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Abstract 
This article deals with intelligence in fuzzy control of manipulators with fixed base and the last flexible arm. The tip is moving on a 
path which is pre-specified. It is assumed that the dynamics of the system is unknown and variable. In control based on fuzzy logic, 
membership functions remain unchanged in the beginning of selected path to the end. This research deals with modifying 
membership functions during movement in order to improve system response by using neural network. Dynamic recurrent neural 
network is used to accelerate updating membership functions. Parametric equations of updating network weights are obtained based 
on reduction of joint angle errors, rate of joint angle errors and bending deformation. To verify the effectiveness of the proposed 
method, simulation for manipulator is made with three arms. System responses are compared in both the fuzzy controller and the 
proposed controller with each other. In order to prove the robustness of the control system, an example will be presented. The 
obtained results and surveys show the effectiveness of the proposed method. 
Keywords: Flexible manipulator, Fuzzy logic controller, Dynamic recurrent neural network. 

  

1 - ���E�  

 	5�� ������� +�5�6�7 �� F�,I V�CB> � 
K. ���� +	�X���7
 �,�� 
�	I 
>� Z��_ � � (�C��� Z5�� `�. ;�M �� ��� ��0 ��

 6� ���3
.� .�5� �� Z��_ � �� 
@�. +�5 ���_5 � +a	�� A	U� 8�I
 �� V��b9M ��9�� � 
M	. �+a	�� A	U� Z5�� ;9c G�. +�5 D7��
 +�5	1b9M 6� ���3
.� �7 2��� �� 2� +���_� 	1�� 6� .�	7 �� W�7

���7 �7 .��9� ���0� 	� 2�.� =:� � =9I � 	
/7 ����� �	
�d�� � G
 ;�� �� .��	X �� S	B� +	�)� A�BC�� ����� ��5 D7�� 2�0 G�.
 ���/
�� �B:� 8	
�� �	�)� A�BC�� +�LM� (�C��� 
bM �7 D��	0
�.� �� A�5 �B:� �7 ������� +�6�7 �
>� (�C��� ;�� .
.� =�-�� 

]
0�� F�5��@ ���9�� (�C��� F
��. �� �,�
� �� � ����� �>�71 .[
����� +�5�6�7 �� 2��� 
.� 6� 2��7 (�C��� Z5�� �	�)� A�BC�� ��  

  

  
 �� 
.� �-��d ��������� ��7 =9I 
� 	g Z��_ � � !.�� 
M	.

] 
.� ��	� A�BC� ��@ �7 �� 2�::R� 6� +����7 	h�28	
�� .[ 
�6�7�5 � ����� 8	
�� �I�	j �6�I �� �7  	�)� A�BC�� ������� +

 (�C��� Z5��) ��� �7�I�	j 6� ���3
.  �� V��4 	1b9M �� � 	���
�	�X(]��0 �� F��:� �3�4 .[��5 V�7� n�� ;�� ��  �	�b9M �7 �7��
.�
 W�7D.��  �������� O�>� 8�� G� �7 6��� ��
�. +�5 ����� 8	
��

 6� 	�)� A�BC�� ������� +�5�6�7 �������� VW��C� o�	K
.� .����
��
�5 ���\�� ����7 ����.�R� p�R��  ;9c ������7  V��.�R� A	4

	�X 2��6 � ��W�j ]��
��� �����@	7 +6�. 8�� �� [6W 
>� 6�56� .[ 
���C� 8	
�� �7 2��� �� 8�9C� �
�. 8	
�� +�5 (��1 � [��:� �

                                                           
1 Inversion Method 



 

  

��
90

�5
 

+
6�.

 
�� 

8	

��

 
+

6� 
 

+
�5

�6
�7

 
�

��
���

�
 

	5
��

 
`

b4
-

A
�B

C��
 

	�)
�

 ...
 

220 

�0_E� ���1 ] ��9� ���0�6-8�5 V�7� +��C7� 8�� .[	�)� A�BC�� +  �7
 ���9� 	�s ;��\95 .
.� ���R��� ��/�� �B@ 	�s 
C��j 
bM 6� 

2��72  D��	0 ����5 F
��. ;��d	1b9M F�3  ��Q� .���9� �� ��,�� ��
 	�s ��Q� �	1b9M n��0� � ��1
.� 	�E
� G������ �;�9K� +�5�B@
 �� tM�7 �� 
.� ��T�-� 	1�� 6� JK-��� �LC7 � ���6 +�5 �B@
 �����
� ���
�5 8�� ��.� 	7 ���9M �� �
�. +�5 ����� 8	
�� ��0

Z5�� A�5 ��  �����	7 2��6 F5 �� V��b9M 
M	. � �0�C��� V���.��
]����9�9 .[  

 �� +6�  OB�� ��.� 	7 8	
��FLC4  ��90�5 +�5 (�� 6� ���
 �	  Z��� 6� ���3
.� 
�b7�> �7 2��� �� 2� F/� +���_� 6� �� 
.�
 �B�R� V�	��E� �7 
�.��I [�M 
bM �7 2� `.��� 
���:� � �	�@

]�	� ���0�10[.  O�>� 8�� �7 +6�  8	
�� +�5 (�� �d 	X�
 !.�� ���7 Z�� 
/Q �c��� ���� �7 ��� ������ �Q��
I� ��������

]��
�5 ���6��� +6�  �M��> o�	K
.� +�	7 F
��.11 6� ���3
.� .[
 �5� 6� �5 V�7� 8	
�� �� +6�  OB��80  �5� �� � 6�s� +�T�� +�5

+�5�6�7 �� �4�U@ +���6 
M	. �7 +�C7  ��� �7 	�)� A�BC�� �������
�0 �
 	X�� .+6�  +�5 ����� 8	
�� VT�-� 6� ��� 
����  ��

 �I�	j �/�� N7��� � ;����> W�9C� � ���7 
K. G���9
��. V��4 �7
]���0 �9� ST4� P�K
�� 6� u� 
��LM12.[  

 S	j 6� _����� � 2���+6� - ��UM =��0 G� � +6�  ����� 8	
��
��UM ���0 ��� ]���	� ���3
.�13.[  �5 ���0 6� ��� 
9�> 2���C7

J�K-� ���5�5  `��	c F�h�� +�	7 +	1�� � �Q�	@ ���7 Z�� �
 �+6�  ����� 8	
�� �
 	X ���7���0 . +��/�-�� ����� 8	
�� �/��

 � �_� .����� ��	> �,�. 
R4 ���� Z���6� 6� ���3
.� �7 �� ��@
 ����� 8	
�� 6� �M�� 2����95PID  �	/7 `��	c �� ����� ��/�-�� ��

 �7 2� G� �� +��/�-�� ����� 8	
�� �/�� .�0 �� F�h�� +6�  F
��.
]����� ��	> Z���6� ���� +��6� �Q�� �� �7 ���7� +�� 	714 .[

 n�� �0_E� ��� ����� 8	
�� 2����95 � 2����0	��PID  �� +�	7
 �,�� V�0�C��� Z5�� 	�)� A�BC�� +�5 V�7� �����7 ��
 	X]15 .[

 �/��+6�  OB�� G9� �7� F�h�� �7 O �� �5 �	/7+  
9�>PID 

 .���0+6�  ����� 8	
�� �M�� 6� +�� � �����Q����b�- �� ��UM
 
�C>�� �5 F
��. 	�6 6� ��� .��
 	X �	/7 ���7 F
��. 	�6 �� =��0

]�	� �� 8	
�� �� (�C��� +	1�� � P�bB�16 �2����95 � �/����M .[
 � (8�� ��.� 	7) `B> �5���Q G���� �7 ��� ������ 8	
�� ��

 +6�  OB�� ���� 	7 +	1�� � 	��� `�:C� ^��
� uv. .����9� �I�	j
 ��	> ����:� ���� ����� 8	
�� �� ;�7 �� +6�. ���0 6� =4�I (�C���

]�����17 �M�� 6� 2����95 � �Q ���/. .[PID  ����� 8	
�� �7 ��
 �. ����� 8	
�� �(�� ;�� �� .���	� ���3
.� ���7 ���0 +6� 

+����P �D  �I ��� ;�� 6� G� 	5 �� ���� 6� �5 +�N  ���76 	�E
�
)2�0��
 � x�4�� +�	7(  ^��
� �+6�. ���0 G9� �7 �/�� .��	7 �� �	/7

 ����� 8	
�� �7 �� ��@ (��PID ] ����9� ����:�18.[ 

                                                           
1 Sliding Mode Control 
2 non-minimum phase 
3 under-actuated 
4Fuzzy Logic Controller 
5 identifier 

 S	0 O�:R� ;�� +�5 +����� � �
 � ��� �7 (�� +�C7 ZK7 ��
 ZK7 �� .�0 �5��@ ����3  � F
��. +a	�� 6� ���3
.� �7�7  G9�

�c	  ��� (�� � y��	XW VW��C�6 +�6�7 �������� 
�	I VW��C� �
������� `b4-	�)� A�BC��  ZK7 .��	X �� o�	K
.�4  8	
�� �7

 ZK7 .
.� ��0 ���� z�U
@� +6�  �����5  N7��� 2�	� ��90�5
 ���0 G9� �7 
��LMDRNN  =U  .
.� ����	X �����6  �7

;�� �� .���� z�U
@� +6��/��0  ����� 8	
�� �7 F
��. !.�� ZK7
 ;�95 �� .��� �
 	X ��	> ����:� ���� +��/�-�� ����� 8	
�� � +6� 
 .
.� ��0 ����� ���]� �8	
�� F
��. 2��7 [��:� �.�	7 +�	7 ZK7

 ZK77 .
.� ��0 ���� z�U
@� +	�X �,�
� �7  
  

2- F+�  

 ����� 8	
�� +6�. ��90�5 +�	7 VW�:� 	]�� +�5 n�� +6� PD 

 �PID�  +�5 �	/7 F�h�� �7P  �D  �� �I 6� ���3
.� �7  =]� ���5 (��
] ��� �
@��	� �b���� +�5 F
���1�� �� ��UM ���013-16 ��90�5 � [

 ��	> +�Q �Q�� ���� 6�. +6�  	�s � 6�. +6�  +�5 �I�� +6�.
 +�/-K7 �� 
��LM N7��� 2�	� ��90�5 �7 ���:� ;�� �� .
.� �
 	1�

 ���)�	���0 �� �
@�� 	��E� � �B@ Y	� ��B@ 	���:� 2�0 Gd�� �7 .
 [�_� �)� .�7�� �� Z5�� ����� 
��LM N7��� �	�b9M ��-9@ =�0
 ���.� 6�	7 �����@ ��B7 +���� 	��E� �7 �� �
��LM N7��� 6� ���3
.�

 .�.� �� 	h� �7 +��	c ����0 =�� 
/Q ;�� �7 6� G� 	5 �A�5 N7���
 
��LMV��U7  �	  �7 	UR�� ���� 	
����� G� 6� �C7�� �
 	X 	h� ��
��0 �� . �D��	0 ;�� �� �I�	j � P�K
�� �7 �/�� ��
 � � 
��LM N7���

 �1
�7 	
����� ;������ .�O�:R� ;�� �� 6�  2���M �7 ��UM ���0
 ��90�5 
/Q +��_7�+6�.  +6�  ����� 8	
�����3
.� 
.� ��0 �7 .

I 	U�M ��LI �7 �Q�� � ���� �������� ��UM ���0 �� ��� �h �
 ���/7���	195 
M	. 2� ��� ���:� ;�� ��  ���3
.� ���0 n�� ;�� 6�

�0 �5��@���0 A�5 N7�� .�  ��B@ 6� �C7��Y	�  =�0 	��E� � �B@
 +�	7 ���0 �� ���0 �
 	X 	h� �� ���0 �. 6� .�0�7 �� G�
.W�

 �B@ 	��E� � �B@ 
��LM N7���) 
9�> ��6�. +6� (  ���0 G� ��� 
 2��	  ���
-X 
��LM N7��)6�. +6�  	�s 
9�> ��(  �� �
 	X ���7

���0 ����6 +�B@ 	��E� � �B@ ;��\95 . +�=4�3��  �5 ���0 +����
��
�5 �:��B� +	�X��� F
���1�� .G9� �7  ��
 �� �C.�� +�
�� 2���>

�	�X �� [�,��]19 +�5���	7 �F
���1�� n�� ;�� �� .[ �� ����7 � 26�
 �� ���.� 6�	7 2� 2�	� ���9� +�	7 � A�5 N7�� 2����	X �3�� 
/Q

 .���	X  
  

3 - G/�H IJ0�9�  

 =�01 =��0 ������� +�6�7 N  D7�� �� 2� ���/
�� D7�� ��
 �
.� 	�)� A�BC�� .�5� �� 2�-�iM �iτ  �iθ  �P�5 `��	
7

-X D7�� =U3� ���� ����6 � P�5 ���
i  [���
�5 .XOY P�d��/d
� 8��.	��� V�U
K� i i ix o y � P�d��/d +�5 {	R
� ���U
K�

��
�5 �� _�	� ���/  D7�� P�5i  
bM �7 .
.� [��LM ��LI  A�BC��
	�)� ��1
.� �� +�5 (�� 6� ��� .
.� ���R� �� F
��. ��C7� �

                                                           
6 Assumed Modes Method 



 

 

221  
 

�c
��

9R
��

�.
 

��
�B

�	 
 

+
��

5
 

�
��9

5
 � 

[�	
/0

 
2�

���
5

 
+

_Q
   

   
   

   
   

   
  

 

 6� O�:R� ;�� �� .
.� �c	  ��� (�� �+6�. �
��X 
/Q `.���
 ��0 ���3
.� 	�� G�
.W� =�0 	��E� ;�9K� 
/Q �c	  ��� (��

 =�0 	��E� �(�� ;�� �� .
.��-9@  	��7 �B@ `��	� V��U
�I N7��� P	c =4+��� :��0 �� �
 	X 	h� �� ����6 N7��� �  

)1( 
M

N j N j

j 1

(x , t) (x ) (t)
=

δ = ψ φ∑  

N(x , t)δ�0 	��E� �b4�  �� 	�)� A�BC�� 	�� �-9@ =Nx 6�
 =U3�N ���U
K� ��1
.� �� [�N N Nx O y�hR� � t .
.�jψ N7���

+����jφ�
�7�� �
 �� F�9C� N7���- � ����6M �0�C��� +�5��� ���C�

��
�5] NQ	� �� .20 N7��� ��.�R� �:�	j [+���  +�5 u���	  �
 ����� 	�)� A�BC�� 	�� �C��j��0  .
.�  

  

 

 K
	1-  *+��,(56� 7�89�: �5����: L,:� �, �
���
� 

 

 N7���+��� :���0 �� ;��C� =�| V��U7 	�)� A�BC�� D7�� +�	7  

)2(  
j N j N j N

j N j N
j N j N

j N j N

(x ) (cos x cosh x )
cos l cosh l

(sin x sinh x )
sin l sinh l

φ = β − β −
β + β

β − β
β + β

  

Nl	�)� A�BC�� D7�� 8�j 	���:� .
.�jβ  =�| ����C� =I 6�

:���	X �� =4�I  

)3(  j N j N j N
N

j N j N j N j N

m
1 cos l cosh l l

m
(sinh l cos l sin l cosh l ) 0

+ β β − β ×

β β − β β =
  

��m  �Nm [	Q `��	
7.
.� 	�)� A�BC�� D7�� [	Q � ��7 
�C��j u���	   	�)� A�BC�� 	��) �B7�� 6�4:��� �� 
.�7 ( 

)4( N N

N N

2
jj

E I
σ

ρ A
β=  

Nρ�NA�NI�NE �.	��� 2�9� �NB:� }B. ����1d `��	
7
D7�� ~��� 8��� �N  .��
�5 [�jσ 	�� �C��j +�5 u���	  _�� �5

 +a	�� n�9,� �7 	7�	7 �������� +�6�7 �-��Q +a	�� .��0�7 ��
��7 � �5����� ��5 D7�� �-��Q :F���� �)� .
.�  

)5(  

T T
i i m m

T 2
M.i M.i M.i

liN

i i i

i 1 0
N

M.i M.i

i 1

1 1
T A dx m

2 2

1
(m I )

2
ω

=

=

= ρ +

+ +

∑∫

∑

R R R R

R R

& & & &

& &

  

M.iR�M.iω _�	� +� ����6 
M	. � 2��� +�5���	7 `��	
7
 D7�� =U3� +�5�����i � [�M.im �M.iI  2�9� � [	Q �/�� �.	���

��
�5;��\95 .mR � ��7 2��� ���	7iR  +� �B:� 2��� ���	7
	�)� A�BC�� D7�� +�� ���9M �0�7 �� .iρ �iA _�� � ���1d `��	
7

 NB:� }B. D7��i  [� .��
�5 

 � �-��	X =����
� +a	�� n�9,� 6� ������� +�6�7 =����
� +a	��
 D7�� �� G�
.W� =�0 	��E� 6� =4�I +a	�� 	�)� A�BC�� �� =4�I

:��9� ��.�R� =�| V��4 �7 2��� �� �� =����
� +a	�� �)� .��	X  

)6(  ( )
lN 2 liN2

N N i i i i2
i 10 0

δ s, t1
Q E I ds  ρ A y  g dx

2 s =

 ∂
= + 

∂  
∑∫ ∫  

 ��g ) �B7�� +��)1��Q �7 .
.� =:< P�
01) �� (6 ���:� (
 ���
-X +6�,� ��� .��	X �� ��.�R� =����
� +a	��iτ �7 
.� 	7�	7

i i i δ τ δθ=W  �)� � (�� 6� ���3
.� �7 �� 
�	I VW��C� 2��� ��
:���� 
.�7 y��	XW 

)7( i
i i

d
 τ     ;  i 1,2, , N
dt θ

 ∂ ∂− = = … ∂θ ∂ 
&

L L  

)8( 
i j

d
 0    ;  j 1,2, ,M
dt

 ∂ ∂− = = … ∂φ ∂φ 
&

L L  

�� T Q= −L � ;�y��	XWiθ  �jφ  �
 �� F�9C� V�U
K�

��
�5 � �
 �� F�9C� V�U
K� �7 
��� +y��	XW O
-� ��.�R� �7 .
�/�� ����6 V�:
-� ) D7��� �� +��)1��Q �7) � (8 
�	I VW��C� �(

����	��� =�0 �7 VW��C� 2�	� `�	� �7 .���0 �� o�	K
.� 
 n N M= + � =�| V��4 �7 ������� +�6�7 �������� ����C

��0 �� o�	K
.�: 

)9( 

( ) ( )
( ) ( )

( )

θθ θ

T
θ

C , C ,
 

C , C ,

G , , ,
0

φ

φ φφ

 φ φ   
   φ φ φ   

 
+ φ φ =  

 

θ θ
θ

θ θ

τ
θ θ

&&

&&

& &

 

)10( 
( ) ( ) ( ) G D , K , , , ,

   
= φ + φ + φ φ   φφ   

θθ
θ θ F θ θ

&
& &

&
 

 u�	����.	���n n C ×∈ R 2��:
����7 +�5 u�	��� =��0 �
N N

θθ C ×∈R�N M
θ C ×
φ ∈R�M M C ×

φφ ∈R.
.�
n n D ×∈Ru�	��� ����	��n n K ×∈R �
K. u�	����

n ∈F R � �7|�Q �u����	� =]� �B@ 	�s +�5�	�� n�9,� ���	7

 _�	� 6� _�	X��
�5 .N , , ∈θ θ θ&& &
R��	7 `��	
7 +�5�2��� � 
M	. �

 P�
0 +� ����6� =4�3�N ∈τ R �5����� ���
-X ���	7��0�7 �� .
M 
�TT  .
.� ���/��	� u�	��� ���-� �W�7 u���� 2���C7  

 

4 - *��- ����/ .(��/  

 ��b� x�	C� G� ��FLC  �j	0 V����M 6� +� �M�9,� =��0
 �� 2��7 8	
�� F
��. �7 ������ �� �	�@ �	  D.�� �� 
.� ���76

 =�0 .��02 ����I	j .�5� �� 2�-� �� +6�  ����� 8	
�� FLC  6�
 =��-� 6�. +6�  	�s � o�
�
.� ����� Z��� �6�. +6�  
9�> ��/d

.��0 ��  ���7 ��
7� �� ��5 +���� (;�C�) +6�  	�s 
C��j �7 �Q�� �7
 �� +6�  +�5	�E
� ���7 ��� ;�� +�	7 .��	X +6�. +6�  +���� 	5

 2��7 +��M =�0���0 J�UK� 
��LM N7�� G� �	�E
� 	5 �7 �)� .
 �7 ����� �� � ���7 G� �� 	34 6� N7�� ;�� ����R� .��0 �� ����



 

  

��
90

�5
 

+
6�.

 
�� 

8	

��

 
+

6� 
 

+
�5

�6
�7

 
�

��
���

�
 

	5
��

 
`

b4
-

A
�B

C��
 

	�)
�

 ...
 

222 

 .�	�X ��	> ���3
.� ���� �
��X �� �
.��� V��4 

 

  
 K
	2- *��- ����/ .(��/ �:01��  

 
 N7�� n�� �� 6� W�9C� ��
.��� 
��LM N7�� �7 +6�. +6�  +�	7

����6 +�B@ 	��E� � �B@ .��0 �� ���3
.� ����� �� �]b]� 
��LM +� 
 n�� +6�  +�5 ����� 8	
�� +�5 +���� �P�5PD ��
�5 .	X�

( ) θ k [�> �� P�5 +� ����6 2���k  D@ +�� �� �0�7 8	
�� [�

(on-line)  2��� �� �� �B@ 	��E� � �B@ ���:� ���0 �� +	�X �6����
: ���� 
.�7 =�| V��4 �7  

)11(  ( ) ( ) ( )d e k θ k θ k= −  

)12(  ( ) ( ) ( ) e k e k e k 1∆ = − −  

2� �� �� e �e∆ ���7 P�5 +� ����6 +�B@ 	��E� � �B@ `��	
7
 �θ  �dθ  +	�X �6���� ����6 `��	
7 �� =U3� P�bB� ����6 � ��0

 .�0�7E �E∆+�5	�E
� ��0 +6�  +��Me �e∆ �bI	� �� .��
�5
 `��> �� +6�  +�5 �M�9,� =��0 �� ���� Z��� 6� ���3
.� �7 �[��

 V��4 �7 8	
�� ;����> 6� +� �M�9,� �
.� ���76 V����M"	X�-��1��" 
.� +����	  �I�� G� �� o�
�
.� �I�� uv. .�0 �5��@ o�	K
.� �


.��� �� ����� +6�  ;����> ��.� 	7 �� �Q�	@ 

7 o�
�
.� �I�� �Q�	@ �� ���3
.� +�	7 � ���7 +6�  	�E
� V��U
�CB> 	�E
� �7 6�. +6�  	�s �I�� �� ���7 �5	1b9M (crisp)  =����

 � ��0 �
@��0 (�� �� ��� 26� D.�
� (�� � [	Q _�	� (�� .��	X
 +6�. +6�  	�s �� �	7��� 	�
�5�� ]21 �� 2��	  ���
-X ��.�R� .[

 6� ���3
.� �7 6�. +6�  	�s �I�� =�| V��4 �7 ��� 26� D.�
� (��
7:��� �� 
.�  

)13( 
( )

( )

r b
j j

h 1 j 1
r

j j
h 1

U µ x
 u

µ x

= =

=

=
∑ ∏
∑

 

j x+���� �j µ+���� 8��1�. 
��LM ���:�j x �� �M�9,�

���76( ) E j � r �M�9,� ;�� +�5�LM ���C���
�5 .;��\95 b �7

�B@ 	��E� � �B@ +���� n�� �� �7 �Q�� 	7�	7 2 
.� .U  }B. _�	�

�Q�	@ 
��LM N7�� �]b]� +�5 ����R�� u ���
-X 8��1�. � ∏ 
 ��9�
.� P	c. 

  

5- �, N51O4 P,:1Q *��� ���	1) �
2	DRNN  

 � ��0 +	
����� N7��� ;�� ��
7� �
��LM N7��� +6�. ��90�5 +�	7
 F
���1�� 6� ���3
.� �7 uv.DRNN +�� 	7) �5 	
����� ���/7 ���:� �

5��@ ���.� 6�	7 (D@� =�0 .�0 �3  �7 �� �]b]� 
��LM N7�� G�

 	
����� 6� ���3
.�P  =�0 .�5� �� 2�-� �� 
.� ��0 =��-�4  S	j
 �� +��/�-�� ����� 8	
�� G���90Z��9�  ���0 �3�g� .�5� ��

 +�5 NNe� NN e∆�  NNu 	
����� �����P  �� 
��LM N7��� +�	7
 =�0 .
.� 6�. +6�  	�s � 6�. +6�  +�5 
9�>5  _�� ���0 ��
@�.

 ����� �+���� ��W =��0 ���0 .�5� �� 2�-� �� ���� �
-X6�7 ��UM
(2�/��) �  �Q�	@
.� �
-X6�7 ��W .(carried layer)  ����� ��W ��

.���� ��	>  

  
 K
	3- *(��:��� N51O4 P,�Q  

  

 
 K
	4- *0���;�� ����/ .(��/ �:01��  

  
 �� �b�> �bI	� [�� ��W �Q�	@ 2�	� � �c� ���W ;�� Z:�
 �7 ��W 	5 +�5 2���� 26� .
.� ��W ;�� +�5 26� ���.� 6�	7 D7���

 6� ���3
.� �7 � A�5 N7�� 2�	� ���/7 6� ���3
.� ��-
�� u� F
���1��
 �B@6�	7 .��	X �� ���.�  8�I �� A�5 N7�� �� 	h� �� 	�6 V��U7

:F�	�X  

)14( ( ) ( )2 2 2
3

1
 J R e t S e  T δ l , t

2
 = + +
 

&  

2� �� �� J  N7��A�5  �R �S  �T ���	7 `��	
7+�5  26�
 +�6�7 +�5 D7�� +�	7 G�
.W� =�0 	��E� � �B@ O
-� ��B@ 
�95�

 ���������
�5�5 26� ST4� . ��.� 	7 ]�
 �� �C.�� +�
�� 2���>19[ 
 N7�� �B:� ;�	� ;���� 
9. �7A�5  �)� ��0�7 �� �5 26� +�L  ��

:F���� 

)15( 
TJ

 w η
w

∂ ∇ = −  ∂ 
 

�����Qw∇  � (����7 �� �) 26� 2����	Xη 
�]� � +	�X��� Y	�
�0�7 �� N7�� ��_Q O
-� ��.�R� �7 8�I .A�5  +�5 26� �7 
���



 

 

223  
 

�c
��

9R
��

�.
 

��
�B

�	 
 

+
��

5
 

�
��9

5
 � 

[�	
/0

 
2�

���
5

 
+

_Q
   

   
   

   
   

   
  

 

: F�6��	� �� ���0  

)16( 
J J e J e J δ

 
w e w e w δ w

∂ ∂ ∂ ∂ ∂ ∂ ∂= + +
∂ ∂ ∂ ∂ ∂ ∂ ∂

&

&
 

w ���0 +�5 ��W 26�
.� �B7�� 6� ���3
.� �7 .)14 � (
) �B7�� �� +��)1��Q16:F���� (  

)17( 
J e e δ

R e S e T δ
w w w w

∂ ∂ ∂ ∂= + +
∂ ∂ ∂ ∂

&
&

 

  

  
 K
	5- �51� ��;<��, �234 �
2	 ���R��  

  
) �B7�� �+	�,�6 2���> G9� �717:F��� �� �����6�7 �� (  

)18( 
i

J θ u P θ u P
R e S e

w u P w u P w
δ u P

T ψ
u P w

∂ ∂ ∂ ∂ ∂ ∂ ∂= − −
∂ ∂ ∂ ∂ ∂ ∂ ∂

∂ ∂ ∂+
∂ ∂ ∂

&

&

 

] 2����95 � +���
�W ��/�-�� �7 O7�B�22 V����M 
�TM �[θ

u

∂
∂

�

θ

u

∂
∂

&

�δ

u

∂
∂

) �B7�� ST4� �7 �)� .����� }�Q	� �/�� �:�:I 	���:� 	718 (

) �B7�� �� +��)1��Q �15:F���� (  

)19( L.S.
u P

∆w η S
P w

∂ ∂=
∂ ∂

 

)20( ( )L.S.S Re Se Tδ= + +&  

L.S.S �I��Learning Signal  =�0 V��d�b  ��4  .�0�7 ��
 :F��� �� P�K
�� 6�. 8�C  N7�� 2���M �7 �� +����91�. N7��  

)21( ( )
αI

2
f I 1

1 e−= −
+

 

( )iI k��� :�7 
.� 	7�	7 � ���7 8�� ��W +�  

)22( I��k� 	 x��k�     ;       i 	 1,2, … . , p1 

��
TT T, = ∆

 
x e e ���	7+���� � 
.� ���0 +����p1 2N=

 ��W �Q�	@ .�0�7 �� �3��� [��:�7 
.� 	7�	7  

)23( ( ) ( ) ( ) ( )( )2 2
j jO k f I k     ;    j 1,2, ., p2= = …  

p2� �5 2���� ���C�( ) ( )2
jO k ��W �Q�	@[�� ��
�5.

( ) ( )2
jI k ��W +����[�� �� 
.�7 =�| V��4 �7 � ���7 :���  

)24(  ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
p1 p2

2 1 2 2 2
ij ji jn j j

i 1 n 1

I k w x k w O k 1 b
= =

= + − +∑ ∑  

��( )1
jiw�( )2

jnw 26� `��	
7 +�5�
-X6�7 ��W � 8�� ��W�( )2
jb

����7  [�� ��W +���� .��
�5:�7 
.� 	7�	7 [�. ��W  

)25(  ( ) ( ) ( ) ( ) ( ) ( )
p2

3 23 3
m mmj j

j 1

I k w O k b   ;m 1,2, ,p3

=

= + = …∑  

��( )3
mjw�( )3

mb
7[�. ��W ����7 � 26� `��	  �Q�	@ .��
�5

:��0 �� ��.�R� =�| V��4 �7 [�. ��W  

)26( 
( ) ( ) ( ) ( )( )3 3
m mP O k f I k= =  

( ) ( )3
mO k ��W �Q�	@[�.  8��C� � 	
�����P 
.� 6� ���3
.� �7 .

) D7���22) �� (26:F���� +	�,�6 2���> � (  

)27( ( )( )
( ) ( )( )3
m3

j

P
f' I k

b

∂ =
∂

 

)28( ( )( )
( ) ( )( ) ( ) ( )( ) ( )2 33
m j mj2

j

P
f' I k f' I k w

b

∂ =
∂

 

)29( ( )( )
( ) ( )( ) ( ) ( )23
m j3

mj

P
f' I k O k

w

∂ =
∂

 

)30(  ( )( )
( ) ( )( ) ( ) ( )( ) ( ) ( ) ( )2 3 23
m j mj j2

jn

P
f' I k f' I k w O k 1

w

∂ = −
∂

  

)31( ( )( )
( ) ( )( ) ( ) ( )( ) ( ) ( )2 33
m ij mj1

ji

P
f' I k f' I k w x k

w

∂ =
∂

 

:�����Q  

)32( ( ) ( )( )21
f' I α 1 f I

2
= −  

) D7��� +��)1��Q �727) �� (31) �� (19 �5 26� ST4� D7��� �(
 :���0 �� o�	K
.�  

)33( ( )( ) ( ) ( )( )3 3
L.S. mj

u
∆ b η S  f' I k

P

∂=
∂

 

)34( ( )( ) ( ) ( )( ) ( ) ( )( ) ( )2 2 33
L.S. mj j mj

u
∆ b η S  f' I k f' I k w

P

∂=
∂

 

)35( Δ�w��
���� 	 η S�.�. f′ �I�

����k� O�
�"��k� ∂u

∂P 

)36(  ( )( ) ( ) ( )( ) ( ) ( )( ) ( ) ( )1 2 33
L.S. m iji j mj

u
∆ w η S  f' I k f' I k w x k

P

∂=
∂

  

)37(  
( )( ) ( ) ( )( ) ( ) ( )( )

( ) ( ) ( )

2 23
L.S. mjn j

2 3
j mj

∆ w η S  f' I k f' I k

u
O k 1  w

P

=

∂−
∂

  

  

6 - ��2	 *���  

 ����� 8	
�� +������ � �,�. 
R4 
/Q ZK7 ;�� ��
 .
 	X ��5��@ ��	> �.�	7 ���� ^��
� � [�,�� +6�. ���0 �+��/�-��



 

  

��
90

�5
 

+
6�.

 
�� 

8	

��

 
+

6� 
 

+
�5

�6
�7

 
�

��
���

�
 

	5
��

 
`

b4
-

A
�B

C��
 

	�)
�

 ...
 

224 

 �7 ������� +�6�7 ����C��B� ���9�N=3  [�. D7�� �� 
.� D7��
 	�)� A�BC��
.� 8��Q .1  	7 �� D7�� 	5 [	Q � +��C7� V�UK-�

 �� JK-� �5 D7�� ���������� u�Q � �b�B
�� NB:� }B. ��.�
 `��	
7 �5 D7�� ~��� 8��� � ���1d .���2710  	
� 	7 [	X�b��

 � `C��71  ���� 
��� � �.	��� 2�9� �[	Q .��
�5 8��.�� �1�X
 `��	� �7 �5�����1 /0  �[	X�b��025/0 X�b��[	- � N7	� 	
�1  � ���7

 ���7 [	Q300  [	X�0�7 �� . G9� �7 [�� � 8�� �C��j +�5 u���	 
) D7���3) � (4 `��	
7 (96/11  �16/293 .��� �� 
.� �7  	���

 ��R� �7 �� 
.� �
.�� D@ ��,�� 
�	IX  ����660  .�6�. �� �Q��

�	I n�	0 �hR��  	34 �5 D7�� ���� +����6��
�5. 7 ;�� �� ZK

 8	
�� � +6�  ����� 8	
�� n�� �� �7 �Q�� �7 F
��. +�5 !.��
 .
 	X ��5��@ ��	> ����:� ���� +��/�-�� ����� 
��LM N7�� 
35

LN �MN �SN �ZE �SP �MP  �LP  D.�
� ��3�� ��_7 `��	
7
 ��_7 � 
�]� D.�
� �
�]� Gd�� �	34 ���	:� ��3�� Gd�� ��3��

�6�. +6�  
9�> +�	7 
�]�  ��0 �
 	X 	h� �� +6�  ����� 8	
��
.
.�  ����R�LN  �LP  =�0 �7 
��LM N7��� �:7�� � +� �:�6�|

.��0�7 �� ;�>���� +���
� tb]�  8��Q2  �3  �� ����R� 	5 	���:�
 JK-� ���X �. =4�3� +�	7 �B@ 	��E� � �B@ +���� +�	7 `��	
7

.��� �� .
.� 2����� �B@ 	��E� � �B@ �I�� 7��� 
��LM NLN �MN �

SN  N7��� 2��:
�LP �MP �SP  	�s 
9�> 
��LM N7��� .��
�5
 8��Q �� 6�. +6� 4 ;���� ���
-X �I�� .
.� ����- ;����> .
.� 	
�

 =�0 �� +6� 6  ��.� 	7 8��Q .
.� ��0 ���� Z��9�49  2���>
"	X�-��1��"  +�	7 ���� �
-X6�7 ��UM ���0 �. .
.� ��0 =��-�

�E� ��B@ �A�5 N7�� ��6� `��	c .
.� ��0 p�R� ���
-X � �B@ 	�4 �
2  �1  +�	7 `��	
7R �S  �T  `�	c � +	�X��� Y	� .��� ��0 ���
@�

 `��	� �7 [�
�9�35/0  �9/0+���� �[ ]T
1 2 3 1 2 3e ,e ,e ,e ,e ,e=x & & & �

�Q�	@( ) [ ]3
1 2 3O P ,P ,P=  �8�� +�5 ��W �� �5 2���� ���C� .��
�5

`��	
7 [�. � [��p1 6=�p2 30=�p3 3=.��� ��0 �
 	X 	h� �� 
  

 .+��1- �
���
� *+��, *�) L,:� 0�9,: + A(�  


�9� �I��  
�5�6�7 

8�� [��  [�. 

8�j 	
9�
��.  20 20 40 

H	M 	
9�b��  10 10 20 


��Kc 	
9�b��  15 15 5/2 

[	Q  [	X  81 81 54 

  

 .+��2- �8R N51O4 P,�Q 

 
 =U3�1  =U3�2  =U3�3 

 �I
W�7 ;���� �I  �I

W�7 
 �I
;���� W�7 �I  �I

;���� 
ZE 014/ 014/- 070/ 070/- 070/ 070/- 
SP 020/ 008/- 100/ 040/- 100/ 040/- 
MP 008/ 000/0 136/ 004/ 136/ 004/- 
LP ∞+ 026/ ∞+ 130/ ∞+ 130/ 

  
  
  

 .+��3- �8R (��SQ N51O4 P,�Q 

 
 =U3�1  =U3�2  =U3�3 

W�7 �I  �I
;���� W�7 �I  �I

;���� W�7 �I  �I
;���� 

ZE 028/ 028/- 035/ 035/- 035/ 035/- 
SP 040/ 016/- 500/ 200/- 500/ 200/- 
MP 054/ 000/0 680/ 020/- 680/ 020/- 
LP ∞+ 052/ ∞+ 650/ ∞+ 650/ 

  
 .+��4- �+��;< N51O4 P,�Q 

 
 =U3�1  =U3�2  =U3�3 

W�7 �I  �I
;���� W�7 �I  �I

;���� W�7 �I  �I
;���� 

ZE 004/ 004/- 007/ 007/- 014/ 014/- 
SP 006/ 002/- 01/ 004/- 02/0 008/- 
MP 008/ 000/0 014/ 000/0 027/ 000/0 
LP ∞+ 008/ ∞+ 013/ ∞+ 026/ 
  

  
 K
	6-  *��- ����/ .(��/ T��:1U  

  

=�0 �5+ 7 �8  �9 �	� �7`�  2��� +�B@��6�� +�  =4�3�1  ��3 
 +�	7 ��8	
�� ����� �5+  2�-� +��/�-�� � +6� �� ��5�.  ��> ���-�7

 �� �B@ ObB�8	
�� �����  �� +6� =U3� �5+ 1  ��3 ��	� �7`� 
006/0 �093/0  �128/0  2����� �� �8	
�� �����  +��/�-��004/0 �
082/0  �125/0  2�������
�5  ���	� �7`� 36 �12  �2  ���/7 �4��
 ��8	
�� �����  +��/�-�� 2�-� ���� ��5� �� �B@ ���-�7 	���:� .

 2��6 �� �,�� � =4�3�25/0  Y� ����<�� �5� ObB� ��> D.�
� .
 �� �B@8	
�� �����  �� +6� =U3� �5+ 1 �2  �3 �	� �7`� 3-

10×3/1 �3-10×6/16 �3-10×7/14  �� �8	
�� �����  +��/�-��3-

10×12/0 �3-10×1/7  �3-10×0/10  �� ��
�5 2�����93 �57  �32 
 Z5�� �4�� �B@ �� _�� 
�-� 2��6 ���TC7 .F�
�5 �5�0 ��

8	
�� �����  =U3� �. 	5 �� +��/�-����I���  Y� [�� ����< ��
�� �5�  �7 
��� �/Q�� =7�> Z5�� ��8	
�� ����� .���� +6�   	<�

 �� =4�3� +�5�B@�� 2���  =�0 .��9� 8���� _�� �,�� +�B@ ��10 
 Z��9� �� �,�� 	��� +�B@�� �5� ��> D.�
� � ���-�7 Z5�� .

 �� �B@ ObB�8	
�� �����  �7 
��� +��/�-��8	
�� ����� 7 +6�  �
 `��	�10  �60  =�0 .
.� �4��11 � �,�� (�C��� �=�0 �5+ 12 

 ��14  �� ��	
�� +�5���
-X�	� �7`�  =4�3� ��1  ��3  2�-�



 

 

225  
 

�c
��

9R
��

�.
 

��
�B

�	 
 

+
��

5
 

�
��9

5
 � 

[�	
/0

 
2�

���
5

 
+

_Q
   

   
   

   
   

   
  

 

�� ��5� �� ����:� .8	
�� �����  +���X�;� 
.� ��  	��E� ���-�7
 �� 	5 �� �-9@ =�0 �/�� 2����
.�  �� (�C��� ���8	
�� ����� 

 +��/�-��	.N� 	�  
�-� 
�-� 2��6 � ��	� 2� =7�> ���:� �7

.� �
 �� Z5�� �/Q�� �� G�
.W� =�0 	��E� ����� D.�
� .

8	
�� �����  +��/�-��28  2�-� +6�  D��	0 �7 
��� �� ���/7 �4��
�� �5� .=�0 �5+ 15  ��17  	
�����P  ���	� �7`�  
��LM N7��� +�	7

 2�-� ���
-X � �B@ 	��E� ��B@�� �5� 	
����� .P  2��6 6� ���M 6� �C7
) ���-�25/0  (����<�7 V��4  	��E� �B@�� ���  �7 2��.� 6� �C7 �

) ������ 
��I2  
7�< ���:� �7 �(����<�� �.�.  

  

  
 K
	7-  ��
� *�8R+:�5� :*  K3#�1  

 

  
 K
	8-  ��
� *�8R+:�5� :*  K3#�2  

  

  
 K
	9-  ��
� *�8R+:�5� :*  K3#�3  

  

  
 K
	10 - *�8R  (�������  

  

  
 K
	11-  ���� F�9Q�:  

  

  
 K
	12-  K3#� �+��;<1  

 

  
 K
	13-  K3#� �+��;<2  

  



 

  

��
90

�5
 

+
6�.

 
�� 

8	

��

 
+

6� 
 

+
�5

�6
�7

 
�

��
���

�
 

	5
��

 
`

b4
-

A
�B

C��
 

	�)
�

 ...
 

226 

  
 K
	14 -  K3#� �+��;<3  

  

  
 K
	15-  (��:���P �8R N51O4 P,�Q  

  

  
 K
	16 -  (��:���P �8R (��SQ N51O4 P,�Q  

  
  

  
 K
	17-  (��:���P �+��;< N51O4 P,�Q  

  
 6� ��� �� ��7 [	Q �8	
�� F
��. 
���:� �.�	7 +�	7
 D��	0 �� F
��. !.�� � ��0 P�K
�� �
.� F
��. +�5	
�����

 �.�	7 2� xb
K��� ��0 .=�0 �5+ 18  ��22  +�	7 �� F
��. !.��
 +�5��7 [	Q300  �600  2�-� [	X�� �5� .=�0 �5+ 18 �19 �20  �7

�	�`�  2��� +�B@��6�� +�  =4�3�1 �2  �3  =�0 �21  	��� +�B@
 2�-� ��7 xb
K� 
��I �� +�	7 �� �,���� �5� =4�3� +�B@ ���-�7 .

 	��E� � ���7 2���� 
��I �� 	5 ��9�� ��� . 

 �� ��X���� 
��I +�B@=U3� �5+ 1 �2  �3  D��	0 ��
m 0.3=�	� �7`�  �7 	7�	75-10×2 �5-10×2-  �3-10×1  �� �
m 0.6=�	� �7`�  	7�	75 -10×4 �5-10×3-  �5-10×7 .
.� 2�����  ��

 6� ��X���� +�B@ �
��I �� 	54 -10×1  	34 �7 G��_� � ���7 	
9�
�� ��0�7 _�� �,�� +�B@ +�	7 ���� ;�� .�7 ��j  Y� �7�-��� �5� .

 +�	7 �,�� +�B@ +�	7 ��X���� 
��I +�B@m 0.3= �5-10×7  �
 +�	7m 0.6= �5-10×10 
�5 =�0 .22  �� +�	7 �� �,�� (�C���

 2�-� ��7 [	Q 
��I�� �5� �7 ��7 Z��_ � �7 �Q�� �7 .2  ��h
�� �	7�	7
 �� �-9@ =�0 	��E� ���-�7 .F���� �� Z9@ ���:� Z��_ �

m 0.3= �67/0 -  �� �m 0.6= �22/1 -  	
9�b���� �0�7 ��� .
 .
.� 2���� 
��I �� 	5 +�	7 ��X���� 
��I �� G�
.W� =�0 	��E�  

 

  
 K
	18-  ��
� *�8R+:�5� :*  K3#�1  

  



 

 

227  
 

�c
��

9R
��

�.
 

��
�B

�	 
 

+
��

5
 

�
��9

5
 � 

[�	
/0

 
2�

���
5

 
+

_Q
   

   
   

   
   

   
  

 

  
 K
	19-  ��
� *�8R+:�5� :*  K3#�2  

  

  
 K
	20-  ��
� *�8R+:�5� :*  K3#�3  

  

  
 K
	21- ���� (��� *�8R  

  

  
 K
	22-  ���� I�	�9Q�:  

  

 =�| V��4 �7 �4T@ ��j �7 ZK7 ;�� F/� ^��
�N9Q ��7+ 
�� ��	X ����� 8	
�� �� ��X���� +�B@ � �B@ D.�
� ���:� .

 Z5�� +6�  ����� 8	
�� �7 
��� �/Q�� =7�> ���:� �7 +��/�-��
 Y� [�� ����< �� =U3� �. 	5 �� 
�-� 2��6 .
.� �
 ���� �5�  ��

 2�-� �� +���6 Z5�� +6�  ����� 8	
�� �7 
����� �5� ���-�7 .
8	
�� �� 	5 �� �-9@ =�0 	��E�  
M	. ��� 
.� 2���� �����

G�
.W� =�0 	��E� ����� D.�
� � 
�-�  ����� 8	
�� ��
 +��/�-�����/7�
 ��  	
����� .
.�P  ���-� 2��6 6� ���M 6� �C7

�7 V��4  	��E� �B@�� ���  ������ 
��I �7 �
�-� 2��6 6� �C7 �
�� �.� ��7 	��E� �7 .�7 2���M :� �F
��. +�5	
����� 6� ��� 2��7 [��

8	
�� �����  ���� � �.�	7 �+��/�-������� .
 	X ��	>  
 

7 - ����� <�(*  

 ���:� ;�� ���� �7 ������� +�5�6�7 +6�  8	
�� �� +6�. ��90�5
 ���/� D7�� � 
7�<A�BC�� )�	� .
.� ���� ��	> �C��B� ���� ��  ��
7� ��

 ������� +�6�7 
�	I �������� VW��C�A�BC�� )�	�� 8��	  ��7+ 
 .�0
bM �7 Q� ��A�BC�� )�+	��� F
��. ��C7� � ���R����7  6� �)�

 � +6�. �
��X +�	7 �c	  ��� (�� �� G�
.W� =�0 	��E� ;�9K�
 	��A�BC�� )�	�  ���3
.����	X ��.�R� �7 .a	��+ +�5  � �-��Q

 o�	K
.� 
�	I VW��C� �y��	XW (�� 6� ���3
.� �7 � F
��. =����
�
�0 .����� ��  +6�  OB���7 2���M  ��	
�� (�� +�	7 P�K
�� ��1
.�

 .���	X 	��� +��
7� �� 
��LM N7��� �+6�  OB�� ��.� 	7 8	
�� ��
 ;�� .����� �� �>�7 	��E� 2��7 � 
7�< �
�	I +�/
�� �� � ��0 P�K
��

 ���/7 
/Q O�:R�!.�� �5+  �7 ��UM ���0 6� ���3
.� �7 �F
��.
��� ST4� 	U�M 6� ���3
.� 
bM �7 .
.� �
@��	� 
��LM N7�h �I ��� 

 
M	. � ���� �
-X6�7 ��UM ���0 ��`.���  ����	195 �:R� ;�� ��
 ���3
.� 
��LM N7��� ���.� 6�	7 +�	7 (�� ;�� 6�
.� ��0 . ;��

 6� ���0 �. �+���� ��W� �����  ��W .
.� ��0 =��-� �Q�	@
��C� [�� ��W �� �
-X6�7 ���.� 6�	7 �� �� �b�> [�> 	<� � ��0 �

26� �5+  p�R� ���0�� ��� .n�9,� ����0 A�5 N7��  V�C7	��B@ +
 2�����6�� +�� �B@ Y	�+  2�����6�� +�  �-9@ =�0 	��E� �
.�. 

 ���.�6�	726� �5  ��7��� �5  �B@ ��-
�� u� F
���1�� 6� ���3
.� �7 	7 �
 ��.��
 �� �C.�� +�
�� 2���>� 8��	  ��7+ .���	X  � O��U� 
/Q

 ���0 ����� (�� +�������0�� +6�.  �. �7 	5�� ������� +�6�7 +�	7
D7��  [�. D7�� ��A�BC�� )�	� 
.��  [�,���0 .!.�� �5+ �� F
��. 
 �� ����:� 	1���� �7 +��/�-�� ����� 8	
�� � +6�  ����� 8	
��

 ��� 2�-� ^��
� .���0 8	
�� �� ��X���� +�B@ � �B@ D.�
� ���:�
 �7 
��� �/Q�� =7�> ���:� �7 +��/�-�� �����8	
�� �����  +6� 

 =�0 	��E� ����� D.�
� � 
�-� 2��6 ;��\95 .
.� �
 �� Z5��
 �� G�
.W�8	
�� �����  .
.� �
 �� ���/7 +��/�-�� V��<� 
/Q

 2��7 [��:�8	
�� ����� ��7 26� �+��/�-�� �7 2���M  6� ���
 � ��	� 	��E� F
��. +�5	
�����!.�� �5+  F
��.����,�  �.�	7 ����

 ^��
� .��
 	X ��	>
.� �7  2��7 [��:� 6� 2�-� ����8	
�� ����� 
.��
0�� +��/�-��  

  



 

  

��
90

�5
 

+
6�.

 
�� 

8	

��

 
+

6� 
 

+
�5

�6
�7

 
�

��
���

�
 

	5
��

 
`

b4
-

A
�B

C��
 

	�)
�

 ...
 

228 

8- P�:(�  
[1] Yue S., Henrich D., Xu W.L., Tso S.K., Point-to-point 

trajectory planning of flexible redundant robot manipulators 
using genetic algorithms, Robotica, Vol. 20, No. 3, pp. 269-
280, 2002. 

[2] Karami N., Habibnejad Korayem M., Shafei A. M., 
RafeeNekoo S., Theoritical and experimental investigation of 
dynamic load carrying capacity of flexible-link manipulator 
in pointto-point motion, Modares Mechanical Engineering, 
Vol. 14, No. 15, pp. 199-206, 2015.  

[3] Homaei H., Keshmiri M., Optimal Trajectory Planning for 
Minimization Vibration of Flexible Redundant Cooperative 
Manipulators, Advanced Robotic, Vol. 23, No. 12-13, pp. 
1799-1816, 2009. 

[4] Zarafshan P., Mousavian A. A., Adaptive hybrid suprpression 
control of a wheeled mobile robot with flexible solar panels, 
Modares Mechanical Engineering, Vol. 13, No. 5, pp. 130-
143, 2013.  

[5] Habibnejad Korayem M., Shafei A. M., Doosthoseini M., 
Kadkhodaei B., Dynamic modeling of visco-elestic robotic 
manipulators using Timoshenko beam theory, Modares 
Mechanical Engineering, Vol. 14, No. 1, pp. 131-139, 2014.  

[6] De Luca A., Siciliano B., Inversion-Based nonlinear control 
of Robot Arms with Flexible links,Journal of Guidance, 
control and Dynamics, Vol. 16, No. 6, pp. 1169-1176, 1993.  

[7] Caracciolo R., Richiedei D., Trevisani A., Zanotto V., Robust 
mixed-norm position and vibration control of flexible link 
mechanisms, Mechatronics, Vol. 15, No. 7, pp. 767-791, 
2005.  

[8] Zhang N., Feng Y., Yu X., Optimization of terminal sliding 
control for two-link flexible manipulators, The 30th IEEE  
Annual Conference of Industrial Electronics Society,  Vol. 2, 
pp. 1318-1322, 2004.  

[9] Alam M. S., Tokhi M. O., Hybrid fuzzy logic control with 
genetic optimization for a single-link flexible manipulator, 
Engineering Application of Artificial Intelligence, Vol. 21, 
No. 6, pp. 858-873, 2008. 

[10] Matia F., Marichal G.N., Jimenez E., Fuzzy Modeling and 
Control: Theory and Applications, Springer, 2014. 

[11] Lochan K., Roy B.K., Control of two-link 2-DOF 
Manipulator Using Fuzzy Logic Techniques:A Review, 
Proceedings of Fourth International Conference on Soft 
Computing for Problem Solving, Springer India, Vol. 1, pp. 
499-511, 2014. 

[12] Rezvani M., Rohani S. M., Adaptive-neuro-fuzzy for 
uncertain robotic arm no need to auxilary compensator 
controller, Third Iranian Conference on Electrical and 
Electronic Engineering (ICEEE), 2011. 

[13] Tian L., Collins C., Adaptive neuro-fuzzy control of a 
flexible manipulator, Mechatronics, Vol. 15, No. 10, pp. 
1305-1320, 2005. 

[14] Meza J. L., Santibanez V., Soto R., Llama M.A, Fuzzy self-
tuning PID semiglobalregulatorfor robot manipulators, IEEE 
Transaction Indian Electron, Vol. 59, No. 6, pp. 2709-2717, 
2012. 

[15] Mirshekaran M., Piltan F., Esmaeili Z., Khajeaian T., 
Kazeminasab M., Design Sliding Mode Modified Fuzzy 
Linear Controller with Application to Flexible Robot 
Manipulator, International Journal of Modern Education and 
Computer Science, Vol. 5, No. 10, pp. 53-63, 2013. 

[16] Mallikarjunaiah S., Narayana Reddy S., Adaptive Neuro-
Fuzzy Interface System Controller for Flexible Link 
Manipulator, ACTA Electrotechnica, Vol. 54, No. 2, 2013. 

[17] Abdullahi A.M., Mohamed Z., Muhammad M., Bature A. 
A., Vibration Control Comparison Of A Single Link Flexible 
Manipulator Between Fuzzy Logic Control And Pole 
Placement Control, International Journal of Scentific& 
Technology Research, Vol. 2, No. 12, 2013. 

[18] Sahamijoo G., Avatefipour O., Nasrabad M. R. S., Taghavi 
M., Piltan F., Research on Minimum Intelligent Unit for 
Flexible Robot. International Journal of Advanced Science 
and Technology, Vol. 80, pp. 79-104, 2015. 

[19] Rumelhart D. E., McClelland J. L., Parallel distributed 
processing, Explorations in the microstructure of cognition, 
MIT Press, Cambridge, MA.,Vol.II, 1986. 

[20] Rao S. S., Vibration of Continuous Systems, Forth Edition, 
Chapter 11, New Jersey: Wiley & Sons, 2007. 

[21] Ross T. J., Fuzzy Logic with Engineering Application, 
Second Edittion, pp. 101, Wiley & Sons, 2004.  

[22] Lightbody G., Wu W. H., Irwin G. W., Control Application 
for feedforward Networks, Neural Networks for Control, 
MIT Press, Cambridge, MA., pp. 51-71, 1990.  


