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�-� - Ä»|¬» 

��ËZÀ�� �{� ZÅ�cZ]��É�Ì³�Z°]� Ä]� Y�� {Ây� ÄmÂe� �ÌyY� ÄÅ{� |Àq� �{�Êf À��½ZÆm���¥Â� »�¦¸fz»

,Äf�Y{ �Ä]� ZÆeZ]�� �Y� Ã{Z¨f�Y�¾ÌÀr¼Å� Á�|¿�Y{� Y��ªÌ«{�{�°¸¼�� Z]�¦¸fz»�¦ËZ�Á�¹Zn¿Y�ÊËZ¿YÂe� ZÆeZ]�� Y�Ë�

�{{�³�Ê»�|Ì·Âe�½Z»|¿Y�� Á�dÌ¨Ì¯��ËY�§Y�h�Z]�Ê¿Z�¿Y�ÉÁ�Ì¿�ÉZm Ì³�Z°]�¾ËY�]ZÀ]��ËZÀ���{� ZÆeZ]��É�

�¨u�Á�É{Z�f«Y�ÄÌmÂe�d¸��Ä]�¦¸fz»�dÌ¨Ì¯�Ê³�ËÁ�¾ÌÀr¼Å�Á�|Ì·Âe�w�¿·|»��d�Y��Ë~aZ¿�[ZÀfmY�,�ÉZÆ

Ê¼¿�Ê�ZË�«{�c�Â��Ä]�|À¿YÂe|ÀËZ¼¿�µ|»�Y��Ê°Ë�Ì§�ºf�Ì��®Ë�ªÌ ]�[��,�Y�YÉÁ��¾Ë �Ä¯�Ê¸WZ�»��Y�Ê°Ë

dÌ �«�¹|��{�Y{�{ÂmÁ�µ�fÀ¯�Ê�|ÀÆ»��{���dÌ �«�¹|���d�YÊ»��É�Ì³�Ã�Y|¿Y��{�ºÅ�Á�µ|»��{�ºÅ�|¿YÂe

� ¾ËY� �Â�u� �|�Z]� Äf�Y{� {ÂmÁZÅ�dÌ �«� ¹|��ºf�Ì�� �{�Ê»�h�Z]� µ�fÀ¯�ÉZÅ��Ê·�fÀ¯�¥Y|ÅY� Ze� {Â�

M|À°¿�Y|Ìa�ª¬ve�|ËZ]�Ä¯�½ZÀr¿.¹ÁZ¬»�µ�fÀ¯���¹Zn¿Y�¶°�»�¾ËY�¾f�Y{�]�Á���Ìa��Y�ÉY�]�Ä¯�d�Y�Ê�Ôe

Ê»��{� µ�fÀ¯� ,¹ÁZ¬»� µ�fÀ¯� �«YÁ� �{� �{Â��ZÅ�dÌ �«� ¹|�� �Â�u�Ê»|�Z]�{�°¼�� Á� �Zf§�� Ä°Ë�Â�� Ä]��

��Â�Â»�Z]�ÊËÁ�ZËÁ��¹Z´ÀÅ��{�ºÆ»�Á��Z�u�¶WZ�»��Y�®Ë�|�Z]�µÂ^«�¶]Z«�¾°¼»�cÓZu�¹Z¼e��{�ºf�Ì�

É�Y|ËZa�dÌ �«�¹|���dÌ �«�¹|���Â�u��{�É�Y|ËZa��¨u��d�Y�µ�fÀ¯�ºf�Ì���·Zq��Y�Ê°Ë�ZÅ��Ê¸�Y�ZÅ

d�Y�¹ÁZ¬»�µ�fÀ¯ÄË��¿��{��Ã�ËÁ�dÌ¼ÅY��Y�ºf�Ì��µ|»�¾f�¿Y{�®Ì�Ô¯�ÉZÅ�¾ËY��Y�,d�Y��Y{�Ây�]�ÉY

®ÌÀ°e�Ê§� »�Ä]�Y|f]Y�Á�É�Z�·|»�ÉY�]�ÊËZÅ��Ê°Ì»ZÀË{�Á�Ê°ÌeZ¼ÀÌ� Ê»��ÅZ»�Ê°Ì¿Z°»�ÉÁ�Z]�ºf�Ì� -

Ä�|ÀÅ� Ä ·Z�»� �«YÁ� �{� �ÅZ»�Ê°Ì¿Z°»�ÉÁ�Z]�®Ë�®ÌeZ¼ÀÌ�� �ºË�Y{�ad�Y� ½M�ÉÁ�Z]�d¯�u�É]�[��Y� �

Ä¯�ÊËZn¿M�¹�ÅY�d¯�u�Ä¸Ì�Á�Ä]��z�»�¦ËZ�Á�¹Zn¿YÊ»���Ì»�Á�Z]�ÉZÅ�L�m�®ÌeZ¼ÀÌ��º¸�� Y~·� ,{Â�

Ê»�Ê°Ì¿Z°»�ÉÁ�Z]�µ�fÀ¯�Á�ÊuY����{�ºÆ»��Y�]Y�Á��Ê§� »�Ä]�¶�§�¾ËY��{��|�Z]��ZÌ¿�{�Â»�Ê�ZË��ÉZÅ

                                                           
1 Industrial 
2 Uncertainty 
3 Robust control 
4 Performance 
5 Stability 
6 Modeling 
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Á�Z]� d¯�u� ¦Ì�Âe� ÉY�]É|À]�°Ìa� �YÂ¿Y� Ê§� »� ¾ÌÀr¼Å� Á� cZ]�� ÉZÅÊ°ÌeZ¼ÀÌ�� µÁY|f»� ÉZÅ� Ê» -

Ê»�½ZÌ]�¹Á{�¶�§��{�¶»Z¯��Â�]�Ê°ÌeZ¼ÀÌ��É�Z�·|»�Ä¸X�»��ºË�Y{�a��Zf§��¶Ì¸ve�Á�ÄË�ne�ÉY�]��{{�³

Ä�z�»� ¾ÌÌ e� Ä]� �ZÌ¿� µ�fÀ¯� ºf�Ì�� ÊuY��� ¾ÌÀr¼Å� Á� cZ]�Ê°Ì»ZÀË{� ÉZÅ��Ê»� ½M��Zf§�� �|�Z]

Ä¯�v»�Ä¸Ì�Á�Ä]�Ê·Z¼�Y��ÁZf�³�Ä]�d^�¿�Á�Z]�dÌ �Á�Á�d·Zu��ÌÌ¤e�w�¿�Ä]�Ê°Ì»ZÀË{ZÅ��Ê»�©Ô�Y�Á�{Â�

Ê»�Y���Z^e�Y�¾ËY�ÁZf�³�Ä]�Á�Z]�x�Za��]�Ä¯�d¯�u�cÓ{Z »�¹Z¿�Ä]�¶Ì�¿Y�¨Ë{�cÓ{Z »�É���®Ë�Z]�½YÂe��

�Ã|��Ê§� »�¶»Z¯��Â��Ä]�cZ]��Ä¿|]�Ê°Ì»ZÀË{�É�Z�·|»�¹Â��¶�§��{��{�¯�½ZÌ]�,d�Y�º¯Zu�Ã|��µZ¼�Y

�Ä]�Ê°Ì»ZÀË{�Á�Ê°ÌeZ¼ÀÌ��É�Z�·|»�¹Zn¿Y��Y��a��d�YÊ»�µ�fÀ¯�ºf�Ì��ÊuY���ÉÁ�Z]�µ�fÀ¯��ºË�Y{�a

É{Á�Á�¾ÌÌ e�®ÌeZ]���ÅZ»¶�¨»�ÉZÅ���d¯�u��Âf�{�®Ë�ÉY�mY�ÉY�]�ZÆ¿M�{ÂmÁ�Ä¯�d�Y�½Z»��\�u��]

É{Á�Á� �d�Y�É�Á��� �ÅZ»�ÉÁ�Z]���ÂeÁ�Ì¿�d�Y�¾°¼»�¶�¨»�ÉZÅ�ÁZf�³� Á� ZÅ�ZË� |À�Z]�¶�¨»�ÉZÅ

É{Á�Á�d�Y�¾°¼»Ä¯�v»�ÉZÅ�|À�Z]�ZÅ 

  

�-�- ¼ÀÌ�ºÌ¬f�»�®ÌeZ�  
ÊËZÆ¿� É�n»� Á� �Y�]Y�dÌ «Â»� ¾ÌÌ e� {Â��¾�Á��d�Y� ¹�Ó� Ä¯� Ä¸X�»� ¾Ì·ÁY���cZ�fz»� ÃZ´f�{� �{

d�Y� ­�f�»]� [. Ê¸yY{� ÉZÅ�Â�À�� �Y� Ã{Z¨f�Y� Z]� {Ây� dÌ «Â»��u� Ä]� �{Z«� �ÅZ»� ÉÁ�Z]� ÓÂ¼ »��

«Â»��´��Z¼�� Ã|��\�¿�¶�Z¨»��{�Ä¯��dÌ�ÉZÅ��Ì¤f»�¾ÌÌ e� Z]�ºÌ¬f�»�®ÌeZ¼ÀÌ���{� �|�Z]�Ê»�|¿Y

�cZ�fz»�¹Z¿�Ä]�d]Zi�cZ�fz»�ºf�Ì��®Ë��{Â¼¿�¾ÌÌ e�Y��ÊËZÆ¿�É�n»�dÆm�Á�dÌ «Â»�½YÂe�Ê»�¶�Z¨»

                                                           
1 Common kinematic arrangements of manipulators 
2 Dynamic properties 
3Actuators 

4 Torque 
5 Joint 
6 Forward kinematics 
7 End-effector 
8 Internal sensors 
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Ê¿ZÆm��Ê»��Y�«�]�ÄËZa�ZË�|ÀËZ¼¿��Âm��½M�Ä]��ÅZ»�ÉÁ�Z]��]�¶¼f�»�ZÌ�Y�Ä¼Å�Ze�{Â� �®ÌeZ¼ÀÌ��cÓ{Z »

ÊËZÆeZ]�� ÉY�]� ºÌ¬f�»��d�Y� Ã|ÌrÌa�Ô»Z¯� ÓZ]�É{Y�M� É� Äm�{� Z] �ÉZÅ� ÃZ´f�{� ,¶�Z¨»�ÉY�]� Ä»Y{Y� �{

�ÉZÅ� ÃZ´f�{� ¾ËY� ¶yY{� Ê¼f�Ì�� c�Â�� Ä]� µZ¬f¿Y� Ä¯� ºÌÅ{� Ê»� Ã�ZmY� Á� ºÌÀ¯� Ê»� Za�]� Y�� cZ�fz»

�{Â�� ¹Zn¿Y� µZ¬f¿Y� ÉZÅ��Ë�eZ»� Z]�cZ�fz» dËÁZ¿{�É�Y~³� {Z¼¿� Ä]� Ä¯�Ê�Á�� �Y� �Z¯�¾ËY� ¹Zn¿Y�ÉY�]-

±�^Àe�ZÅ� Ê»�Ã{Z¨f�Y� ,d�Y�¥Á� »,ºÌ¬f�»�®ÌeZ¼ÀÌ��¶]Z¬»�Ä�¬¿� �ºÌÀ¯ ½Á�YÁ�®ÌeZ¼ÀÌ����|�Z]�Ê»

�ÉZËYÁ��½{�ÁM�d�|]��Â�À»�Ä]�ÊËZÆ¿�É�n»�¾Ì »�dÌ«Â»�ÉY�Y�Ä]�ºÌ¬f�»�®ÌeZ¼ÀÌ��cÓ{Z »�¶u��Y�Ä¯

Ê�y��Ì£�ºÌ¬f�»�®ÌeZ¼ÀÌ��cÓ{Z »�Ä¯�Zn¿M��Y��d�Y�Ã|��¶Ì°�e�,¶�Z¨»��¾f§ZË�d�Y�¾°¼»�|Àf�Å�

x�Za�d�Y�¾°¼»�½M��]�ÃÁÔ��Á�|�Z^¿�½Z�M�¶u�ÃY�Ä¿Z³|Àq�ZÅ���{ÂmÁ�Zf°Ë�x�Za�Ê¸¯��Â��Ä]�Á�|À�Z]

�|�Z]�Äf�Y|¿]�[.  

  

�-�- d����®ÌeZ¼ÀÌ��  
�d����Á��Y�]Y�d����¾Ì]��Z^e�Y�|ËZ]�¾Ì »�d�����Å��{�ZË�d]Zi�d�����{��Ì�»�\Ì¬ e��Â�À»�Ä]

Z]�ºÌ¿YÂe�Ê»�d·Zu�¾ËY��{�ºÌ¿Y|]�Y��¶�Z¨»�ÉZÅ��®ÌeZ¼ÀÌ��,�ºÌ¬f�»�®ÌeZ¼ÀÌ���]YÁ���Y�É�Ì³�ªf�»

¾Ì]Â¯Y��Ä¯�ºÌ]ZÌ]�Y��d������{Â��Ê»�Ã|Ì»Z¿ ��]�ÃÁÔ�M¾Ì°e�\Ì¯�e�¾f§ZË��{�¾Ì]Â¯Y��½{�ÁM�d�|]�½��

�{�Y{�dÌ¼ÅY��ZÌ�]��ÅZ»�ÉÁ�Z]]�[ 

  

                                                           
1World coordinates 

2 Denavit-Hartenberg representation 
3 Inverse Kinematics 
4 Nonlinear 
5Non-uniqueness of solutions 

6 Velocity Kinematics 
7 Jacobian 
8 Singular configuration 
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�-�- ®Ì»ZÀË{   
00Z�Z�Y� cZ]�� �ÅZ»� ÉÁ�Z]�dÌ «Â»� µ�fÀ¯� ÃZ´f�{� ®Ë��Ê³�ËÁ� |ËZ]� dÌ«Â»� µ�fÀ¯� ÉY�]� �d�Y�ÉZÅ

�µZ¼�Y� ,cZ]��ÉÁ�Z]� ½{�ÁM� �{�d¯�u� Ä]� ÉY�]� Y�� ¹�Ó�ÉÁ�Ì¿� Ze� ºÌ�Z]� Äf�Y{� Y�� �ÅZ»� ÉÁ�Z]� Ê°Ì»ZÀË{

ºÌËZ¼¿]�[�É�Äm�{�{Y| e�Y�Ë��d�Ì¿�ÉY�Ã{Z���Z¯�ZÅ�cZ]��ÉY�]�d¯�u�Ê°Ì»ZÀË{�cÓ{Z »�½{�ÁM�d�|]��

Ì��Á�d�Y�{ZË��É{Y�M�d�Y�Ê�y��Ì£�ºf��¿Y�³Ó�®Ì»ZÀË{��Z�Y��]�Ä»Y{Y� �{���¾ÌÀq�d¯�u�cÓ{Z »

�ºË�ÁM�Ê»�d�|]� Y��Ê¼f�Ì� µZ¬f¿Y� ºf�Ì�� Á� Ä¯�v»�®Ì»ZÀË{�Ê���]� Ä]�¾ÌÀr¼Å���ÉÁ��½M�cY�iY� Á

�Ì�»�\Ì¬ e� Ä¸X�»� �Y�d¯�u�µ�fÀ¯� Ä¸X�»� �ºË�Y{�a�Ê»�µ�fÀ¯�Ä¸X�»���Z�f£Y� �iY�¥~u�Á���¶Ì°�e

Ê»�{Â� �¾ÌÌ e� Ä¸X�»�½M��«YÁ� �{��Ì�»�®Ë�½{�¯� µZ^¿{� ZË� Á�½{�¯�\Ì¬ e�ÉY�]� µ�fÀ¯�ÉZÅ�É{Á�Á

ÃYÂz·{���d�Y �Ê»�¥~u�cZ�Z�f£Y�½Z»�¼Å� �Â�]� Á�d�Y� Ã|��Äf§�³� ��¿� �{� �ÅZ»�ÉÁ�Z]�ÉY�]�É�Ì�»

�|¿Â� µ|»�ÉZÅ�®Ì»ZÀË{�cY�iY�Ä¸Ì�Á�Ä]�Ä¯�ÊeZ�Z�f£Y��­Z°��Y��Ì�¿�Ã|�¿���|¿�Y{�{ÂmÁ��ËÂ¿�Á  

  

�-� - �Ä¸X�»�Ê�ZË��cZ»|¬»®ÌeZ¼ÀÌ�  
¦Ì�Âe�Ä]�®Ì»ZÀË{�Á�®ÌeZ¼ÀÌ��Ä¸X�»�Ä]�¾fyY{�a�ÉY�]�¾ËY��{�Ä¯�ºË�Y{��ZÌ¿�Ê�z�»�Ê�ZË��ÉZÅ

Ê»�ZÆ¿M�Ê§� »�Ä]�d¼�«�ºË�Y{�a  

  

                                                           
1 Position Control 
2 Lagrangian dynamics 
3 Transmit 
4 Tracking 
5 Disturbance Rejection Problem, 
6 Desired trajectory 
7 Unmodeled dynamic 
8 Friction 



 

� 

�-� -�- ¾´¼Å�ÉZÅ�¶Ë|^e�Á�½Y�Á{,µZ¬f¿Y  

�¦¸fz»�cZ�fz»�ÉZÅ�ºf�Ì��½{Â¼¿��Y�«�]�Ä]�cZ]��®ÌeZ¼ÀÌ��Ä¸X�»��Y�Ê³��]��z]

Á�ZÅ�dÌ «Â»�½{Y{�½Z�¿�ÉY�]�\¸��¹Z�mY�É�ZÅ�dÆm���¾ËY�¶yY{�ÉZÅ�¶Ë|^e�Ä]�¾ÌÀr¼Å�Á

Ä�|ÀÅ��«YÁ� �{� �|¿�Y{�ÄmÂe�cZ�fz»�ÉZÅ�ºf�Ì�É| ]�Ä��ÉZ�§�É����{�\¸��d¯�u�Á

Ä¼ÅÊ»�¹Z�mY�ÉÁ��Ä¯�Ê°ÌeZ]��É�Z¯�ÉZÅ�Ä^Àm�ÉÊ»�Z¨ËY�Ê¸�Y��¬¿�®Ë�{Â��|À¯ �d¯�u

YÂe�Ê»�µZ¬f¿Y�Á�½Y�Á{�Ä¸Ì�Á�Ä]�Z�§��{�Y��cZ]��ÉZÅÁ�Z]�Ä]�Y|f]Y��Â�À»�¾ËY�Ä]�ºÌÅ{�½Z�¿�ºÌ¿

,µZ¬f¿Y�Ê§� »�Ê»�¾´¼Å�ÉZÅ�¶Ë|^e�sÔ��Y�Á�½Y�Á{ºË�Y{�a]�[�  

  

�-�-�-�- ½Y�Á{�  

�\¸��º�m��Ë��¶°� SÊ»�½Z�¿�Y��cZ�fz»�ÃZ´f�{�½M�Ä]�Ä¯�|Å{��cZ�fz»��d�Y�Ã|��¶�f»��

Ä�¬¿ P º�m�ÉÁ�S ���ÃZ´f�{��{� Y���cZ�fz»�Ä],��P���Ê�y�q��Ì£�ÃZ´f�{�®Ë��{���Ê»��Z^e�Y -

�ºÌÅ{  

  

�¶°���-��\¸��º�m�Ä]�¶�f»�cZ�fz»�ÃZ´f�{  
                                                           

Ĳ Rigid objects 
ĳ Geometry of three-dimensional space 

Ĵ Rotation transformation 
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1 Transpose 
2 Orthogonal 
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Ĳ Fixed coordinate frame 
ĳ Operator 
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Ĳ Homogeneous transformation 
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1 Most general homogeneous transformation 
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1 Translation 
2 Perspective 
3 Scale factor 
4 Vision system 
5 Skew symmetric matrix 
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�ºÌ��  

)� -��(    1 1 1
0 0 0 1 0 1P d R P R P      

�Ä¯�Zn¿M��YP���ÃZ´f�{��{��ÄnÌf¿��{�d�Y�d]Zi��1 0P �Ê»,|�Z] �ºË�Y{�¾ËY�]ZÀ]  

)� -��(    1 1
0 0 0 1P d R P    

�ÓZ]�Ä·{Z »��{1
0d�Ê�y�d�������ÃZ´f�{�LY|^»���ÃZ´f�{��{���Ê»����|�Z]  

)� -��(     1 1 1
0 0 0R S w R  

)� -��(    1
0 1R P r  

)� -��(     1 1 1
0 0 0 1 0P S w R P d    

)� -��(    1 1 1
0 0 0 1 0P w R P d     

)� -��(    1 1
0 0 0( )P w r d     

�� Ä�]Y�� �{�-���¹�e�1
0d�¹�e� Á� µZ¬f¿Y� �Y� Ê�Z¿� d���� , 1

0w r�Ê»� ½Y�Á{� �Y� Ê�Z¿|�Z]�¦Ì�Âe�

[Zf���Ê»�d�|]�d����¦Ì�Âe��Y�É�Ì³�ªf�»��Z]�®Ë�ZË�dÌ «Â»�¦Ì�Âe��Y�É�Ì³�ªf�»��Z]�Á{�Z]�|ËM

���Y�d�Y�c�Z^��Ä¯  

                                                           
1 Linear velocity  



 

�� 

)� -��(     1 1 1
0 0 0 0 1P d S w R P    

)� -��(       1 1 1 1 1
0 0 0 0 0 0 1P d w r S w S w R P      

�[Zf��Ä·{Z »�dËZÆ¿��{�Ä¯P���ÃZ´f�{��{�Ê»��Ë��c�Â��Ä]��|�Z]:  

)� -��(       1 1 1 1
0 0 0 0 0P d w r w w r        

ÄËÁY��d���ÉY����ÃZ´f�{n��ÃZ´f�{��{���Ê»�¦Ë� e��Ë��c�Â��Ä]����{Â�  

)� -��(    1 1 2 2 3 1
0 0 0 1 0 2 0 1...n n n

nw w R w R w R w


      

��Ä�]Y��cZ^iY�ÉY�]� -��Ê»�Ã{Z¨f�Y�½�Z¬f»�{Za��Ë�eZ»��YÂy��Y����ºÌÀ¯  

)� -��(    1 2 3
0 0 1 2 1...n n

nR R R R R


  

��ºË�Y{�¾Ì§����Y�É�Ì³�ªf�»�Z]  

)� -��(  1 1 2 2 3 1
0 0 1 0 1 2 0 2 3 0 1...n n n n n n

nR R R R R R R R R R R


          

��Ä�]Y��É�Y~´ËZm�Á�½�Z¬f»{Za��Ë�eZ»��YÂy��Y�É�Ì³�Ã�Æ]�Z]�d¼�«�¾ËY��{�-���Ä�]Y���{��-����

ºË�Y{:  

)� -��(     0 0 0
n n nR S w R  

)� -��(           1 1 1 2 2 2 3 3 1
0 0 0 0 1 0 1 1 2 0 2 2 3 0 1 1...n n n n n n n n

n nS w R S w R R R S w R R R S w R R R S w R

 
      

��Ä�]Y��Ä]�ÄmÂe�Z]�-���Ä�]Y��,��)�-��Ê»�Y�����c�Â��Ä]�ºÌ¿YÂe� -���ºÌ�ËÂÀ]��  

)� -��(    TR R I  

)� -��(         1 1 2 1 2 3 2 1 1
0 0 0 0 0 1 0 0 0 2 0 0 0 1 0...n n n T n T n n n n T n

n oS w R S w R R S w R R R S w R R R S w R R 


      

ºË�Y{�½�Z¬f»�{Za��Ë�eZ»��YÂy�Ä]�ÄmÂe�Z]:  

)� -��(           1 1 2 2 3 1
0 0 0 0 0 1 0 0 2 0 0 1 0...n n n n n n n n

nS w R S w R S R w R S R w R S R w R


      

                                                                                                                                                                                 
1 Acceleration 
2 Angular Velocity 



 

�� 

��Ä�]Y���{�-��Ê»���Ä·{Z »�¾Ì§����Y�ºÌ¿YÂe0
nR��¾ËY�]ZÀ]�,�ºÌÀ¯�¥~u�Y���ºË�Y{  

)� -��(             1 1 2 2 3 1
0 0 0 1 0 2 0 1...n n n

nS w S w S R w S R w S R w


      

�Ä�]Y��Ä]�½�Z¬f»�{Za��Ë�eZ»�½{Â]�Ê�y�dÌ�Zy�Ä]�ÄmÂe�Z]�Ë��Ê»ºÌ��]�[:  

)� -��(    1 1 2 2 3 1
0 0 0 1 0 2 0 1...n n n

nw w R w R w R w


     

�-�- ªÌ¬ve�Ä¬]Z�  
�Ê·�fÀ¯�ÉZÅ�É�eY�f�Y�Äf�~³�cZ¬Ì¬ve��{�d�Y�Ã|��Äf§�³��Z°]�cZ]��dÌ «Â»�µ�fÀ¯�ÉY�]�Ê¨¸fz»  

µ|»��Y�¶¬f�»�Êy�]�Á��µ|»��]�ÊÀf^»�ZÅ�É�eY�f�Y��Y�Êy�] Ê»�µ�fÀ¯�Ê���]�Ä]�ªÌ¬ve�¾ËY��{��|À�Z]

�¾ËY�]ZÀ]�d�Y� Ã|��ÄfyY{�a� ,d�Y�µ|»��]�ÊÀf^»�Ê�Á�� Ä¯� ¹ÁZ¬»�Ê�y��Ì£�Ê§� »� Ä]�d¼�«�¾ËY� �{

ZÅ�É�eY�f�Y��Y�Êy�]�Ê·�fÀ¯�É�µ|»��]�ÊÀf^»��ºË�Y{�a�Ê»  

�-�-�- Á�Ì¿�µ�fÀ¯�  
��Y�dÌ «Â»� µ�fÀ¯�¾ËY�]ZÀ]� |¿�Y{�ÉY� Ã{�f�³��Z¼e��Ìv»� Z]� ZÅ�cZ]�� ,�Zf¿Â»� �Ì�¿�ÊËZÅ{�]�Z¯� �{

�¾Ì]�¶»Z e�ÉZÅÁ�Ì¿�µ�fÀ¯�ªË��Ê»��Ìv»�Á��ÅZ»�ÉÁ�Z]��{Â��¹Zn¿Y�É�fÆ]�c�Â��Ä]�|¿YÂe[�]��¾ËY��{

�dÌ «Â»�cY�Âf�{�|ËZ]�Ä¯�d�Y�ÊÆË|]��Á��¾ËY�]ZÀ]��ºÌËZ¼¿�sÔ�Y�Ã|���u�ÉÁ�Ì¿�cZ�Ô�Y��Z�Y��]�Y�

�Ã�Y|¿Y� Y�� ZÅ�dÌ «Â»�Á�ZÅÁ�Ì¿�,{�Ë~b]� Y��d¯�u�Á�Á�Ì¿�cY�Âf�{�|ËZ]�Á�Ì¿�É�Âz�a�µ�fÀ¯�ºfË�Â´·Y�®Ë

�|ËZ¼¿�|Ì·Âe�Y���ÅZ»�ÉÁ�Z]�d¯�u�ÉZÅ�½Z»�§�Á�|À¯�É�Ì³  

Ä�Z�u�Ê¸�Y��Â¿�Ä�� ��|Àe�Z^��Ä¯�{�Y{� {ÂmÁ�Á�Ì¿�É�Âz�ap»�ÉÁ�Ì¿�ÉZÅ�Ä�Z�u��Y��Ä�Z�u� ,

¶�¨»��ÁZf�³�ÉZÅ��Ä�»Ó�ÉZÅ�Ä�Z�u�Á�  ���d�{�ÉZÅ�Ä�Z�u�ZË  

                                                           
1 Force Control 
2 Sensor 
3 Wrist Force Sensors 

4 Joint Torque Sensors 

5 Tactile or Hand Sensors 



 

�� 

��{�¯�|ÅYÂy�|Ì·Âe��Y�]Y� ZË�ÊËZÆ¿�É�n»��{� Y��ÊËZÅ�ÁZf�³� ZË� ZÅÁ�Ì¿� ,�Ìv»�Á�Á�Z]�¶»Z eäܺ ���ÌÌ¤e

�ÉÁ�Ì¿���Âe�Ä¯�d�Y�ÊËZÆ¿�É�n»�É�Zn»�½Z°»ܨ��Ã|��{ZnËY�Áäݍ  ¶�¨»�½Z°»��ÌÌ¤e��½Z�¿�Y���Â]�»

Ê»½Z°»��ÌÌ¤e�¾ËY��|Å{��ÅZ»�ÉÁ�Z]�¾Ì]Â¯Y��ªË����Y�É�Zn»�ÉZÅ(ݍ)ܬ�Ê»��^e�»��Ë��Ä�]Y��ª]Z�»�|¿Â�  

)� -��(     X J q q   

Ê»�¦Ë� e��Ë��ª]Z�»�É�Zn»��Z¯�¾ÌÀr¼Å�{{�³  

)� -��(    T Tw F X q      

�Ä�]Y��É�Y~´ËZm�Z]X���{w���ºË�Y{  

)� -��(     T Tw F J q q q      

)� -��(     ( )T Tw F J q q     

��{�Á�Z]�ÃZ³�Å��ºË�Y{�¾ËY�]ZÀ]��d�Y��¨���]Y�]�ÓZ]�Ä�]Y��,|�Z]�µ{Z e  

  

)� -��(     
T

J q F   

�Ä]Ã{ZÆ¿Y�e�Z]�¶�Z¨»�ÉZÅ�ÁZf�³�Ä]�ÊËZÆ¿�É�n»�ÉZÅÁ�Ì¿��´Ë{�c�Z^���Z^e�Y��ÅZ»�ÉÁ�Z]�¾Ì]Â¯Y��É

��|¿�Y{  

    

�-�-�- �¿Y|b»Y�µ�fÀ¯�   
����Â//�À»�Ä//]��Ô//e�Ä//°¸]�,d//�Ì¿�Á�//Ì¿�ÉZÅ�Ì//�»�Z//Ë�d//¯�u�Ê]Z//Ë{��¥|//Å��¿Y|//b»Y�µ�//fÀ¯��{

Ê»�Á�Ì¿�Á�d����¾Ì]�Ä�]Y��ºÌ�Àe����Ä/]�,|/�Z]�������Ê/»��/�¿�|/»�Ê°Ì¿Z/°»��¿Y|/b»Y��/´Ë{�c�Z/^���|/�Z]��Z/]

�©�]�ÉZÆ¿Z³Á{��Y�Ã{Z¨f�Y�������������Ê/»���Z/Àf»�½Z/Ë�m�Z/]�Y��d��/��Á��Z/f·Á�Z/]�Y��Á�/Ì¿�Ä/¯��®/Ì¿Z°»���|/ÀÀ¯

                                                           
1 Impedance Control 



 

�� 

���|//À¿Z¼Å�d��//��Ä//]�Á�//Ì¿�d^//�¿����Ã�Â//u��{�Ä//�]Y��¾//ËY��{�Y{�d^//�¿�ºf//�Ì��Ê°Ì¿Z//°»��¿Y|//b»Y

Ê»��Ë��c�Â��Ä]��¿Z¯�§�|�Z]  

)� -��(     

 
 eF s

Z s
V s

  

�ÓZ]�Ä�]Y���{ eF s��Á V s��Á Z s���|Àf�Å��¿Y|b»Y�Á�d����,�Á�Ì¿�\Ìe�e�Ä]��]��³Y�Y��ÓZ]��]YÁ�

Ê»�¶Ë|^e��Ë��c�Â��Ã�ºÌ�ËÂÀ]�dÌ «Â»��Z�Y�{{�³  

)� -��(     

 
 eF s

sZ s
X s

  

�{Â��Y�mY�¶�¨»�ÉZ�§��{�|ËZ]��ZÌ¿�{�Â»�Ê·�fÀ¯�½Â¿Z«�Ê·�fÀ¯�É�eY�f�Y�¾ËY��{  

�-�-�- ��Ì¤f»��ZfyZ�� 

Ê»�½M��ZfyZ��Ä¯�d�Y�Ê¼f�Ì���Ì¤f»��ZfyZ��ºf�Ì��®Ë�Z]�ª]Z�»�½M�Ê¿��|Ì¸¯�ZË�|À¯��ÌÌ¤e�|¿YÂe

�Ê¬�À»�Ê¿��|Ì¸¯��d�Y�ºf�Ì���Y�[Â¸�»�Ê¸¯��Zf§��®Ë�{ZnËY�½M�¥|Å�Ä¯�|�Z]�ÊÀÌ »  

�-�-�- »�ÉZÅ��Á�Â���¤·�{�  
�ÓZ]�ÉZÆf����Z]�Ê¿��|Ì¸¯��Y��Á��¾ËY��|��ÄWY�Y��Ìa�µZ��Ê���Y��Ì]�¾Ì¿ÂË�dËÂ����Âe��Á��¾ËY

Ê»�Ã{Z¨f�Y�,Ê·�fÀ¯��Ë{Z¬»�¾Ì]�{�Y��Ê¿��|Ì¸¯�d����c�|«�®Ì¿Á�f°·Y��{��ÌyY�ÉZÅ�d§��Ìa��|À¯��¶¼�

��{���¤·� {Â»� Ä]� ÄmÂe� ¾ËY�]ZÀ]� �d�Y� Ã{�]� ÓZ]� Ê°Ë�f°·Y� ÉZÅ�ÂeÂ»� �Ì�¿� ZÅ� ºf�Ì�� �Y� É�ZÌ�]� ÉY�]

�d�Y��ËY�§Y�Ä]�Á��®ÌeZ]��ÉZÅ�ºf�Ì�  

   
    

                                                           
1 Variable Structure 
2 Sliding Mode 



 

�� 

 

� ¹Á{�¶�§Equation Chapter � Section �  
Ê°ÌeZ¼ÀÌ��É�Z�·|»  

 Ä»|¬» 

 Y�mY �ZfyZ�Á ]�cZ 

 Z�§É �Z¯ 

  d«{  

 �Y�°e ~aË�É 

  aÌ|À]�°ËZÆÉ �ÌeZ¼ÀÌ°Ê µÁY|f» 

 �Ä¬^� |À]É ZÅÁ�Z]É ¿Z°»Ì°Ê �ÅZ» 

 �ÌeZ¼ÀÌ® ½Á�YÁ 

 �ÌeZ¼ÀÌ® �d��� 

  eÌÌ¾ �eZ»Ë� ]Â¯Y�Ì¾ 

  �ÁÌd °eÌ¾ cZ]�  
  



 

�� 

�-�- Ä»|¬»  
�dÌ «Â»�¾ÌÌ e�,{Â��¾�Á��d�Y�¹�Ó�Ä¯�Ä¸X�»�¾Ì·ÁY�®ÌeZ]���{�|��½ZÌ]�Ä»|¬»��{�Ä¯�Ä¿Â³�½Z¼Å

»�ÃZ´f�{��{�ÊËZÆ¿�É�n»�Á��Y�]Y�Ê»�­�f�dÆm�Á�dÌ «Â»��´¿ZÌ]�É�ZfyZ��ZË�ºÌ¬f�»�®ÌeZ¼ÀÌ���|�Z]

Ê»�cZ]��¶�Z¨»�ÉZÅ�Ì¤f»�ÉY�Y�Ä]�ÊËZÆ¿�É�n»� �|�Z]ÊËÓÂ·�¶�Z¨»��{�Ê¸�¨»�ÉZÅ�Ì¤f»��¾Ì]�ÄËÁY�� ,

ÊËÂ�¯�¶�Z¨»��{�Á�ZÅ��]Y���Ê»��]Y��µÂ��|�Z]  

  

�-�- cZ]���ZfyZ�Á�Y�mY  
�]Y���Y��ÅZ»�Ê°Ì¿Z°»�ÉÁ�Z]Ä¸Ì�Â]�Ã|��¶�f»�ÉZÅ®ÌeZ¼ÀÌ���Z]��Ìn¿��®Ë��{�¶�Z¨»�É���¶Ì°�e

Ê»Ê»��Ê�y��ÊËÂ�¯�ZË���YÁ{��ÊËÓÂ·��z�»��Â��Ä]�¶�Z¨»��|¿Â�À�Z]�®Ë�ÄÌ^��ÊËÓÂ·�¶�¨»�®Ë��|

Ê»�Y���]Y��Á{�¾Ì]�Ê^�¿��y�q�Ã�ZmY�Ä¯�d�Y�ÓÂ·�Ê·Â��Ê^�¿�d¯�u�Ã�ZmY�ÊËÂ�¯�¶�¨»�®Ë��|Å{

Ê»� Y���]Y��Á{�¾Ì]�É�Z�fyY�¥�u��Y� �|Å{R��É�Z�fyY�¥�u�Á�ÊËÓÂ·�¶�Z¨»�½{Y{�½Z�¿�ÉY�]P��ÉY�]

Ê»�Ã{Z¨f�Y�ÊËÂ�¯�¶�Z¨»�ºÌÀ¯ {Z¼¿��Ë��¶°��¶�Z¨»�ÉZÅÊ»�½Z�¿�Y��cZ]��|Å{  

  

�¶°���-��{Z¼¿��ËZ¼¿cZ]��¶�Z¨»�ÉZÅ  
 

                                                           
Ĳ Revolute joint 
ĳ Prismatic joint 
Ĵ Open kinematic chain 



 

�� 

É{Y�M�Äm�{�,¶�Z¨»�{Y| e��Ê»�¾ÌÌ e�Y���ÅZ»�Ê°Ì¿Z°»�ÉÁ�Z]�¶«Y|u��ÅZ»�Ê°Ì¿Z°»�ÉÁ�Z]�®Ë��|À¯

Ê]ZË�dÌ «Â»�ÉY�]�É{Y�M�Äm�{�Ä���{�Y{�¶¬f�»�É{Y�M�Äm�{�����Ê]ZË�dÆm�ÉY�]�É{Y�M�Äm�{�Ä��Á��

Ê»�ÉY�]���|Ì���|ÅYÂz¿�ÃYÂz·{�ÄËÁY��Z]��Z¯��Ìv»��{�Ä�¬¿��Å�Ä]�Á�Z]�É{Y�M�Äm�{�����Y��f¼¯�Z]�|�Z]

{�]�Z¯Ê»�����Y��f�Ì]�É{Y�M�cZm�{�{Y| e�Ä]��ZÌ¿��¿YÂ»�d�a�ZË�¥Y��Y�Ä]�Ê��f�{��Ì�¿�ÊËZÅ��|�Z]

��ËY�§Y�Z]��ÅZ»�ÉÁ�Z]�®Ë�µ�fÀ¯�¶°�»Ê»��ËY�§Y�,É{Y�M�Äm�{�����Y��Ì]�¾f�Y{�Z]��ÅZ»�ÉÁ�Z]��|]ZË

Ê§Z�Y�d¯�u�Z]��ÅZ»�ÉÁ�Z]�½YÂÀ ]��]Y���{�³�Ê»�Ê§� »]�[.  

�Á�d«{� ,��ÅZ»�ÉZ�§� ,���f�{�¶]Z«�ÉZ�§� ,� �Z¯�ÉZ�§��Ì�¿�ÊeZuÔ��Y� �Y�cZ]��®Ë�Ê§� »�ÉY�]

Ê»�Ã{Z¨f�Y�É�Ë~a�Y�°eÊ»�ZÆ¿M�Ê§� »�Ä]�Ä»Y{Y��{�Ä¯�{Â�Y{�a�ºË�  

  

�-� -�- �Z¯�ÉZ�§�  
Ê»�ÊËZÆ¿�É�n»���Âe�Ã|��Á�Zm�ºnu�¶¯�,�ÅZ»�ÉÁ�Z]��Z¯�ÉZ�§�¹Z¼e��ÅZ»�ÉÁ�Z]�Ä°Ë�Â�]�,|�Z]

d¯�uÄ�|ÀÅ� Ä¸Ì�Â]� �Z¯� ÉZ�§� �|ËZ¼¿� Y�mY� |¿YÂf]� Y�� ¾°¼»� ÉZÅ�Ä¸Ì�Â]� ¾ÌÀr¼Å� Á� �ÅZ»� ÉÁ�Z]� É

dË{Á|v»Ê°Ì¿Z°»�ÉZÅ��Ê»�|Ì¬»�¶�Z¨»�{Â� �ÉZ�§��z]�Á{�Ä]��Z¯�ÉZ�§��ÅZ»�ÉZ�§�Á���f�{�¶]Z«

Ê»�ºÌ�¬e{Â�]��[.   

  

�-�-�-�- ��f�{�¶]Z«�ÉZ�§�  

Ä�Â¼n»�Ä]���f�{�¶]Z«�ÉZ�§Ê»�Äf¨³��ÅZ»�ÉÁ�Z]���Âe���f�{�¶]Z«��Z¬¿��Y�ÉY�{Â�  
                                                           

1 Degreess-of-freedom (DOF) 
2 Positioning 
3 Orientation 
4 Redundant Manipulator 
5 Workspace 
6 Mechanical constraints 
7 Reachable workspace 



 

�� 

�-�-�-�- �ÅZ»�ÉZ�§�  

Ê»�¶Ì°�e�Ê�Z¬¿��Y��ÅZ»�ÉZ�§Ê»�ÊËZÆ¿�É�n»�½M��{�Ä¯�{Â���|��]�ZÆ¿M�Ä]�ÃYÂz·{�dÆm��Å�Z]�|¿YÂe  

��Ë���ÅZ»�ÉZ�§Ê»���f�{�¶]Z«�ÉZ�§��Y�ÉY�Ä�Â¼n»�|�Z]  

  

�-� -�- d«{�   
Ã�Y|¿Y�Ä]��ÅZ»�ÉÁ�Z]�d«{�½M��Z¯�ÉZ�§�¶yY{��{�Ã|��¾ÌÌ e�Ä�¬¿�®Ë�Ä]��ÅZ»�ÉÁ�Z]�½|��®Ë{�¿�É

Ê»�¦Ë� e�{Â�  
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1 Dextrous workspace 
2 Accuracy 
3 Repeatability 
4 Controller resolution 
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1 Classification of Robotic Manipulators 

2 Articulated (RRR) 
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Ĳ Spherical (RRP) 
ĳ Spherical coordinates 
Ĵ Unimate manipulatot 
ĵ Stanford manipulator 
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Ĳ SCARA (RRP)� 
ĳ Assembly 
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Ĳ Cylandrical (RPP) 
ĳ Cylindrical Coordinates 
Ĵ Cartesian (PPP) 
ĵ Cartesian coordinates 
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Ĳ Link parameters 
ĳ Link length 
Ĵ Link twist 
ĵ Link offset 
Ķ Joint angle 
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1 Mass distribution 
2 Rigid object 
3 Moment of inertia 
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1 Mass moment of inertia 
2 Mass product of inertia 
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Ĳ Pricipal moment of inertia 
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1 Sketch 

2 Point (SolidWorks-Sketch Tab) 
3 Insert/Reference Geometry/Coordinate System 
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1 Gravitational constant 
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1 Dynamic equations 
2 Euler-Lagrange Equations 
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1 Christoffel Symbols 
2 Centrifugal 
3 Coriolis 
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1 MATLAB 
2 Embedded Function 
3 User Define Function 
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Ê»�ºÌ�¬e�Äf�{�Ä��Ä]��Y�|Àe�Z^��Ä¯�|¿Â�  
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 Ä¯�v»Ê°ÌeZ»ÂÀa�ÉZÅ� 
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Ĳ Control loop 
ĳ Electrical actuators 
Ĵ Hydrolic actuators 
ĵ Pneumatic actuators 
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1Permanent magnet DC motor 
2 Stepper motors 
3 Armature 
4 Reliable 
5 Commutators 
6 Power transistors 
7 Thyristors 
8 Electrical pulse 
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1 Linearized 

2 Valve spool 
3 Bulk modulus 
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1 Magnetic flux 
2 Stator 
3 Rotor 
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1 Cross-sectional view 
2 Radial magnetic flux 
3 Webers 
4 Back emf 
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1 Torque constant 
2 Back emf constant 
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1 Lumped  model of a single link with actuator/gear train 
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� �¶�§¹�ZÆqEquation Chapter (Next) Section �  
¹ÁZ¬»�µ�fÀ¯ 

 Ä»|¬» 

 �Ìºf� £Ì� �yÊ ¤f»Ì� Z] ½Z»� 

 µ�fÀ¯ Ä¬¸u Äf�] Á §Ì®]| ){�Ây�Z]( 

 ¸veÌ¶ ZaË�Y|É 

 �Á� ¹Á{ ·Ì¥Â¿ZaZ 

 �¬eÌº ½Â¿Z« µ�fÀ¯ 

 {Ë»ZÀÌ® ½Á�YÁ 

 [Zzf¿Y pk Á dk �{ ½Â¿Z« µ�fÀ¯ ÁÁ�� 

 µ�fÀ¯ ¹ÁZ¬» 
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 �f»Y�ZaÊ»��ÌÌ¤e�ºf�Ì��ÉZÅ�|ÀÀ¯  

 �d�Y�Ã|�¿�É�Z�·|»�Ô»Z¯�ºf�Ì��®Ì»ZÀË{  

 �ÌyZeÊ¿Z»��ÉZÅ��Ã|�¿�É�Z�·|»�Ô»Z¯�|¿Y  

                                                           
1 Nonlinear 
2 Multivariable 
3 Robust stability 
4 Robust perfomance 
5 Physical system 
6 Time delay 
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 Ê»��ÌÌ¤e��Z¯�Ä�¬¿�ZË�µ{Z e�Ä�¬¿�|À¯  

 �Â�À�ZÅ���|Àf�Å��Z�f£Y�ÉY�Y{ 

 É{Á�Á�|Àf�Ì¿�ÊÀÌ]��Ìa�¶]Z«�ºuY�»�ÉZÅ 

ºf�Ì�� ÊuY��� �Y� ¥|Å��{� dÌ �«� ¹|�� µZ^«� �{� ºf�Ì�� �Zf§�� �Y� ½ZÀÌ¼�Y� �¨u� ¹ÁZ¬»� ÉZÅ

�f»Y�Za��ÌÌ¤e�Á�É�Z�·|»Ê»�µ|»�ÉZÅ�|�Z] 

�-�- ½Z»��Z]��Ì¤f»�Ê�y��Ì£�ºf�Ì��  
Z »� ¶u{ºf�Ì�� cÓÊ»� �ÌÌ¤e� ½Z»�� Z]� ZÆ¿M� ÉZÅ�f»Y�Za� Ä¯� ÊËZÅºf�Ì�� ZË� ,|À¯ÊËZÅ���Ì£� ZeY}� Ä¯

Ê�y Ê»�,|�Z^¿�|Ë|��ºf�Ì���{�Ê�y��Ì£��YÂy��³Y��d�Y��e�YÂ�{�,|¿YÊ �Â»�É�Z��Ê�y��Y�½YÂe��

�Z¯�Ä�¬¿�®Ë�Ê´ËZ�¼Å��{�Ê�y��Ì£�cÓ{Z »��Y�Ê^Ë�¬e�Ä¯� ,Ê�y�µ|»�½{�ÁM�d�|]�ÉY�]���,|Àf�Å

�\�ZÀ»� �ÅZ»�Ê°Ì¿Z°»�ÉZÅÁ�Z]� µ�fÀ¯�ÉY�]�d§ZÌÅ��¾ËY� Ä¿Z¨�Zf»� �{�¯� Ã{Z¨f�Y�ZÅÁ�Z]�¾ËY� Y�Ë�� ,d�Ì¿

Ä¿Z³Y|m�ÊuYÂ¿��{�Äf�ÂÌa�Y��É�^f »�É�Z��Ê�y�pÌÅ�Ä¯�É�Â�]�|Àf�Å�d¯�u��{�{Ây�É�Z¯�ÉZ�§�É

Ê¼¿�©Â§�ÊuYÂ¿�ÄÌ¸¯�ÉY�]��d§ZË�½YÂe  

  

�-�- ®]|Ì§�Á�Äf�]�Ä¬¸u�µ�fÀ¯���{�Ây�Z]�  
Ä�Z�u�Ä]��Æn»�½M�¶�¨»��Å�Ä¯�Ê»�Ì¿Z°»�c�Â��Ä]�Y���ÅZ»�Ê°Ì¿Z°»�ÉÁ�Z]ÉY�]�ÊËZÅ�Ã�Y|¿Y�É�Ì³

Ä¯�v»� Á� Ê¸�¨»� ÄËÁY��]Y�� Ä]� �ÁZf�³� µZ¼�Y� ÉY�]� ÉYÊ»� É�Z�·|»� ,d�Y� É| ]� ÉZÅ�Äq� �³Y� �ºÌÀ¯

Ä�Z�uÊ»�Y��ZÅ¶�¨»��{�Y��ZÆ¿M�,�ÅZ»�Ê°Ì¿Z°»�ÉZÅÁ�Z]��f�Ì]��{�Z»Y�,{Y{��Y�«�É�´Ë{�½Z°»��{�½YÂe��{�ZÅ

                                                           
1 Sensors 
2 Nonlinear time-varing system 
3 Local linearization 
4 Set-point 
5 Feedback 



 

�� 

Ê»���¿¶�¨»��{�ÊÅZ³� �|¿�Ì³Ä�Z�u��Y� ZÅÀ���Á{��d����ÉZÅlÊ»�Ã{Z¨f�Y��Ì¿��ZÅcZ]���{� �{Â���ÉZÅ

�Á��,Êf À�Ê»�Ã{Z¨f�Y�Ê¿Â³Z¿Â³�c�|«�µZ¬f¿Y�Á�É�Y|¿Y��Z¯�ÉZÅÊ»� Y�� ZÆ¿M��Y�É�ZÌ�]�Z»Y� ,{Â��Z]�½YÂe

Ê»�Ä¯�Zn¿M��Y� �{�¯�É�Z�·|»�,¶�¨»��Å��{�Ä¯�v»�®Ë�{ÂmÁ���§¶�¨»�ºÌÅYÂy��Y�É�Ì�»�cZ]��ÉZÅ

§����Y�Á�|ÀÀ¯�Ê��Y��Ã|��¾ÌÌ e��ÌaÊ»�½Z»�§��ÁZf�³�\�u��]��Ì¿�cZ]��Ê�ºf�Ì��Ê�Â¿��Y�|ËZ]�,{�Ì³

½Z»�§�Ä^�Zv»�ÉY�]�µ�fÀ¯Ä¯�v»�ÉY�]�\�ZÀ»�ÉZÅd¯�u� Ze� {�¯� Ã{Z¨f�Y� ZÅ�¶�¨»� �{� ��¿� {�Â»�ÉZÅ

Ê»�½Z�¿�Y��®]|Ì§�µ�fÀ¯�ºf�Ì��®Ë�Ê¯Â°]��Y{Â¼¿��Ë��¶°���{{�³�{ZnËY�|Å{  

¶°����-� -®]|Ì§�µ�fÀ¯�ºf�Ì��Ê¯Â¸]�¹Y�³ZË{  
  

Ä�z�»�¾Ë�e�ºÆ»��Y�Ê°Ë�É�Y|ËZa�®��½Á|]�dÌ «YÁ�¾ËY�Z]�É�Y|ËZa�¹ÂÆ¨»�dÌ¼ÅY��d�Y�Ê·�fÀ¯�ÉZÅ

Ê»�|Ì¯ZeZ^Ë�¬e�Ä¯�{Â�;�ºf�Ì��¹Z¼eÊ»�ÊuY���½ZÀq�Y��É{�]�Z¯�Á�Ê¸¼��ÉZÅ��{��|À�Z]��Y|ËZa�Ä¯�|ÀÀ¯

Ä¯�Ê¼f�Ì��¶¼���Ô¼��|�Z^¿��Y|ËZa;�Ä]�Ä»Y{Y��{�É�Y|ËZa�Ä¸X�»�dÌ¼ÅY�Ä]�ÄmÂe�Z]�¾ËY�]ZÀ]��{�Y|¿�É{�]�Z¯

Ê»�É�Y|ËZa�¶Ì¸ve��Á��½ZÌ]�ºË�Y{�a 

 

�-�- É�Y|ËZa�¶Ì¸ve��  
Ã|ÀÀ¯�µ�fÀ¯�ÊuY����Y�¥|ÅÄ�z�»�Ä]�Ê]ZÌf�{�,ZÅ�\�ZÀ»�{�°¸¼��Á�É�Y|ËZa�|À¿Z»�É{�°¸¼��ÉZÅ

Ê»�hv]� Ä]�d¼�«�¾ËY� �{� �|�Z]Ã�Z]�{Ê»�µ�fÀ¯� ºf�Ì��É�Y|ËZa� É�½|�� Y�´¼Å�Ê¸¯� �Â�]� �ºË�Y{�a

                                                           
Ĳ Stability analysis 



 

�� 

µ{Z e� Ä�¬¿�d¼�� Ä]� ºf�Ì���Ê»�É�Y|ËZa� ,É{Á�Á� �Â�u�½Á|]ºf�Ì��ÉY�]� �|�Z]�É�Y|ËZa�Ê¸¼��ÉZÅ

�ZÌ¿� �Y�Ê°ËÊ»�[Â�v»�ºf�Ì��ÊeY}�ÉZÅ� �{Â��ZÌ »Ê���]�ÉY�]�Ê¨¸fz»�ÉZÅ �{ÂmÁ�ºf�Ì��É�Y|ËZa

{�Y{ºf�Ì�� {�Â»� �{� �Å½Z»�� Z]� �Ë~aZ¿� �ÌÌ¤e�Ê�y�ÉZ��Ä¸¼m�|Àq� Ä]� ÄmÂe� Z]Ä�z�»�ÉY��Ä�Ë�� Á�ÉZÅ

Ê»�,½M�Z]���ZÀf»ºf�Ì��¾ËY�{�Â»��{�Ä¯�Ê§Á� »��ZÌ »��ºÌÀ¯���¿��ZÆ�Y�ºf�Ì��É�Y|ËZa�{�Â»��{�ºÌ¿YÂe -

Ê»� Ã{Z¨f�Y� ZÅgÁ�� �ZÌ »� ,{Â��fËÁ�ÂÅ��Ä�Ë�� ¶v»� ¾ÌÌ e� ÉY�]� �ZÌ »� ¾ËY� �d�YÄ¸¼m� |Àq�ÉZÅ]� ÉY�Z

d]Zi�Ê¬Ì¬u�\ËY���Äv¨��ºÌ¿� Ä]�d^�¿� ,Äv¨��`q�d¼��ÉÊ»�Ä·{Z »�¶u�½Á|]� ,�¸fz»�É��|�Z]

d�ÌËÂ°ËZ¿��ZÌ »��ºf�Ì��É�Y|ËZa�Ê���]�ÉY�]��´Ë{�ÊÅY��¶v»�¾ÌÌ e�Á�½Z»��Z]��Ë~aZ¿��ÌÌ¤e�Ê�y�ÉZÅ

Ä�Ë�Ä¸¼m�|Àq�ÉZÅÊ»ÂÅÂ»��Âv»�Ä]�d^�¿�Ä�z�»�ÉY��Ê»gÁ���ZÌ »�¥Ôy��]�� �|�Z]ÂÅ��ZÌ »� ,�fËÁ�

�¿Z¯�§�Ã�Âu��{�d�ÌËÂ°ËZ¿��Ê»Ê»�ºf�Ì��Ê�¿Z¯�§�x�Za��Z�Y��]�Á�|�Z]��]�d�ÌËÂ°ËZ¿��ZÌ »��|�Z]

Ê�Â¯� ½Z»Â³�M� ¶�Y��Z�Y�ÄÌ�«� ,�É�Y|ËZa� ¶Ì¸ve� Ê³|ÌrÌa� Äm�{�d�Y� �YÂf�Y� �¸fz»� �Ì·Z¿M� ÄËZa� É

ºf�Ì�µ|»��ÌÌ¤e� Z]�d���]�Ê°Ì»ZÀË{�ÉZÅ�Ê�y��Y�ºf�Ì��Ê�ZË��ÉZÅ�Ê�y�Ä]�½Z»�� Z]��Ë~aZ¿��ÌÌ¤e

Ê»��ËY�§Y�Ê�y��Ì£� Á�½Z»�� Z]� �Ë~a��ÌÌ¤eºf�Ì��Ä]�É�Y|ËZa�¶Ì¸ve���]� �|]ZË��ÌÌ¤e� Á�Ê�y�Ì£�ÉZÅ

�Á��ÄWY�Y�¾ÌÀr¼Å�Á�½Z»��Z]��Ë~a��Y� ,|ÀÀ¯�¾ÌÌ e�ºf�Ì��Ã�ËÁ��Ë{Z¬»�¾ÌÌ e�½Á|]� Y��É�Y|ËZa�Ä¯�ÊËZÅ

Ã�ËÁ�ÃZ´ËZm�Á�dÌ¼ÅYy�]�µ�fÀ¯�Ê�|ÀÆ»��{�ÉY�Á��¾Ë�e�Ê¸¯��Y�Ê°Ë��d�Y��Y{�Â�É�Y|ËZa�¶Ì¸ve�ÉZÅ

ºf�Ì�¥Â¿ZaZÌ·�ºÅ{�Â¿�½�«�Ê�Á��|À¼�¿Y{�Ä]�[Â�À»�,ZÅ����Ê���]�Ä]�{Ây�É�f¯{�Ä·Z����{�ÉÁ��d�Y

Ê»� Ê�y� �Ì£� ¶Ì�¿Y�¨Ë{� cÓ{Z »� É�Y|ËZaºf�Ì�� É�Y|ËZa� ¶Ì¸ve� ÉY�]� �Á�� Á{� ¥Â¿ZaZÌ·� �{�Y{�a�ZÅ

                                                           
1 Equilibrium point 
2 Linear time-invariant system 
3 Polynomial 
4 Routh�Hurwitz criterion 
5 Constant real coefficients 
6 Nyquist criterion 
7 Imaginary axis 
8 Frequency domain 
9 Cauchy�s argument principle 
10 Lyapunov 
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Ê»�{ZÆÀ�ÌaZaZÌ·�µÁY��Á�� �|À¯�É�Z��Ê�y��Y��a�Ê�y��Ì£�¶Ì�¿Y�¨Ë{�cÓ{Z »�É�Y|ËZa�¶Ì¸ve� ,¥Â¿

ºf�Ì��É�Y|ËZa�¶Ì¸ve�¹Z���Á��,¥Â¿ZaZÌ·�¹Á{��Á���d�Y�µ{Z e�Ä�¬¿�µÂu�¥Â¿ZaZÌ·�¹Á{��Á���d�Y�ZÅ

ÄÅ{��{Ã{�f�³��Â��Ä]�Äf�~³�ÉZÅºf�Ì���Y��ZÌ�]�É�Y|ËZa�¶Ì¸ve��{�ÉY�d�Y�Ã{�¯�Y|Ìa�{�]�Z¯�ZÅ ��Á�

¿ZaZÌ·�¹Á{ºf�Ì��É�Y|ËZa�¶Ì¸ve� �{�Ê¼Æ»��¬¿�¥Âd·Zu�ÉZ�§�cÓ{Z »� Z]� Ã|��¦Ì�Âe�µ�fÀ¯�ÉZÅ��

Ê»�LZ¨ËYÊ¼¿�ºf�Ì��¶Ì�¿Y�¨Ë{�cÓ{Z »�¶u�Ä]�É�ZÌ¿��Á��¾ËY��Y�Ã{Z¨f�Y�Z]�É�Y|ËZa�¶Ì¸ve��{��|À¯-

ºf�Ì��Ä]�µZ¼�Y�¶]Z«��Á��¾ËY�¾ÌÀr¼Å��|�Z]Ê»�½Z»��Z]��Ë~a��ÌÌ¤e�Ê�y��Ì£�ÉZÅ�|�Z]  

�-�-�-  ��Á�¥Â¿ZaZÌ·�¹Á{  
Ê»�¾ÌÌ e� Y��½M�É�Y|ËZa� ,ºf�Ì��x�Za�½{�ÁM�d�|]�½Á|]� ,¥Â¿ZaZÌ·�ºÌ¬f�»� ZË�¹Á{��Á���{� �|À¯

Ê¼¿�c�Â��É�Z��Ê�y�Á�Ã�ËÁ��Ë{Z¬»�¾ÌÌ e�,¥Â¿ZaZÌ·�ºÌ¬f�»��Á�ºf�Ì��Ä]�¥Â¿ZaZÌ·�¹Á{��Á���{�Ì³ -

�Ë~a��ÌÌ¤e�,Ê�y��Ì£�ZË�Ê�y�,É{Á�Á�½Á|]�ZË�É{Á�Á�Z]�ÓZ]�Ä^e�»�ÉZÅ��½Z»��Z]��Ë~aZ¿��ÌÌ¤e�ZË�½Z»��Z]

��·Z°�Y��]Ze�®Ë��Á��¾ËY��{��d�Y�µZ¼�Y�¶]Z«( )V x�Ê»�[Zzf¿Y�É�Y|ËZa��ËY���¾ÌÌ e�ÉY�]�Êf«Á��{Â�

�Ä¯( )V x�Ê»�Ã|Ì»Z¿�¥Â¿ZaZÌ·��]Ze�,{�Z��{�ÁM�]�Y��É�Y|ËZa��ËY���µZ¼�Y��{�Ê�Z�Y�¶°�»��{Â��¹Á{��Á�

��ËY���¾fyZ��{�ÁM�]��{��]Ze�|Àq�ZË�®Ë�dÌ¬§Â»�¹|��Ä¯�Y�Ë��,d�Y�\�ZÀ»�¥Â¿ZaZÌ·��]Ze�¾ÌÌ e�¥Â¿ZaZÌ·

���vÀ»�¥Â¿ZaZÌ·��]Ze�Ä¯�dÌ «YÁ�¾ËY�Z]�Ä¸X�»�¾ËY��d�Ì¿�\�ZÀ»�¥Â¿ZaZÌ·��]Ze�{ÂmÁ�¹|���]�¶Ì·{�É�Y|ËZa

Ã|ÌrÌa�d�Ì¿�{�¨]Ê»��eÁ{��Á��,cÔ°�»�¾ËY�{ÂmÁ�Z]� �{Â��½ZuY����Y�É�ZÌ�]�ÄmÂe�{�Â»�¥Â¿ZaZÌ·�¹

ºf�Ì�ºf�Ì���Y�É�ZÌ�]�ÊuY����{�,É�Y|ËZa�¶Ì¸ve��]�ÃÁÔ���Á��¾ËY��d�Y�Äf§�³��Y�«�µ�fÀ¯�ÉZÅ�ÉZÅ

Ê»�Äf§�³��Z°]�Äf§��Ìa�µ�fÀ¯�{Â� 

ºf�Ì��Ä¯�d�Y��YÂf�Y�®Ì¿Z°»�®Ì�Ô¯�É�ÂXe��Y�¶�Y�¾ËY��]�,¥Â¿ZaZÌ·�¹Á{��Á��Ê¸�Y�Ä¨�¸§�ÉZÅ

¿Z�Â¿Ê����Â��Ä]��d^j»�¾Ì »�Ê ]Ze��ZÆ¿M�É��¿Y��Â¼n»�Ä¯�|Àf�Å��Y|ËZa�Êe�Â���{�Êm�Zy�É{Á�Á�½Á|]

                                                           
1 State space 
2 Vibratory system 
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Ê�ÅZ¯�Äf�ÂÌa���Ä]�Ä°ÀËY�Ze�,�|�Z]�Ê¨À»�¾Ì »�|ËZ]�ºf�Ì��É��¿Y��Â¼n»�Ê¿Z»��ªf�»�Ä°¿M�ÊÀ Ë��|�Z]

�|À��]�µ{Z e�Ä�¬¿  

ZÀ]�dÌ «YÁ�¾ËY�ºÌ¼ e��Z�Y��]�¥Â¿ZaZÌ·�¹Á{��Á�� ,�´Ë{�c�Z^ ]��Ê¼f�Ì���³Y�Ä¯�d�Y�Ã|��Ã{ZÆ¿

[~m�Ã�Âu�¶yY{��{�ºf�Ì��Ã|��Ã�Ìy}�É��¿Y�,{�Y{�Ê^¿Zn»��Y|ËZa�µ{Z e�d·Zu����ÅZ¯�½Z»���ËY�§Y�Z]

ºf�Ì��ÉY�]� �|��]�µ{Z e�d·Zu� �{�½M� �Y|¬»�¶«Y|u�Ä]� ¹Zn¿Y���Ä°ÀËY� Ze� Äf§ZË�ZË� Á� ,Ê�ZË�� Z§���ÉZÅ

ºf�Ì�Ê «YÁ� Ã|ÌrÌa� ÉZÅ,�Y�Ã�Ã{Z� e� ÉY�]� ÉYÉ��¿Y� �]Ze� ¦Ë����{�Y|¿� {ÂmÁ �,¶°�»� ¾ËY� �§�� ÉY�]

Äf§ZË�ºÌ¼ e�É��¿Y��]Ze� Ã|ËY�¥Â¿ZaZÌ·����]Ze� Y���]Ze�¾ËY� ,Ã�Á�»Y� �d�Y�Ê��§�É��¿Y��]Ze�Ä¯�{�¯�s��»� Y�

Ê»�¥Â¿ZaZÌ·��Å�d¬Ì¬u��{��d�Y��f Ì�Á��Ì¿�½M�{�]�Z¯�Ã�Âu�Á�Ã{Â]�É��¿Y�Ã|ËY��Y��e�Ê¸¯�Ã|ËY�¾ËY��|À»Z¿

�·Z°�Y��]Ze�ªf�»�Á��]Ze�¾ËY�Êf»Ô���Zf§���d�Y�¥Â¿ZaZÌ·��]Ze�®Ë�{�Z��Ã{�ÁM�]�Y��¥Â¿ZaZÌ·�ÉZËZ�«�Ä¯�É

Ê»��z�»�Y��É�Y|ËZa�dÌÅZ»�½M�Ê¿Z»�� �|À¯ºf�Ì��ÉY�]�¥Â¿ZaZÌ·��]Ze��|u�Ã{Z��ÉZÅ�½Z°»Y�\�ZÀ»

ºf�Ì��ÉY�]�¾°Ì·� ,d�Y� �Ë~aY� ¶°�»� �ZÌ�]�\�ZÀ»�¥Â¿ZaZÌ·� �]Ze� ½{�¯� Y|Ìa� Ã|ÌrÌa�ÉZÅ�ª^�� �d�

�|À¿Z¼Å�É�·Z°�Y��]Ze��³Y� ,d�Y�Ê^¿Zn»��Y|ËZa� LY|^»��{�µ{Z e�Ä�¬¿�Ê°Ë{�¿��{�ºf�Ì��¥Â¿ZaZÌ·�É�ÂXe

( )V x���{�Z��{�ÁM�]�Y���Ë���ËY���Ä¯�|�Z]�Äf�Y{�{ÂmÁ  

 ( )V x�Ã{Á|v»��{�Ì¿�½M�ÊW�m�cZ¬f�»�Á�|�Z]�Äf�ÂÌa�Y|^»�µÂu�ÉY��|À�Z]�Äf�ÂÌa  

 ( )V x���|�Z]�d^j»�LY|^»��Y��Ì£��Z¬¿�¹Z¼e��{( ) 0 0V x for x (  

 ( )V x�|�Z]��¨��Y|^»��{ )(0) 0V (  

 ( )V x���|�Z]�Ê·Á�¿�Y|Ì¯Y  0 0V x for x ( 

                                                           
1 Continually decreasing 
2 Domain of attraction 
3Energy function 

4 Generalized energy function 
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Y����Ë��� Ze���½{Â]�¾Ì »�d^j»( )V x�Ê»�¾Ì¼�e� Y������ Á�|À¯���Ä¯�d�Y� ZÀ »�½Y|] V x��Ê¨À»

�½{Â]�¾Ì »�Ê¨À»����� Ä¯�d�Y{� ÄmÂe� Äf°¿�¾ËY� Ä]� |ËZ]� �d�Y�¾Ì » V x�d¯�u� ,( )V x��d¼�� Ä]

�LY�Y�Ä]�Y��µ{Z e�Ä�¬¿t �Ê»�¾Ì¼�e��³Y��|À¯ V x��Ä¯�d�Y�¾°¼»�,|�Z]�Ê¨À»�¾Ì »�Ä¼Ì¿( )V x�

�\�ZÀ»�¥Â¿ZaZÌ·��]Ze�½{�¯�Y|Ìa��|¿Z¼]�Ê«Z]�É��¿Y��Y��Zy�Êv����{( )V x�½Y|]��ºf�Ì��Ä¯�d�Y�ÊÀ »

��]Ze�¾f§ZË��{�ÊWZ¿YÂe�¹|���d�Y�É�Y|ËZa�ÉY�]�¹�Ó��Ì£�Ê·Á�Ê§Z¯�����®Ë�ZÆÀe�¾ËY�¾°Ì·�,d�Y��Y|ËZa

( )V x�Ã|��½ZÌ]�Êe�Â��Ä]�ÓZ]��{�¥Â¿ZaZÌ·�É�Y|ËZa�ÉZËZ�«��d�Ì¿�½M�{ÂmÁ�¹|��ÊÀ »�Ä]�Ä¯�|¿Y( )V x��Y�

Á� d^j»� ¾Ì »( )V x�Ê»� ¹�Ó� Ê¨À»� ¾Ì »� Ä¼Ì¿� ZË� Ê¨À»� ¾Ì »� Y�Ê»� ,¾ÌÀr¼Å� �|¿�Y{�Y�� É�Y|ËZa� ½YÂe

�®Ë�\�u�]( )V x��Á� Ê¨À»� ¾Ì »( )V x��,¹�Ó� ���� ZÆÀe� �{�¯� ½ZÌ]� ¾Ì »�d^j»� Ä¼Ì¿� ZË� d^j»� ¾Ì »

Ô��½{Â]�¦·Zz»�ÉZÆf»( )V x��Á( )V x��d�Y[�]  

  

�-�- µ�fÀ¯�½Â¿Z«�ºÌ�¬e  
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Abstract 

This M.Sc thesis presents the modeling of an Spherical robot manipulator in 

kinematics and dynamics. Then a robust control design is developed and 

simulated. The joints of the robot is RRP (Rotational, Rotational, Prismatic). 

The joints provide three degrees of freedom. To abtain the kinematics we use 

the Denavit-Hartenberg presentation and to abtain the dynamics the Euler-

Lagrange equation has been used. The obtained model is multivariable, 

nonlinear, coupled and uncertain. To control the robot, a robust nonlinear 

controller has been designed. The proposed control guarantees the stability of 

the close-loop system. The performance is very good such that the tracking 

error is ignoreable. The direct method of lyapounov has been used for 

stability analysis. Since the uncertainty includes unmodeled dynamics 

parametric uncertainty and external disturbances. The performance of the 

controller is important in overcoming the uncertainty. Finally a comparsion 

between the Spong�s method and the proposed controller is presented. 
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