E  

          x(4) = 2.104) 
 

ก���%)�$�*� 4 'ED

�������������*�	�%�*���กH�� %A�*��* Input Saturation ��#�����F�
Lagrange Multiplier  ��#��)%��)�ก��()�
'�D!D�A�*�	�%'!ก��()�
�� �%*�+) '!Z
$
�[�ก��BH��
F��!#��$'�D�%D�*� 2.104 lmol /   %A�*�G�%	�%�D�A�%D�F�  = 0.012902  �%D()ก���%)�$

����� H)�
���$%D�!)F�$    
 

 
 

����%� 40  �����ND�ND!N�$	��
F�$c '!Z
$�[�ก��BN�$ก���%)�$�*� 4 

�������������*�	�% with   
                  Input Saturation  (cost function = tf �*��"�'�D x(4) = 2.104) 
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����%� 41 �����ND�ND!N�$�� �%*�+) ( ][E ) '!Z
$�[�ก��BN�$ก���%)�$�*� 4 

������������ 
                 �*�	�% with Input Saturation  (cost function = tf �*��"�'�D x(4) = 2.104) 
 

 
 

����%� 42  �����C��'!Z
$�[�ก��BN�$ก���%)�$�*� 4 

�������������*�	�% with Input Saturation   
                 (cost function = tf �*��"�'�D x(4) = 2.104) 
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����%� 43  ก"�)
$$�!�����D�!�*����!'�DZ
$�[�ก��B ( Q ) N�$ก���%)�$�*� 4 

�������������*�	�%  
                  with Input Saturation  (cost function = tf �*��"�'�D x(4) = 2.104) 
 
������%� 9  �F��*��F�!�%DG�ก���ก���%)�$�*� 4 

�������������*�	�% with Input Saturation  (cost  
                   function = tf �*��"�'�D x(4) = 2.104) 
 

 Peak time  
( min ) 

�F��*� Peak time Settling time 
( min )              

�F��*� Settling 
time 

][E  ( lmol / ) 7.49 2.104 4.694 1.634 
T  ( K ) 7.497 309 6.248 307.1 

Q  ( mincal / ) 6.12 8.489 x 104 6.944 4.68 x 104 
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ก����#���%� 5 ���������
�����%���� with Input Saturation  (cost function = tf �%����!�E x(4) 

= 2.104, x(7) = 333.15) 

 
ก���%)�$�*� 5 'ED

�������������*�	�%�*���กH�� %A�*��* Input Saturation ��#�����F�

Lagrange Multiplier  ��#��)%��)�ก��()�
'�D!D�A�*�	�%'!ก��()�
�� �%*�+) '!Z
$
�[�ก��BH��
F��!#��$'�D�%D�*� 2.104 lmol /  H)������C����F�ก
� 333.15 K (60oC)  %A�*�G�%	�%�D�A
�%D�F�  = -14.865 �%D()ก���%)�$
����� H)�
���$%D�!)F�$    
 

 
 

����%� 44  �����ND�ND!N�$	��
F�$c '!Z
$�[�ก��BN�$ก���%)�$�*� 5 

�������������*�	�% with  
                   Input Saturation  (cost function = tf �*��"�'�D x(4) = 2.104, x(7) = 333.15) 
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����%� 45  �����ND�ND!N�$�� �%*�+) ( ][E ) '!Z
$�[�ก��BN�$ก���%)�$�*� 5 

������������ 
                  �*�	�% with Input Saturation  (cost function = tf �*��"�'�D x(4) = 2.104, x(7) = 333.15) 
 

 
 

����%� 46  �����C��'!Z
$�[�ก��BN�$ก���%)�$�*� 5 

�������������*�	�% with Input Saturation   
                  (cost function = tf �*��"�'�D x(4) = 2.104, x(7) = 333.15) 
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����%� 47  ก"�)
$$�!�����D�!�*����!'�DZ
$�[�ก��B ( Q ) N�$ก���%)�$�*� 5 

�������������*�	�%  
                  with Input Saturation  (cost function = tf �*��"�'�D x(4) = 2.104, x(7) = 333.15) 
 
������%� 10  �F��*��F�!�%DG�ก���ก���%)�$�*� 5 

�������������*�	�% with Input Saturation   
                    (cost function = tf �*��"�'�D x(4) = 2.104, x(7) = 333.15) 
 

 Peak time  
( min ) 

�F��*� Peak time Settling time 
( min )              

�F��*� Settling 
time 

][E  ( lmol / ) 20.21 2.845 46.78 2.368 
T  ( K ) 69.54 333.1 27.8 330.5 

Q  ( mincal / ) 12.62 8.489 x 104 37.92 8.343 x 104 
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ก����#���%� 6 FieldPoint and HMI ���!CEก����#���%� 5 

 
ก���%)�$�*� 6 

�������H���*�� %A'ED

�������������*�	�% with Input Saturation 

(cost function = tf �*��"�'�D x(4) = 2.104, x(7) = 333.15) �!FieldPoint H)� HMI +W�$'ED

�������
H���*���*���กH���%D�����������ND�ND!N�$�� �%*�+) ( ][E ) '!Z
$�[�ก��BH��
F��!#��$'�D
�%D�*� 2.104 lmol /  H)�'ED��)�!D�A�*�	�%��A'
D�$#��!�N�)
$$�!��F
�"�ก�F� 0 cal/min H)���F�ก�! 
1.28976 x 105 cal/min �%D()ก���%)�$
����� H)�
���$%D�!)F�$  %A!"������A�ก
Bก
� HMI 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

�������H���*�� %A'ED�\P[*������*�	�%H��
�*�$#��!�N�)
$$�! 

 HMI 	"���
�Z
$�[�ก��BH��
F��!#��$'!
ก����!ก��()�
�� �%*�+) 

ก���%)�$

�������H���*�� %A'ED�\P[*������*�	�%
H���*�$#��!�N�)
$$�!�! FieldPoint H)� HMI 

����%� 48  N
&!
�!ก���%)�$�*� 4 

�������H���*�� %A'ED�\P[*������*�	�%H���*�$#��!�N�)
$$�!  
                 �! FieldPoint H)� HMI 
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����%� 49  H(!���H	%$ก���"�$�!N�$ HMI 
 

 
 

����%� 50  H(!���H	%$ Block Diagram 
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��F��9	 
 

G�กก���%)�$���F� 
 

1. 

��������*�� %A'ED���* Pole placement 
 

1.1. 

��������*�� %A'ED���* Pole placement 
 

ก���%)�$�*� 1.1 'ED

�������H���*���*���กH�� %A'ED���* Pole placement 
	����Z�����������ND�ND!N�$�� �%*�+) '!Z
$�[�ก��BH��
F��!#��$'�D�%D�*� 2.104 lmol /  
�*������C�� 333.15 K  %A�*�F� setting time = 46.51 !��* H
F�ก�%�|Q��ก�����!ก"�)
$$�!�����D�! 
(Q) +W�$�*�F�
�%)�'�Dก
�Z
$�[�ก��B 

 
1.2. 

��������*�� %A'ED���* Pole placement with Input Saturation  

 
ก���%)�$�*� 1.2 'ED

�������H���*���*���กH�� %A'ED���* Pole placement 

	����Z�����������ND�ND!N�$�� �%*�+) '!Z
$�[�ก��BH��
F��!#��$'�D�%D�*� 2.104 lmol /  
H)��*������C�� 333.15 K H)�HกD�|Q��ก�����!ก"�)
$$�!�����D�! (Q) +W�$�*�F�
�%)�'�Dก
�Z
$
�[�ก��B  %Aก������� Saturation Block �*��*�F�

&$H
F 0 ZW$ 128976.7841 cal/min (water heater 220V 
9000W, �.H	$E
A���
��B) +W�$	����Z���$ก
!ก�����!ก"�)
$$�!�����D�!
�%)��%D  %A�*�F� setting 
time = 50.99 !��* H
FกuA
$�*ก��'ED�F�  H)��F�  �F�!ND�$��ก +W�$��F��w!()%*
F� Heater �*�'�D
�����D�!H
FZ
$�[�ก��B�����
D�$�
�����'!ก����)*�A!H�)$�)
$$�!�AF�$��%��u� 
 

2. 

��������*�� %A'ED���*  Particle Swarm Optimization (cost function = IAE) 
 

2.1. 

��������*�� %A'ED���*  Particle Swarm Optimization  
 

ก���%)�$�*� 2.1 'ED

�������H���*���*���กH�� %A'ED���* Particle Swarm 
Optimization     ���F�  H)��F�  �*�%*�*�	�%��#�������������ND�ND!N�$�� �%*�+)  '!Z
$
�[�ก��BH��
F��!#��$'�D�%D�*� 2.104 lmol /  H)������C���*������C�� 333.15 K                                 
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�*�F� setting time = 50.99 !��* 	����Z�������%D
���*�
D�$ก�� %A�*�

��ก����)*�A!H�)$N�$
�)
$$�!�*����!ED�ก�F�'ED

�������H���*���*���กH�� %A'ED���* Pole Placement +W�$��w!ND�%*
	"���
�ก��()�
�!#��$G�ก Heater G��%D��F
D�$�
������!
ก'!ก����)*�A!��%
��)
$$�! H
FกuA
$
�ก�%�|Q��ก�����!ก"�)
$$�!�����D�! (Q) +W�$�*�F�
�%)�'�Dก
�Z
$�[�ก��B�ACF 
 
 

2.2. 

��������*�� %A'ED���*  Particle Swarm Optimization with Input Saturation 
 

ก���%)�$�*� 2.2 'ED

�������H���*���*���กH�� %A'ED���* Particle Swarm 
Optimization     ���F�  H)��F�  �*�%*�*�	�%��#�������������ND�ND!N�$�� �%*�+) '!Z
$
�[�ก��BH��
F��!#��$'�D�%D�*� 2.104 lmol /  H)������C���*������C�� 333.15 K  �*�F� setting time = 
65.3 !��* H)�HกD�|Q��ก�����!ก"�)
$$�!�����D�! (Q) +W�$�*�F�
�%)�'�Dก
�Z
$�[�ก��B %Aก��
����� Saturation Block �*��*�F�

&$H
F 0 ZW$ 128976.7841 cal/min (water heater 220V 9000W, �.H	$
E
A���
��B) +W�$	����Z���$ก
!ก�����!ก"�)
$$�!�����D�!
�%)��%D H)�	����Z�������%D
���*�

D�$ก�� %A�*�

��ก����)*�A!H�)$N�$�)
$$�!�*����!ED�ก�F�'ED

�������H���*���*���กH��
 %A'ED���* Pole Placement +W�$��w!ND�%*	"���
�ก��()�
�!#��$G�ก Heater G��%D��F
D�$�
������!
ก
'!ก����)*�A!��%
��)
$$�!  
 

3. ����������%$����!CE���%  Particle Swarm Optimization (cost function = tf �%����!�E 

x(4) = 2.104) 
 

3.1. 

��������*�� %A'ED���*  Particle Swarm Optimization  
 

ก���%)�$�*� 3.1 'ED

�������H���*���*���กH�� %A'ED���* Particle Swarm 
Optimization     ���F�  H)��F�  �*�%*�*�	�%��#�������������ND�ND!N�$�� �%*�+) '!Z
$
�[�ก��BH��
F��!#��$'�D�%D�*� 2.104 lmol /  H)�'ED��)�'!ก��()�
!D�A�*�	�%  %A�*�F� setting time 
= 49.64 !��* H
FกuA
$�ก�%�|Q��ก�����!ก"�)
$$�!�����D�! (Q) +W�$�*�F�
�%)�'�Dก
�Z
$�[�ก��B�ACF
�)uก!D�A 
 

3.2. 

��������*�� %A'ED���*  Particle Swarm Optimization with Input Saturation 
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ก���%)�$�*� 3.2 'ED

�������H���*���*���กH�� %A'ED���* Particle Swarm 

Optimization     ���F�  H)��F�  �*�%*�*�	�%��#�������������ND�ND!N�$�� �%*�+) '!
Z
$�[�ก��BH��
F��!#��$'�D�%D�*� 2.104 lmol /  H)������C���*������C�� 333.15 K  H)�'ED��)�'!
ก��()�
!D�A�*�	�%  %A�*�F� setting time = 49.64 !��* H)�HกD�|Q��ก�����!ก"�)
$$�!�����D�! 
(Q) +W�$�*�F�
�%)�'�Dก
�Z
$�[�ก��B %Aก������� Saturation Block �*��*�F�

&$H
F 0 ZW$ 128976.7841 
cal/min (water heater 220V 9000W, �.H	$E
A���
��B) +W�$	����Z���$ก
!ก�����!ก"�)
$$�!����
�D�!
�%)��%D H)�	����Z�������%D
���*�
D�$ก��  

 
4. ���������
�����%���� with Input Saturation (cost function = tf �%����!�E x(4) = 

2.104) 
 

ก���%)�$�*� 4 'ED

�������������*�	�%�*���กH�� %A�*��* Input Saturation ��#����
�F� Lagrange Multiplier  ��#��)%��)�ก��()�
'�D!D�A�*�	�%'!ก��()�
�� �%*�+) '!Z
$
�[�ก��BH��
F��!#��$'�D�%D�*� 2.104 lmol /   %A�*�G�%	�%�D�A�%D�F�  = 0.012902  %A�*�F� setting 
time 4.694 !��* �!#��$G�ก�����F�%Dก"��!%�����C���*�G�%	�%�D�A�F���w! 333.15 K GW$�"�'�D�F�����
�ND�ND!N�$	���#�!cH)������C���*�G�%	�%�D�A��F�%D
���*�
D�$ก�� 
 
 

5. ���������
�����%���� with Input Saturation  (cost function = tf �%����!�E x(4) = 

2.104, x(7) = 333.15) 
 

ก���%)�$�*� 5 'ED

�������������*�	�%�*���กH�� %A�*��* Input Saturation ��#�����F�
Lagrange Multiplier  ��#��)%��)�ก��()�
'�D!D�A�*�	�%'!ก��()�
�� �%*�+) '!Z
$
�[�ก��BH��
F��!#��$'�D�%D�*� 2.104 lmol /  H)������C����F�ก
� 333.15 K (60oC)  %A�*�G�%	�%�D�A
�%D�F�  = -14.865 ()�*��%D	����Z�����������ND�ND!H)������C���%D
���*�
D�$ก��  %A�*�F� 
setting time 46.78 !��* 
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6. ก���%)�$ %Aก�����A�ก
B'ED  
 

FieldPoint and HMI  %A'EDก���%)�$�*� 5 	����Z�����������ND�ND!H)�
�����C���%D
���*�
D�$ก�� %A'ED FieldPoint '!ก���
�	F$ND��C)��#��H	%$()H)������� 



  
 
 
    76 

����J#�BE�
���J�� 

 
���� 

 
G�กก���%)�$�
&$��%�*�(F�!��	����%D�F� 

�������������*�	�%�*��* input saturation  %A*

�$#��!�N��$%D�!��)�H)��$#��!�N�*�G�%	�%�D�A�#������ND�ND!N�$��	�
��B x(4) = 2.104 �����C��'!
Z
$�[�ก��B x(7) = 333.15 	����Z)%��)�H)��)
$$�!'!ก��()�
�%D%*�*�	�%  %AND�%*�*ก�AF�$�#�
�

��ก����)*�A!H�)$�)
$$�!H)������D�!��F�%D�*ก����)*�A!H�)$�AF�$��%��u�+W�$�*()�"�'�D��A�
ก��'ED$�!N�$ Heater A��!�!NW&!��#�����*A���*A�ก
����*

��������*�� %A PSO H)�

�������
�*��%D�A���* pole placement  %A�*�

��������*�� %A PSO !
&!	����Z)%��)�ก��()�
H)�
�)
$$�!�%DH
F�

��ก����)*�A!H�)$�)
$$�!H)������D�!!
&!��)*�A!H�)$�AF�$��%��u�+W�$��F��w!
()%*
F� Heater 	F�!

��������*��%D�A���* pole placement !
&!	����Z�����������ND�ND!H)�
�����C���%D
���*�
D�$ก��H
F�*�|Q���*��)
$$�!�*����!�ND�	CFZ
$�[�ก��B!
&!
�%)� +W�$ Heater ��F
	����Z�"��%DGW$
D�$'	F Saturation Block H
Fกu
D�$'ED�)
$$�!'!ก��()�
�� �%*�+)��กH)�A
$'ED
��)�!�!'!ก��()�
����
&$�

��ก����)*�A!H�)$�)
$$�!H)������D�!!
&!��)*�A!H�)$�AF�$
��%��u���ก+W�$��G�"�'�D��A�ก��'ED$�!N�$ Heater 	
&!)$�%D 
 

BE�
���J�� 

 
���!"�

��������*���กH���%D �%)�$�����������ND�ND!N�$�� �%*�+)'!Z
$�[�ก��B

H��
F��!#��$N�$G��$ 
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�
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