


� � ��� ��� �� �	 
�� �� �
� ������ � �� �� ��� � � ��

���� ���	 
���� 
�� ������������� 
���� �������� ���

�������� � ����!"#�$�% ��� &� �'���( ���)* � +!,�-�. -�� -/012 345 67 
8 92 : ;< � = �
����>? �@�� �� �� � �-�. -A � B =CD �EF G�HI�!"#JK

����� ���	:�L �MN�OPQ
���������:-�R�H� �S ��S �� �T U VW XY

���������:-� � �Z�[ �� �\ � ]^ XY
����	:H��,���_`abc



����� ��	
����� ��	
����� ��	
����� ��	


����� ����	
 ������
�������� �
���� � ���
 

�����:
���	
:

������ ���� �
 �!"#$% ��"&'% ()��� ��*

(�+��
��",��"�
 �� �- 
)�!��
�/% 0"�$%(

23��
� ��&4��:
������� ��� � ���:�	
 ����
 ��� ����������� !�"#

$����� ���	
%�:&''())*+�,-���:�./��� ��,01#�2�34� �5
�:�./�������:����

�#��
� ����
 ��&4��:
������� ��� � ���:�,6 7���	� ,	4#� �8��9�� :������ 
������� ��� � ���:�9�� � �8�:

����� ����
 ��&4��:
������� ��� � ���:��:�,; <=;�9�� � �8�:������ 
������� ��� � ���:�9�� � �8�:

����� �
2����� �6 ����7�:
�  ��>: ?�@"�� �5���A#�B ��1C�  D�5�E����� ��5/� ���� FG��� 7���8 � ��,0� �@���H ��5/� �  E�  ��I0# J9=� ��>:��

����� �
2���8"!+�
 �6 ����:
Investigation of Aeroelastic Behavior of High Aspect Ratio Flexible Composite Wings Undergoing Geometrical 
Nonlinearity in Incompressible Flow

�K��: L�� :���0
��G�
�%%,5G%%���2�34� !��          :'M&+
�� ��G���0 �"�����I�%%��

L��
 �����: �1#'M&'�	��� �����: ��	�� �'M&+,;�� �,"�:(*��95N� �,00G <�#O� 7�#���:

()
� �6 9�"!� 9��7���7�:E����� ��5/��8� ��,0� �@� ��H PQ��� ��� PR�5�M P�0�� R�#�0����� PSG�# ��# PT�U  ��1��-#���V� P
�,4# W0#� �  X������ P��>:�� FG��� 7���8

()
��8"!+�
 �6 9�"!� 9��:Aeroelastic Behaviour, Slender Beam, Geometrical Nonlinearity, Large Deflections, 
Composite Material, Unsteady Wagner's Aerodynamics, Incompressible Flow, Limit Cycle Oscillations

����Y X�3Z�#
X�4[6 �,"�

(\\
�K��          ��]�           ���	�          !�,8       ���3��#��

^8��# �,"�
'*_

X�4[6 �,"�F$�	`
'&

<5# 7� �              ����/�=�2a��                            �,�-b�=�2a��           ����/

J
���
�":�  �2,/6 �2;�� �6 ����/��"� � ���;�(�+��
� ������ 9��

�5��:

�����:

�#��
� ����
 <�=�
:>���%:
? :����� @
 �$"����$:
 �48� 0� (
�#� �6 ������ ���� � �6 �A
�
 � ��������� ����	
 �� ��2&6 ����PDF (�"$B C�B (
�#� )�8"!+�
 ���� (����� ����	
 �� �����
D :�6 �A
�
 ���46��� (�E��
� ) F��� ���� ����� �!G �� �� HE"����E:
 �48�  (
�#� �6 �����46��I H+��J �'K- �� (�� ���
 ��2#� L,	 (��� M2: NOI�� (



d� -�e-� �e�f+ �g�h��i j � kd� �e-� �e�f+ �g�h��lm j � k�* -��� ���� �n�� � ��o p p qr< ��>���&s�� �-� �n� -�H�(tu j � v
�g�h��� k-�j� �e-�wx j� +�-� ��� �y �@�z �{| j } ~� �

� ��� �&��{k k-� �+�HÄ�* �e�Å Ç-� �+��� �� ��>�� �� �j } jtu tu �
� �-� ��f+ �g�h��tu j � k� +�-� �n�ÉÑ!�Ö�ÜF �ná j à

� � �N�@��f+ �g�eâ�äã å � o� � J�@��f+ �g�eâ�äã å � o
�ç�é,�H �è � �{��!�Ö, � êëí�ç�ì�îï�Ñ-� �{��!�Ö8 j

�� �-� "ñ�{�Ñó�n�y �.} ò ô ö o�� �-� �{�Ñõ �n�y �.} úùû ü  ö o
�É �g�h��j � k-� ������-�j-� ��¡ �è� �É �g�hJ�{p ¢£ �

¤ �>� �¥ó�[ �? ¦�{§ ¨Y ]^ ©õ �[ �eõ �+ª« ¬4^ ü ��¤ �* +��§ 
� �e-� �e-� �® ¯��ç�{wx j j °±� ��ç�F �-� �� �²-� �+tu tu³ j j

[ ��H�´�/��f+ �g��+@µ �[ ��Ü� �É� ? �d� -¬¶ wx ·� ¸ i
�>õ ,�-� �{�� �g�h��¹ j º � k�>õ ,�-� �-� �É-� �&��{¹ »¼ j j-�½�R�+��d,�/�+�+@�H��� �[ �>�d,�¾ �y ,�{¿À ¬< ÁÂ Ã
Ä-� �Ä �Å�É �g�h��j Æ � k�_�-� �Ç�È �� �-� �&j jÉ¶ wx

F -�eF �-�Ê�? ���ËÌ ËÍÎ ©F ? �d� -�H �d��-� �nÏ © i j,
-� �e-� �Ä �Å� �g�y �.j j Æ � ö o-� �&�� �_��É� �_���-� �&j j· ·

[ &�+�H�_&�¡ �n�H���.¬¶ £ k[ � �d��-� ����¬ÐÑ p j ÒÓ
-� ��� �/�-� �+�����. õÅ ò j o ¹. �® �Ô ÕÖ j� �×Ø-� �&�� �n�Éj CD

-��@�+�¤ �&��Ù�H�(� ÚÛÜ v+��[ ��� �Ä �ed��-� �n� Ý å jÞß
-� �-� �H �è-+��@ÞÉ¶ j , �à�� �}-� �{�� � -�H�´�n¿áW á iâ�� �}�S � �ã�-� �&��Ù� -�H�(ä  j � v�� ���( �M-�-� �nåæçë � jè�é
hê�/�É+�����. õo ¹�-+,�N� �N� �>�+��-� �&��{ë j=

�-� ��S �M-�� ���( �nì ä í� �[Ý[ �-� �� Ù�&��Ù� -�H�(Ý j î � v
ØïðñðíàòóôÕõö®��H�î �? ,�¼ ÷íâØï

1��� ��� ���� 	
�

2���� ����

3��� ���� ��� ���� ����

4���
 ����� � ���



ø

ùF �úÏ û
�n�É �üüg�hJ�[ � -ý� µ üüXþ���É¤ +��H�üüO�-� @�+���üüS �� �+��� � -�+���� �Ñ�üüS ��N��üü_�{�¤ �g������� �� ��üüS �üü§ � üü§�üüå üüë	 	 	üü
� üü
��üü5 üü�W�ù� ��üüf+ �güü× ��{�&�üü*x

����üüüç�¡ �üüüO� -�¥�� �h�üüüS �y �� �+� �S -üüü§ �� üüü��W Ó 	�� �üüü �Â üüür�¤��* ��� +�$� �h�üüüã�&�� -�� � �® ��&��G��üüü��� ���+�� 8üüü �Â üüü� üüü� � � üüü��W üüü�� �üüü��Â���üüü( �n��� � -�+��è&-�+�� üüüå �
¤ ��® ?üüü§ üüüÕ= ¸�ù� �d&J�y�� �&��H�üüü� � �h�üüüS �n� -�y �üüü�õ �+�¤ -�{�ì�üüü ��üüüf+ �güüü· ! üüü��W Ñ p Ó � ª� ��� üüü"PËÌ #$ ��@� -��-� -�� -�® ��&��G��üüü��� -���+��üüü�üüü � �%üüüo üüü��8 üüü
Ò	 Ô

� �� ��H�>���+�� �S ,���( �.� } &: ' ( ) Ô*+®��[? ,�+�H õ �Éy �S ,�,�ü. �[ ? ,�+�[ � �n� -��ü_�+�® �ü-�[ +-��( �. ���/�y�� -�+�H�� ê�µ µ µ ü/ü÷ ü÷, ü0 �� ü( 5Ô üX ¨	1) � �Õ2 3 5 i
���. õ �[ ? ,�+�[ G/�+�[ � �+�h4 ��Éy ��[G/�+o ¹ µ µ µ µ÷ X1) - É5� ��S �¥� �Ñ�tR 67VW��®89u+¤ ����? � �:�+��¡ �&��? �:�H�_�_��+�;,§ � �© 8 . 85 <=ù

�¤ +��{�-�ú ,�É �f+ �g§ � �7�ü·� �� -�+��- �ü· ü>� ����. õ �/�É��üo ¹ üì�� ��üS ��¥�åæç üë VWèèèè����tüRtüRtüRtüR��������®®®® üüüü88889999uuuu;;;;,+,+,+,+éééé�-� �ì�+�[ �+�[ �+�® ¯�+�� �+�� �¡ ��+�üj ¬4ü^ ]ü^ ü°± ütu ür? ü@
A �üüüüüüüR���üüüüüüü( �É-� �[ ? ,+�[ �¡ �&�B � üüüüüüüj µ üüüüüüü÷ ¬4üüüüüüü^ .üüüüüüü5�H�üüüüüüü_C �DèèèèF �F �F �F �������h��h��h��h4444EEEEFFFF ü ü ü ü ü üüü ü ü ü ü üüü ü ü ü ü üüü ü ü ü ü üü 9999uuuu üüüüü üüü ü ü ü ü üüü ü ü ü ü üüü ü ü ü ü üü----éééé ���+�G/�+�� �� /�+��+@��G*Hüüüüüüü� üüüüüüüX1) üüüüüüü
Ô� �� -�+�Ç�üüüüüüü* ��h�üüüüüüüS �/�® ,�&Gx üüüüüüüi 3� �Ó üüüüüüüIJ

���. õo ¹É��¤ õ§ ¹ù
� �� �&�É �f+ �g· î � �� �ü_K ��üL��s�d&��&��N��� �üS �H�ü'�M�[ ��-�üN � -��+@�[ ��É�- ��O�P��H �n�� �F �{�� � �h�S �� �Q �n�F �º · üµ µ ·~R Ó Óx � � �� , î åÛu �u û ³�ù�&��S�{��ü( �S3 U

�¥�� �� �üü� �+��üüî �h�üüú �n�É� C/�HT�üü_��n�® ��&��S�+�� õ �üü* � -�H�üü( �+�ÑU�+�H�üü_&�® �V üüå ¸W k X kY üü�� üü��üüZ8 Z88 8¹ � v�ÉH�È �M- � ��Ä ��üü��+���� �H�üüO& õ ��üü[ � j üü�Å üü\ä � ¹
��? �Ä �H�È ��¤ �&��L � -�H�_&�+���� �&�],� -�d&��+���? �h�:� -�h�ãü© ©�Å ö ^_Å `� � �\ä�ù� -�H� õ �+���? �Ä �H�È ��-� �&�� -��ü_�-� �{��ü( �S� �%üÖ ¹ ü© üj üjü�Å üö U3

��* �&�ab�H� õ �nÉH�È ��[ �������;���+����H�c ����+���>õ ,�H�È ��-� �d�Q ��4! %Ö e¹ ¹ö öfg ho j ¼® +�n�+�� � ,� -�¡ �+�i*ü+� �
2 üp üj9(k l3�� �üS �nÉH�È ���· Ó üö
��f�-�� � -� �g��Ö� �rm 
noù



,

� -�� p/�[ �� ¨üq üµyrsü�t� �ü·FuüÔ�n�Fe �üu�ÉF �@�v -�ÉH�c �üR�+�� ����ü* ��F �w- +�É�üf+ �g�F ��F ��É� �H�ü( �H�ü´�n�u üÛu üÛux üy 
üz� 3� � �{ ü&: ü|Î nüo vFüÛ�Ü� ��J ��ÉüüV �
� �üü��[ ? ,�É� ��� +�¡ �P�É,�ü.� µ üü}üü÷ üü&: üü� Ô�üf�_���&�� �üüg��~.üü�-®�;4 �É[ &��+-�/�Ç�üü* +��+�Ç�üü* ��ü- ¬üü¶  3����üüf@/�É�üü( �MFÔ�e�Ä�Ä �É¡ ���â� ���üüÅ üüÇ üüp
F �+�H�_� ���� �É- "É�Ä ��� �ÄÑo �Öë Ü � Å Åë��� ��M/�ÉH�_&�+�� �A �R�ÉH�Ê�*á� BàÎ �[��ü� �M�+�[ ? ,��8 µ ü÷�{�� e �üu�É� �H�ü( �@�� ��¤ � �[ Gâx 
nüo v ü&: üä ãP üµ

��� �y Ü �� ê�+��üüüf+ �güüü} üüüPÛQY üüü¨	 �@�{� � -�É�üüüf�� üüü¨å�[ ��è�üüüS ��n�K �� J � �Éy � �H�üüü_&�üüüµ ºç ~üüüé � üüüî è¶ üüüãPH�üüü(v�� �¤ ��ì�üüü ���( �S ,�&��H�S ,�[ +��{�ô�üüü�¶ üüü§ % ¬üüüêõö 3 üüü( üüü(
�üüüü·�@�� �Mõ �� �{�� �É¤ ����üüüüç����üüüü( �+��-�üüüü. �+� �ë ���z �n�� �S ,�H� õ �-� �+�� &�H�üüüü* �,���üüüü( �´� �üüüü:�{�� �üüüü_��É��üüüüí 6üüüüD ' ·üüüü¹ ¹üüüü\U üüüü§ �3 3ìY üüüü8 8� üüüü� üüüü( %üüüüÖ üüüüj üüüüìüüüüZr¶ Ñ

�� ¦�H �É��� �y �&�@�� -�Ê&+-�î , } Éï�ÉñU '����n��( ��[ ? ,�+�[ +��{��óÑ µ ÷ ¬ê &:� �i �+��¤ �· òR §É��á����(��( �óÑ
e[ ��¡ � �É�-�ô A ö-�î �@�s�F � �+¬¶ jõ ¨ú ù Ñ Ï 0ûü¶�üS ��d,���ü( �H &��¤ � �ÉF �u�¡ ��������{��:��@� �f�� ��� +�	 � , ä �ãP x @ &: }èèèè����tüRtüRtüRtüR��������®®®® üüüü88889999uuuu;;;;,+,+,+,+éééé�+��+�¤ ��ü§

4 �+��f&�® �- � ��n�® ��-�( �� -� �u�@R   8� � �T ìa¡ ) º@�:�¢
£��¤ �J��ÉF �Q ��¡ ���>�8ìR x ¥ @J�È ��� �[ ���Ü�¦ §H��É��¨Î �.© ¬4ª{�É�[ ���Ü�¦ §H�¬4ª{-«¿U���J�>£
£�� ¦�F �{�É�>- �È �F �üüu�¡ ����üü�î uüÑ � üüo x ü@�Ä-�H�üü>U�ÉH�üü��* �@� -�[ �h�üü¦�{��üü* �L�É�� �® � -�[ ���h�ü¦�{��üü* �L�É[ &��+-�@� �üg�� �üü����k x x� � ; � � �¬ ¬ ¬üü¶4ü^ 4üü^¬ü[ �üü! �
�f�?©£
� �+ü·�&��F®üü9¯ì�È �{�-�üüÊ&+-�[ ��+�H�üü_&�+�� �[ ��@� -�Ñ-� �H�üü_&�H�* -�Éì�üü �- � �ü5 üüµ àüÎ üüµ � üüú° üo # � ���üü´�@�Ñ-� ��Äüüú°���üü´�-�* �[ &nüü± ¬ü¶�H�üü>�S �ä� �üü>� �+� �
��ç¤ �§® �h� �&��L �+��>�* �s�;² ³´ ` k[ ��F +&-,�+��ü� �� ��+�d�ã�&��Ù� -�[ &�É® ? � õ � -�[ &�� s� �{�� �+�F �+�Äüµ üÏ Ô � � �¬¶ ¬¶Õ= ¸� ¹ V V âÑo ÛÜ,�@��ü_�{�¤ �ü§�H�ü_µ

�� � �� �,�'-�@�¥��( ��>��� � �+��&��¶�n�s�F ���y �'-��@· p ¸¹Ñ « º ã*x ËÖ ±ì� �� �� �f&�n�H�* -��>�Ä �� -�@ë 
�º) W o Å �F �>�¤ ��É[ &��+-�/���Ëk § ¬¶ù

&+»,��* ��nÑ
[ ,¬¶



¼

ù?rs!� �-�ô�+�'�
�É�> �üüg�H�ü�õ� ª�H? �â�ä �+��üüS� üür*k üüo 	� �üüî-���n�¤ ��üü§ V�� �üüQ� ûO�üüP��H �üL�¤ �{�® ,� üüÚÛu üüIJ�- ���ù� �ì� �üü· üüíb{�F � �¥? �F �Ï ½üüë üüîrüüO �? �N�rüüO¥��? ��rüüO üü�¾
�- ��A +� ¿�ù

� ��¥�ú � �H+�L�É�À+Ù�[ ��h�Á �&: ÂÃ î µ Jd,�� �+�¥�>�� �+�p-ý�-�Ê�? �üº X ©���H� �üS ��üS �� ��H�ü>�,�, �ü� �h- � -ý��* �ü-��� �üS -�+� �ü:�+�T üëU VW üXY Ä Å� � �º uB 8
�� �� �-� � �Z�[ �� ��+�-�R¿À ��¶ \ � ]^ XY�ùH�Æó�[ ��¥�S &�&��?µ 	 rs!� �� �ü�&�+��À +�Ç�@�üâä ' ��&��h� J�¤ �� �-�üô�n�h@� � �d�üÁ �[ ��@�+��üÈü�É Ê üË ü
� W üµ ¹Ç
F �� �-�ô�+�? �Æó�+��[ �uÔ ' µ� rs!�ù�Éd�Q �� �g��µ�H�È ��¥�S &�? ��{�h- +�* �Ì2 � �ö 	 A Ñ�ç���Í�ÎÏWù

[¬ÐÐÑU-�'�¡ K �� �@�{�hÆó�H�. +��h�S �&��Ò� Ó Ô o ÓÉSIü��(Õ�� �+��? �Ö×Y rØ��( ? � +�+�Ùx� ¸ ©-��� �� å-�'�[ ���Ú���. -�@µ o��@��É�üf��( �[ �-�* �3 üÛ ;Ü
� �?üüüüü· rsüüüüü!FuüüüüüÔ�ùK �üüüüü� �� �K ���* �� ����,�&���Ý�üüüüü8�k Þ Â Zr4üüüüü^ ßüüüüüà üüüüüo üüüüüXY üüüüü}®����( �@�y -�üüüüü* ���( -� �+��üüüüü( �h�üüüüüÁ ��+�á K �¥��üüüüüú �&���� �üüüüüQùüüüüü �Â ßâ k k Þüüüüüû ãäÂ J üüüüüå Ó Y û�
h»+�-�'�� � �+��- ¾ �· úæY � ¹[ �¬ÐÐÑU�& � ��S �� ��H�>�,�&��� j VW XY+����-� �O�[ �� ��� ¬4^ XY+h��PU�õ �F �Å��ª« ½�� � �ç� Öè� �� �-�ô· '�FuÔù
�&�üüü89'®�� � ��� ��� ��h� ��* �üüü-��üüü� �	 üüüX�� 
�üüü� � éW Ån�+���üüüDh� ��* �üüü-�üüüXéW Å@�hÆó�+��� ������ � �� �� ��üüü�� � üüü� ��+�F �d�üüü-���& +��[ ��@�{Û*êüüüëì � üüüµ
n-+��d�-�y �[ ����í µ D���� ��XYõ �&��îï���H�O� �@�+���? ����ë ��H�È �6ëW © Ìð PÛuSñ¡"�h�� �\ä�+�á �ü´�[ �h� ��* �-��� �+Y òóüÒô üX �¾éW Å;�ü--É�H�ü>�,�

� ��É� �� �� �[ �� ��É�� &�i �üüüüüüüüR�� �� ��É� +���üüüüüüüüõ-�* �� �üüüüüüüüXY üüüüüüüüXY üüüüüüüüXY üüüüüüüüXYöüüüüüüüüO üüüüüüüütuî Zr4üüüüüüüü^ ¬4üüüüüüüü^ � { ÷üüüüüüüüö Ò	�üüüüüüüüõ-��-�üüüüüüüüëø� ��É¥��QüüüüüüüüXY üüüüüüüüé� ¾ �� üüüüüüüüª)üüüüüüüüô�!���? ��üüüüüüüürù+�
� ��üüXY&+� �üü�ú�-�üü*;ûÂ���ü� -/� -�-�üü'�[ ��{üü� üüµ��+ ���üü�üü©�üüf�? �ý � -�á -�¡ ���- � ��� ��© üüp üüå�þüüû � �üü� üü� üü0��+�¬üüÐÐÑU���,�, �üü� ��� ��h� �¤ �>-�[Ä � üüXéW üü§

� �_��� �� �' \�W XY�É� �?· rs!FuÔù



�

ù�- "É�â�ä� o
ÉhÆó�@�_�+�-�#
�+�¡ �+��üSVì ¨ü�n�@��S �� �ü�õ �+�¤ "ÉüüQ ' ª� üüùõ �[ ��[ �-�ü�üüîï üµ e4üü�5���® �@� -�H�. �üf&�ü� üü�ë{ ë{ � r�®�� �â�ä �F �üüf&�üü· üo ËÇ� �+�F �üü· Ï üë�â�ä J���üf&õ �F &�üü��F �üüo ¹ ³ ü½�
� �{�Füüâä Ñnüo�[ ��F �üü°U üüµ ½� üüîì� -�¤ �+��-�' �ü��®� �üü�ÏW����üü(	Å���[ �â�ä �� �üüS �� �{�F �H�� ���üüÛ ·üüo Ó ü
Ì uüüÔ üü¨ú¤ �� �M� -��üü( ,�&����
üü�� í�üz � 3ù�F �üüf&�d�üü-�� �ËÇ üü�
����É -°U �®�� �
�z� � �+�Äã å�&��K �¤ � � �¤ ��H� ���>�üO�É�S �,�Á �+�d�üP�+�-� Ù��Ä�üu��[ ���� �? ��+�h�? � � ��S ���u��-� ����F Ä� üù ü§üÓ j üì ü¸ © jV üÖ� ó ü¿ÀüQ Qnüû üµ � q Ï

�n�H�* -o� �&���É�� �´�[ �· µ#¤ �ù��ù� �® �ü· Õ3êF �� �� �ü. ��@�&� �{�F �Ñnüo �üû� � k üÖ� ü½��ù� � �üg��� �� � -�y �ü( ��{� �ü· � �üå ü
� ö óx � ��üû�üf ��� ���@�+����-��É�F �ü³
��üüQ +� ��F �üü. ��S �� ���üüu��n� äW üüQ üü�îù�g�&����üüf+� �H�üü� �üü· ô ÑF �³� üüå+��- " �¤ �S�&����[ �/�{�� üü�� üü�ûô üüÛ��@�K �+��üü:�L��� � -��S �, � �+�? ��� � �üüÓ üüå üü�üüQ üüA��üü* ��H �+��üü* ��[x x, üüµ
�� �Ñ ����>�S ��S �¥�S &�ux Q 	ù

ÉF &J�� ��ÉF ��õ ��ur� Xî ½ ª� �PU
�üüü×� ��üüü>�G
�üüüz® �üüü-��- +��S �Ñ+��/�¥�üüüñ�[ ��@� -��-�* ��ÄÕ2 � �üüüQ üüüµ nüüü±h�+�� � � ��S ��üüü���üüü>���{� -�F �üüüf&� +�&�����üüü>&���üüü( �_&üüü·� üüüq üüüQ � ËÇ üüü© 3�n��/�Éh�?� üüü©

��? �$� �-�üü'�[ ��H�f�üü--�h�üÁ �üü© üü� üüµ Jh��ù�� ��� �? �¨üü� üü¿À üü¸� �¡ �@��S �� �î �+
 �üüO�üüz üSVì üüQ º r� �H��É[ �n��� ��+�® +-���üüÁ ��@��S �¤ +�õ �+�Äüüâä üüÛ üü��� üü8Ì � üüQ üü�ÏW üüª��h�?üü©
� �F �� � �h�Á �� �n�-�'�[ �· × µÑ2 �% Jë V�ç�ùs��ü>�? �d�üî �� -�-�ü'�[ ��É�( �+�Ä&+-�@�[ �Ñ+�üS �+�h�üS �[ �/� -�¤ ��S �[© x � �üµ üÛ üÛÙüÖ U Ó Qü�û �*���-�ü'�&��� � �× ü�%ë

�� �¡ �Püüüüì üüüü �ù�ì�üüüü �- � ��&�# � �� -��S ��&+õ �+�¥��Q ��+&-,�+�F ��üüüü>�S ��� � ��üüüüL��s� -�S �{�H�üüüü� ,�É�H�üüüü. � �+�Ä �@�� �� ��M�-�. �� üüüüª) � ;ê �üüüüQ ä üüüüQüüüüé Ñnüüüüo Öüüüü! å åÐJ "	 üüüüÅ 
�üüüüº) üüüüã� üüüüo
h- ��ù



�

ù��*ab
    �� � ���� � 	
��  �������  ��������)����� ����� ���      ���� �� � ��� �� ��� � (       � � � � "� ��# $% �    ���&' � ��& ()

  �� "�(*��+, ��-�&.��/��    �� ���� ��� 0
�1,  	, ��23��� .            �1% � ����� � �(5� ���6�� �&#� "�� ����� 7�� 89:;, 7��/2�,

 ���� ��<(,   =� ������ �)�� "          �����> ?��� ��/��� �� @��, ��&, �� ���-/�� 7�(A2� � .          � � �� 3 0 )�� B&C&, �� 7�� 

    ����� B&� 7�� D�/�E����> ��/*�     �F�� ��/*� �� �/2�, ���%� ���3�� ���2���&� . �� ���2���&� ��&F(�� D�/�E����> ��/*� ��GH.

        ��� ������GH. � �G&, ���%� ���> I�/(� � ����� .       ���2/%�� 	
�� �� �� 	��# �.    ���� � � I� /(�       $��% , � ��� � ��> 

   �*�� �<��� �� �/�%�/�E����> .     ����� 7�� D�/�E����> ��/*� ��2�� �� �#&. �� ���F/�# "���� 7�6���    	 ���� �2 � � � 

  ��/*�  	J���K         ��� ��3 �/*�� �<��� ���2���&� B&� 7�� ���&�,�� I�� D�/�E����> .       �� =��
 L���� �%:� "��6�+* 7�� ��

         �����. 8�C�* M��� �� ������� 7�� I�� ?���N���   O��:/��   ��3           "��� ��� =��� . D �,�(�����> PE��+, I�2)� �� Q�� �

 �E����> PE��+,     �� =/%�� 7�� �� =��
 D�/  ��� ��� ��,>.            � �� �� 3 �R��� PE��+, 7�� $
 ���� S�� �(T 7�(A2�  .

 �,���� 8��. �� Q��������� 7�� I�� D�/�E����> 	J���K ��/*� "��.&��,�� �� ��& ,  	 ����  ��� U   /*�� � �� �.  7 ���� 

          ��� �&F6� V��/� "���� PE��+, �WX �� ��(�2� ���� �%:� "Y&9��          Z� � � [ #��, V�� /� �� ��. 	J���K ��  �� ���\*�

              P�1G� ]:� 7�� �� ��.&��,�� 8,���� � L���� �WX � �%��^, ���� $�5W.�  "��F�>	/���         	 ���� ��� � �� 3 ���. 8,���� 

 D�/�E����> ��/*�  I��_��.�\��        "�> $
 S�� � ���&�,�� �  ���� ��;� �3  ��� �.Q��     "��&2� I�� ����  �X&9� ��  ��&, P�

_��.�\��                     B& U� �)� � �� ��� ��3 ���� ��;� 	J���K �&F6� ���� � �%��^, I�� 	J���K � 	J� D�/�E����> ��/*� "

         	, ���`. I�� 8�6�� ��',���`. 	��\� M����� I�� �� ���������           ��T� ��������� �)�� �� Q� ���/)�� �� I�� 7�(A2� � �(�

     	, ���W, 8(,�� �� P����&� ?�����&3.    I�� 	J���K D�/�E����> ��/*� \�� ��/�� �� _��.&.�� � �     a� �6� 8 ���� � ��`. ����

  ��� ��3 ���� ��;� � 	����    	/: � P��X&9 � P�� ��`. �� �/%��� � ���;, ���%� ��������� Q����* � �)�� P����`. "

����"a��6� b5/:, ������ ���� �� 7�(A2� � ��� a��6� 8���� ���`. �G� ��	, ����;, I�� �� 	.��-/, 	���&� ��/*� �&3.

����� ����� :

!"#$�%�
� ����� �&'�� �"(�)* �"+�#��,  �-��� ���� � ��� .�/��0��""1( � ��
23�� 4���( 5�
�6 ����% .�
�3�� !"���
�%�
��%�7� 	���� �� 8���#��

Keywords: 
Aeroelastic Behaviour, Slender Beam, Geometrical Nonlinearity, Large Deflections, Composite Material, Unsteady 

Wagner's Aerodynamics, Incompressible Flow, Limit Cycle Oscillations



�� -/�-�. -=)* � +!,;< ���( ��:� &� �'
8 92$�% �67!"#�� 345��012�����-�. -=� �CD �E� ��� B@�>?AHF GI�!"#JK

#

ù$ �% �¤ õ ë § ª$
  .4
�:(..........................................................................................................................................................�

  .������; % �0�(..........................................................................................................................................�

  ..��2� <�=#.............................................................................................................................................�

  .��"0>........................................................................................................................................................�

  .-?�)� @#�/�............................................................................................................................................�

  .A�0�� @#�/�............................................................................................................................................�

  .A%��6 @#�/�...........................................................................................................................................�

  .4BC� @#�/�.............................................................................................................................................�

D EF� DG�?�#� H�I�� '� J�, ����:�............................................................................................................K

DGD���:� ..............................................................................................................................................................................K

DGL�)*�"+ 	"M"#$�%�
� 	�"�' �� ��2� .�,��� �� .�%�� ............................................................................................K

DGN�?�#� H�I�� '� J�, ........................................................................................................................................................K

DGO�?�#� P
� �� �
�3 8�"Q�� ...............................................................................................................................................K

DGR��� H�I�� ES��� .............................................................................................................................................................K

DGT��� .�%�?�#� .�,..........................................................................................................................................................K

DGUVW6 �?�#� X�Q�� �� YZ(�� .�,��[ .���.......................................................................................................................K

DG\�?�#� �� ��� �B��� -?�)� ��*�# ...................................................................................................................................K

L EF� LG&'�� .�,�"( �� 4��S Y��%� .........................................................................................................K

LGD���:� ..............................................................................................................................................................................K

LGDGD �
'�=��� .�,�"( 8���](�� 	^_
��( ................................................................................................................................K

LGL�"( `"(�W�"# 8$��]� ....................................................................................................................................................K

LGLGD�� �"( .��a( �#�#� 8�"Q�� ��� ���.................................................................................................................................K

LGLGL�
$��> -��� ���� .��a( ...............................................................................................................................................K

LGLGN b�( 	)��� c��_#� G�� �"( .��� b������ ���.................................................................................................................K

LGLGOb��� 	)��� d5��"� 8$��]� G b��� 	)��� �e��7�� X�]�G  �
�I��6......................................................................................K

LGLGR@��# ����� 8$��]� .......................................................................................................................................................K

LGLGT�"( ��f� ��7� A�g 5���� @��h i�� ..............................................................................................................................K

LGN5��"W, Ef� ..................................................................................................................................................................K

LGNGDE"M��3 .j��� ...................................................................................................................................................................K



�� -/�-�. -=)* � +!,;< ���( ��:� &� �'
8 92$�% �67!"#�� 345��012�����-�. -=� �CD �E� ��� B@�>?AHF GI�!"#JK

M

LGNGL��Z�6 .j��� ....................................................................................................................................................................K

LGNGN��M
�3�"+ .�,%�"� .'�I� ��� .........................................................................................................................................K

LGNGO5��"W, Ef� % P
k����$ .................................................................................................................................................K

N EF� NG�S Y��%� 5�
�6 �l"���
�%�
� .��2���� �� 4[..............................................................................K

NGD���:� ..............................................................................................................................................................................K

NGL.���� !"���
�%�
� .��a( .............................................................................................................................................K

NGN�
�3�� 5�
�6 �� ���% V��( <�#��� �l"���
�%�
� ��^"3 �%��� % ��� .%�"� .�m?� .......................................................K

NGO�M3 .%�"� 	Z#�7� ...........................................................................................................................................................K

O�  EFOG5� ES .�/�%� % �?nM� �� 4[�S `"#$�%�
� Y��%� ...................................................................K

OGD���:� ..............................................................................................................................................................................K

OGL��"M���o
� 8$��]� ��m#� ES Gp�� q%� d�?��m��.�"�.........................................................................................K

OGN��"M���o
� 8$��]� ��m#� ES G@?�S .�r� q%� d�?��m��.......................................................................................K

OGNGD@?�S .�r� A%� q%� .....................................................................................................................................................K

OGNGL@?�S .�r� H%� q%� .....................................................................................................................................................K

OGO��"M���o
� 8$��]� ��m#� ES GA��m�� ����' 	^_
��( q%� d�?��m��.......................................................................K

OGR(  �,�"1� .'�#��6 !"�0)�,��� ��h� VW6 q%� ( ��'% u���W";�� !"�0( %)P"��?�� q%�(........................................K

OGT 4M"# .�,��� E0� ���]� ............................................................................................................................................K

R EF� RGv
�� ...............................................................................................................................................K

RGD���:� ..............................................................................................................................................................................K

RGLv
�� @7f 8�Zh� ..........................................................................................................................................................K

RGLGD���� v
�� @7f �#���  �)*�"+ �"( u'�# .�m?� '� ........................................................................................................K

RGLGL �)*�"+ A�� 	"M"#$�%�
� .�m?� '� ���� v
�� @7f 8�Zh� ...........................................................................................K

RGLGN$�%�
� ES q%� �
��mW, 8�Zh� �"M"#...........................................................................................................................K

RGN A�� !"#$�%�
� �)*�"+ ���� �#��� ..........................................................................................................................K

RGNGD   w%�(%�
� A�� !"#$�%�
� �)*�"+ ���� �#��� .............................................................................................................K

RGNGL A�x� yz :  w%�(�(�� A�� !"#$�%�
� �)*�"+ ���� �#���...............................................................................................K

T EF� TGVW6 �I"� �.������
� .�,��� .��� 8���/��"3 % .�"�.................................................................K

TGDVW6 .���........................................................................................................................................................................K

TGL�I"� .�"�......................................................................................................................................................................K

TGN���
� �� ��"W0( .�,��� .��� 8���/��"3 	B��� ...............................................................................................................K

TGO��� P
� H�I�� �g �� ��� �"/( 8$�:� ............................................................................................................................K

 .�, @#�"3.......................................................................................................................................................K

U"3 |?� @#�G�,'�%�3 P"M_� .......................................................................................................................K

\� @#�"3 G�0"���
�%�
� .�,�m?� �#��� ..................................................................................................K

�GD�
�3 5�
�6 .....................................................................................................................................................................K



�� -/�-�. -=)* � +!,;< ���( ��:� &� �'
8 92$�% �67!"#�� 345��012�����-�. -=� �CD �E� ��� B@�>?AHF GI�!"#JK

�

�GL�
�3 �Z� 5�
�6 ...............................................................................................................................................................K

�GN�
�3�� 5�
�6 ...................................................................................................................................................................K

�GO�� ��WS 	
%�' �""1( dA�x� !
 ��3 V��( 8��f_#� d.����% V��( c��.............................................................................K

}c @#�"3 G5�
�3 '� .���]( ������"�' �� ��*�� .�,�"M"#$�%�
� .A�� ...................................................K

  .@#�/�V6���...............................................................................................................................................K

  .Abstract......................................................................................................................................................K



�� -/�-�. -=)* � +!,;< ���( ��:� &� �'
8 92$�% �67!"#�� 345��012�����-�. -=� �CD �E� ��� B@�>?AHF GI�!"#JK

¦

ùd�% ��¤ õ& § ª$
����-� : A�g �� ���[�( E3mD\D~��# �� .��� '� ���� �l"���
� .���
�3�� �h� �� �[  @Km/hTU �� U �Z���� D}O~ ��^"3 �(C� ��>� 

@_
� %�� % ��] 2.[..............................................................................................................................................................................K

����- : �
'�=��� ���� .�/?�� �� �"�� J%�]� .�,�W"3��, '� .���]( ]4[...............................................................................................K

���!-" :J�)]�� �"(w%�(�(�� 	
$ ��> -��� �
23............................................................................................................................K

���!-! :�
$ i�� �� �"( ���W� V):�5��:� w%�(�(�� ��">.............................................................................................................K

���!-# :��f� 8�F_� ��m#�)ex,ey,ez ( J�"?� 8�F_� ��m#� %)ex',ey',ez' (w%�(�(�� 	7of......................................................K

���!-$ :�
23 J�)]�� �"( .��'� 8�6��............................................................................................................................................K

���!-% :�"( ��f� ��7� .�#�� �� �"( 5�W?� 5��%� % �
�I��6 �����...................................................................................................K

���!-& :�
$ �
$ ���W� |
�]( % �"( w%�(�(�� V):� 5��:� ��">)m ( ���"� 	7of '� �
$ @"];�� %)h (m)a , h (m)b(.........................K

���#-" :A�� V):� �0"���
�%�
� 8�F_�..........................................................................................................................................K

���$-" :�
23 J�)]�� A�� 8�F_�....................................................................................................................................................K

���%-" : �"( �Q�� ��W* �
�I��6 	M
�:�) A�x�y ( !"(�#� .��2���� ��10 ,10 ,10 .F N N N m=
��

..........................................K

���%-! : �"( .��W� ��W* �
�I��6 	M
�:�) A�x�y ( !"(�#� .��2���� ��10 ,10 ,10 .F N N N m=
��

.........................................K

���%-# : �"( ��^"3 	
%�' 	M
�:�) A�x�y ( !"(�#� .��2���� ��10 ,10 ,10 .F N N N m=
��

...........................................................K

���%-$ :�Q�� ��W* �
�I��6 	M
�:� �"( ) A�x�y ( !"(�#� .��2���� ��30 ,30 ,30 .F N N N m=
��

.........................................K

���%-% : �"( .��W� ��W* �
�I��6 	M
�:�) A�x�y ( !"(�#� .��2���� ��30 ,30 ,30 .F N N N m=
��

........................................K

���%-& : �"( ��^"3 	
%�' 	M
�:�) A�x�y ( !"(�#� .��2���� ��30 ,30 ,30 .F N N N m=
��

..........................................................K

���%-' : �"( �Q�� ��W* �
�I��6 	M
�:�) A�x�y ((�#� .��2���� �� !"50 ,50 ,50 .F N N N m=
��

.........................................K

���%-( : �"( .��W� ��W* �
�I��6 	M
�:�) A�x�y ( !"(�#� .��2���� ��50 ,50 ,50 .F N N N m=
��

........................................K

���%-) : �"( ��^"3 	
%�' 	M
�:�) A�x�y ( !"(�#� .��2���� ��50 ,50 ,50 .F N N N m=
��

..........................................................K

���%-"* : �"( .�/�� ��'� 8���](�� ����' �#�3) A�x�K(.....................................................................................................................K

���%-"" : �"( ��'� .�/�� �Q�� ��W* �
�I��6 	M
�:�) A�x�K ( !"���
� .��2���� ��1 ,50 , 0 .F N N N m=
��

, 

( )2 rad sω π=................................................................................................................................................................................K

���%-"! : �
�I��6 	M
�:� �"( ��'� .�/�� .��W� ��W*) A�x�K ( !"���
� .��2���� ��1 ,50 , 0 .F N N N m=
��

, 

( )2 rad sω π=................................................................................................................................................................................K

���%-"# : �"( ��'� .�/�� ��^"3 	
%�' 	M
�:�) A�x�K ( !"���
� .��2���� ��1 ,50 , 0 .F N N N m=
��

, ( )2 rad sω π=............K

���%-"$ : �"( ��'� .�/�� �Q�� ��W* �
�I��6 	M
�:�) A�x�K ( !"���
� .��2���� ��1 ,100 ,0 .F N N N m=
��

, 

( )2 rad sω π=................................................................................................................................................................................K

���%-"% : �"( ��'� .�/�� .��W� ��W* �
�I��6 	M
�:�) A�x�K ( !"���
� .��2���� ��1 ,100 ,0 .F N N N m=
��

, 

( )2 rad sω π=................................................................................................................................................................................K

���%-"& : �"( ��'� .�/�� ��^"3 	
%�' 	M
�:�) A�x�K ( !"���
� .��2���� ��1 ,100 ,0 .F N N N m=
��

, ( )2 rad sω π=..........K



�� -/�-�. -=)* � +!,;< ���( ��:� &� �'
8 92$�% �67!"#�� 345��012�����-�. -=� �CD �E� ��� B@�>?AHF GI�!"#JK

-

���%-"' :/�� �Q�� ��W* �
�I��6 	M
�:� �"( ��'� .�) A�x�z ( !"���
� .��2���� ��10 ,10 ,10 .F N N N m=
��

, 

( )2 rad sω π=................................................................................................................................................................................K

���%-"( : �"( ��'� .�/�� .��W� ��W* �
�I��6 	M
�:�) A�x�z ( !"���
� .��2���� ��10 ,10 ,10 .F N N N m=
��

, 

( )2 rad sω π=................................................................................................................................................................................K

���%-") : �"( ��'� .�/�� ��^"3 	
%�' 	M
�:�) A�x�z ( !"���
� .��2���� ��10 ,10 ,10 .F N N N m=
��

, ( )2 rad sω π=........K

���%-!* : �"( ��'� .�/�� �Q�� ��W* �
�I��6 	M
�:�) A�x�z ( !"���
� .��2���� ��15 ,15 ,15 .F N N N m=
��

, 

( )2 rad sω π=................................................................................................................................................................................K

���%-!" : �"( ��'� .�/�� .��W� ��W* �
�I��6 	M
�:�) A�x�z ( !"���
� .��2���� ��15 ,15 ,15 .F N N N m=
��

, 

( )2 rad sω π=................................................................................................................................................................................K

���%-!! : �"( ��'� .�/�� ��^"3 �
�I��6 	M
�:�) A�x�z ( !"���
� .��2���� ��15 ,15 ,15 .F N N N m=
��

, ( )2 rad sω π=...K

���%-!# : �"( ��'� .�/�� �Q�� ��W* �
�I��6 	M
�:�) A�x�z (.��2���� �� !"���
�19 ,19 ,19 .F N N N m=
��

, 

( )2 rad sω π=................................................................................................................................................................................K

���%-!$ : �"( ��'� .�/�� .��W� ��W* �
�I��6 	M
�:�) A�x�z (.��2���� �� !"���
�19 ,19 ,19 .F N N N m=
��

, 

( )2 rad sω π=................................................................................................................................................................................K

���%-!% : �"( ��'� .�/�� ��^"3 	
%�' 	M
�:�) A�x�z ( !"���
� .��2���� ��19 ,19 ,19 .F N N N m=
��

, ( )2 rad sω π=........K

���%-!& : �"( ��'� .�/�� �Q�� ��W* �
�I��6 	M
�:�) A�x�z ( !"���
� .��2���� ��20 ,20 ,20 .F N N N m=
��

, 

( )2 rad sω π=................................................................................................................................................................................K

���%-!' : �"( ��'� .�/�� .��W� ��W* �
�I��6 	M
�:�) A�x�z (.��2���� �� !"���
�20 ,20 ,20 .F N N N m=
��

, 

( )2 rad sω π=................................................................................................................................................................................K

���%-!( : �"( ��'� .�/�� ��^"3 	
%�' 	M
�:�) A�x�z ( !"���
� .��2���� ��20 ,20 ,20 .F N N N m=
��

, ( )2 rad sω π=........K

���%-!) : �"( ��'� .�/�� �Q�� ��W* �
�I��6 	M
�:�) A�x�z (.��2���� �� !"���
�30 ,30 ,30 .F N N N m=
��

, 

( )2 rad sω π=................................................................................................................................................................................K

���%-#* : �"( ��'� .�/�� .��W� ��W* �
�I��6 	M
�:�) A�x�z ( !"���
� .��2���� ��30 ,30 ,30 .F N N N m=
��

, 

( )2 rad sω π=................................................................................................................................................................................K

���%-#" :M
�:� �"( ��'� .�/�� ��^"3 	
%�' 	) A�x�z ( !"���
� .��2���� ��30 ,30 ,30 .F N N N m=
��

, ( )2 rad sω π=.......K

���%-#! : �� 8$��]� %� �6�� ���"( YM� .��� .��� ES |�_� .�/�%� 	M
�:�

10 , 10 , 10 . , 2v wF N F N M N mθ ω π= = = =)  A�x�O(.............................................................................................K

���%-## : �� 8$��]� %� �6�� ���"( YM� .��� .��� ES |�_� .�/�%� 	M
�:�

25 , 25 , 25 . , 2v wF N F N M N mθ ω π= = = =)  A�x�O(............................................................................................K

���%-#$ : �� 8$��]� %� �6�� ���"( YM� .��� .��� ES |�_� .�/�%� 	M
�:�

30 , 30 , 30 . , 2v wF N F N M N mθ ω π= = = =) A�x�O(............................................................................................K

���%-#% :) �
�W�����E0�� -z� ( �� ES |�_� .�/�%� 	M
�:� 8$��]� %� �6�� ���"( YM� .��� .�

��30 , 30 , 30 . , 2v wF N F N M N mθ ω π= = = =) A�x�O(........................................................................................K

���%-#& : |�_� ES q%� %� �� @
'�=��� �"( �M����� �#�3 	M
�:�) A�x�R ( V6�� '�]101[............................................................K

���%-#' :6�� % �Q�S ��� �A�� &�� .��W� �)*�"+ 5�0��""1( !"#$�%�
� ����' ���� 	M
�:�V]64[ Y
��� �� 

028.1 , 4msU w m= =...............................................................................................................................................................K



�� -/�-�. -=)* � +!,;< ���( ��:� &� �'
8 92$�% �67!"#�� 345��012�����-�. -=� �CD �E� ��� B@�>?AHF GI�!"#JK

&

���%-#( : ���� 	M
�:� !"#$�%�
� ����')|?� ( .��W� �)*�"+ 5�0��""1()� ( % w%�(%�
� 8�"Q�� �� A�� &�� ��^"3 	
%�' �""1(

 Y
��� �� @
'�=��� �Z� .'�M?��]�031 , 2msU w m= =.............................................................................................................K

���%-#) :' H�� �""1( �h� �#��� ����(dt) 	"?%� .��W� �
�I��6 .��� A�� &�� !"#$�%�
� �#�3 �� (w0 = 4 m) 5�
�6 @��# % 

)|?�(28.7 m
sU = % )� (30.5m

sU =..................................................................................................................................K

���%-$* : !"#$�%�
� ���� 	M
�:� �)*�"+ % �)* ��^"3 % ��W* .�/��0��""1( Y
��� �� 5��' �g�� A�� &��

032.0 , 0.02msU w m= =.........................................................................................................................................................K

���%-$" : !"#$�%�
� ���� 	M
�:� �)*�"+ % �)* ��^"3 % ��W* .�/��0��""1( �� 5��' �g�� A�� &�� �(C� u�
�3 X�;% Y
���

)032.71 , 0.02msfU w m= =(..................................................................................................................................................K

���%-$! : !"#$�%�
� ���� �)* ��^"3 % ��W* .�/��0��""1( �(C� u�
�3 X�;% Y
��� �� 5��' �g�� A�� &��

)032.71 , 0.02msfU w m= =(GF( @#� �> @W# �
�F( u�� �
�W����� ��� @#�� @W# �
�.............................................K

���%-$# : !"#$�%�
� ���� 	M
�:��)*�"+ % �)*��^"3 % ��W* .�/��0��""1(  Y
��� �� 5��' �g�� A�� &�� 

033.5 , 0.02msU w m= =.........................................................................................................................................................K

���%-$$ : !"#$�%�
� ���� 	M
�:��)*�"+ % �)* ��^"3 % ��W* .�/��0��""1(  Y
��� �� 5��' �g�� A�� &��

035.0 , 0.02msU w m= =.........................................................................................................................................................K

���%-$% : ��^"3 % ��W* .�/��0��""1( !"#$�%�
� ���� '�� .�r� Y
��� �� A�� &�� �)*�"+033.5 , 0.02msU w m= =

.............................................................................................................................................................................................................K

���%-$& : ��^"3 % ��W* .�/��0��""1( !"#$�%�
� ���� '�� .�r�A�� &�� �)*�"+ Y
��� �� 035.0 , 0.02msU w m= =

.............................................................................................................................................................................................................K

���%-$' : �Q�� ��W* �
�I��6 !"#$�%�
� ���� 	M
�:� '�� �� A�� &�� �)*�"+LCOs �""1( �� .��W� ��W* �
�I��6 �"?%� 

(w0)5��' �g �� ..................................................................................................................................................................................K

���%-$( : .��W� ��W* �
�I��6 !"#$�%�
� ����' ���� 	M
�:� '�� �� A�� &�� �)*�"+LCOs �""1( �� .��W� ��W* �
�I��6

 �"?%�(w0)5��' �g �� ..........................................................................................................................................................................K

���%-$) : ��^"3 5�0��""1( !"#$�%�
� ����' ���� 	M
�:� '�� �� A�� &�� �)*�"+LCOs �""1( �� .��W� ��W* �
�I��6 �"?%� 

(w0)5��' �g �� ..................................................................................................................................................................................K

���%-%* :.��W� ��W* �
�I��6 �""1( �h� �"?%� (w0)� .%���  	���� % A��]( 	):LCOs) |?� ( @/6��v � )�( @/6 ��w �)c ( ��

 @/6θ...............................................................................................................................................................................................K

���%-%" : �M����� �#�3 	M
�:�)|?�( % .��W� ��W* 5�0��""1()�( ��^"3 '�� �� A�� &�� �)*�"+LCOs�  �""1( � �
�I��6

.��W� ��W* �"?%� (w0)......................................................................................................................................................................K

���%-%! :.��W� ��W* �
�I��6 �""1( �h� �"?%� (w0) .%��� )|?�( @��#LCOs �)�( ������LCOs �)c( 	����LCOs �# �� 

 @/6v �w % θ �)� ( '�+� 5��'LCOs.................................................................................................................................................K

���%-%# :'� �3 @��# �""1( �h� '�� LCOs(w0=4m)A�� &�� ����' ���� .%��� .........................................................................K

���%-%$ :� �3 @��# �""1( �h�' '�� LCOs(w0=4m) �M����� �#�3 .%��� )|?�(�
�I��6 ��Q�� ��W* )�( � ��^"3 5�0��""1( 

)c(�
�I��6 .��W� ��W* .................................................................................................................................................................K

���%-%% :'� �3 @��# �""1( �h� 	M
�:� '�� LCOs(w0=4m) .%��� )|?�( �����' ����)� ( �M����� �#�3�
�I��6.��W� ��W* 

.............................................................................................................................................................................................................K

���%-%& : '�� '� �3 @��# �""1( �h�LCOs(w0=4m) .%��� )|?� ( ������LCOs �)� ( 	����LCOs �@/6 �# �� )c ( '�+� 5��'

LCOs..................................................................................................................................................................................................K



�� -/�-�. -=)* � +!,;< ���( ��:� &� �'
8 92$�% �67!"#�� 345��012�����-�. -=� �CD �E� ��� B@�>?AHF GI�!"#JK

â

���%-%' : �"?%� ��W* �
�I��6 �""1( �h�(w0) @��# ��30.5msU =) '� �3 '�� LCOs (A�� &�� ����' ���� .%���...............K

���%-%( :�W* �
�I��6 �""1( �h� �"?%� �(w0) @��# ��30.5msU =) '� �3 '�� LCOs ( A�� &�� �#�3 .%���)|?� ( .�r�

 �M�����)� ('�� .�r�.........................................................................................................................................................................K

���%-%) : J�"?� 	
%�' �""1( �h�)Lθ (8���Z� �� d @
'�=��� A�� �_# )|?�(D11, D22, D12�)�(D33............................................K

���%-&* : J�"?� 	
%�' �""1( �h�)Lθ (�� 8���Z� �� @
'�=��� A�� �_# �]�)/6 �, �� ���:� P
��"� �� @ZM� ��� A����@(...............K

���%-&" : J�"?� 	
%�' �""1( �h�)Lθ ( ��@/6 �# �� @
'�=��� A�� A%� �]"Zg .�/M�����w, v % θ...................................................K

���%-&! : J�"?� 	
%�' �""1( �h�)Lθ ( �� A%� �]"Zg .�/M������� �]� @
'�=��� A��)���:� P
��"� �� @ZM� ��� A����(@/6 �# �� w, 

v % θ..................................................................................................................................................................................................K

���%-&#: u�� A���� �]"Zg .�/M����� % �_# 8�"f�F* �""1( �m��m> 	M
�:�  �� @
'�=��� A�� J�"?� 	
%�' �""1( �h�)Lθ(..........K

���%-&$ :��
�3�� X�;% '� EZ;.� !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

010.20 , 1 , 60ms LU w m θ= = = − �......................................................................................................................................K

���%-&% :.���
�3�� X�;% '�+� !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( &�� Y
��� �� �5��' �g�� @
'�=��� A��

010.21 , 1 , 60ms LU w m θ= = = − �.......................................................................................................................................K

���%-&& :.���
�3�� X�;% '� EZ; �"+ !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

010.22 , 1 , 60ms LU w m θ= = = − �......................................................................................................................................K

���%-&' :.���
�3�� X�;% '�+��"+ !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

010.23 , 1 , 60ms LU w m θ= = = − �......................................................................................................................................K

���%-&( :.���
�3�� X�;% '� EZ; !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

035.04 , 1 , 45ms LU w m θ= = = − �......................................................................................................................................K

���%-&) :.���
�3�� X�;% '�+� !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

035.041 , 1 , 45ms LU w m θ= = = − �....................................................................................................................................K

���%-'* :.���
�3�� X�;% '� EZ; �"+ !"#$�%�
�  d�)*0��""1( ��^"3 % ��W* .�/�� Y
��� �� �5��' �g�� @
'�=��� A�� &��

035.05 , 1 , 45ms LU w m θ= = = − �......................................................................................................................................K

���%-'" :.���
�3�� X�;% '�+� �"+ !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1(�5��' �g�� @
'�=��� A�� &�� Y
��� �� 

035.051 , 1 , 45ms LU w m θ= = = − �....................................................................................................................................K

���%-'! :.���
�3�� X�;% '� EZ; !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

035.26 , 1 , 20ms LU w m θ= = = − �......................................................................................................................................K

���%-'# :.���
�3�� X�;% '�+� !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

035.27 , 1 , 20ms LU w m θ= = = − �......................................................................................................................................K

���%-'$ :.���
�3�� X�;% '� EZ; �"+ !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

035.33 , 1 , 20ms LU w m θ= = = − �......................................................................................................................................K

���%-'% :.���
�3�� X�;% '�+�$�%�
�  �"+ !"# d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

035.34 , 1 , 20ms LU w m θ= = = − �......................................................................................................................................K

���%-'& :.���
�3�� X�;% '� EZ; !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1(A�� &�� Y
��� �� �5��' �g�� @
'�=��� 

034.16 , 1 , 0ms LU w m θ= = = �............................................................................................................................................K

���%-'' :.���
�3�� X�;% '�+� !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

034.17 , 1 , 0ms LU w m θ= = = �...........................................................................................................................................K



�� -/�-�. -=)* � +!,;< ���( ��:� &� �'
8 92$�% �67!"#�� 345��012�����-�. -=� �CD �E� ��� B@�>?AHF GI�!"#JK

Ñ

���%-'( :.���
�3�� X�;% '� EZ; �"+ !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

034.05 , 1 , 0ms LU w m θ= = = �............................................................................................................................................K

���%-') :.���
�3�� X�;% '�+� �"+ !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

034.06 , 1 , 0ms LU w m θ= = = �............................................................................................................................................K

���%-(* : EZ;.���
�3�� X�;% '� !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

015.45 , 1 , 10ms LU w m θ= = = �..........................................................................................................................................K

���%-(" :.���
�3�� X�;% '�+� !"#$�%�
�  d�)*W* .�/��0��""1( ��^"3 % �� Y
��� �� �5��' �g�� @
'�=��� A�� &��

015.46 , 1 , 10ms LU w m θ= = = �..........................................................................................................................................K

���%-(! :.���
�3�� X�;% '� EZ; �"+ !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1(�� �� �5��' �g�� @
'�=��� A�� &�� Y
�

016.5 , 1 , 10ms LU w m θ= = = �............................................................................................................................................K

���%-(# :.���
�3�� X�;% '�+� �"+ !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

016.55 , 1 , 10ms LU w m θ= = = �..........................................................................................................................................K

���%-($ :H%� .���
�3�� X�;% '� EZ; �"+ !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

031.17 , 1 , 10ms LU w m θ= = = �..........................................................................................................................................K

���%-(% :H%� .���
�3�� X�;% '�+� �"+ !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

031.18 , 1 , 10ms LU w m θ= = = �..........................................................................................................................................K

���%-(& :�
�3�� X�;% '� EZ;.�� !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

010.94 , 1 , 20ms LU w m θ= = = �..........................................................................................................................................K

���%-(' :.���
�3�� X�;% '�+� !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1(&�� Y
��� �� �5��' �g�� @
'�=��� A�� 

010.95 , 1 , 20ms LU w m θ= = = �..........................................................................................................................................K

���%-(( :.���
�3�� X�;% '� EZ; �"+ !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

011.3 , 1 , 20ms LU w m θ= = = �............................................................................................................................................K

���%-() :.���
�3�� X�;% '�+� �"+ !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

011.36 , 1 , 20ms LU w m θ= = = �..........................................................................................................................................K

���%-)* :H%� .���
�3�� X�;% '� EZ; �"+ !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

024 , 1 , 20ms LU w m θ= = = �................................................................................................................................................K

���%-)" :H%� .���
�3�� X�;% '�+� �"+ !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

024.1 , 1 , 20ms LU w m θ= = = �............................................................................................................................................K

���%-)! :.���
�3�� X�;% '� EZ;"#$�%�
�  ! d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

010.27 , 1 , 45ms LU w m θ= = = �..........................................................................................................................................K

���%-)# :.���
�3�� X�;% '�+� !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( @
'�=��� A�� &�� Y
��� �� �5��' �g��

010.28 , 1 , 45ms LU w m θ= = = �..........................................................................................................................................K

���%-)$ :.���
�3�� X�;% '� EZ; �"+ !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

010.28 , 1 , 45ms LU w m θ= = = �..........................................................................................................................................K

���%-)% :.���
�3�� X�;% '�+� �"+ !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

010.29 , 1 , 45ms LU w m θ= = = �..........................................................................................................................................K



�� -/�-�. -=)* � +!,;< ���( ��:� &� �'
8 92$�% �67!"#�� 345��012�����-�. -=� �CD �E� ��� B@�>?AHF GI�!"#JK

�

���%-)& :H%� .���
�3�� X�;% '� EZ; �"+ !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

014.85 , 1 , 45ms LU w m θ= = = �..........................................................................................................................................K

���%-)' :'�+�H%� .���
�3�� X�;%  �"+ !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

014.876 , 1 , 45ms LU w m θ= = = �.......................................................................................................................................K

���%-)( :.���
�3�� X�;% '� EZ; !"#$�%�
�  d�)*0��""1( ��^"3 % ��W* .�/�� Y
��� �� �5��' �g�� @
'�=��� A�� &��

034.48 , 1 , 60ms LU w m θ= = = �..........................................................................................................................................K

���%-)) :.���
�3�� X�;% '�+� !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( �� �5��' �g�� @
'�=��� A�� &�� Y
���

034.49 , 1 , 60ms LU w m θ= = = �..........................................................................................................................................K

���%-"** :.���
�3�� X�;% '� EZ; �"+ !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

034.47 , 1 , 60ms LU w m θ= = = �..........................................................................................................................................K

���%-"*" :.���
�3�� X�;% '�+� �"+ !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

034.48 , 1 , 60ms LU w m θ= = = �..........................................................................................................................................K

���%-"*! :.���
�3�� X�;% '� EZ; !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

034.25 , 1 , 90ms LU w m θ= = = ± �......................................................................................................................................K

���%-"*# :.���
�3�� X�;% '�+�
�  !"#$�%� d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

034.26 , 1 , 90ms LU w m θ= = = ± �......................................................................................................................................K

���%-"*$ :.���
�3�� X�;% '� EZ; �"+ !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1(�� Y
��� �� �5��' �g�� @
'�=��� A�� &

034.25 , 1 , 90ms LU w m θ= = = ± �......................................................................................................................................K

���%-"*% :.���
�3�� X�;% '�+� �"+ !"#$�%�
�  d�)* ��^"3 % ��W* .�/��0��""1( Y
��� �� �5��' �g�� @
'�=��� A�� &��

034.26 , 1 , 90ms LU w m θ= = = ± �......................................................................................................................................K

���%-"*& : J�"?� 	
%�' �""1( �h�)Lθ ( ��.���
�3�� X�;% H�m�, �� @
'�=��� A�� .���
�3�� @��# �)*�"+ .�,)U1-LCO, U2-

LCO ( 5� 	M
�:� % !"#$�%�
� !"#$�%�
� �)* .���
�3�� '� Ef�S v
�� ��)U-Flutter(..............................................................K

���%-"*' : J�"?� 	
%�' �""1( �h�)Lθ ( �� ��^"3 % ��W* .�/M�����)1 , 1 , 1v wf f f θ (� @
'�=��� A��.���
�3�� X�;% H�m�, � .�,

 !"#$�%�
� �)*�"+)LCO ( !"#$�%�
� �)* .���
�3�� '� Ef�S ����� v
�� �� 5� 	M
�:� %)Flutter(.........................................K

���%-"*( : �Q�� ��W* .�/M����� �""1( �m��m> 	M
�:�)1vf (.���
�3�� X�;% H�m�, �� @
'�=��� A�� �)* .�,)Flutter ( %

 �)*�"+)LCO ( ������ �]"Zg ������ �� !"#$�%�
� J�"?� 	
%�' �""1( �h� ��)Lθ(...........................................................................K

���%-"*): .��W� ��W* .�/M����� �""1( �m��m> 	M
�:�)1wf (.���
�3�� X�;% H�m�, �� @
'�=��� A�� �)* .�,)Flutter ( %

 �)*�"+)LCO ( ������ �]"Zg ������ �� !"#$�%�
� J�"?� 	
%�' �""1( �h� ��)Lθ(...........................................................................K

���%-""* : ��^"3 .�/M����� �""1( �m��m> 	M
�:�)1f θ (.���
�3�� X�;% H�m�, �� @
'�=��� A�� �)* .�,)Flutter ( �)*�"+ %

)LCO ( ������ �]"Zg ������ �� !"#$�%�
� J�"?� 	
%�' �""1( �h� ��)Lθ(.........................................................................................K

���%-""": ��^"3 % .��W� ��W* .�/M����� �""1( �m��m> 	M
�:� )1 , 1wf f θ (.���
�3�� X�;% H�m�, �� @
'�=��� A�� �)* .�,

)Flutter ( �)*�"+ %)LCO (� ������ �]"Zg ������ �� !"#$�%�
 J�"?� 	
%�' �""1( �h� ��)Lθ( d] .�/M����� .���
�3�� X�;% 5��' ��

 ��M, ��^"3 .�/M����� �� pZ)�� .��W� ��W*)1 1wf f θ=[(.......................................................................................................K

���%-""! : �� !"#$�%�
� �)*�"+ .���
�3�� X�;% 	�7? �� �
'�=��� A�� ��� A���� ������ % @��# �""1( �m��m> �M
�:� �h�

 J�"?� 	
%�' �""1()Lθ(..........................................................................................................................................................................K

���%-""#:� !"#$�%�
� �)*�"+ .���
�3�� X�;% 	�7? �� �
'�=��� A�� ��� A���� 5�
�6 @��# �""1( �m��m> �M
�: �""1( ��

 �'�# u�� A���� �_# 8�"f�F* �� J�"?� 	
%�' �""1( �h�)Lθ(............................................................................................................K



�� -/�-�. -=)* � +!,;< ���( ��:� &� �'
8 92$�% �67!"#�� 345��012�����-�. -=� �CD �E� ��� B@�>?AHF GI�!"#JK

'

���%-""$: !"#$�%�
� �)*�"+ .���
�3�� X�;% 	�7? �� �
'�=��� A�� ��� A���� ������ �""1( �m��m> �M
�:� 8�"f�F* �""1( ��

 �'�# u�� A���� �]"Zg .�/M����� % �_# �� J�"?� 	
%�' �""1( �h�)Lθ(................................................................................................K

���%-""%: !"#$�%�
� �)*�"+ .���
�3�� X�;% 	�7? �� �
'�=��� A�� ��� A���� ������ % 5�
�6 @��# �""1( �m��m> �M
�:� ��

 �'�# u�� A���� �]"Zg .�/M����� % �_# 8�"f�F* �""1( �� J�"?� 	
%�' �""1( �h�)Lθ(.....................................................................K

���+-� : ��m�$ EB���#)D\NO �( D}~T] (144[...................................................................................................................................K

���+-  : @
�� E
%�%�)@#�� ( @
�� �Z�
% %)�>] (145[...................................................................................................................K

���+-, :@
�� 5������ .�W"3��,GDU �Z��#� D}~N��"#% �� ��� '�%�3 P"?%� �
��( A�g �� ��, '� ��"m�# .�]145[..................................K

���+-- :h� �� ��m�$ EB���# u���3 P"��� @Ml� 4,�� '�%�3 P"S �� ��^"3 �
����% �]144[...........................................................K



�� -/�-�. -=)* � +!,;< ���( ��:� &� �'
8 92$�% �67!"#�� 345��012�����-�. -=� �CD �E� ��� B@�>?AHF GI�!"#JK

(

ùd+ �¦�¤ õ� § ª$
 .��/"-" :�Q�S ��� �� �M
�:� �� ��2� .�,��� �� .�%��.............................................................................................................K

 .��/$-" : �
��:�ilα �2(2 1)il i πγ = − % iβ����"��M0
 �"( .��� ....................................................................................K

 .��/%-" :���W� P"?%� ���� % �#��, 8��Cg��"( *)  ���W�y(............................................................................................................K

 .��/%-! : �"( ���W� �]"Zg .�/M�����y��  �k
% ���:� E"�7('� ���� @#� (Rad/s)..........................................................................K

 .��/%-# :��� P"?%� 	M
�:��]"Zg .�/M��(Rad/s) �"( ���W� y @/6 �#�, �� )�� '� ���� @#�FFT ( A%�6 v
�� ��� -K..................K

 .��/%-$ : �]"Zg ��� P"?%� 	���� 	M
�:�)�� '� ���� @#�FFT ( �"( ���W�y@/6 �#�, �� ...............................................................K

 .��/%-% :�"( ���W� P"�%� ���� % �#��, 8��Cg�*) ���W�K(...........................................................................................................K

 .��/%-& :�"( ���W� P"��# ���� % �#��, 8��Cg�*) ���W�z(..........................................................................................................K

 .��/%-' :�"( ���W� P"���/> ���� % �#��, 8��Cg�]101) [ ���W��(................................................................................................K

 .��/%-( :V6�� '� w%�(%�
� A�� ���W� ���� % �#��, 8��Cg�]64[*...............................................................................................K

 .��/%-) : V6�� % �Q�S ��� v
�� 	M
�:�]64[................................................................................................................................K

 .��/%-"* :V6�� <�#��� @
'�=��� A�� ���W� ���� % �#��, 8��Cg�]64[*....................................................................................K

 .��/%-"" :@
'�=��� A�� ���W� ���� % �#��, 8��Cg�..................................................................................................................K


