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�ï ��́

�:r �7Hë�H\�"f��H ³ð&h�\� @/ô�Ç BTT(bank-to-turn) p���{9�_� �¹כ�� $í
0px �¾Ó�©��̀¦ 0A

K� ³ð&h� Ø�æ[�ty��õ� ��1lx�̧7áx�©�u� 1lx%i��<Æ�̀¦ �¦�9ô�Ç þj&h� 7áxú́� Ä»�̧ ZO�gË:�̀¦ ]jîß�ô�Ç��.

BTTp���{9��Ér STT(skid-to-turn)p���{9�õ���H²ú�o�x�u�ü<\�¦G�V,�s�1lx%i��<Æ&h�Ü¼�Ð

���½+Ë÷&#Q e����. Õª�QÙ¼�Ð BTT p���{9�_� Ä»�̧ ZO�gË:�Ér [O�>� r� 3	�"é¶ ÆÒ&h� l�
��<Æ�̀¦

�¦�9
�#��� ô�Ç��. 
�t�ëß� l��>r_� @/ÂÒì�r Ä»�̧ ZO�gË:[þt�Ér p���{9�õ� ³ð&h� ��s�_� 2	�

"é¶ î̈
����©�_� ÆÒ&h� l�
��<Æëß��̀¦ �¦�9
�%i�l� M:ë�H\� BTT p���{9�\���H &h�½+Ë
�t� ·ú§��.

�:r �7Hë�H\�"f ]jîß�
���H þj&h� 7áxú́� Ä»�̧ ZO�gË:�Ér 3	�"é¶ ÆÒ&h� l�
��<Æ�̀¦ �¦�9
�%i��̀¦

÷�rëß� ��m��� ��1lx�̧7áx�©�u�_� x�u�ü< \�¦ G�V,� 1lx%i��<Æ�̀¦ �̧¿º �¦�9ô�Ç��. Õª ���õ�, ]j

îß�
���H þj&h� 7áxú́� Ä»�̧ ZO�gË:�Ér �©�@/&h�Ü¼�Ð Ö¼�2; ��1lx�̧7áx�©�u� 1lx%i��<Æ\�"f�̧ r�çß�

t���� ò́õ��Ð ���ô�Ç $í
0px 
�|ÃÌ \O�s� ����Ér �¹כ�� �̧	�\�¦ Ä»t�½+É Ãº e��#Q Z�}�Ér �¹כ�� $í
0px

�̀¦ �Ð�©�ô�Ç��. ¢̧ô�Ç, ³ð&h� Ø�æ[�ty���̀¦ �¦�9
�#� �¹כ�� r� p���{9�s� ³ð&h��̀¦ "é¶
���H Ø�æ[�t

y��Ü¼�Ð �¹כ��½+É Ãº e���̧2�¤ 
�#�, z�́]j ����©�\�"f �Ð�� ò́õ�&h���� ³ð&h� �¹כ��s� ��0px
�

�̧2�¤ ô�Ç��.

]jîß�
���H þj&h� 7áxú́� Ä»�̧ ZO�gË:�Ér ïß�#� q�'�� r�çß�(time-to-go)_� �<ÊÃº\�¦ >�Ãº�Ð


���H C�8̈� +þAI��Ð &ñ
o�½+É Ãº e��Ü¼ 9 Ä»�̧ ZO�gË:_� éß�í�H�o\�¦ :�xK� z�́r�çß� ½̈�&³s� ��

0px
��̧2�¤ 
�#� Õª z�́6 x$í
�̀¦ ]j�¦ô�Ç��. =åQÜ¼�Ð ���ª�ô�Ç �¹כ�� �©�S!�\�"f_� �̧_� z�́+«>�̀¦

:�xK� ]jîß�
���H þj&h� 7áxú́� Ä»�̧ ZO�gË:_� $í
0px�̀¦ {9�7£xô�Ç��.
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 ấ 	�

�¾ ��× i

�Ò× 	� ii

�» �Ò× 	� iv

§� ÂkÈ �Ò× 	� v

<g 1 Xês "e Â]Ø 1

1.1 ���½̈ C��â
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 ���½̈ 3lq³ð . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

<g 2 Xês BTT Q���ømÇ S�­�yð�8ý {¢|̈� }º4� 12

2.1 p���{9� r�Û¼%7�_� 1lx%i��<Æ&h� �©�I� ~½Ó&ñ
d�� . . . . . . . . . . . . . . . 12

2.2 p���{9� r�Û¼%7�_� /BN§4��<Æ&h� :£¤$í
 . . . . . . . . . . . . . . . . . . . 15

2.3 ½̈1lxl� 1lx%i��<Æ�̀¦ �¦�9ô�Ç ��1lx�̧7áx ]j#Ql� . . . . . . . . . . . . . 20

2.4 3	�"é¶ ÆÒ&h� l�
��<Æ . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

<g 3 Xês �»XìÄ ûsÞôvÚPclÊÝ ���ÒÞ�º�ÒÞXêsV� �ÒÞW
Ä]K¡ùp§

w��\�X¢ :�XìÄ �¥y¢ 0nÉÈkÄ 4�®�o 30

3.1 þj&h� Ä»�̧ ë�H]j [O�&ñ
 . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.2 ï�rþj&h� Ä»�̧ ZO�gË: Ä»�̧ . . . . . . . . . . . . . . . . . . . . . . . . 36

3.3 z�́r�çß� ½̈�&³�̀¦ 0Aô�Ç ï�rþj&h� Ä»�̧ ZO�gË:_� éß�í�H�o . . . . . . . . . . 58

3.4 ï�rþj&h� Ä»�̧ ZO�gË:_� ��{©�$í
 ���7£x . . . . . . . . . . . . . . . . . . . 63

<g 4 Xês {¢8ý ÷mÇ]Möùp§ ��Þ�X¢ VRË�Ö« ÄZØV	Ä 79

4.1 �̧_� z�́+«> 8̈��â
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.2 ³ð&h� �¹כ�� $í
0px î̈
�� . . . . . . . . . . . . . . . . . . . . . . . . . 82

<g 5 Xês +sÇ Â]Ø 125

ii



�¼��× A.�»M�0nÉ 127

�¼��× B. ILAATQ���ømÇ8ý<gÌ¦R 129

Ycp w� ÃUØ ��ô 138

Abstract 143

iii



Ø̧  ấ 	�
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V� 1 *�× "� Òeµ

1.1 ¥o>Ä© :�¿R�

ç�H��l�Õüt_�µ1Ï���\������&³@/����©�\���Hõ���ü<��Hq��§½+ÉÃº\O��̀¦ëß��pu4�¤ú̧�
��¦

���ª�ô�Ç Áºl� �̂>��� �>rF�ô�Ç��. Õª ×�æ\�"f�̧ :£¤y�, p���{9��Ér y©�§4�ô�Ç 0A§4�Ü¼�Ð ���K�

éß�ņu\� ���S!��̀¦ /åL���r�~�́ Ãº e��#Q ���|ÄÌ, ���Õüt&h�Ü¼�Ð B�Äº ��u��� Z�}�Ér Áºl�s���. ¢̧

ô�Ç p���{9��Ér �½Ó/BNl�ü< �8Ô�¦#Q @/³ð&h���� q�'�� �̂>�\� 5Åq
�l��̧ ô�Ç��. :£¤y� p���{9��Ér

�½Ó/BNl�\� q�
�#� q����+þA$í
s� �8 y©�ô�Ç r�Û¼%7�s���. s���H p���{9� r�Û¼%7�_� ìøÍ6£x 5Åq�̧

�� �½Ó/BNl�_� Õª��\	כ q�
�#� B�Äº ��ØÔ�¦ 1lx{9� r�çß� 1lxîß�_� î�r1lx #3�0A�� �8 V,�l� M:

ë�Hs���. ����"f p���{9� r�Û¼%7��̀¦ @/�©�Ü¼�Ð >hµ1Ï�)a #��Q ]j#Q l�ZO�[þt�Ér Õª ü@_� #�

�Q q�'�� �̂>�\�"f ~1�>� &h�6 xs� ��0px½+É �.���s	כ s�%�!3� Áºl� �̂>�\�"f, 1lxr�\� q�'��

�̂>�\�"f�̧ p���{9�_� ³ð&h� �¹כ�� $í
0px �¾Ó�©��Ér ×�æ¹כô�Ç ��îß�s���.

p���{9� r�Û¼%7��Ér l�1lx r� ~½Ó�¾Ó �̧7áx ~½Ód��\� ���� ß¼>� ¿º ��t��Ð ��Ðüt Ãº e����H

X< ���Ð STT(skid-to-turn) p���{9�õ� BTT(bank-to-turn) p���{9�s���. STT p���{9�

�Ér x�u�(pitch) ��5Åq�̧ü< (yaw)¹כ ��5Åq�̧\�¦ 1lxr�\� 1lqwn�&h�Ü¼�Ð �̧&ñ

�#� q�'�� ~½Ó�¾Ó

�̀¦ �̧&ñ
ô�Ç��.Õª�Qô�Çl�1lx~½Ód��Ü¼�Ð���K� STTp���{9��Ér ½̈�̧&h�Ü¼�Ðs�[þtx�u�ü<¹כ

î̈
���\� @/K� y��y�� @/g�A&h� ½̈�̧\�¦ ��4R�� ô�Ç����H ]j���s� e����. s�ü<��H ²ú�o� BTT p�

��{9��Ér \�¦ y��(roll angle)õ� x�u� ��5Åq�̧\�¦ ���>�
�#� 4�¤½+Ë&h�Ü¼�Ð �̧7áxK�"f q�'�� ~½Ó

�¾Ó�̀¦ �̧&ñ
ô�Ç��. Õªo�
�#� BTT p���{9��Ér STT p���{9�õ���H ²ú�o� x�u� î̈
���\� @/K�

"fëß� ½̈�̧&h�Ü¼�Ð @/g�A�̀¦ s�ÀÒl�ëß� 
���� �)a��. s���H STT p���{9�\� q�
�#� �©�@/&h�Ü¼

�Ð ½̈�̧&h�]j���s�W=�
�����H BTTp���{9�_��©�&h�s���.s��Qô�Ç�©�&h�Ü¼�Ð���
�#� BTT

p���{9��Ér STT p���{9� �Ð�� �8 	�H ±ú�>h ½̈�̧ü< V,��Ér ?/ÂÒ $��©� /BNçß��̀¦ ��|9� Ãº e��

1



��. �8 	�H ±ú�>h ½̈�̧��H ��r� �Ð�� 	�H ��5Åq�̧\�¦ è­q Ãº e������H �©�&h�Ü¼�Ð s�#Q�����. ¢̧

ô�Ç V,��Ér ?/ÂÒ $��©� /BNçß��Ér /BNl� f�̈{9� Ïþ�]jàÔ �'p���(ramjet engine)õ� Û¼ß¼Ïþ�]jàÔ �'p

���(supersonic combustion ramjet engine)°ú �ÉrÆÒ���l��'a_�»1ÑF���6 xs�
�����H�©�&h�

Ü¼�Ð s�#Q�����. s��Ð ���
�#� BTT p���{9��Ér 1lx{9� �ª�_� ���«Ñ\�¦ ��6 xÙþ¡�̀¦ M:\� STT

p���{9�\� q�
�#� �Z41pxy� |�� ��o�\�¦ �Ð�� ��ØÔ>� q�'��½+É Ãº e����.

Õª�Q��s��Qô�ÇÆÒ���l��'a�Ér"é¶�Ö̧ô�Ç��1lx�̀¦0AK�"f��1lx×�æ\�·ú�»¡¤l��ÐÄ»{9�÷&��H

/BNl�_� �ª��̀¦ Zþt {9�&ñ
 Ãºï�r s��©�Ü¼�Ð Ä»t�K��� ô�Ç��. s�\�¦ 0AK�"f ÆÒ��� l��'a�̀¦ »1ÑF�

ô�Ç BTTp���{9��Érq�'��r��½Ó�©�����Ér\P�p�ã¼�Qf��y��(side-slip angle)ëß��̀¦)�6 xô�Ç����H

%3����ô�Ç]j���s����Ér��. ¢̧ô�Ç BTTp���{9��Ér·ú¡"f���/åLô�Ç@/�Ð\�¦a�Aõ�x�u���5Åq�̧_�

4�¤½+Ë���6 xÜ¼�Ðq�'��~½Ó�¾Ó�̀¦ �̧7áx
�l�M:ë�H\�s�Ñüt��s�\�y©�ô�Ç&�e�¦a�A(coupling)s�

������ 9 STTp���{9�\�q�
�#���5Åq�̧6£x²ú�\�t����s�{9�#Qèß���.>�����\�¦y��_���

�Ér ����o\�"f Òqtl���H x�u� G�V,�õ� ¹כ G�V,�_� �©� ñ çß�[O� ò́õ���H ·ú¡"f ���/åLô�Ç BTT p�

��{9�_� q�@/g�A&h���� ½̈�̧\� l����
�#� �8¹¡¤ d��K������. ����"f BTT p���{9�_� 1lx%i��<Æ

~½Ó&ñ
d���Ér STT p���{9�_� Õª�	כ �Ð�� �s̀��� �8 4�¤ú̧�
��¦ {9�ìøÍ&h���� +þAI�\�¦ �������.

BTTp���{9�r�Û¼%7��ÉrÕªaË> 1.1õ�°ú s� ½̈$í
÷&#Qe����.s���Hß¼>��ÃÐÒ�ol�(seeker),

Ä»�̧ �©�u�(guidance), ��1lx�̧7áx�©�u�(autopilot)_� 3��t� 
�ÂÒ r�Û¼%7�Ü¼�Ð ½̈ì�rt�#Q

�̂¦ Ãº e����. Äº���, �ÃÐÒ�ol���H 3lq³ðÓüt�̀¦ �í�ÃÌ
�#� 3lq³ðÓütõ� p���{9�_� ÆÒ&h� l�
��<ÆÜ¼

�Ð ÂÒ'� s�[þt ��s�_� �©�@/ î�r1lx 1pxõ� °ú s� p���{9�_� Ä»�̧\� ¹ô�Çכ��9 &ñ
�Ð\�¦ S\�1pq
�

��H �©�u�s���. Ä»�̧ �©�u���H �ÃÐÒ�ol��Ð ÂÒ'� S\�1pqô�Ç &ñ
�Ð\�¦ ���½ÓÜ¼�Ð 3lq³ðÓüt�̀¦ �¹כ��
�

l� 0Aô�Ç Ä»�̧ "î
§î
�̀¦ Òqt$í

���H �©�u�s���. BTT p���{9�_� �â
Äº\���H Ä»�̧ "î
§î
Ü¼�Ð

\�¦ y�� "î
§î
õ� x�u� ��5Åq�̧ "î
§î
�̀¦ Òqt$í
ô�Ç��. =åQÜ¼�Ð ��1lx�̧7áx�©�u���H Ä»�̧ �©�u�\�"f

Òqt$í
�)a Ä»�̧ "î
§î
\� ���� p���{9� 1lx%i��<Æ�̀¦ ]j#Q
���H �©�u�s���.

BTT p���{9� r�Û¼%7�_� :�x½+Ë ]j#Q l�ZO�\� �'aô�Ç ���½̈��H ��6£§_� ë�H]j&h�Ü¼�Ð ���
�

#� �̧Ï?@1lxîß� K����
�l� #Q�9î�r ë�H]j�Ð ·ú��94R e����. p���{9� r�Û¼%7�_� 1lx%i��<Æ ~½Ó&ñ
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d���Ér �ÃÐÒ�ol�_� 1lx%i��<Æ ~½Ó&ñ
d��, p���{9� 1lx�̂_� 1lx%i��<Æ ~½Ó&ñ
d��, ÆÒ&h� l�
��<Æ(pursuit

kinematics)1pxÜ¼�Ð ½̈$í
÷&#Qe����.Õª���X<s�[þty��y��_�
�ÂÒr�Û¼%7�[þt�Ér �̧¿º�©�{©�ô�Ç

q����+þA$í
�̀¦ (̀�¦e����.����"f����̂ r�Û¼%7� ¢̧ô�Ç�¦	�_�4�¤ú̧�ô�Çq����+þA$í
�̀¦ (̀>��)a

��.:£¤y�/BN%i��<Æ(aerodynamics)_��â
Äº,Û�æ1lxz�́+«>�̀¦:�xK�Õª���õ���t�r�³ð(look-up

table)+þAI��ÐÅÒ#Q4Ry©�ô�Çq����+þA$í
�̀¦?/�í
��¦e����. ¢̧ô�Ç]j#Q¼#�y��(control fins)Ü¼

�ÐÂÒ'� p���{9� ��5Åq�̧��t�_� {9�Ø�¦§4� 1lx:£¤$í
�Ér q�þj�è0A�©�(nonminimum phase)_�

:£¤$í
�̀¦°ú�l�M:ë�H\�{9�ìøÍ&h����C�8̈����+þA�ol�ZO��̀¦:�xK�"f��H]j#Q
�l�jËµ[þt��[1, 2, 3].

¢̧ô�Ç, ·ú¡"f ���/åLô�Ç BTT p���{9�_� ½̈�̧&h� �©�&h�s� Ä»�̧ ZO�gË: >hµ1Ï\� e��#Q"f��H éß�

&h�Ü¼�Ð ���6 xô�Ç��. STT p���{9��Ér x�u� î̈
���õ� ¹כ î̈
���\� @/K� @/g�A&h���� ½̈�̧\�¦ ��

�����. s� M:ë�H\� \�¦ G�V,�s� îß�&ñ
�o ÷&#Qe��#Q x�u�ü< ¹כ G�V,�s� 1lqwn�&h�Ü¼�Ð ���6 x½+É

Ãº e����. Õª�QÙ¼�Ð 2	�"é¶ î̈
����©�\�"f_� ÆÒ&h� l�
��<Æëß� �¦�9
�#� �Ð�� ~1��¦ çß�éß�
�

>� Ä»�̧ ZO�gË:�̀¦ [O�>�½+É Ãº e����. s�\� ìøÍ
�#� BTT p���{9�_� �â
Äº\���H \�¦õ� x�u� î�r

1lxs� "f�Ð %i��<Æ&h�Ü¼�Ð &�e�¦a�A ÷&#Qe����. ÕªXO�l� M:ë�H\� 2	�"é¶ î̈
����©�\�"f_� ÆÒ&h�

l�
��<Æëß��̀¦ �¦�9ô�Ç STT p���{9�6 x Ä»�̧ ZO�gË:�̀¦ BTT p���{9�\� ���Ð &h�6 x
�l���H #Q

§>���. ����"f BTT p���{9�_� Ä»�̧ ZO�gË:�Ér \�¦õ� x�u� î�r1lx�̀¦ �í�<Êô�Ç 3	�"é¶ ÆÒ&h� l�


��<Æ�̀¦ �̧¿º �¦�9K��� ô�Ç��.

BTTp���{9�_��¦���&h����Ä»�̧ZO�gË:Ü¼�Ð��H@/³ð&h�Ü¼�Ðq�YV�½ÓZO�Ä»�̧(proportio-

nal navigation guidance, PNG)ZO�gË:�̀¦ �FGýa³ð ���8̈�(polar conversion logic, PCL)ô�Ç

�-g1L�̀¦Ãºe����.q�YV�½ÓZO�Ä»�̧ZO�gË:�Érp���{9�\�"f³ð&h��̀¦�����Ð��Hr����(line-of¦̀�	כ

sight, LOS)_� ����oÖ�¦\� q�YV
���H ��5Åq�̧ "î
§î
�̀¦ Òqt$í

���H Ä»�̧ ZO�gË:s���. çß�éß�
�

>� ½̈�&³½+É Ãº e���¦ z�́]j r�Û¼%7�\� &h�6 x
�l� /'0> �&³F�\��̧ p���{9� ÷�rëß� ��m��� #�

�Q q�'�� �̂>�\�"f 7áxú́� Ä»�̧ ZO�gË:Ü¼�Ð ��6 x �)a��. q�YV�½ÓZO�Ä»�̧ �©�u���H ��1lx�̧7áx�©�

u� 1lx%i��<Æs� s��©�&h�Ü¼�Ð ��ØÔ�¦ ³ð&h�s� l�1lx
�t� ·ú§��H Óüt�̂����H ��&ñ

�\� �¹כ�� r�

�©�@/ ��o��� 0s� ÷&�¦, �¹כ�� f�����\� ��5Åq�̧ "î
§î
s� 0Ü¼�Ð Ãº§4�
� 9, �¹כ�� r�&h���t�
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_� ��5Åq�̧ "î
§î
_� ]jY�L�̀¦ &h�ì�rô�Ç °ú̀�כ¦ þj�è�o
� 9 ̀����¹כ¦ �Ð�©�
���H Ä»�̧ ZO�gË:e��s�

·ú��94R e����[4, 5, 6]. Õª�Q�� l�1lx
���H ³ð&h�\� @/K�"f��H p���{9�s� ³ð&h�\� q�
�#� ��

�Ér 5Åq�̧\�¦ è­q Ãº e��#Q�� 
� 9 �¹כ�� f�����\� ²ú�$í
½+É Ãº \O���H õ��̧ô�Ç ��5Åq�̧ "î
§î
�̀¦ �9�

¹�Ðכ 
�#� ��5Åq�̧ "î
§î
s� �í�o÷&#Q �¹כ�� $í
0pxs� $�
��)a����H éß�&h�s� e����. s�\�¦ >h

���
�l� 0AK�"f >hµ1Ï�)a ��s	כ ���Ð SX��©� q�YV �½ÓZO� Ä»�̧(augmented-PNG, APNG)s�

��[7]. s���H Ä»�̧ ZO�gË:_� ��5Åq�̧ "î
§î
\� ³ð&h�_� ��5Åq�̧ ÆÒ&ñ
u�\� q�YV
���H �½Ó�̀¦ �í

�<Êr�&� Ä»�̧ "î
§î
�̀¦ �Ð�©�
���H Ä»�̧ ZO�gË:s���.

ô�Ç ¼#�, q�YV x9� SX��©� q�YV Ä»�̧ ZO�gË:Ü¼�Ð ���K� Òqt$í
�)a Ä»�̧ "î
§î
�̀¦ BTT p���{9�

\� &h�6 x
�l� 0AK�"f��H �FGýa³ð ���8̈��̀¦ ��5g�� 
���HX<, s���H STT p���{9�_� x�u�, ¹כ

~½Ó�¾Ó_� ��5Åq�̧ "î
§î
�̀¦ BTT p���{9�_� \�¦ y�� "î
§î
õ� x�u� ��5Åq�̧ "î
§î
Ü¼�Ð ���8̈�
�

��H %i�½+É�̀¦ ô�Ç��. Õª�Q�� ���y���<ÊÃº_� %i����8̈��̀¦ :�xK� \�¦ y�� "î
§î
�̀¦ %3���H õ�&ñ
\�"f \�¦

y��"î
§î
s�&ñ
_�÷&t�·ú§����]j#Q$í
(controllability)�̀¦�©�z�́
���Hë�H]j��{9�#Q±ú�Ãºe��

��. :£¤y�, ���8̈� ��� ��5Åq�̧ "î
§î
s� 0�̀¦ t������ \�¦ y�� "î
§î
s� Ô�¦���5Åq
�>� ���
�>� ÷&��H

�&³�©�s� {9�#Q�� ��1lx�̧&ñ
�©�u�\� Áºo�ô�Ç l�1lx�̀¦ 
̈½¹כ���H ë�H]j�� µ1ÏÒqtô�Ç��. s��Qô�Ç

ë�H]j&h��Ér ��5Åq�̧ "î
§î
s� 0s� ÷&t� ·ú§�̧2�¤ ��5Åq�̧ "î
§î
\� {9�&ñ
ô�Ç °ú̀�כ¦ �8K�ÅÒ��H ~½Ó

d��Ü¼�Ð Ä»�̧ "î
§î
�̀¦ �Ð�©�K� ×�¦ Ãº e����HX< s�\�¦ ¼#��¾Ó q�YV �½ÓZO� Ä»�̧(biased-PNG,

BPNG) l�ZO�s��� ô�Ç��[8].

Õª�Q�� s��©�_� Ä»�̧ ZO�gË:[þt�Ér �̧¿º s��©�&h���� ��1lx�̧7áx�©�u�\�¦ ��&ñ

��¦ [O�>��)a

l�ZO�s��� ��1lx�̧7áx�©�u�_� 1lx%i��<Æ�̀¦ Áºr�
�%i�����H ô�Ç>��� e����. Õª�QÙ¼�Ð z�́]j p�

��{9�\� &h�6 xÙþ¡�̀¦ r�, ��1lx�̧7áx�©�u�_� 1lx%i��<ÆÜ¼�Ð ���ô�Ç r�çß� t���� ò́õ�\� _�K� ¹כ

��� $í
0pxs� $�
��)a��. s��Qô�Ç ë�H]j&h��̀¦ >h���
�l� 0AK� �¦���&h���� Ä»�̧ l�ZO�\�"f »1Ï

x�, þj&h� Ä»�̧ ZO�gË:s� >hµ1Ï ÷&%3���. [9]\�"f��H ��1lx�̧7áx�©�u� 1lx%i��<Æ�̀¦ 1	�"é¶ r�Ô�¦

���(time-invarinat) r�Û¼%7�Ü¼�Ð ³ðô�Ç½+É �â
Äº\� �¹כ�� $í
0px�̀¦ �¾Ó�©�r�~�́ Ãº e������H �	כ

�̀¦ �Ð%i���. ¢̧ô�Ç, p���{9��Ér �¹כ�� �̧	�(miss distance)\�¦ þj�è�o 
�l� 0AK�"f, s�\�
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ìøÍK� ³ð&h��Ér s�\�¦ þj@/�o 
�l� 0AK�"f l�1lx½+É �â
Äº\� s�\�¦ >�e�� s��:r�̀¦ :�xK� ò́õ�

&h�Ü¼�Ð Ä»�̧
� 9 ��1lx�̧7áx�©�u�_� r�çß� t���� ò́õ�\�¦ �¦�9ô�Ç l�ZO�s� >hµ1Ï÷&%3���[10].

[11]\�"f��H _þt��s�ç̀
 �̧×¼ ]j#Ql�(sliding-mode controller)\�¦ :�xK� ��1lx�̧7áx�©�u�ü<

Ä»�̧ ZO�gË:�̀¦ 1lxr�\� [O�>�ô�Ç l�ZO��̀¦ ]jîß�Ùþ¡��. z�́]j p���{9� r�Û¼%7�\�"f��H l�1lx r�\�

Óüto�&h�Ü¼�Ð ��5Åq�̧�� ]jô�Ç ÷&#Q e����HX< s�\�¦ �¦�9
�#� SX�Ò�¦&h� þj&h� Ä»�̧ ZO�gË:�̀¦ >h

µ1Ïô�Ç ���½̈�̧ e����[12].

Õª�Q��, s��©�_� ���½̈ ���õ�[þt[9]-[12]�Ér �̧¿º 2	�"é¶ î̈
����©�\�"f_� ÆÒ&h� l�
��<Æëß�

�̀¦�¦�9ô�Ç���õ�[þts���.����"f BTTp���{9�\�&h�6 x
�l�0AK�"f��H·ú¡"f���/åLô�Ç�FGýa

³ð ���8̈��̀¦ ��5g�� 
���H ë�H]j&h��̀¦ îß��¦ e����. s�\�¦ >h���
�#� 3	�"é¶ /BNçß��©�\�"f_� ÆÒ

&h� l�
��<Æ�̀¦ �¦�9
� 9 1lxr�\� ��1lx�̧7áx�©�u�_� 1lx%i��<Æ�̀¦ 1	�"é¶ r�Ô�¦��� r�Û¼%7�Ü¼�Ð

��&ñ

��¦ �¦�9ô�Ç þj&h� Ä»�̧ ZO�gË:�̧ >hµ1Ï÷&%3���[13, 14]. 
�t�ëß� \�¦ y�� ����oÖ�¦_� 1lx

%i��<Æs� x�u� ��5Åq�̧ ����oÖ�¦_� 1lx%i��<Æ\� q�
�#� B�Äº À1Ï�� Õª %ò
�¾Ó�̀¦ Áºr�½+É Ãº e��

����H ��&ñ

�\� x�u� G�V,� 1lx%i��<Æëß� �¦�9
�#� >hµ1Ï÷&%3�����H ô�Ç>�\�¦ îß��¦ e����. s���H

z�́]j p���{9� r�Û¼%7�\�"f &h�6 x½+É r�\� �¹כ�� �̧	�_� Òqt$í
_� "é¶���s� �)a��. s��Qô�Ç éß�

&h�[þt�̀¦ �Ð¢-a
�#� 3	�"é¶ ÆÒ&h� l�
��<Æõ� ��1lx�̧7áx�©�u� 1lx%i��<Æ�̀¦ �¦�9ô�Ç BTT p���{9�

_� þj&h� Ä»�̧ ZO�gË:s� >hµ1Ï ÷&%3���[15].

ô�Ç ¼#�, s�ü< °ú s� p���{9� 1px_� Ä»�̧ Áºl� $í
0pxs� µ1Ï����<Ê\� ���� 1lxr�\� s�\� @/

�½Ó
�#� ���ÈÒl�, ���	�, �<Ê��� 1px Õª �¹כ�� @/�©�s� ÷&��H #��Q Áºl� �̂>�[þt ¢̧ô�Ç Ä»�̧ Áº

l�\� @/ô�Ç �rx� x9� ~½Ó#Q 0px§4�s� ��ØÔ>� µ1Ï���
��¦ e����. ����"f Ä»�̧ Áºl� %i�r� s�[þt

³ð&h�\� @/ô�Ç �¹כ�� $í
0px x9� ��õ�§4� 7£x���s� 9 �
¹כ��9 s�\�¦ 0AK�"f��H �Ð�� �¾Ó�©��)a Ä»

�̧ ZO�gË:_� >hµ1Ïs� 
¹כ��9���.

õ���\���H l�Õüt&h� ô�Ç>��Ð ���
�#� �ÃÐÒ�ol�_� G'p"f�Ð ÂÒ'� S\�1pq½+É Ãº e����H &ñ
�Ð��

]jô�Ç&h�s�%3���. Õªo�
�#� �¦���&h���� 7áxú́� Ä»�̧ ZO�gË:[þt�Ér s��Qô�Ç �ÃÐÒ�ol�\�"f l����ô�Ç

ô�Ç>� M:ë�H\� ³ð&h��̀¦ &h�|9�|¾Ó(point mass) Óüt�̂�Ðëß� çß�ÅÒ
�#� >hµ1Ï÷&%3���. 
�t�ëß� s�
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%�!3� ³ð&h��̀¦ &h�|9�|¾Ó Óüt�̂�Ð ��&ñ
 
�%i��̀¦ �â
Äº\���H Ä»�̧ ZO�gË: [O�>�\� e��#Q ³ð&h�_�

î�r1lx x9� ��[j\�¦ �¦�9½+É Ãº�� \O���. ����"f ³ð&h�s� �¹כ�� ÂÒ0A\� @/K� ~½Ó#Q 0px§4�s� Z�}

���� òøÍ¿º_� ����'as� �¹כ�� r� Ø�æ[�ty��\� ���y��
������ p���{9��Ér ³ð&h�\� @/ô�Ç ò́õ�&h����

�¹כ��s� #Q§>���.

þj��H\���H �ÃÐÒ�ol�_� %ò
�©� G'p"f l�Õüt_� µ1Ï���Ü¼�Ð ���
�#� ³ð&h�_� %ò
�©� &ñ
�Ð\�¦ :�x

K�"f ³ð&h�_� 6��Ä»�̧ î�r1lx x9� ��[j\�¦ &ñ
x9�
�>�ÆÒ&ñ
½+É Ãºe��>�÷&%3���.Õªo�
�#�³ð

&h��̀¦ &h�|9�|¾Ó Óüt�̂�� ����� z�́]j_� 3	�"é¶ Óüt�̂�Ð���d��½+É Ãºe��>�÷&%3���.s�%�!3� �ÃÐÒ�o

l��Ð ÂÒ'� S\�1pq½+É Ãº e����H &ñ
�Ð�� ú́§��t���� s�\�¦ Ä»�̧ ZO�gË: [O�>�\� &h�6 x
�#� p���

{9�_� 7áxú́� Ä»�̧ $í
0px�̀¦ �¾Ó�©�r�~�́ Ãº e����. ��§î
, p���{9�s� ³ð&h��̀¦ �¹כ��
���H y���̧���

³ð&h� Ø�æ[�ty��(impact angle)�̀¦ ]j#Q½+É Ãº e������� &h�&ñ
ô�Ç q�'���â
�Ð_� [O�&ñ
s� 6 xs� ½+É

÷�rëß� ��m��� ³ð&h�\� @/ô�Ç Äº�r /BN��� 1pxs� ��0px
��¦ ¢̧ô�Ç, p���{9� òøÍ¿º_� ò́õ�\�¦ �FG

@/�o ½+É Ãº e����.

³ð&h�Ø�æ[�ty���̀¦�¦�9ô�ÇÄ»�̧ZO�gË:�Ér/BN@/t�p���{9�\�@/ô�Ç³ð&h�Ø�æ[�ty��þj&h�Ä»�̧

l�ZO� ���½̈\�"f %�6£§Ü¼�Ð �¦îß�÷&%3���[16]. s� ���½̈\�"f��H ³ð&h��̀¦ t��©�_� �¦&ñ
�)a Óüt

�̂�Ð �Ð�¦ p���{9�õ� ³ð&h�_� î�r1lx~½Ó&ñ
d���̀¦ 2	�"é¶ î̈
���\� @/K�"f ���+þA r�Ô�¦���(linear

time-invariant)Ü¼�Ð çß�|ÄÌ�oô�Ç î�r1lx ~½Ó&ñ
d��ëß��̀¦ �¦�9
�%i���. ô�Ç ¼#�, [17]\�"f��H þj&h�

Ä»�̧ ZO�gË:�̀¦ s�6 x K� |½ÓX<ÂÒ ë�H]j\�¦ Û�¦ Ãº e���̀¦�̀¦ �Ð%i�Ü¼ 9, s�\�¦ �Ð�� µ1Ï��� r�&�,

[18]\�"f��H ³ð&h��̀¦ 2	�"é¶ î̈
���\�"f &ñ
t�ô�Ç Óüt�̂�� ����� {9�&ñ
ô�Ç 5Åq�̧ü< ��5Åq�̧\�¦ ��

t��¦ ¹¡§f��s���H t��©� Óüt�̂�Ð çß�ÅÒ
��¦ ³ð&h� Ø�æ[�ty���̀¦ �¦�9ô�Ç þj&h� Ä»�̧ l�ZO��̀¦ >hµ1Ï


�%i���.

¢̧ô�Ç, �¦���&h���� p���{9� Ä»�̧ ZO�gË:�̀¦ s�6 x
�#� ³ð&h� Ø�æ[�ty���̀¦ �¦�9ô�Ç Ä»�̧ ZO�gË:

�̀¦>hµ1Ï
��9��Hr��̧�̧e��%3���HX<,r����(time-varying)¼#��¾Óq�YV�½ÓZO�Ä»�̧ZO�gË:�̀¦s�

6 x
�#� ³ð&h� Ø�æ[�ty���̀¦ �¦�9
� 9 q����+þA$í
�̀¦ ����� ³ð&h�_� î�r1lx ~½Ó&ñ
d���̀¦ ���+þA�o 
�

t� ·ú§��¤Ü¼ 9, =åQÜ¼�Ð ïß�#� q�'�� r�çß�(time-to-go)�̀¦ ÆÒ&ñ

�t� ·ú§���̧ ÷&��H Ä»�̧ ZO�

7



gË:�̀¦ >hµ1Ï
�%i���[19]. [20]\�"f��H \��-t�\�¦ þj�è�o
���H �'a&h�\�"f ³ð&h� Ø�æ[�ty���̀¦ �¦

�9ô�Ç þj&h� Ä»�̧ ZO�gË:�̀¦ >hµ1Ï
�%i�Ü¼ 9, Õª Ä»�̧ "î
§î
�̀¦ {���2³ +þAI�_� K��Ð ½̈
�%i���.

������ s�\�¦ µ1Ï���r�&� ïß�#� q�'�� r�çß�_� /åLÃº\�¦ ��×�æu��Ð °ú���H \��-t� þj�è�o �'a&h�

_� þj&h� Ä»�̧ ZO�gË:�̀¦ >hµ1Ï
�%i�Ü¼ 9 s�\�¦ 0AK� Dh�Ðî�r ïß�#� q�'�� r�çß� ÆÒ&ñ
 l�ZO��̀¦

�¦îß�
�%i���[21]. Õª Êê, [22]\�"f��H [21]\�"f ]jîß�ô�Ç ïß�#� q�'�� r�çß�_� /åLÃº�Ð s�,X

��� \��-t� þj&h��o ��×�æu�\� @/ô�Ç {9�ìøÍ�o\� @/K� ���½̈Ùþ¡��. Õª�Q�� s��©�_� Ä»�̧ ZO�

gË:[þt[19]-[22]�Ér��1lx�̧7áx�©�u�_�1lx%i��<Æs�s��©�&h�Ü¼�Ð��ØÔ����H��&ñ

�\�s�[þt1lx%i�

�<Æ�̀¦ �¦�9
�t� ·ú§�¦ [O�>�ô�Ç ZO�gË:[þts�����H ô�Ç>��� e����.

Õª ü@\��̧ ���+þA 3$×¼��hË:(linear quadratic)�̀¦ s�6 xô�Ç Ä»�̧ l�ZO�[23]-[25]õ� _þt��

s�ç̀
 �̧×¼ ]j#Q\�¦ s�6 xô�Ç l�ZO�[26]-[28] 1px_� ���½̈ ���õ��� µ1Ï³ð÷&%3�Ü¼�� s�[þt Ä»�̧

ZO�gË:�Ér �̧¿º 2	�"é¶ î̈
����©�\�"f_� �¹כ�� �©�S!�ëß��̀¦ ��&ñ

��¦ ³ð&h� Ø�æ[�ty���̀¦ �¦�9
�#�

>hµ1Ïô�ÇÄ»�̧ZO�gË:s���.����"f¹כü<x�u�_�&�e�¦a�As��>rF�
���H BTTp���{9�_��â
Äº

\���H &h�6 x
�l�\� &h�½+Ë
�t� ·ú§��. 
�t�ëß� 3	�"é¶ /BNçß�\�"f_� ÆÒ&h� l�
��<Æ�̀¦ ���½ÓÜ¼

�Ð 
�#� ³ð&h� Ø�æ[�ty��õ� ��1lx�̧7áx�©�u�_� 1lx%i��<Æ�̀¦ �¦�9ô�Ç Ä»�̧ ZO�gË:�Ér ��f����t� Õª

���½̈ ���õ��� ÂÒ7á¤ô�Ç z�́&ñ
s���. ×¼Óüt|�� 
��� 3	�"é¶ ÆÒ&h� l�
��<Æõ� ³ð&h� Ø�æ[�ty��, Õª

o��¦ ��1lx�̧7áx�©�u� 1lx%i��<Æ��t� �̧¿º �¦�9ô�Ç BTT p���{9�_� Ä»�̧ ZO�gË:s� >hµ1Ï ÷&%3�

��[29]. [29]\�"f��H &ñ
t� ³ð&h�\� @/ô�Ç ³ð&h� Ø�æ[�ty���̀¦ ]jô�Ç �̧|	�Ü¼�Ð ¿º�¦ q����+þA >�

S\�ZO�(nonlinear programming)�̀¦ s�6 x
�#� BTT p���{9� Ä»�̧ ZO�gË: ë�H]j_� K�\�¦ íß�

Ø�¦ 
�%i�Ü¼��. Õª�Q�� s���H {���2³ +þAI�_� K��� ����� (��ÉÓ'� ���íß��̀¦ :�xô�Ç Ãºu�&h� K�ëß�

�̀¦ ]jr� ô�Ç �Ü¼�Ð	כ p���{9� r�Û¼%7� %i��<Æ �̧4Sq_� Ô�¦SX�z�́$í
s� �>rF�
���H z�́]j �©�S!�\�"f

��H Õª îß�&ñ
$í
�̀¦ �Ð�©�½+É Ãº \O���. ¢̧ô�Ç �©�I� ���Ãº_� �íl�°úכ\� _�K� ���&ñ
÷&��H Ãºu�&h�

K�s�Ù¼�Ð l�1lx
���H ³ð&h�\� @/K�"f��H &h�6 x½+É Ãº \O�����H ë�H]j&h�s� e����.

s�ü< °ú s� ³ð&h� Ø�æ[�ty���̀¦ �¦�9ô�Ç Ä»�̧ ZO�gË:_� >hµ1Ï�Ér @/éß�y� ×�æ¹כô�Ç õ�]js���

l��>r_� ³ð&h� Ø�æ[�ty���̀¦ �¦�9ô�Ç Ä»�̧ ZO�gË:[þt�Ér 2	�"é¶ î̈
����©�\�"fëß�_� ³ð&h� Ø�æ[�ty���̀¦
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�¦�9ô�Ç Êê, s�\�¦ 3	�"é¶ /BNçß�Ü¼�Ð SX��©�
�#� &h�6 x
��¦ e����. Õª�Q�� s�[þt l��>r Ä»�̧

l�ZO�[þt�Ér 3	�"é¶ /BNçß�\�"f \�¦ y��õ� x�u� ��5Åq�̧\�¦ 1lxr�\� �¦�9K���
���H BTT p���

{9�\� f��]X� &h�6 x
�l�\���H ô�Ç>��� e����. ����"f BTT p���{9�_� ³ð&h� �¹כ�� $í
0px�̀¦ �¾Ó

�©� r�v�l� 0AK�"f ³ð&h� Ø�æ[�ty��õ� ��1lx�̧7áx�©�u� 1lx%i��<Æ�̀¦ �¦�9ô�Ç Ä»�̧ ZO�gË:_� >hµ1Ï

s� 
¹כ��9���.
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1.2 ¥o>Ä©  ấØ̧

�:r �7Hë�H\�"f��H BTT p���{9�_� ³ð&h� �¹כ�� $í
0px �¾Ó�©��̀¦ 0AK� �ÃÐÒ�ol��Ð ÂÒ'� S\�1pq

ô�Ç³ð&h�_� 3	�"é¶&ñ
�Ð\�¦s�6 x
�#�³ð&h�Ø�æ[�ty��õ���1lx�̧7áx�©�u�1lx%i��<Æ�̀¦�¦�9ô�Çþj

&h� 7áxú́� Ä»�̧ ZO�gË:�̀¦ >hµ1Ï
���H �¦̀�	כ 3lq³ð�Ð ô�Ç��. s�\�¦ 0AK� þj��H >hµ1Ï �)a ��1lx�̧7áx

]j#Ql�\�¦ �ÃÌîß�ô�Ç��[30]. [30]��H ½̈1lxl� 1lx%i��<Æ_� %ò
�¾Ó�̀¦ �Ð�©�½+É Ãº e����H Dh�Ðî�r ��

1lx�̧7áx ]j#Ql��Ð {9�Ø�¦§4� 1lx:£¤$í
�̀¦ q�'�� 8̈��â
õ� Áº�'a
�>� {9�&ñ
ô�Ç +þAI�_� ���+þA r�Û¼

%7�Ü¼�Ð ³ðr�½+É Ãº e����. s��Ð ���
�#� ��1lx�̧7áx�©�u�ü< Ä»�̧ZO�gË: çß�_� &�e�¦a�A ë�H]j\�¦

K����½+É Ãº e��>� ÷&%3���. ����"f s�\�¦ :�xK� ��1lx�̧7áx�©�u� 1lx%i��<Æ�̀¦ �¦�9ô�Ç þj&h� Ä»

�̧ ZO�gË:�̀¦ [O�>�ô�Ç��.

ô�Ç¼#�, l��>r_� ³ð&h� Ø�æ[�ty���̀¦ �¦�9ô�Ç Ä»�̧ ZO�gË: ���½̈ ���õ���H 2	�"é¶ î̈
����©�_� ÆÒ

&h� l�
��<Æëß��̀¦ �¦�9ô�Ç �Ü¼�Ð	כ ²DGô�Ç÷&%3�t�ëß�, �:r �7Hë�H\�"f��H ·ú¡"f ���/åLô�Ç ��1lx�̧7áx

�©�u� 1lx%i��<Æõ� �8Ô�¦#Q 3	�"é¶\�"f_� ÆÒ&h� l�
��<Æ�̀¦ �̧¿º �¦�9
�#� \�¦ y��õ� x�u� ��

5Åq�̧ "î
§î
_� þj&h� K�\�¦ {���2³ +þAI�(closed-form)Ü¼�Ð ½̈ô�Ç��. þj&h� Ä»�̧ ZO�gË: ë�H]j_�

K���H Ãº�<Æ&h�Ü¼�Ð B�Äº 4�¤ú̧�ô�Ç +þAI�\�¦ °ú�t�ëß�, ïß�#� q�'�� r�çß�(time-to-go)_� �<ÊÃº\�¦

>�Ãº�Ð ��t���H r���� �©�I� C�8̈� +þAI�(state-feedback with time-varying gain)_� g1J�Ð

&ñ
o�½+É Ãº e����. ������ þj&h� Ä»�̧ ZO�gË:_� z�́6 x$í
 ]j�¦\�¦ 0AK� éß�í�H�o\�¦ ��5g &ñ
o�

ô�Ç çß�|ÄÌ�o ô�Ç ]j#Q {9�§4��̀¦ ½̈ô�Ç��. s�\�¦ :�xK�"f ]j#Q {9�§4��̀¦ t�r�³ð(look-up table)

+þAI��Ð ½̈
�t� ·ú§�¦ z�́r�çß� >�íß�s� ��0px
��̧2�¤ ô�Ç��.

¢̧ô�Ç, s�ü< °ú s� ½̈ô�Ç {���2³ +þAI�_� þj&h� K�_� ��{©�$í
�̀¦ {9�7£x K� �:r��. þj&h� Ä»�̧

ZO�gË: ë�H]j_� {���2³ K���H ï�r�©�I� ~½Ó&ñ
d��_� ��H��\�¦ :�xK� ½̈½+É Ãº e����HX< s�\� @/ô�Ç ��

{©�$í
�̀¦{9�7£x
�l�0AK�"fï�r�©�I�~½Ó&ñ
d���̀¦��H��
�t�·ú§�¦ ½̈ô�ÇÃºu�K�ü<q��§K��:r

��. 1lx%i��<Æ ~½Ó&ñ
d���̀¦ ��H��
�t� ·ú§�¦ Û�¦l� 0AK�"f��H �©�I� ���Ãº(state variable)_� �í

l�°úכõ� ï�r�©�I� ���Ãº(costate variable)_� þj7áx°ú̀�כ¦ s�6 x
�#� �©�I� ~½Ó&ñ
d�� x9� ï�r�©�I�

~½Ó&ñ
d���̀¦ 2&h��â
>�u�ë�H]j(two-point boundary value problem)�oô�Ç��.s�XO�>�&ñ
o�
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�)a ë�H]j��H �����ZO�(shooting method)�̀¦ ��6 x
�#� Û�¦ Ãº e����.

=åQÜ¼�Ð >hµ1Ï�)a Ä»�̧ ZO�gË:_� $í
0px ì�r$3��̀¦ 0AK� �̧_� z�́+«>�̀¦ Ãº'��ô�Ç��. s�\�¦ 0AK�

��1lx�̧7áx�©�u�1lx%i��<Æ, ½̈1lxl�1lx%i��<Æ,p���{9�1lx%i��<Æ1px_�q����+þA$í
�̀¦��H��\O�s� �̧

¿º �¦�9ô�Ç �̧_� z�́+«> 8̈��â
�̀¦ ½̈»¡¤ô�Ç��. s��Qô�Ç �̧_� z�́+«> 8̈��â
\�"f z�́]j ����©�\�"f

��0pxô�Ç �̧��H �â
Äº\�¦ �©�&ñ

�#� ���ª�ô�Ç �̧_� z�́+«>�̀¦ z�́r� K� >hµ1Ïô�Ç Ä»�̧ ZO�gË:_� $í


0px�̀¦ {9�7£xô�Ç��.
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V� 2 *�× BTT i�����
 k�â«�̀g�+ �¿D�f �¿5�

2.1 i�����
 k�â«�̀g�+ �â �]�Áþ��\� (�×@� '�×Ça�ÐÏ�

p���{9� r�Û¼%7��Ér q�'��×�æ��� q�'��8̈��â
\� _�K� µ1ÏÒqt÷&��H #��Q ��t� 4�¤ú̧�ô�Ç /BNl�%i�

�<Æ(aerodynamics)õ�Õª�Ð���ô�ÇjËµõ� �̧F'pàÔ\�@/6£x
�#�{9�#Q
���Hy©��̂1lx%i��<Æ(rigid-

body dynamics)Ü¼�Ð ½̈$í
÷&��H q����+þA$í
s� y©�ô�Ç r�Û¼%7�s���. 3	�"é¶ /BNçß��̀¦ q�'��
�

��H y©��̂_� 1lx%i��<Æ�Ér ��6£§õ� °ú s� [j >h_� jËµ ~½Ó&ñ
d��õ� [j >h_� �̧F'pàÔ ~½Ó&ñ
d��Ü¼�Ð

³ð�&³�)a��[1, 2].

Fx = m(U̇ + qW − rV )

Fy = m(V̇ + rU − pW )

Fz = m(Ẇ + pV − qU)

Mx = Ixṗ− (Iy − Iz)qr + Iyz(r2 − q2)− Izx(pq + ṙ) + Ixy(rp− q̇)

My = Iy q̇ − (Iz − Ix)rp + Izx(p2 − r2)− Ixy(qr + ṗ) + Iyz(pq − ṙ)

Mz = Iz ṙ − (Iz − Ix)pq + Ixy(q2 − p2)− Iyz(rp + q̇) + Izx(qr − ṗ)

(2.1)

#�l�\�"f q�'��×�æ��� y©��̂\� ���6 x
���H jËµõ� �̧F'pàÔ��H p���{9�_� ~ÃÎ6£§y��, \P� p�ã¼!3�y��,

]j#Q ¼#�y�� x9� q�'�� 5Åq�̧, /BNl� x9��̧\� @/ô�Ç q����+þA �<ÊÃº�Ð ÅÒ#Qt�l� M:ë�H\� p���{9�

_�]j#Q\�¦#Q§>�>�
���Hl��:r&h¹כ�������Ü¼�Ð���6 xô�Ç��.s��Qô�ÇjËµõ� �̧F'pàÔ��HÛ�æ1lxz�́

+«>�̀¦ :�x
�#� ½̈ô�Ç /BN§4� >�Ãº[þt\� _�
�#� ��6£§õ� °ú s� ����èß���[1].
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Fx = QSCx(α, β,M, δq, δr) + Fth

Fy = QSCy(α, β,M, δr)

Fz = QSCz(α, β,M, δq)

Mx = QSDCl(α, β,M, δp)

My = QSDCm(α, M, δq)

Mz = QSDCn(α, β,M, δr)

(2.2)

BTT p���{9�_� 1lx%i��<Æ ~½Ó&ñ
d���̀¦ %3�l� 0A
�#� ��6£§õ� °ú �Ér ��&ñ
�̀¦ ô�Ç��.

(A1) m, Ix, Iy, Iz��H �©�Ãº�Ð ÅÒ#Q�����.

(A2) p���{9� 1lx�̂��H x�u� î̈
���\� @/
�#� @/g�As���.

��&ñ
 (A1)�Ér 7áxú́� Ä»�̧ �©�S!�\�"f��H {9�ìøÍ&h�Ü¼�Ð ~ÃÎ��[þt#�t���H ��&ñ
s���[9]. ��

&ñ
 (A2)��H BTT p���{9�_� [O�>� õ�&ñ
\�"f ëß�7á¤r�v��̧2�¤ 
���H �̧|	�s� 9, s���H Ixyü<

Iyz_� °úכs� 0e���̀¦ >pwô�Ç��. s�ü< °ú �Ér ��&ñ
[þt�̀¦ ���½ÓÜ¼�Ð ��6£§õ� °ú s� BTT p���{9�

\� @/ô�Ç q����+þA �©�I� ~½Ó&ñ
d���̀¦ %3��̀¦ Ãº e����.

(Roll Dynamics)

ṗ =
Iz

IxIz − I2
zx

QSDCl(α, β,M, δp)

+
Izx

IxIz − I2
zx

QSDCn(α, β,M, δr)

+
IyIz − I2

z − I2
zx

IxIz − I2
zx

qr +
Izx(Iz + Ix − Iy)

IxIz − I2
zx

pq

φ̇ = p

(2.3)
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(Yaw Dynamics)

V̇ = pW − Ur +
QS

m
Cy(α, β,M, δr)

ṙ =
Ix

IxIz − I2
zx

QSDCn(α, β,M, δr)

+
Izx

IxIz − I2
zx

QSDCl(α, β,M, δr)

+
Izx(Iy − Iz − Ix)

IxIz − I2
zx

qr +
I2
x + I2

zx − IxIy

IxIz − I2
zx

pq

(2.4)

(Pitch Dynamics)

Ẇ = −pV + Uq +
QS

m
Cz(α, β,M, δq)

q̇ =
QSD

Iy
Cm(α, M, δq) +

Iz − Ix

Iy
pr +

Izx

Iy
(r2 − p2)

Az =
QS

m
Cz(α, β,M, δq)

(2.5)

#�l�"f, Cy, Cz, Cm, Cn, Cl��H Û�æ1lx z�́+«>�̀¦ :�xK� t�r�³ð +þAI��Ð ½̈K�t���H /BN%i��<Æ >�

Ãº�Ð+�, α, β,M, δp, δq, δr 1px_� �<ÊÃº�Ð ½̈$í
÷&#Qe����. 0A_� ~½Ó&ñ
d��\���H XM»¡¤ ~½Ó�¾Ó

_� f����� î�r1lx\� @/ô�Ç 1lx%i��<Æs� ������ e��t� ·ú§Ü¼ 9, s���H XM»¡¤ ~½Ó�¾Ó_� ��5Åq�̧��

]j#Q ¼#�y��\� _�K�"f ]j#Q ��0pxô�Ç ���Ãº�� ��m�l� M:ë�Hs���. ����"f, z�́]j p���{9� r�

Û¼%7�\�"f�̧ XM»¡¤ ~½Ó�¾Ó_� f����� î�r1lx�Ér ÆÒ��� l��'a_� ÆÒ§4�(thrust)\� ���� ���&ñ
÷&>�

�)a��. Õª�QÙ¼�Ð p���{9� î�r1lx\� @/ô�Ç �©�I� ~½Ó&ñ
d��\�"f��H XM»¡¤ ~½Ó�¾Ó ���5Åq�̧ U\�¦ r�

��� ü@ÂÒ ���Ãº(time-varying exogenous variable)�Ð ��ê�r��.
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2.2 i�����
 k�â«�̀g�+ �\���Áþ[�«כ� §�́Å]�

q�'��×�æ��� p���{9�\� ���6 x
��¦ e����H /BN§4��<Æ&h� jËµõ� �̧F'pàÔ_� :£¤$í
�Ér ��6£§õ� °ú 

s� ����è­q Ãº e����. ���$�, FM , Fxi + Fyj + Fzk�̀¦ ����̂ /BN§4��<Æ&h� jËµs��� 
��¦,

FB , FBxi + FByj + FBzk\�¦ p���{9�_� 3lu�̂\� _�K� q�'��×�æ µ1ÏÒqt÷&#Q î̈
ç�H&h�Ü¼�Ð

Cb(center-of-pressure of cylindrical body)\� ���6 x÷&��H jËµs��� 
���. ¢̧ô�Ç, ]j#Q ¼#�y��

õ� ¡óo� ±ú�>h\� _�K� µ1ÏÒqt÷&#Q î̈
ç�H&h�Ü¼�Ð Cf (center-of-pressure of control fins)\�

���6 x÷&��H jËµ�̀¦ FF , FFxi + FFyj + FFzk�� 
���. Õªo��¦ FBü< FF_� Ãºf�� ~½Ó�¾Ó

ì�r§4��̀¦ y��y�� FBN
, FByj + FBzkü< FFN

, FFyj + FFzk�� 
���. t��FK��t� &ñ
_��)a

jËµ[þt�Ér ÕªaË> 2.1\� ������ e����. ÕªaË>\�"f lg, lb, lf��H y��y�� p���{9�_� ·ú¡ ÂÒì�rÜ¼�ÐÂÒ

'� Cg(center-of-gravity), Cb, Cf��t�_� ��o�\�¦ �����·p��. ÆÒ§4�s� �èY>��)a �©�I�\�"f

��H lbü< lg�� �©�Ãºe���Ér ��"î

���. ¡óo�±ú�>h\� ���6 x
���H jËµ�Ér q�'�� ~½Ó�¾Ó\� ���� ��ØÔ

>�������l�M:ë�H\�ÕªjËµ_� î̈
ç�H&h����6 x&h��Ér��\�¦Ãºe��Ü¼Ù¼�Ð%3�x9�
�>� lf��H�©�Ãº

�� ����� \�¦ y��\� @/ô�Ç �<ÊÃº�Ð ÅÒ#Q�����. Õª�Q�� ¡óo�±ú�>h_� »¡¤~½Ó�¾Ó U�́s��� p���{9�

_� ����̂ U�́s�\� q�
�#� �&³$�y� ������¦ ½+É Ãº e��Ü¼Ù¼�Ð î̈
ç�H&h�Ü¼�Ð lf��H �©�Ãº�Ð 2[

/åL|̈c Ãº e����. t��FK��t�_� &ñ
_�[þtõ� ÕªaË> 2.1�ÐÂÒ'� ��6£§õ� °ú �Ér ��&ñ
�Ér ~1�>� ~ÃÎ��

[þt#�|9� Ãº e����[31, 32].

(A3) Fy, Fz,My,Mz�� ��6£§õ� °ú s� ì�rK��)a��.

Fy = FBy + FFy

Fz = FBz + FFz

My = (lb − lg)FBz + (lf − lg)FFz

Mz = −(lb − lg)FBy − (lf − lg)FFy

(2.6)
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gC

bC

fC

gl

bl

fl

i
k

j

MV

NB
F

BF

FF

NF
F

ÕªaË> 2.1: q�'��×�æ��� p���{9�\� ���6 x
���H jËµ

��&ñ
 (A3)��H Fyü< Fz�� ]j#Q ¼#�y��_� %ò
�¾Ó�̀¦ ~ÃÎ��H jËµõ� ÕªXO�t� ·ú§�Ér jËµÜ¼�Ð ì�rK�

|̈c Ãº e�����¦ ��&ñ

���H �.���s	כ Õªo��¦ Myü< Mz�̧ FBü< FF_� Ãºf�� ì�r§4�\� _�
�#�

¢-a#4�
�>� ³ð�&³�)a���¦ ��&ñ

�%i���.

��6£§�Ér FBN
õ� FFN

_� $í
|9��̀¦ ��[jy� ì�r$3�
��̧2�¤ ô�Ç��. z�́]j�Ð, BTT p���{9�_�

q�þj�è 0A�©� :£¤$í
�Ér FFN
\� _�K� µ1ÏÒqt
�>� �)a��. FFN

�Ér ]j#Q ¼#�y��\� ���� B�Äº 4�¤

ú̧�
�>� ����o
�l� M:ë�H\� éß�{9�ô�Ç Ãº�<Æ&h� +þAI��Ð ³ðr�
�l��� B�Äº jËµ[þtt�ëß�, @/ÂÒì�r

_� p���{9� r�Û¼%7��Ér ��6£§ ��&ñ
�̀¦ ëß�7á¤r������.

(A4) Cl, Cy, Cz��H y��y�� δp, δr, δq\� @/
�#� ��%i�s���.
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��&ñ
 (A4)�� ��{©�
�����H ��Ér	כ s�p� ú̧� �Ð#���� ��z�́s���[32, 33]. ����"f, ��6£§�̀¦ ëß�

7á¤r�v���H ���©�(mapping) Kl,Ky,Kz�� �>rF�ô�Ç��.

Cl(α, β,M,Kl(α, β,M, up, δr), δr) = up

Cy(α, β,M,Ky(α, β,M, uy)) = uy

Cz(α, β,M,Kz(α, β,M, uz)) = uz

(2.7)

/BN%i��<Æ >�Ãº Cl, Cy, Cz��H α, β,M, δp, δq, δr_� �<ÊÃº�Ð s�ÀÒ#Q��� q����+þA �<ÊÃºs� 9, {9�

ìøÍ&h�Ü¼�Ð Û�æ1lx z�́+«>�̀¦ :�xô�Ç t�r�³ð +þAI��Ð ÅÒ#Qt�>� �)a��, ����"f, Õª_� %i����©����

Kl,Ky,Kz %i�r� t�r�³ð +þAI��Ð ½̈$í
½+É Ãº e��>� �)a��. \V\�¦ [þt#Q, Kl_� �â
Äº ÅÒ#Q���

#3�0A îß�\�"f e��_�_� α, β,M, δr °úכ\� @/
�#� Cl(α, β,M, δc
p, δr), δr) = up\�¦ ëß�7á¤
���H

δc
p\�¦ ¹1Ô�� t�r�³ð\�¦ ½̈$í

���H ë�H]j�� �)a��.

��6£§Ü¼�Ð p���{9� 1lx�̂\� ���6 x
���H ü@§4�\� @/K� ��A�ü< °ú �Ér ��&ñ
�̀¦ �̧{9�ô�Ç��.

(A5) FBN
�Ér �̧f�� Qü< αT\� @/ô�Ç �<ÊÃº�Ð"f ��6£§õ� °ú s� ÅÒ#Q�����.

|FBN
| = QfN (αT )

#�l�\�"f �<ÊÃº fN : [0, αmax] → <�Ér ���5Åq&h�Ü¼�Ð p�ì�r ��0px
� 9 éß��̧ 7£x��ô�Ç��.

%3�x9�
�>� ú́�
����, fN�Ér αT ÷�rëß� ��m��� φü< VM\� _�K�"f�̧ %ò
�¾Ó�̀¦ ~ÃÎ��H��. Õª�Q

�� αT ≤ 25(deg) s��¦ VM ≥ Vs��� �â
Äº\���H φü< VM_� %ò
�¾Ó�̀¦ �©�@/&h�Ü¼�Ð Áºr�

½+É Ãº e�����¦ ·ú��94R e����. [35]\�"f��H z�́+«> ��«Ñ\�¦ ���½ÓÜ¼�Ð fN�̀¦ éß�í�H
�>� fN =

k sin(αT ), k > 0ü< °ú s� ³ðr�
�%i�Ü¼ 9 s���H αmax < 45(deg) #3�0A\�"f ��&ñ
 (A5)\�¦

ëß�7á¤r������.

s�]j, ��6£§õ� °ú s� �<ÊÃº Ha,Hb\�¦ &ñ
_�
��¦, Ãº�<Æ&h� ¼#�_�\�¦ 0A
�#� ��A�ü< °ú �Ér
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��&ñ
�̀¦ ô�Ç��. s���H {9�ìøÍ&h���� �©�S!�\�"f ú̧� ëß�7á¤�)a��[32].

Ha

(
V

VM
, W

VM

)
,





0, if V = W = 0
(

lf−lb
Iz

)
V/VM√

|V/VM |2+|W/VM |2 fN

(
sin−1

(√
| V
VM
|2 + | W

VM
|2

))
,

otherwise

Hb

(
V

VM
, W

VM

)
,





0, if V = W = 0
(

lf−lb
Iy

)
W/VM√

|V/VM |2+|W/VM |2 fN

(
sin−1

(√
| V
VM
|2 + | W

VM
|2

))
,

otherwise
(2.8)

(A6) Ha,Hb��H V = 0,W = 0\�"f ���5Åq p�ì�r ��0px
���.

(A7) q�'��×�æ\���H �ª�_� �©�Ãº αmax < 45◦\� @/
�#� 0 ≤ αT ≤ αmax\�¦ ëß�7á¤ô�Ç��.

FBy, FBz,Ha,Hb_� &ñ
_�ü< ��&ñ
 (A5)\� _�
�#� ��6£§õ� °ú �Ér �'a>�d��s� ëß�7á¤�<Ê�̀¦ ·ú�

Ãº e����.

FBy = −|FBN
| cos φ = QIz

lb−lf
Ha

(
V

VM
, W

VM

)

FBz = −|FBN
| sinφ = QIy

lb−lf
Hb

(
V

VM
, W

VM

) (2.9)

��&ñ
 (A4)ü< �<Êa�, d�� (2.1), (2.9)\� _�
���� FFyü< FFz��H ��6£§õ� °ú s� ³ðr��)a��.

FFy = QSCy(α, β,M, δr)− QIz

lb−lf
Ha(Ṽ , W̃ )

FFz = QSCz(α, β,M, δq)− QIy

lb−lf
Hb(Ṽ , W̃ )

(2.10)

0A_� ���õ�\�¦ 7áx½+Ë
���� /BN§4� �<ÊÃºçß�\� ��6£§õ� °ú �Ér �'a>�d��s� $í
wn��<Ê�̀¦ ·ú� Ãº e����.
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Cm(α, M, δq) = Iy

SDHb(Ṽ , W̃ ) + lf−lg
D Cz(α, β,M, δq)

Cn(α, β,M, δr) = − Iz
SDHa(Ṽ , W̃ )− lf−lg

D Cy(α, β,M, δr)
(2.11)

0A_� d��\� ����èß� /BN§4� �<ÊÃº[þtçß�_� �'a>���H @/>h_� p���{9� r�Û¼%7�s� {9�ìøÍ&h�Ü¼�Ð ëß�

7á¤r�v���H �,�+Ü¼�Ð	כ p���{9� 1lx�̂\� ���6 x
���H jËµõ� ]j#Q ¼#�y��\� ���6 x
���H jËµ�̀¦ �̧

¿º �í�<Ê
��¦ e����. :£¤y�, ]j#Q ¼#�y��\� ���6 x
���H jËµ $í
ì�r�Ér p���{9� r�Û¼%7�s� q�þj�è

0A�©� :£¤$í
�̀¦ °ú�>� 
���H "é¶���s�t�ëß�, l��>r_� ��1lx�̧7áx ]j#Ql� [O�>� l�ZO� ×�æ �©�{©�Ãº

��H ]j#Q ¼#�y��\� ���6 x
���H jËµ $í
ì�r�̀¦ Áºr�
�#� %3�#Qt���H þj�è0A�©� r�Û¼%7�\� @/
�#�

C�8̈����+þA�ol�ZO��̀¦&h�6 x
�#�]j#Ql�\�¦ ½̈$í
�<ÊÜ¼�Ð+�?/ÂÒ1lx%i��<Æs�Ô�¦îß�&ñ
K�t���H

ë�H]j&h�s� µ1ÏÒqtô�Ç��.
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2.3 Ä©�â e� �â �]�Áþ�£�· �§�bø5� ���â �¿¤4 V�#ae�

s� �©�\�"f��H ½̈1lxl� 1lx%i��<Æs� �©�@/&h�Ü¼�Ð Ö¼wn= �â
Äº\��̧ q�þj�è0A�©� :£¤$í
�̀¦ °ú�

��H p���{9� ��5Åq�̧ 1lx%i��<Æ�̀¦ ò́õ�&h�Ü¼�Ð ]j#Q½+É Ãº e����H ��1lx�̧7áx ]j#Ql�[30]\� @/


�#� �è>hô�Ç��. d�� (2.7)_� Kl�̀¦ s�6 x
�#� \�¦ ��1lx�̧7áx ]j#Ql�\�¦ ��A�ü< °ú s� ½̈$í


ô�Ç��.

δc
p = Kl(α, β,M, up, δr) (2.12)

\�¦ G�V,��Ér q�þj�è0A�©� :£¤$í
�̀¦ °ú�t� ·ú§Ü¼Ù¼�Ð, ú̧� ·ú��9��� C�8̈� ���+þA�o l�ZO��̀¦ f��]X�

&h�6 x
�#� ��A�ü< °ú s� ]j#Q {9�§4� up\�¦ [O�>�½+É Ãº e����.

up = − Izx
Iz

Cn − IyIz−I2
z−I2

zx
QSdIz

qr − Izx(Iz+Ix−Iy)
QSdIz

pq

+ IxIz−I2
zx

QSdIz

[
−apλpωnp− bpλ

2
pω

2
nφ + λ3

pω
3
n

∫ t
0 (φc(τ)− φ(τ))dτ

] (2.13)

�ª�_� �©�Ãº��� ap, bp, ωn, λp��H \�¦ G�V,�_� {9�Ø�¦§4� 1lx:£¤$í
�̀¦ ���&ñ
 t�#QÅÒ��H [O�>� ���Ãº[þt

s���. ωn�Ér x�u� G�V,�_� @/%i�;�¤�̀¦ ���&ñ

�l� 0Aô�Ç ���Ãºs� 9, λp��H x�u� G�V,�\� @/ô�Ç

\�¦ G�V,�_� @/%i�;�¤ q�Ö�¦�̀¦ �̧]X�
�l� 0Aô�Ç ���Ãºs���. {9�ìøÍ&h���� p���{9�_� �â
Äº \�¦ G�

V,�s� x�u� G�V,��Ð�� 3C� &ñ
�̧ ��ØÔ���¦ ·ú��94R e����(λp=3). s�]j ½̈1lxl� 1lx%i��<Æs�

\O����¦ ��&ñ

���� s�\�¦ :�xK� ½̈K�t���H \�¦ G�V,� 1lx%i��<Æ�Ér ��A�ü< °ú ��.

(Closed-Loop Roll Dynamics)

ṗ = −apλpωnp− bpλ
2
pω

2
nφ + λ2

pω
2
nζp

ζ̇p = λpωn(φc − φ)

φ̇ = p

(2.14)

����"f, \�¦ G�V,�_� {9�Ø�¦§4� ���²ú��<ÊÃº��H ��6£§õ� °ú s� ÅÒ#Q�����.

L[φ(t)]
L[φc(t)]

=
1

( s
λpωn

)3 + ap( s
λpωn

)2 + bp( s
λpωn

) + 1
(2.15)
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d�� (2.15)�ÐÂÒ'�\�¦��1lx�̧7áx]j#Ql���H\�¦y��"î
§î
�̀¦&ñ
SX�
�>�ÆÒ7áx�<Ê�̀¦·ú�Ãºe����.

d�� (2.7)_� Ky,Kz\�¦ s�6 x
�#� >¹üכ x�u� G�V,�_� ��1lx�̧7áx ]j#Ql� %i�r� ��A�ü<

°ú s� ½̈$í
ô�Ç��.

δc
r = Ky

(
α, β,M,

m(uy+Ur)
QS

)

δc
q = Kz

(
α, β,M, m(uz−Uq)

QS

) (2.16)

#�l�"f, uyü< uz��H Dh�Ð ]jîß�|̈c ]j#Q {9�§4�s���. s�\�¦ :�x
�#� >¹üכ x�u� G�V,�_� 1lx%i�

�<Æ�Ér ��A�ü< °ú s� ÅÒ#Q�����.

(Closed-Loop Yaw Dynamics)

V̇ = pW + uy + QS
m Cy(α, β,M, δr)− QS

m Cy(α, β,M, δc
r)

ṙ = −hv1Ur − hv1uy −QHa

(
V

VM
, W

VM

)
+ Ix−Iy

Iz
pq − Izx

Iz
qr

+ Izx
Iz

[−apλpωnp− bpλ
2
pω

2
nφ + λ2

pω
2
nζp]

+hv1QS
m Cy(α, β,M, δr)− hv1QS

m Cy(α, β,M, δc
r)

(2.17)

(Closed-Loop Pitch Dynamics)

Ẇ = −pV + uz + QS
m Cz(α, β,M, δq)− QS

m Cz(α, β,M, δc
q)

q̇ = −hv2Uq + hv2uz + QHb

(
V

VM
, W

VM

)
+ Iz−Ix

Iy
pr + Izx

Iy
(r2 − p2)

+hv2QS
m Cz(α, β,M, δq)− hv2QS

m Cz(α, β,M, δc
q)

Az = −Uq + uz + QS
m Cz(α, β,M, δq)− QS

m Cz(α, β,M, δc
q)

(2.18)

#�l�"f, hv1 , (lf−lg)m
Iz

, hv2 , (lf−lg)m
Iy

�Ð &ñ
_�÷& 9 ��&ñ
 (A1)\� _�K� hv1, hv2��H �©�

Ãºe���̀¦ ·ú� Ãº e����.

0A_� �̀ÀÒáÔ 1lx%i��<Æ\�"f >¹üכ x�u� G�V,�_� y��5Åq�̧ ����oÖ�¦ q, r�̀¦ �¦5Åq x9� $�5Åq

1lx%i��<ÆÜ¼�Ð ½̈ì�r½+ÉÃºe����.s�M:, ½̈1lxl�1lx%i��<Æ�̀¦Áºr�½+É�â
Äº,�¦5Åq1lx%i��<Æs�B�

Äº ��ØÔ>� Ãº§4�
�>� ÷&Ù¼�Ð q̇ = 0, ṙ = 0Ü¼�Ð ¿º#Q ½̈K���� »¡¤�è�)a 1lx%i��<ÆÜ¼�Ð ÂÒ'�
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]j#Ql�\�¦ ½̈$í

���H ��s	כ ��0px
���[32]. ¢̧ô�Ç, �¦5Åq 1lx%i��<Æ_� @/%i�;�¤�Ér U_� ß¼l�\�

���� ���&ñ
÷&��HX<, ½̈1lxl� 1lx%i��<Æs� �¦5Åq 1lx%i��<Æ�Ð�� Ö¼wn= �â
Äº ß¼��� r�Û¼%7�s� Ô�¦îß�

&ñ
K������[34]. Õª�QÙ¼�Ð ½̈1lxl� 1lx%i��<Æ�̀¦ �Ð�©�
�l� 0AK� ��6£§_� ]j#Q {9�§4��̀¦ [O�>�

ô�Ç��. αc , 1 − ᾱcεa�Ð &ñ
_�÷&��H [O�>� ���Ãºs� 9, 0õ� 1��s� °ú̀�כ¦ ��4R �¦5Åq 1lx%i��<Æ

_� @/%i�;�¤�̀¦ �̧]X�
���H %i�½+É�̀¦ ô�Ç��.

uy = −pW − ayαcωnV + αcωnζy − (1− αc)
(
Ur + 1

hv1
QHa

(
V

VM
, W

VM

))

(2.19)

uz = pV + αcωnF (ρ, U, V, W, ρ̇, U̇) + αcωnG(ρ, U, V, W )vz

+(1− αc)
(
Uq − 1

hv2
QHb

(
V

VM
, W

VM

)) (2.20)

vz = −azvo + ζz (2.21)

v̇o = −λzωnvo + λzωnAz (2.22)

s� M:,

ζy(t) , −αcωn

∫ t

0
V (τ)dτ (2.23)

ζz(t) , ωn

∫ t

0
(Ac

z − vo)dτ (2.24)

s�]j 0A_� Dh�Ðî�r ]j#Q {9�§4��̀¦ :�xK� ½̈K���� ¹כ x9� x�u� G�V,�_� 1lx%i��<Æ�Ér ��A�ü<

°ú ��.

(Closed-Loop Yaw Dynamics)

V̇ = −ayαcωnV + αcωnζy − (1− αc)
(
Ur + 1

hv1
QHa

(
V

VM
, W

VM

))

+QS
m Cy

(
tan−1(W

U ), tan−1(V
U ), VM

VS
, δr

)
− QS

m Cy

(
tan−1(W

U ), tan−1(V
U ), VM

VS
, δc

r

)

(2.25)
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ṙ = −αchv1Ur − hv1 (−pW − ayαcωnV + αcωnζy)− αcQHa

(
V

VM
, W

VM

)

+
Ix − Iy

Iz
pq − Izx

Iz
qr +

Izx

Iz
(−apλpωnp− bpλ

2
pω

2
nφ + λ2

pω
2
nζp)

−hv1QS
m

{
Cy

(
tan−1(W

U ), tan−1(V
U ), VM

VS
, δr

)
− Cy

(
tan−1(W

U ), tan−1(V
U ), VM

VS
, δc

r

)}

(2.26)

(Closed-Loop Pitch Dynamics)

Ẇ = αcωnF (ρ, U, V, W, ρ̇, U̇) + αcωnG(ρ, U, V, W )vz

+(1− αc)
(
Uq − 1

hv2
QHb

(
V

VM
, W

VM

))

+QS
m Cz

(
tan−1(W

U ), tan−1(V
U ), VM

VS
, δq

)
− QS

m Cz

(
tan−1(W

U ), tan−1(V
U ), VM

VS
, δc

q

)

(2.27)

q̇ = −αchv2Uq + hv2

{
pV + αcωnF (ρ, U, V, W, ρ̇, U̇) + αcωnG(ρ, U, V, W )vz

}

+αcQHb

(
V

VM
, W

VM

)
+ Iz−Ix

Iy
pr + Izx

Iy
(r2 − p2)

+hv2QS
m

{
Cz

(
tan−1(W

U ), tan−1(V
U ), VM

VS
, δq

)
− Cz

(
tan−1(W

U ), tan−1(V
U ), VM

VS
, δc

q

)}

(2.28)

Az = −Uq + pV + αcωnF (ρ, U, V, W, ρ̇, U̇) + αcωnG(ρ, U, V, W )vz

+(1− αc)
(
Uq − 1

hv2
QHb

(
V

VM
, W

VM

))

+QS
m

{
Cz

(
tan−1(W

U ), tan−1(V
U ), VM

VS
, δq

)
− Cz

(
tan−1(W

U ), tan−1(V
U ), VM

VS
, δc

q

)}

(2.29)

0A_��Ð�©�l�\�¦&h�6 xô�Çr�Û¼%7�_�d���̀¦:�xK��¦5Åq1lx%i��<Æ_�@/%i�;�¤s�y��y�� αchv1U ,

αchv2U�Ð &ñ
K�f���̀¦ ·ú� Ãº e����. ����"f, ½̈1lxl� 1lx%i��<Æ_� @/%i�;�¤\� ú́�>� αc_� °ú̀�כ¦

�̧]X�
�#� ½̈1lxl�1lx%i��<Æ_�%ò
�¾Ó�̀¦ ò́õ�&h�Ü¼�Ð�Ð�©�½+ÉÃºe����.#�l�"f, εa → 0{9�M:

��H ½̈1lxl� 1lx%i��<Æs� s��©�&h�Ü¼�Ð ��\�¦ �â
Äº\�¦ >pw
���HX<, s� M: αc → 1s� ÷&Ù¼�Ð, l�

�>r_� [32]_� ��1lx�̧7áx ]j#Ql�ü< °ú �Ér +þAI��� H�d�̀¦ ·ú� Ãº e����. s�]j ��6£§õ� °ú s� ß¼

l� x9� r�çß� ���8̈��̀¦ 
�#�, Ä»�� :£¤s� [O�1lx l�ZO��̀¦ &h�6 xô�Ç��.
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Û(t) , U
(

t
ωn

)
, V̂ (t) , V

(
t

ωn

)
, Ŵ (t) , W

(
t

ωn

)
,

p̂(t) , 1
ωn

p
(

t
ωn

)
, q̂(t) , q

(
t

ωn

)
, r̂(t) , r

(
t

ωn

)
,

φ̂c(t) , φc
(

t
ωn

)
, φ̂(t) , φ

(
t

ωn

)
, ζ̂p(t) , ζp

(
t

ωn

)
,

ζ̂y(t) , ζy

(
t

ωn

)
, Âc

z(t) , Ac
z

(
t

ωn

)
, Âz(t) , Az

(
t

ωn

)
,

ρ̂(t) , ρ
(

t
ωn

)
, Q̂(t) , Q

(
t

ωn

)
, v̂z(t) , vz

(
t

ωn

)
,

v̂o(t) , vo

(
t

ωn

)
, ζ̂z(t) , ζz

(
t

ωn

)
, ûy(t) , 1

ωn
uy

(
t

ωn

)
,

ûz(t) , 1
ωn

uz

(
t

ωn

)
, V̂M (t) , VM

(
t

ωn

)
, x̂i(t) , xi

(
t

ωn

)
,

δ̂c
i (t) , δc

i

(
t

ωn

)
, δ̂i(t) , δi

(
t

ωn

)
, i = q, r

(2.30)

���8̈� �)a r�Û¼%7�\� @/
�#� 2éß�>��Ð :£¤s�[O�1lxl�ZO��̀¦ &h�6 xô�Ç��. ���$�, ½̈1lxl� 1lx%i�

�<Æs�Ãº§4�
�%i����¦çß�ÅÒ
�#� εa → 0Ü¼�Ð¿º#Q 1	�&h�Ü¼�Ð»¡¤�è�)a1lx%i��<Æ�̀¦ ½̈ô�ÇÊê,

�¦5Åq 1lx%i��<Æs� Ãº§4�
�%i����¦ �Ð�¦ ��r� ωn → 0Ü¼�Ð ¿º#Q þj7áx&h�Ü¼�Ð »¡¤�è�)a 1lx%i�

�<Æ�̀¦ ½̈½+É Ãº e����.

(Reduced Yaw Dynamics)

˙̄̂
V = −ay

ˆ̄V + ˆ̄ζy (2.31)

˙̄̂
ζy = − ˆ̄V (2.32)

(
hv1Û +

Izx

Iz

ˆ̄q
)

ˆ̄r = − ρ̂(Û2 + ˆ̄V 2 + ˆ̄W 2)
2

Ha

(
ˆ̄V
ˆ̄VM

,
ˆ̄W
ˆ̄VM

)
(2.33)

(Reduced Pitch Dynamics)

˙̄̂
W = F (ρ, U, ˆ̄V, ˆ̄W, ρ̇, U̇) + G(ρ, U, ˆ̄V, ˆ̄W )ˆ̄vz (2.34)

ˆ̄q =
1

hv2Û

{
ρ̂(Û2 + ˆ̄V 2 + ˆ̄W 2)

2
Hb

(
ˆ̄V
ˆ̄VM

,
ˆ̄W
ˆ̄VM

)
+

Izx

Iy

ˆ̄r2

}
(2.35)
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ˆ̄vz = −az ˆ̄vo + ˆ̄ζz (2.36)

˙̄̂vo = −λz(ˆ̄vo − ˆ̄Az) (2.37)

˙̄̂
ζz = Âc

z − ˆ̄vo (2.38)

ˆ̄Az = − 1
hv2

{
ρ̂(Û2 + ˆ̄V 2 + ˆ̄W 2)

2
Hb

(
ˆ̄V
ˆ̄VM

,
ˆ̄W
ˆ̄VM

)
+

Izx

Iy

ˆ̄r2

}
(2.39)

����"f, »¡¤�è�)a ¹כ G�V,�_� 5Åq�̧��H ��6£§õ� °ú ��.

¨̄V + ayωn
˙̄V + ω2

nV̄ = 0 (2.40)

¢̧ô�Ç, 0A d��\�"f
˙̄̂

Az = ˆ̄vz_� �'a>�d���̀¦ Ä»�̧½+É Ãº e��Ü¼ 9, s�\� ���� »¡¤�è�)a x�u�

G�V,�_� {9�Ø�¦§4� 1lx:£¤$í
�Ér ��6£§õ� °ú ��.

Ḡ(s) , L[Āz(t)]
L[Ac

z(t)]
=

ω2
n(s + λzωn)

s3 + λzωns2 + azλzω2
ns + λzω3

n

(2.41)

0A_� d�� (2.41)\�"f �̂¦ Ãº e��1pws� Ḡ(s)��H þj�è0A�©� :£¤$í
�̀¦ °ú�>� �)a��. ����"f, z�́

]j ����̂ r�Û¼%7�s� »¡¤�è�)a r�Û¼%7��̀¦ ������>� �)a����� 0A_� ]j#Q l�ZO��̀¦ :�xK� q�þj�è

0A�©� :£¤$í
s� ��_� ����t�>� H�d�̀¦ ·ú� Ãº e����. ¢̧ô�Ç, 0A_� »¡¤�è�)a x�u� G�V,� {9�Ø�¦§4�

1lx:£¤$í
�Ér [O�>� ���Ãº��� αcü< Áº�'a
�>� ÅÒ#Qt�Ù¼�Ð, ½̈1lxl� 1lx%i��<Æs� \O��̀¦ M:ü< Õª

+þAI��� 1lx{9�
�>� ������>� �)a��.

z�́]j �©�S!�\�"f��H /BN%i��<Æ >�Ãº[þt�Ér q����+þA$í
s� d��ô�Ç t�r�³ð +þAI��Ð ÅÒ#Qt�>� ÷&

Ù¼�Ð Cy, Cz, Cm, Cn,Ha,Hb ��s�_� �'a>�d����� d�� (2.11)��H &ñ
SX�y� [þt#Qú́�t� ·ú§>� ÷&

Ù¼�Ð, ·ú¡"f ���/åLô�Ç �'a>�d�����
˙̄̂

Az = ˆ̄vz��H ]j#Q ¼#�y��\� ���� B�Äº ��ØÔ>� ����o
���H Ô�¦

SX�z�́$í
�̀¦ ��t�>� �)a��. s�\�¦ K����
�l� 0A
�#� d�� (2.22)õ� °ú �Ér 1	� �9�'�\�¦ &h�6 x
�

%i���. �9�'�_� [O�>� ���Ãº�� λz >> 1_� °ú̀�כ¦ ��t�Ù¼�Ð, d�� (2.41)_� Ḡ(s)��H ��A�ü< °ú 
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�Ér 2	� ���+þA r�Û¼%7�_� +þAI��Ð ��H��|̈c Ãº e����.

Ḡ(s) ' ω2
n

s2 + azωns + ω2
n

(2.42)

&ñ
o�
����,]jîß��)a��1lx�̧7áx]j#Ql�\�_�K� ½̈K����x�u�G�V,�_�{9�Ø�¦§4�1lx:£¤$í
�Ér 1>h

_� %ò
&h�(zero)\�¦ °ú���H 3	� ���+þA r�Û¼%7�_� +þAI��Ð ÅÒ#Qt� 9 s���H %ò
&h�s� \O���H 2	� ���

+þA r�Û¼%7�_� +þAI��Ð ú̧� ��H���)a��.
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2.4 3	�xjS ÍÙ�\� e�
�Áþ�

3	�"é¶ /BNçß�\�"f_� p���{9�s� ³ð&h��̀¦ �¹כ��
���H �©�S!��̀¦ /BNçß��©�\�"f ����?/��� ÕªaË>

2.2ü< °ú ��. ÕªaË>Ü¼�Ð ÂÒ'� ÆÒ&h� î�r1lx�Ér ��6£§õ� °ú s� ����èß���[36].

dL
dt

= VT −VM = ṙiL + ΩL × L

AT = aytjT + aztkT = ΩL ×VT + ΩT ×VT

AM = aymjM + azmkM = ΩL ×VM + ΩM ×VM

(2.43)

d��(2.43)\� ����èß� r����  7�'�ü< 3lq³ðÓüt x9� p���{9�_� 5Åq�̧��H y��y��_� ýa³ð>�\�"f ��

6£§õ� °ú s� ÅÒ#Q�����.

L = riL, VT = vtiT , VM = vmiM (2.44)

¢̧ô�Ç, d��(2.43)_� �r��� y��5Åq�̧��H y�� ýa³ð>�_� �̧{9��Qy���̀¦ s�6 x
�#� ��6£§õ� °ú s�

����è­q Ãº e����.

ΩL = ψ̇L sin θLiL − θ̇LjL + ψ̇L cos θLkL

= λ̇xiL + λ̇yjL + λ̇zkL

ΩM = ψ̇m sin θmiM − θ̇mjM + ψ̇m cos θmkM

ΩT = ψ̇t sin θtiT − θ̇tjT + ψ̇t cos θtkT

(2.45)

d��(2.43)-(2.45)�Ð ����èß� ÆÒ&h� l�
��<Æ�Ér ��6£§õ� °ú s� q����+þA p�ì�r ~½Ó&ñ
d��Ü¼�Ð

³ð�&³�)a��.
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X
I

Y
I

Z
I

ψ
L

θL

L O Sψ
m

θ
m

X
M

Y

Z

ψ
t

θt

X
T

Y
T

Z
T

M

M

Missile

Target

r

ÕªaË> 2.2: 3	�"é¶ ÆÒ&h� l�
��<Æ

ṙ = (ρ cθt cψt + cθm cψm)Vm

rλ̇y = (sθm − ρsθt)Vm

rλ̇z = (ρcθtsψt − cθmsψm)Vm

θ̇m =
Azm

Vm
+ Vm tanλysψm(ρcθtsψt − cθmsψm)/r

−Vmcψm(ρsθt − sθm)/r

ψ̇m =
Aym

Vmcθm
− Vmsθmcψm tanλy(ρcθtsψt − cθmsψm)/(rcθm)

−Vmsθmsψm(ρsθt − sθm)/(rcθm)

−Vm(ρcθtsψt − cθmsψm)/r

θ̇t =
Azt

ρVm
+ Vmsψt tanλy(ρcθtsψt − cθmsψm)/r

−Vmcψm(ρsθt − sθm)/r

ψ̇t =
Ayt

ρVmcθt
− Vmsθtcψt tanλy(ρcθtsψt − cθmsψm)/(rcθt)

−Vmsθtsψt(ρsθt − sθm)/(rcθt)

−Vm(ρcθtsψt − cθmsψm)/r

(2.46)
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d��(2.46)ü< °ú s� p���{9�õ� 3lq³ðÓüt_� 3	�"é¶ ÆÒ&h� l�
��<Æ�Ér B�Äº 4�¤ú̧�ô�Ç �¦	� q�

���+þA ~½Ó&ñ
d��Ü¼�Ð ³ð�&³÷&l� M:ë�H\� f��]X� &h�6 xs� ��0pxô�Ç q����+þA ]j#Q s��:rs� ���Áºô�Ç

z�́&ñ
s���. ¢̧ô�Ç,p���{9�õ�3lq³ðÓüt_��©�@/î�r1lxs���ØÔ>�1lx���
���H7áxú́�Ä»�̧éß�>�\�

"f��H 
�ÂÒ r�Û¼%7�çß� çß�[O� ò́õ��� µ1ÏÒqt
�#� �¹כ�� $í
0px�̀¦ $�
�r�v���H ë�H]j\�¦ µ1ÏÒqtr�

�����. ����"f p���{9� 1lx%i��<Æ_� G�V,�çß� çß�[O� ò́õ�ü< ����̂ Ä»�̧ p���{9� r�Û¼%7�_� q�

���+þA$í
�̀¦ 1lxr�\� �¦�9ô�Ç Ä»�̧ ZO�gË: [O�>� l�ZO�\� @/ô�Ç ���½̈�� 
¹כ��9���.
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V� 3 *�× Ø̧�\� ��»�â·ḈÐø� ���â �¿¤4 *�×n� �â �]�Áþ�£�·

�§�bø5� i¦�\� ËÂ�¿ ß��ÓÏ� 5�L±Ó

3.1 i¦�\� ËÂ�¿ %K�V� à�
Ça�

�:r]X�\�"f��H³ð&h�Ø�æ[�ty��õ���1lx�̧7áx�©�u�_�1lx%i��<Æ�̀¦�¦�9ô�Ç BTTp���{9�_�þj

&h� Ä»�̧ ZO�gË:�̀¦ [O�>�ô�Ç��. ·ú¡"f, 2�©�\�"f p���{9�s� ³ð&h��̀¦ �¹כ��½+É M: 3	�"é¶ /BNçß��©�

\�"f s� Ñüt_� l�
��<Æ&h� �'a>�\�¦ [O�"î

�%i���. Õª�Q�� s�\�¦ ����?/��H d�� (2.46)�Ér q����

+þA �<ÊÃº\�¦ �í�<Ê
���H 4�¤ú̧�ô�Ç %i��<Æ ~½Ó&ñ
d��Ü¼�Ð ³ð�&³÷&%3���. s��Qô�Ç Ãºd��_� 4�¤ú̧��̧�Ð

���K� d�� (2.46)\�¦ Ä»�̧ ZO�gË:\� Õª@/�Ð ìøÍ%ò

�l�\���H Áºo��� ���Ér��. ����"f �:r �7Hë�H

\�"f��H �©�&ñ

��¦ e����H 7áxú́� Ä»�̧ éß�>�����H �©�S!�\� ½+Ë{©�ô�Ç ��&ñ
[þt�̀¦ :�xK� éß�í�H�o ô�Ç

ÆÒ&h� l�
��<Æ�̀¦ ½̈
��̧2�¤ ô�Ç��.

(A8) r����y�� θL, ψL�Ér Ø�æì�ry� �����.

(A9) p���{9�_� 5Åq§4� VM�Ér �©�Ãºs���.

(A10) p���{9�_� ~ÃÎ6£§y�� αü<, \P�p�ã¼�Qf��y�� β��H Ø�æì�ry� �����.

(A11) p���{9�õ� 3lq³ðÓüt_� ]X���H 5Åq�̧��H �©�Ãºs���.

(A12) ³ð&h� Ø�æ[�ty�� �̧	���H Ø�æì�ry� �����.

Äº���, %�6£§ p���{9�s� µ1Ï�� �)a í�Hçß� ÂÒ'� ×�æçß� Ä»�̧ éß�>���t� ³ð&h��̀¦ �¾Óô�Ç ~½Ó�¾ÓÜ¼�Ð

ú̧� Ä»�̧ ÷&%3����¦ �Ð��¤�̀¦ M:, 7áxú́� Ä»�̧ éß�>��� r����÷&��H r�&h�\�"f ��&ñ
 (A8)��H ��
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{©�
���. ��&ñ
 (A9) ¢̧ô�Ç, p���{9�s� ×�æçß� Ä»�̧ éß�>���t� ���«Ñ\�¦ �� �è���(burn out)

Ùþ¡���¦ �Ð��¤�̀¦ M: 7áxú́� Ä»�̧ éß�>�\�"f��H p���{9�\� ÆÒ§4�s� ��K�t�t� ·ú§Ü¼Ù¼�Ð ��

{©�ô�Ç ��&ñ
s���. ��&ñ
 (A10)��H BTT p���{9�_� ½̈�̧&h� :£¤$í
Ü¼�Ð ���K� l��>r ���½̈\�"f

�̧ BTT p���{9�_� 7áxú́� Ä»�̧ éß�>�\�"f��H {9�ìøÍ&h�Ü¼�Ð ~ÃÎ��[þt#�t���H ��&ñ
s���. ��&ñ


(A11)�Ér p���{9�_� q�'�� 5Åq�̧�� {9�&ñ

� 9 p���{9�s� 3lq³ð\�¦ �¾ÓK� q�'��
��¦ e����H �â


Äº ��{©�ô�Ç ��&ñ
Ü¼�Ð ��ðøÍ��t��Ð 7áxú́� Ä»�̧ éß�>�\�"f��H ~ÃÎ��[þt#�|9� Ãº e����H ��&ñ
s�

��. =åQÜ¼�Ð ��&ñ
 (A12)��H ·ú¡��� ��&ñ
[þtõ� ��ðøÍ��t��Ð 7áxú́� Ä»�̧ éß�>�\�"f��H s�p� ×�æ

çß� Ä»�̧ éß�>�\�"f ³ð&h�_� 2[���&h�õ� °ú �Ér �¹כ�� ÂÒ0A\�¦ �����
�#� Õª ~½Ó�¾ÓÜ¼�Ð Ä»�̧

÷&%3����¦ �̂¦ Ãº e����. ����"f 7áxú́� Ä»�̧ éß�>�\�"f��H p���{9�s� ³ð&h��̀¦ �¹כ��
�l� f��

���\� °ú���l� ³ð&h�_� &ñ
ìøÍ@/ ¼#�Ü¼�Ð [�t���� �¹כ��
���H 1px_� p���{9�_� l�1lx ô�Ç>�\�¦ �Å�

#Q"f��H �¹כ�� �©�S!��Ér �¦�9
�t� ·ú§��H���¦ �Ð��¤�̀¦ M: �:r ��&ñ
 ¢̧ô�Ç ��{©�
���.

³ð&h�Ø�æ[�ty���̀¦�¦�9
�l�0AK��ÃÐÒ�ol��ÐÂÒ'�p���{9�õ�³ð&h�_���[j&ñ
�Ð\�¦ÆÒ&ñ



�#�³ð&h�Ø�æ[�ty��ýa³ð>�\�¦&ñ
_�ô�Ç��.ÕªaË> 3.1\�"f³ð&h�Ø�æ[�ty��ýa³ð>� (X∗
T , Y ∗

T , Z∗T )

_� X∗
T ��H p���{9�s� ³ð&h��̀¦ �¹כ��½+É M: p���{9�s� ��������H ~½Ó�¾Óõ� {9�u�
��̧2�¤ &ñ
ô�Ç

��. ����"f, ú́�ÆÒ�¦�� 
���H ³ð&h� Ø�æ[�ty���Ér �'a$í
 ýa³ð>�ü< ³ð&h� Ø�æ[�ty�� ýa³ð>� ��s�

_� �r��� y��Ü¼�Ð ����è­q Ãº e��Ü¼ 9, y��y�� ¹כ ~½Ó�¾Ó�̀¦ ψ∗, x�u� ~½Ó�¾Ó�̀¦ θ∗�Ð &ñ
_�ô�Ç��.

ÕªaË> 3.2õ� °ú s� p���{9�s� ��������H ~½Ó�¾Óõ� �'a$í
 ýa³ð>� ��s�_� ��[j �'a>�\�¦ ³ð&h�

Ø�æ[�ty��Ü¼�Ð ³ðr�
�%i��̀¦ M:, y��y�� x�u� ~½Ó�¾Ó y���̀¦ θ, ¹כ ~½Ó�¾Ó y���̀¦ ψ�Ð &ñ
_�ô�Ç��. s�

Êê þj&h� Ä»�̧ ZO�gË:�̀¦ [O�>�½+É M:, �'a$í
 ýa³ð>�ü< ³ð&h� Ø�æ[�ty�� ýa³ð>� ��s�_� �̧{9��Q

y����� "é¶
���H ³ð&h� Ø�æ[�ty�� θ∗, ψ∗ü< �&³F� ³ð&h� Ø�æ[�ty�� θ(t), ψ(t)_� 	�s���� ³ð&h� Ø�æ[�t

y�� �̧	� θe , θ∗ − θ(t), ψe , ψ∗ − ψ(t)�� þj�è�� ÷&�̧2�¤ �<ÊÜ¼�Ð+� 3lq³ð�Ð 
���H ³ð

&h� Ø�æ[�ty��\� ú́���H �¹כ�� �©�S!��̀¦ ëß�[þt Ãº e����. s� M:, 0A ��&ñ
[þt�̀¦ ëß�7á¤
����"f ³ð&h�

s� Ø�æ[�t�â
�Ð�©�\� e��Ü¼��� 1px5Åq î�r1lx
���H ³ð&h�\� @/K� d�� (2.46)_� ÆÒ&h� l�
��<Æ�̀¦ Ä»

�̧ ZO�gË: [O�>�\� 6 xs�
��̧2�¤ ��6£§õ� °ú s� éß�í�H�o
�#� jþt Ãº e����[8, 13].
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ẏ = VMψe − VTy

VM ψ̇e = Az sinφ
(3.1)

ż = VMθe − VTz

VM θ̇e = −Az cos φ + g
(3.2)

s� M:, yü< z��H y��y�� �'a$í
 ýa³ð>�\�"f Y»¡¤, Z»¡¤\� @/K� p���{9�õ� ³ð&h�_� �©�@/ ��o�

�Ð y , yT − yM , z , zT − zM�Ð &ñ
_�½+É Ãº e��Ü¼ 9, VTy , VTz��H y��y�� �'a$í
 ýa³ð>�\�

"f Y»¡¤, Z»¡¤\� @/ô�Ç ³ð&h�_� 5Åq�̧ $í
ì�rs���. ¢̧ô�Ç, θe, ψe��H y��y�� x�u�ü< ¹כ ~½Ó�¾Ó_�

³ð&h�Ø�æ[�ty�� �̧	�s� 9 φ��Hp���{9�_�\�¦y��, Az��Hp���{9�_�x�u���5Åq�̧s��¦, g��H×�æ

§4� ��5Åq�̧s���. l��>r_� ���½̈ ���õ�[þt��� [4] - [12], [16] - [28]\�"f��H d�� (3.1), (3.2)õ�

°ú �Ér 3	�"é¶ ÆÒ&h� l�
��<Æ�̀¦ �¦�9
�t� ·ú§�Ér G� éß�í�Hy� 2	�"é¶ î̈
��� �©�\�"f_� ÆÒ&h� l�


��<Æëß��̀¦ �¦�9
�%i���. s���H Y <�Ê�Ér Z ô�Ç »¡¤\� @/ô�Ç ÆÒ&h� l�
��<Æëß��̀¦ �¦�9ô�Ç �¼Ü	כ

�Ð d�� (3.1)ëß��̀¦ �¦�9
�#� Ä»�̧ ZO�gË:�̀¦ [O�>�ô�Ç Êê, s�\�¦ �� Qt� ���Ér »¡¤\� ��t� SX��©�


�#� &h�6 xô�Ç ���½̈ ���õ�[þts���. ����"f s���H ·ú¡"f ���/åL
�%i�1pws� \�¦õ� x�u� G�V,� çß�

_� &�e�¦a�As� e����H BTT p���{9�\���H &h�½+Ë
�t� ·ú§��.

s�\� [13, 14]\�"f��H 3	�"é¶ ÆÒ&h� l�
��<Æ�̀¦ �¦�9ô�Ç Ä»�̧ ZO�gË:�̀¦ ]jîß�
�%i�Ü¼�� \�¦

G�V,�_� 1lx%i��<Æs� B�Äº ��ØÔ����H ��&ñ

�\� s�\�¦ Áºr�ô�Ç G� Ä»�̧ ZO�gË:�̀¦ [O�>�
�%i��¦,

[16, 20, 22] ¢̧ô�Ç, ��1lx�̧7áx�©�u� 1lx%i��<Æ�̀¦ ���)� �¦�9
�t� ·ú§�Ér G� Ä»�̧ ZO�gË:�̀¦ [O�>�


�%i���. �:r �7Hë�H\�"f��H Ä»�̧ ZO�gË: [O�>�\� e��#Q ��1lx�̧7áx�©�u� 1lx%i��<Æ�̀¦ �¦�9
��¦��

·ú¡"f 2�©�\�"f ���/åLô�Ç [30]\�"f >hµ1Ïô�Ç ��1lx�̧7áx ]j#Ql�\�¦ ��6 xô�Ç��. s�\�¦ s�6 x
����

\�¦õ� x�u� G�V,�_� {9�Ø�¦§4� 1lx:£¤$í
�̀¦ d�� (2.15), (2.42)õ� °ú s� ����è­q Ãº e����HX< s���H

y��y�� 3	�ü< 2	� r�Û¼%7�Ü¼�Ð s�\�¦ ���Ð Ä»�̧ ZO�gË:\� &h�6 x
�l�\���H Ãºd��_� 4�¤ú̧��̧ M:

ë�H\� 6 xs�
�t��� ·ú§��. 
�t�ëß� [30]_� ��1lx�̧7áx ]j#Ql�\�¦ ��6 x�<ÊÜ¼�Ð+� \�¦õ� x�u�
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G�V,�çß�_� &�e�¦a�A ò́õ�\�¦ Áºr�½+É Ãº e���¦, ���+þA ���²ú� �<ÊÃº_� �FG�̀¦ e��_��Ð [O�&ñ
½+É Ãº

e��Ü¼ 9 d�� (2.15), (2.42)õ� °ú s� ��1lx�̧7áx�©�u� 1lx%i��<Æ_� {9�Ø�¦§4� 1lx:£¤$í
s� q�'���̧|	�

õ� Áº�'a
�>� ���+þA r�Û¼%7�_� +þAI��Ð ³ð�&³s� ��0px
���. ����"f, �:r �7Hë�H\�"f ]jîß�
�

��HÄ»�̧ZO�gË:\�"f�¦�9
�l�6 xs�
��̧2�¤��1lx�̧7áx�©�u�1lx%i��<Æ�̀¦��6£§õ�°ú �Ér 1	����

+þA r�Û¼%7�_� :£¤$í
�̀¦ °ú��̧2�¤ ��H��
�#� Ä»�̧ ZO�gË:\� ìøÍ%ò

��̧2�¤ ô�Ç��.

Ȧz = −kaAz + kaA
c
z

(3.3)

φ̇ = −kφφ + kφφc (3.4)

s� M:, ka, kφ��H y��y�� x�u�ü< \�¦ G�V,�_� @/%i�;�¤�̀¦ �����·p��. ·ú¡"f, [13, 14]\�"f��H \�¦

G�V,�_� 1lx%i��<Æs� B�Äº ��ØÔ����H ��&ñ

�\� s�\�¦ Áºr�
�%i����¦ Ùþ¡��HX< s���H 0A d��\�

"f (3.3)ëß��̀¦ �¦�9
��¦ d�� (3.4)��H Áºr�ô�Ç G� Ä»�̧ ZO�gË:�̀¦ �̧Ø�¦ô�Ç �.���s	כ ¢̧ô�Ç, �¦

�9ô�Ç x�u� G�V,�_� 1lx%i��<Æ\� @/K�"f�̧ 1	� r�Û¼%7�Ü¼�Ð ��H��
�#� &h�6 x
�%i���HX< s���H

BTT p���{9� r�Û¼%7�_� :£¤$í
�̀¦ �¦�9
�t� ·ú§�Ér G� Ä»�̧ ZO�gË: [O�>�_� ¼#�s�ëß��̀¦ 0AK�

&h�6 xô�Ç�Ü¼�Ð	כ [30]_���1lx�̧7áx]j#Ql�\�¦æ¼t�·ú§�¦"f��H BTTp���{9�_���1lx�̧7áx�©�

u� 1lx%i��<Æ�̀¦ q�'���<ÊÃº\� Áº�'a
�>� ���+þA r�Û¼%7� +þAI��Ð ����è­q Ãº \O���.

�:r Ä»�̧ ZO�gË:_� 3lq³ð��H ³ð&h�\� @/ô�Ç �¹כ�� �̧	�ü< ³ð&h� Ø�æ[�ty�� �̧	�\�¦ þj�è�o 
�

��H �.���s	כ

y(tf ) = 0

z(tf ) = 0

ψe(tf ) = 0

θe(tf ) = 0

(3.5)
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����"f t = 0\�"f 7áxú́� Ä»�̧ éß�>��� r����÷&#Q tf\�"f ³ð&h�\� @/ô�Ç �¹כ��s� s�ÀÒ#Q |9�

M: ��6£§õ� °ú �Ér 3lq&h� �<ÊÃº(performance index) J\�¦ &ñ
_�ô�Ç��.

J , 1
2

[|y(tf )|2 + |z(tf )|2 + w
(|ψe(tf )|2 + |θe(tf )|2)

+
∫ tf

0

(
w1|Ac

z(τ)|2 + w2|φc(τ)− φ̄|2) dτ

] (3.6)

#�l�"f, w, w1, w2��H y��y��_� ³ð&h� Ø�æ[�ty�� �̧	�ü< Ä»�̧ "î
§î
\� K�{©�
���H �½Ó\� @/ô�Ç

��×�æu�\�¦ >pwô�Ç��. Õªo��¦ φ̄��H ��6£§ ]X�\�"f [O�"î

��̧2�¤ ô�Ç��. Õª�QÙ¼�Ð �:r þj&h� Ä»

�̧ ë�H]j��H d�� (3.1),(3.2)_� ÆÒ&h� l�
��<Æõ� d�� (3.3), (3.4)_� ��1lx�̧7áx�©�u� 1lx%i��<Æ�̀¦

s�6 xK� d�� (3.6)_� 3lq&h� �<ÊÃº J\�¦ þj�è�o 
���H ë�H]j�Ð &ñ
o�½+É Ãº e����.
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3.2 )K�i¦�\� ËÂ�¿ ß��ÓÏ� ËÂ�¿

�:r ]X�\�"f��H ·ú¡ ]X�\�"f [O�&ñ
ô�Ç þj&h� Ä»�̧ ë�H]j_� K�\�¦ ½̈ô�Ç��. Äº���, d�� (3.1)-

(3.4)�Ð ÂÒ'� ��6£§õ� °ú �Ér �©�I� ~½Ó&ñ
d���̀¦ ½̈½+É Ãº e����.

ẋ1 = x2

ẋ2 = −x3 cos x6 + g1

ẋ3 = −kax3 + kau1

ẋ4 = x5

ẋ5 = x3 sinx6 + g2

ẋ6 = −kφx6 + kφu2

(3.7)

s� M:, y�� �©�I� ���Ãº��H ��6£§õ� °ú s� &ñ
_�½+É Ãº e����.

x1 , z cos φ̄− y sin φ̄

x2 , (VMθe − VTz) cos φ̄− (VMψe − VTy) sin φ̄

x3 , Az

x4 , z sin φ̄ + y cos φ̄

x5 , (VMθe − VTz) sin φ̄ + (VMψe − VTy) cos φ̄

x6 , φ− φ̄

u1 , Ac
z

u2 , φc − φ̄

g1 , g cos φ̄

g2 , g sin φ̄

(3.8)

0A d�� (3.8)\�"f x1, x4��H y��y�� x�u� »¡¤õ� ¹כ »¡¤\� @/ô�Ç p���{9�õ� ³ð&h�_� �©�@/ ��o�
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\�¦ ����?/ 9, x2, x5��H y��y�� s�\� @/ô�Ç �©�@/ 5Åq�̧\�¦ �����·p��. x3��H p���{9�_� x�u�

��5Åq�̧\�¦ >pw
� 9 x6��H p���{9�_� \�¦ �r���y���̀¦ >pwô�Ç��. u1, u2��H y��y�� x�u� ��5Åq�̧ "î


§î
õ� \�¦ y�� "î
§î
s� 9 g��H ×�æ§4� ��5Åq�̧s���. s��©�_� �©�I� ���Ãº\�¦ s�6 x K� d�� (3.6)_�

3lq&h� �<ÊÃº\�¦ ��6£§õ� °ú s� ��r� jþt Ãº e����.

J =
1
2

[
x1(tf )2 + x4(tf )2 + wa

(|x2(tf ) + VGz |2 + |x5(tf ) + VGy |2
)

+
∫ tf

0

(
w1u

2
1 + w2u

2
2

)
dτ

] (3.9)

s� M:,

wa , w

V 2
M

VGz , VTz cos φ̄− VTy sin φ̄

VGy , VTz sin φ̄ + VTy sin φ̄

(3.10)

d�� (3.7)_� �©�I� ~½Ó&ñ
d���̀¦ Û�¦l� 0AK�"f��H �©�I� ���Ãº x6\� @/ô�Ç ���y�� �<ÊÃº\�¦ ��H��


�#��� ô�Ç��. {9�ìøÍ&h�Ü¼�Ð ���y�� �<ÊÃº ��H��\�¦ 0AK�"f��H �©�I� ���Ãº x6�� B�Äº ����Ér °úכ

s�����H ���]j�� 
¹כ��9���. 
�t�ëß� \�¦ �r����̀¦ :�xK� ~½Ó�¾Ó ���8̈�
���H BTT p���{9�_� l�

1lx ~½Ód��_� :£¤$í
 �©� Õª�Qô�Ç ���]j��H $í
wn�
�t� ·ú§��H��. ����"f ��6£§õ� °ú s� φ̄\�¦ �¦îß�

ô�Ç��.

�©�I� ���Ãº x6\�"f φ̄��H 7áxú́� Ä»�̧ éß�>��� r����÷&��H r�çß� t = 0\�"f �íl�°úכ

�̀¦ 0(rad)Ü¼�Ð [O�&ñ
ô�Ç��. s� Êê, p���{9�s� q�'��
����"f \�¦ y��s� ±nπ/6(rad) (n =

1, 2, ...)\�¦�Å��̀¦M:���� π/6(rad)m��7£x��,<�Ê�Éry���èr������.s�%�!3� φ̄\�¦[O�&ñ
�<ÊÜ¼�Ð

+� �©�I� ���Ãº x6��H 7áxú́� Ä»�̧ éß�>� ×�æ �½Ó�©� ±π/6(rad) s�?/_� °ú̀�כ¦ Ä»t�½+É Ãº e����.
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����"f d�� (3.7)\�"f �©�I� ���Ãº x6\� �'aô�Ç ���y���<ÊÃº\� @/K� �:r þj&h� Ä»�̧ ë�H]j Û�¦s�

�� 6 xs�
��̧2�¤ ±π/6(rad) #3�0A\�"f ��6£§õ� °ú s� ��H��ô�Ç��.

cos x6
∼= k1

sinx6
∼= k2x6

(3.11)

d�� (3.11)_� ��H��d���̀¦ s�6 x
���� d�� (3.7)�̀¦ ��6£§õ� °ú s� ��H��
�#� ��r� jþt Ãº e����.

Σp : ẋ1 = x2

ẋ2 = − k1x3 + g1

ẋ3 = − kax3 + kau1

Σy : ẋ4 = x5

ẋ5 = k2x3x6 + g2

ẋ6 = − kφx6 + kφu2

(3.12)

0A_� r�Û¼%7��̀¦ �̧d���o
���� ÕªaË> 3.3õ� °ú s� ����è­q Ãº e����HX< s�%�!3� ��H��ô�Ç r�

Û¼%7��Ér �©�{9�	� r�Û¼%7�(bilinear and cascaded system)_� +þAI�\�¦ ��t���H �¦̀�	כ ·ú� Ãº

e����.����"f,s�%�!3�:£¤Ãºô�Ç+þAI�\�¦°ú���Hq����+þAr�Û¼%7�_�:£¤$í
�̀¦s�6 x
�����:ràÔo�

�����_� þj�è°úכ &ñ
o�(Pontryagin’s minimum principle)[5]\�¦ &h�6 x
�#� þj&h� Ä»�̧ ë�H

]j\�¦ Û�¦ Ãº e����.

Äº���, 0A r�Û¼%7�_� K�x9��Ðm�îß�(Hamiltonian)�̀¦ &ñ
_�
���� ��6£§õ� °ú ��.

H , λ1x2 + λ2(−k1x3 + g1) + λ3(−kax3 + kau1)

+λ4x5 + λ5(k2x3x6 + g2) + λ6(−kφx6 + kφu2)

+
1
2

(
w1‖u1‖2 + w2‖u2‖2

)
(3.13)
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ÕªaË> 3.3: �©�{9�	� r�Û¼%7�_� ½̈$í
�̧

¢̧ô�Ç, ï�r�©�I� ~½Ó&ñ
d��(costate equations), �â
>� �̧|	�(boundary conditions), ¹כ��9 �̧

|	�(stationary conditions)�Ér ��6£§õ� °ú ��.

Λp : λ̇1 = 0

λ̇2 = − λ1

λ̇3 = k1λ2 + kaλ3 − k2λ5x6

Λy : λ̇4 = 0

λ̇5 = − λ4

λ̇6 = − k2λ5x3 + kφλ6

(3.14)

Λ′p : λ1(tf ) = x1(tf )

λ2(tf ) = wax2(tf )

λ3(tf ) = 0

Λ′y : λ4(tf ) = x4(tf )

λ5(tf ) = wax5(tf )

λ6(tf ) = 0

(3.15)
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Up :
∂H

∂u1
= kaλ3 + w1u1 = 0

Uy :
∂H

∂u2
= kφλ6 + w2u2 = 0

(3.16)

ï�r�©�I� ~½Ó&ñ
d��_� K�$3�&h� Û�¦s�\�¦ 0AK� d�� (3.14)_� λ̇3\� @/K� ��6£§�̀¦ ��&ñ
ô�Ç��.

(A13) k1λ2 + kaλ3 À k2λ5x6

���$�, d��(3.11)õ� °ú s� ���y�� �<ÊÃº ��H��\�¦ 0AK� �©�I� ���Ãº x6��H �½Ó�©� ±π/6(rad) s�?/

_� ����Ér °ú̀�כ¦ �������. ¢̧ô�Ç, ï�r�©�I� ���Ãº λ5��H d�� (3.14)\�"f λ̇5\�¦ Û�¦#Q ��6£§õ� °ú s�

½̈½+É Ãº e����.

λ5 = x4(tf )(tf − t) + wax5(tf ) (3.17)

0A d��\�"f x1(tf )��H ³ð&h� �¹כ�� r� �¹כ�� �̧	�ü< �'aº��ô�Ç °úכs� 9 x5(tf ) ¢̧ô�Ç �¹כ�� r�

Ø�æ[�ty�� �̧	�ü< �'aº��ô�Ç °úכÜ¼�Ðs�[þt�Ér¹כ��� r� 0\� ����î�r ����Ér°úכÜ¼�ÐÃº§4�ô�Ç��. ¢̧

ô�Ç, 7áxú́� Ä»�̧ éß�>�s�Ù¼�Ð �¹כ�� r� r�çß� tf ¢̧ô�Ç %i�r� ����Ér °úכs���. ����"f λ̇5 ¢̧ô�Ç

����Ér °úכÜ¼�Ð �̂¦ Ãº e��Ü¼ 9, λ̇3\�"f s�[þt_� Y�L��� k2λ5x6��H �� Qt� �½Ó[þt\� q�K� B�Äº

����Ér °úכs���. Õª�QÙ¼�Ð d�� (3.14)\�"f λ̇3\�¦ ��6£§õ� °ú s� ��H��ô�Ç��. �:r ��H��_� ��{©�

$í
�Ér ��H��\�¦ 
�t� ·ú§�¦ ½̈ô�Ç Ãºu�K�ü<_� q��§\�¦ :�xK� SX����½+É Ãº e����HX< s���H +'\�

"f ��r� ��ÀÒ�̧2�¤ ô�Ç��.

λ̇3 = k1λ2 + kaλ3 (3.18)
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s�]j d��(3.18)�̀¦ s�6 x K� ï�r�©�I� ~½Ó&ñ
d�� (3.14)ü< �â
>� �̧|	� (3.15)\�¦ :�xK� ��6£§

õ� °ú s� ï�r�©�I� ~½Ó&ñ
d��_� K�\�¦ ½̈½+É Ãº e����. #�l�"f, rp , x1(tf ), vp , x2(tf )���¦

&ñ
_�ô�Ç��.

λ1(t) = x1(tf ) = rp

λ2(t) = rp(tf − t) + wavp

λ3(t) =
1
k2

a

[
−k1rp

(
−1 + e−ka(tf−t) + ka(tf − t)

)

+k1kawavp(−1 + e−ka(tf−t))
]

(3.19)

¹כ��9 �̧|	� (3.16)����"f þj&h� ]j#Q {9�§4� u∗1��H ��6£§õ� °ú ��.

u∗1(t) = − ka

w1
λ3(t)

=
1

kaw1

[
k1rp

(
−1 + e−ka(tf−t) + ka(tf − t)

)

−k1kawavp(−1 + e−ka(tf−t))
]

(3.20)

s�]j s�\�¦ d�� (3.12)\� @/{9�ô�Ç Êê &h�ì�r
���� ��6£§_� �©�I� ���Ãº\�¦ ½̈½+É Ãº e����. s� M:

y�� �©�I� ���Ãº_� �íl�°úכ�Ér y��y�� x1(t0) , x10, x2(t0) , x20, x3(t0) , x30s��� &ñ
_�ô�Ç

��.
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x1(t) =
e−ka(t+t0+2tf )

6k3
aw1

[
kae

ka(2tf+t+t0) (
k2

1 (rp ((t− t0) ka ((t− t0) ka (−3tf

+t + 2t0) + 6tf − 6t0) + 6 (t0 − tf ))− 3wavp ((t− t0) ka ((t− t0) ka

−2) + 2)) + 3w1k
2
a

(
g1 (t− t0) 2 + 2 ((t− t0) x20 + x10)

)

+6k1w1x30 ((t0 − t) ka + 1)) + 3k1e
ka(tf+t0) (

k1

(−2 (t− t0) kae
(t+t0)ka

+e2tka − e2t0ka
)
(kawavp − rp)− 2kae

ka(tf+t0) (k1 ((t0 − tf ) rp − wavp)

+w1x30))]
(3.21)

x2(t) =
e−ka(t+t0+2tf )

2k2
aw1

[
kae

ka(2tf+t+t0) (
k2

1 ((t− t0) ka ((−2tf + t + t0) rp

−2wavp) + 2 (tf − t0) rp) + 2w1ka (g1 (t− t0) + x20)− 2k1w1x30)

+k1e
ka(tf+t0)

(
2kae

ka(tf+t0) (k1 ((t0 − tf ) rp − wavp) + w1x30)

+k1

(
2kawavpe

ka(tf+t) − (
etka − et0ka

)
2 (rp − kawavp)

))]

(3.22)

x3(t) =
e−ka(tf+t)

2w1ka

[
k1

(
rp

(
2kae

katf
(
(t0 − tf ) et0ka + (tf − t) etka

)
+ e2tka

−e2t0ka
)− kawavp

(
etka − et0ka

) (−2ekatf + etka + et0ka
))

+2w1x30kae
ka(tf+t0)

]

(3.23)

0A\�"f ½̈ô�Ç �©�I� ~½Ó&ñ
d��_� K� d�� (3.21), (3.22)\�¦ s�6 x
�#� rp = x1(tf ), vp =

x2(tf )_� ���wn� ~½Ó&ñ
d���̀¦ Û�¦��� ��6£§õ� °ú s� rpü< vp\�¦ ½̈½+É Ãº e����.
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rp =
[
3w1ka

(
k2

1wa (−ka (g1tf (katf + 2) + 2 (ka (x20tf + x10) + x20))

−2k1x30 (katf + 2)) + 2k1e
katf (2k1kawa (tf (x20ka + g1) + 2x10ka + x20)

−x30

(
k2

1wa (katf (katf + 2)− 4) + 2w1ka

))
+ e2katf

(
ka

(
g1tf

(
k2

1wa (katf

−2) + 2w1k
2
atf

)
+ 2x10ka

(
k2

1wa (2katf − 3) + 2w1ka

)

+2x20

(
k2

1wa (katf (katf − 1)− 1) + 2w1k
2
atf

))− 2k1x30 (katf

−1)
(
k2

1wa (katf − 2) + 2w1ka

)))]
/

[
k4

1wa

(
katf

(
24

(
ekatf − 1

)
+ katf

(−4ekatf (katf + 3)− 2 (katf

+6) + e2katf (katf (katf − 6) + 12)
))− 12

(
ekatf − 1

)
2
)

+2k2
1w1ka

(
12kae

katf (kawa − tf ) + e2katf (ka (3kawa (2katf − 3)

+2tf (katf (katf − 3) + 3)) + 3)− 3
(
k2

awa + 1
))

+ 12w2
1k

4
ae

2katf
]

(3.24)
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vp =
[
w1

(
2k1e

katf
(
x30

(
k2

1

(
k2

at
2
f (2katf + 3) + 12

)
+ 6w1k

3
a

)

−3k1k
2
a

(
g1t

2
f (katf + 3) + 2x20tf (katf + 1) + 2x10 (katf − 1)

))

+e2katf
(
ka

(
g1tf

(
k2

1

(
katf (katf − 3) 2 + 6

)
+ 12w1k

3
a

)

+2k2
1

(
x20

(
−k3

at
3
f + 3katf + 3

)
− 3x10ka (katf − 1) 2

)
+ 12w1x20k

3
a

)

+2k1x30

(
k2

1 (katf (katf (katf − 3) + 3)− 6)− 6w1k
3
a

))

−3k2
1ka (g1tf (katf + 2) + 2 (ka (x20tf + x10) + x20))

−6k3
1x30 (katf + 2)

)]
/

[
k4

1wa

(
katf

(
24

(
ekatf − 1

)
+ katf

(−4ekatf (katf + 3)− 2 (katf

+6) + e2katf (katf (katf − 6) + 12)
))− 12

(
ekatf − 1

)
2
)

+2k2
1w1ka

(
12kae

katf (kawa − tf ) + e2katf (ka (3kawa (2katf − 3)

+2tf (katf (katf − 3) + 3)) + 3)− 3
(
k2

awa + 1
))

+ 12w2
1k

4
ae

2katf
]

(3.25)

Õªo�
�#� þj&h� ]j#Q {9�§4� u∗1��H t = t0\�"f ïß�#� q�'�� r�çß� tgo , tf − t_� �<ÊÃº\�¦ >�

Ãº�Ð 
���H r���� �©�I� C�8̈� +þAI�(state-feedback form with time-varying gain)�Ð &ñ
o�

½+É Ãº e����.

u∗1(t0) =
1

kaw1

[
k1rp(−1 + e−katgo + katgo)− k1kawavp(−1 + e−katgo)

]
(3.26)

s�]j r�Û¼%7� Σp\� @/ô�Ç �©�I� ���Ãº\�¦ �̧¿º ½̈
�%i���. ·ú¡"f ÕªaË> 3.3\�"f [O�"î
ô�Ç �	כ

õ� °ú s� s�[þt �©�I� ���Ãº\�¦ ��r� >�Ãº�Ð °ú���H r�Û¼%7� Σy_� K�\�¦ ½̈ô�Ç��. ·ú¡"f x�u�

��5Åq�̧ü< ��ðøÍ��t��Ð ï�r�©�I� ~½Ó&ñ
d�� (3.14)õ� �â
>� �̧|	� (3.15)\�¦ :�xK� ��6£§_� d���̀¦

%3��̀¦ Ãº e����. #�l�"f, ry , x4(tf ), vy , x5(tf )���¦ &ñ
_�ô�Ç��.
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λ4(t) = x4(tf ) = ry

λ5(t) = ry(tf − t) + wavy

(3.27)

0A_� d�� (3.27)õ� ·ú¡"f d�� (3.23)\�"f ½̈ô�Ç �©�I� ���Ãº x3\�¦ s�6 x
�#� ��6£§_� d���̀¦ %3�

�̀¦ Ãº e����.

λ̇6 = −k2(ry(tf − t) + wavy)x3 + kφλ6

= −e−ka(tf+t)

2w1ka
(k2(ry(tf − t) + wavy))

[
k1

(
rp

(
2kae

katf
(
(t0 − tf ) et0ka

+(tf − t) etka
)

+ e2tka − e2t0ka
)− kawavp

(
etka − et0ka

) (−2ekatf

+etka + et0ka
))

+ 2w1x30kae
ka(tf+t0)

]
+ kφλ6

(3.28)

0A_� d�� (3.28)õ� d�� (3.15)_� �â
>� �̧|	��̀¦ :�xK� ��6£§õ� °ú s� λ6\�¦ ½̈½+É Ãº e����.
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λ6 =
k2e

−kφtf−ka(tf+t)

2w1kak3
φ

(
k2

a − k2
φ

)
2

[
k1

(
−2eka(t+tf)

(
kφvpwa

(
ry

(
−ekφtf kφ (tf − t)

−etkφ + ekφtf
)

+
(
etkφ − ekφtf

)
kφvywa

)
+ rp

(
ry

(
−ekφtf k2

φ (t− tf ) 2

+2
(
etkφ − ekφtf

)
+ 2ekφtf kφ (tf − t)

)
+ kφ

(−ekφtf kφ (tf − t)

−etkφ + ekφtf
)
vywa

))
k5

a + k3
φ

(
2ekat0rp (t0 − tf )

(
e(ka+kφ)tf ry (tf − t)

−
(
et(ka+kφ) − e(ka+kφ)tf

)
vywa

)
+ vpwa

(
ekφtf

(
e2tka + e2kat0

−2eka(t0+tf)
)

ry (tf − t) +
(
2etkφ+ka(t+t0) − etkφ+ka(t+2t0−tf) + e2tka+kφtf

+e2kat0+kφtf − etkφ+ka(t+tf) − 2ekφtf+ka(t0+tf)
)

vywa

))
k4

a

+k2
φ

(
kφvpwa

(
ry

(
ekφtf

(
e2tka − e2kat0 − 4eka(t+tf)

+2eka(t0+tf)
)

kφ (tf − t)− 2etkφ+ka(t+t0) + etkφ+ka(t+2t0−tf) + e2tka+kφtf

−e2kat0+kφtf − 5etkφ+ka(t+tf) + 4ekφtf+ka(t+tf) + 2ekφtf+ka(t0+tf)
)

−
(
2etkφ+ka(t+t0) − etkφ+ka(t+2t0−tf) − e2tka+kφtf + e2kat0+kφtf

−3etkφ+ka(t+tf) + 4ekφtf+ka(t+tf) − 2ekφtf+ka(t0+tf)
)

kφvywa

)

+rp

(
ry

(
−2e(ka+kφ)tf (tf − t)

(−2etkat + ekat0t0 +
(
2etka − ekat0

)
tf

)
k2

φ

+
(
ekφtf

(
e2tka + e2kat0 − 8eka(t+tf)

)
t + 2

(
etkφ+ka(t+t0)

−ekφtf+ka(t0+tf)
)

t0 −
(
2etkφ+ka(t+t0) + e2tka+kφtf + e2kat0+kφtf

−8ekφtf+ka(t+tf) − 2ekφtf+ka(t0+tf)
)

tf

)
kφ + 8eka(t+tf) (

etkφ − ekφtf
))

+kφ

(
−2kφ

(
−2ekφtf+ka(t+tf)t +

(
−etkφ+ka(t+t0) + ekφtf+ka(t0+tf)

)
t0

+
(
etkφ+ka(t+t0) + 2ekφtf+ka(t+tf) − ekφtf+ka(t0+tf)

)
tf

)

+etkφ+ka(t+2t0−tf) − e2tka+kφtf − e2kat0+kφtf − 3etkφ+ka(t+tf)
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+4ekφtf+ka(t+tf)
)

vywa

))
k3

a + k3
φ

(
kφvpwa

(
ry

(
2

(
2etkφ+ka(t+t0)

−etkφ+ka(t+2t0−tf) + e2tka+kφtf + e2kat0+kφtf − etkφ+ka(t+tf)

−2ekφtf+ka(t0+tf)
)

+ ekφtf
(
e2tka + e2kat0 − 2eka(t0+tf)

)
kφ (t− tf )

)

−
(
2etkφ+ka(t+t0) − etkφ+ka(t+2t0−tf) + e2tka+kφtf + e2kat0+kφtf − etkφ+ka(t+tf)

−2ekφtf+ka(t0+tf)
)

kφvywa

)
+ rp

(
ry

(
2ekφtf+ka(t0+tf) (tf − t) (tf − t0) k2

φ

+
(
ekφtf

(
e2tka − e2kat0

)
t− 4

(
etkφ+ka(t+t0) − ekφtf+ka(t0+tf)

)
t0

+
(
4etkφ+ka(t+t0) − e2tka+kφtf + e2kat0+kφtf − 4ekφtf+ka(t0+tf)

)
tf

)
kφ

−etkφ+ka(t+2t0−tf) − e2tka+kφtf + e2kat0+kφtf + etkφ+ka(t+tf)
)

+kφ

(
2

(
etkφ+ka(t+t0) − ekφtf+ka(t0+tf)

)
kφ (t0 − tf )− etkφ+ka(t+2t0−tf)

−e2tka+kφtf + e2kat0+kφtf + etkφ+ka(t+tf)
)

vywa

))
k2

a

+k4
φ

(
kφvpwa

(
ry

(
ekφtf

(
etka − ekat0

) (
etka + ekat0 − 2ekatf

)
kφ (t− tf )

−2etkφ+ka(t+t0) + etkφ+ka(t+2t0−tf) + e2tka+kφtf − e2kat0+kφtf + etkφ+ka(t+tf)

−2ekφtf+ka(t+tf) + 2ekφtf+ka(t0+tf)
)

+
(
2etkφ+ka(t+t0) − etkφ+ka(t+2t0−tf)

−e2tka+kφtf + e2kat0+kφtf − etkφ+ka(t+tf) + 2ekφtf+ka(t+tf)

−2ekφtf+ka(t0+tf)
)

kφvywa

)
+ rp

(
ry

(
2e(ka+kφ)tf (tf − t)

(−etkat + ekat0t0

+
(
etka − ekat0

)
tf

)
k2

φ +
(
−ekφtf

(
e2tka + e2kat0 − 4eka(t+tf)

)
t

+2
(
etkφ+ka(t+t0) − ekφtf+ka(t0+tf)

)
t0 +

(−2etkφ+ka(t+t0) + e2tka+kφtf

+e2kat0+kφtf − 4ekφtf+ka(t+tf) + 2ekφtf+ka(t0+tf)
)

tf

)
kφ

+2
(
etkφ+ka(t+2t0−tf) − e2tka+kφtf − e2kat0+kφtf − etkφ+ka(t+tf)

+2ekφtf+ka(t+tf)
))

− kφ

(
−2kφ

(
−ekφtf+ka(t+tf)t +

(−etkφ+ka(t+t0)

+ekφtf+ka(t0+tf)
)

t0 +
(
etkφ+ka(t+t0) + ekφtf+ka(t+tf) − ekφtf+ka(t0+tf)

)
tf

)
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+etkφ+ka(t+2t0−tf) − e2tka+kφtf − e2kat0+kφtf − etkφ+ka(t+tf)

+2ekφtf+ka(t+tf)
)

vywa

))
ka + k5

φrp

(
ry

(
ekφtf

(
e2tka − e2kat0

)
kφ (tf − t)

−etkφ+ka(t+2t0−tf) − e2tka+kφtf + e2kat0+kφtf + etkφ+ka(t+tf)
)

+
(
etkφ+ka(t+2t0−tf) + e2tka+kφtf − e2kat0+kφtf − etkφ+ka(t+tf)

)
kφvywa

))

−2ekat0ka (ka − kφ) 2k3
φw1

((
et(ka+kφ) − e(ka+kφ)tf

)
(ka + kφ) vywa

−ry

(
e(ka+kφ)tf ka (tf − t) + e(ka+kφ)tf kφ (tf − t) + et(ka+kφ)

−e(ka+kφ)tf
))

x30

]

(3.29)

0A d�� (3.29)\�"f ½̈ô�Ç ï�r�©�I� ���Ãº λ6ü< d�� (3.15)_� �\�	|¹�̧כ��9 _�K� ��6£§õ� °ú s�

þj&h� ]j#Q {9�§4� u∗2\�¦ ½̈½+É Ãº e����.
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u∗2(t) = − kφ

w2
λ6(t)

= − k2e
−kφtf−ka(tf+t)

2w1w2kak2
φ

(
k2

a − k2
φ

)
2

[
k1

(
−2eka(t+tf)

(
kφvpwa

(
ry

(
−ekφtf kφ (tf − t)

−etkφ + ekφtf
)

+
(
etkφ − ekφtf

)
kφvywa

)
+ rp

(
ry

(
−ekφtf k2

φ (t− tf ) 2

+2
(
etkφ − ekφtf

)
+ 2ekφtf kφ (tf − t)

)
+ kφ

(−ekφtf kφ (tf − t)

−etkφ + ekφtf
)
vywa

))
k5

a + k3
φ

(
2ekat0rp (t0 − tf )

(
e(ka+kφ)tf ry (tf − t)

−
(
et(ka+kφ) − e(ka+kφ)tf

)
vywa

)
+ vpwa

(
ekφtf

(
e2tka + e2kat0

−2eka(t0+tf)
)

ry (tf − t) +
(
2etkφ+ka(t+t0) − etkφ+ka(t+2t0−tf) + e2tka+kφtf

+e2kat0+kφtf − etkφ+ka(t+tf) − 2ekφtf+ka(t0+tf)
)

vywa

))
k4

a

+k2
φ

(
kφvpwa

(
ry

(
ekφtf

(
e2tka − e2kat0 − 4eka(t+tf)

+2eka(t0+tf)
)

kφ (tf − t)− 2etkφ+ka(t+t0) + etkφ+ka(t+2t0−tf) + e2tka+kφtf

−e2kat0+kφtf − 5etkφ+ka(t+tf) + 4ekφtf+ka(t+tf) + 2ekφtf+ka(t0+tf)
)

−
(
2etkφ+ka(t+t0) − etkφ+ka(t+2t0−tf) − e2tka+kφtf + e2kat0+kφtf

−3etkφ+ka(t+tf) + 4ekφtf+ka(t+tf) − 2ekφtf+ka(t0+tf)
)

kφvywa

)

+rp

(
ry

(
−2e(ka+kφ)tf (tf − t)

(−2etkat + ekat0t0 +
(
2etka − ekat0

)
tf

)
k2

φ

+
(
ekφtf

(
e2tka + e2kat0 − 8eka(t+tf)

)
t + 2

(
etkφ+ka(t+t0)

−ekφtf+ka(t0+tf)
)

t0 −
(
2etkφ+ka(t+t0) + e2tka+kφtf + e2kat0+kφtf

−8ekφtf+ka(t+tf) − 2ekφtf+ka(t0+tf)
)

tf

)
kφ + 8eka(t+tf) (

etkφ − ekφtf
))

+kφ

(
−2kφ

(
−2ekφtf+ka(t+tf)t +

(
−etkφ+ka(t+t0) + ekφtf+ka(t0+tf)

)
t0

+
(
etkφ+ka(t+t0) + 2ekφtf+ka(t+tf) − ekφtf+ka(t0+tf)

)
tf

)

+etkφ+ka(t+2t0−tf) − e2tka+kφtf − e2kat0+kφtf − 3etkφ+ka(t+tf)
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+4ekφtf+ka(t+tf)
)

vywa

))
k3

a + k3
φ

(
kφvpwa

(
ry

(
2

(
2etkφ+ka(t+t0)

−etkφ+ka(t+2t0−tf) + e2tka+kφtf + e2kat0+kφtf − etkφ+ka(t+tf)

−2ekφtf+ka(t0+tf)
)

+ ekφtf
(
e2tka + e2kat0 − 2eka(t0+tf)

)
kφ (t− tf )

)

−
(
2etkφ+ka(t+t0) − etkφ+ka(t+2t0−tf) + e2tka+kφtf + e2kat0+kφtf − etkφ+ka(t+tf)

−2ekφtf+ka(t0+tf)
)

kφvywa

)
+ rp

(
ry

(
2ekφtf+ka(t0+tf) (tf − t) (tf − t0) k2

φ

+
(
ekφtf

(
e2tka − e2kat0

)
t− 4

(
etkφ+ka(t+t0) − ekφtf+ka(t0+tf)

)
t0

+
(
4etkφ+ka(t+t0) − e2tka+kφtf + e2kat0+kφtf − 4ekφtf+ka(t0+tf)

)
tf

)
kφ

−etkφ+ka(t+2t0−tf) − e2tka+kφtf + e2kat0+kφtf + etkφ+ka(t+tf)
)

+kφ

(
2

(
etkφ+ka(t+t0) − ekφtf+ka(t0+tf)

)
kφ (t0 − tf )− etkφ+ka(t+2t0−tf)

−e2tka+kφtf + e2kat0+kφtf + etkφ+ka(t+tf)
)

vywa

))
k2

a

+k4
φ

(
kφvpwa

(
ry

(
ekφtf

(
etka − ekat0

) (
etka + ekat0 − 2ekatf

)
kφ (t− tf )

−2etkφ+ka(t+t0) + etkφ+ka(t+2t0−tf) + e2tka+kφtf − e2kat0+kφtf + etkφ+ka(t+tf)

−2ekφtf+ka(t+tf) + 2ekφtf+ka(t0+tf)
)

+
(
2etkφ+ka(t+t0) − etkφ+ka(t+2t0−tf)

−e2tka+kφtf + e2kat0+kφtf − etkφ+ka(t+tf) + 2ekφtf+ka(t+tf)

−2ekφtf+ka(t0+tf)
)

kφvywa

)
+ rp

(
ry

(
2e(ka+kφ)tf (tf − t)

(−etkat + ekat0t0

+
(
etka − ekat0

)
tf

)
k2

φ +
(
−ekφtf

(
e2tka + e2kat0 − 4eka(t+tf)

)
t

+2
(
etkφ+ka(t+t0) − ekφtf+ka(t0+tf)

)
t0 +

(−2etkφ+ka(t+t0) + e2tka+kφtf

+e2kat0+kφtf − 4ekφtf+ka(t+tf) + 2ekφtf+ka(t0+tf)
)

tf

)
kφ

+2
(
etkφ+ka(t+2t0−tf) − e2tka+kφtf − e2kat0+kφtf − etkφ+ka(t+tf)

+2ekφtf+ka(t+tf)
))

− kφ

(
−2kφ

(
−ekφtf+ka(t+tf)t +

(−etkφ+ka(t+t0)

+ekφtf+ka(t0+tf)
)

t0 +
(
etkφ+ka(t+t0) + ekφtf+ka(t+tf) − ekφtf+ka(t0+tf)

)
tf

)
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+etkφ+ka(t+2t0−tf) − e2tka+kφtf − e2kat0+kφtf − etkφ+ka(t+tf)

+2ekφtf+ka(t+tf)
)

vywa

))
ka + k5

φrp

(
ry

(
ekφtf

(
e2tka − e2kat0

)
kφ (tf − t)

−etkφ+ka(t+2t0−tf) − e2tka+kφtf + e2kat0+kφtf + etkφ+ka(t+tf)
)

+
(
etkφ+ka(t+2t0−tf) + e2tka+kφtf − e2kat0+kφtf − etkφ+ka(t+tf)

)
kφvywa

))

−2ekat0ka (ka − kφ) 2k3
φw1

((
et(ka+kφ) − e(ka+kφ)tf

)
(ka + kφ) vywa

−ry

(
e(ka+kφ)tf ka (tf − t) + e(ka+kφ)tf kφ (tf − t) + et(ka+kφ)

−e(ka+kφ)tf
))

x30

]

(3.30)

0Ad�� (3.30)_�þj&h�]j#Q{9�§4��̀¦d�� (3.12)�̀¦@/{9�ô�ÇÊê,&h�ì�r�̀¦:�xK��©�I����Ãº x6\�¦

½̈½+É Ãº e����. s� M: �©�I� ���Ãº x6_� �íl�°úכ�Ér x6(t0) , x60s��� &ñ
_�ô�Ç��.
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x6(t) =
e−ka(−2tf+t+t0)−(tf+t)kφ

4w1w2ka

(
k3

φ − k2
akφ

)
2

[
2kak

2
φw1

(
2eka(t+t0−2tf)+kφ(t0+tf)w2x60

(
k2

a

−k2
φ

)
2 + k2kφ

(
eka(t+2t0−3tf) (

e2tkφ − e2kφt0
)
vywak

3
a

+
(
ry

(
eka(t+2t0−3tf) (−e2tkφ + e2kφt0

)

+2eka(t0−2tf)+kφtf kφ

(−etkφ+kat0t + etka+kφt0t0 +
(
etkφ+kat0

−etka+kφt0
)
tf

))−
(
e2tkφ+ka(t+2t0−3tf) − e2kφt0+ka(t+2t0−3tf)

−2e2ka(t0−tf)+kφ(t+tf) + 2eka(t+t0−2tf)+kφ(t0+tf)
)

kφvywa

)
k2

a

−kφ

(
eka(t+2t0−3tf) (

e2tkφ − e2kφt0
)
kφvywa − 2

(
e2tkφ+ka(t+2t0−3tf)

−e2kφt0+ka(t+2t0−3tf) − 2e2ka(t0−tf)+kφ(t+tf)

+2eka(t+t0−2tf)+kφ(t0+tf)
)

ry

)
ka + k2

φ

(
ry

(
eka(t+2t0−3tf) (−e2tkφ

+e2kφt0
)

+ 2eka(t0−2tf)+kφtf kφ

(
etkφ+kat0t− etka+kφt0t0 +

(−etkφ+kat0

+etka+kφt0
)
tf

))
+

(
e2tkφ+ka(t+2t0−3tf) − e2kφt0+ka(t+2t0−3tf)

−2e2ka(t0−tf)+kφ(t+tf) + 2eka(t+t0−2tf)+kφ(t0+tf)
)

kφvywa

))
x30

)

−k1k2

(
−2eka(t+t0−2tf) (

kφvpwa

(
ry

(
2ekφtf kφ

(
etkφt− ekφt0t0

+
(−etkφ + ekφt0

)
tf

)− e2tkφ + e2kφt0
)

+
(
etkφ − ekφt0

) (
etkφ + ekφt0

−2ekφtf
)
kφvywa

)
+ rp

(
2ry

(
ekφtf

(−etkφt2 + 2etkφtf t + ekφt0t20

+
(−etkφ + ekφt0

)
t2f − 2ekφt0t0tf

)
k2

φ +
(
etkφ − ekφt0

) (
etkφ + ekφt0

−2ekφtf
))

+ kφ

(
2ekφtf kφ

(
etkφt− ekφt0t0 +

(−etkφ + ekφt0
)
tf

)

−e2tkφ + e2kφt0
)
vywa

))
k5

a +
(−e2tkφ
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+e2kφt0
)
k3

φvywa

(
eka(t+t0−4tf)vpwa

(
ekat0 − ekatf

)
2 + 2eka(t+2t0−3tf)rp (t0

−tf )) k4
a + e−3katf k2

φ

(
kφvpwa

(
ry

((−e2tkφ + e2kφt0
) (

2eka(t+2t0)

−eka(t+3t0−tf) + 5eka(t+t0+tf)
)

+ 2ekat0+kφtf kφ

(−etkφ
(
e2tka − e2kat0

−4eka(t+tf) + 2eka(t0+tf)
)

t− 2ekφt0+ka(t+tf)t0 +
(
et(2ka+kφ) − etkφ+2kat0

−4etkφ+ka(t+tf) + 2ekφt0+ka(t+tf) + 2etkφ+ka(t0+tf)
)

tf

))
− (

2e2tkφ+ka(t+2t0)

−2e2kφt0+ka(t+2t0) − e2tkφ+ka(t+3t0−tf) + e2kφt0+ka(t+3t0−tf) + 2e3kat0+kφ(t+tf)

−2eka(2t+t0)+kφ(t+tf) − 3e2tkφ+ka(t+t0+tf) + 3e2kφt0+ka(t+t0+tf)

+8ekφ(t+tf)+ka(t+t0+tf) − 4ekφ(t0+tf)+ka(t+t0+tf)

−4ekφ(t+tf)+ka(2t0+tf)
)

kφvywa

)
+ rp

(
2ry

(
−2ekφtf+ka(t0+tf)

(
2et(ka+kφ)t2

+
(
−4et(ka+kφ) + etkφ+kat0

)
tf t− etka+kφt0t20 +

(
2et(ka+kφ) − etkφ+kat0

−etka+kφt0
)
t2f + t0

((
etkφ+kat0 + 2etka+kφt0

)
tf − etkφ+kat0t

))
k2

φ

+eka(t+2t0)
(
e2tkφ − e2kφt0

)
(t0 − tf ) kφ + 4eka(t+t0+tf) (

etkφ − ekφt0
) (

etkφ

+ekφt0 − 2ekφtf
))

+ kφ

((
e2tkφ − e2kφt0

) (
eka(t+3t0−tf) − 3eka(t+t0+tf)

)

+2kφ

(
4ekφ(t+tf)+ka(t+t0+tf)t +

(
e2tkφ+ka(t+2t0) − e2kφt0+ka(t+2t0)

−2ekφ(t0+tf)+ka(t+t0+tf) − 2ekφ(t+tf)+ka(2t0+tf)
)

t0 +
(−e2tkφ+ka(t+2t0)

+e2kφt0+ka(t+2t0) − 4ekφ(t+tf)+ka(t+t0+tf) + 2ekφ(t0+tf)+ka(t+t0+tf)

+2ekφ(t+tf)+ka(2t0+tf)
)

tf

))
vywa

))
k3

a + k3
φ

(
kφvpwa

(
eka(t+t0−4tf) (

e2tkφ

−e2kφt0
) (

ekat0 − ekatf
)

2kφvywa − 2
(
e2tkφ+ka(t+3t0−4tf) − e2kφt0+ka(t+3t0−4tf)

−2e2tkφ+ka(t+2t0−3tf) + 2e2kφt0+ka(t+2t0−3tf) + e2tkφ+ka(t+t0−2tf)
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−e2kφt0+ka(t+t0−2tf) − 2eka(2t+t0−3tf)+kφ(t+tf) + 4e2ka(t0−tf)+kφ(t+tf)

−2e3ka(t0−tf)+kφ(t+tf) + 4eka(t+2t0−3tf)+kφ(t0+tf)

−4eka(t+t0−2tf)+kφ(t0+tf)
)

ry

)
+ rp

(
ry

((−e2tkφ + e2kφt0
) (

eka(t+3t0−4tf)

−eka(t+t0−2tf)
)

+ 2eka(t0−3tf)kφ

(
ekφ(t+tf) (

e2tka − e2kat0
)
t

−2
(
e2tkφ+ka(t+t0) − e2kφt0+ka(t+t0) − 2ekφ(t+tf)+ka(t0+tf)

+2eka(t+tf)+kφ(t0+tf)
)

t0 +
(
2e2tkφ+ka(t+t0) − 2e2kφt0+ka(t+t0) − e2tka+kφ(t+tf)

+e2kat0+kφ(t+tf) − 4ekφ(t+tf)+ka(t0+tf) + 4eka(t+tf)+kφ(t0+tf)
)

tf

))

+kφ

(
2eka(t+2t0−3tf) (

e2tkφ − e2kφt0
)
kφ (t0 − tf )− e2tkφ+ka(t+3t0−4tf)

+e2kφt0+ka(t+3t0−4tf) + e2tkφ+ka(t+t0−2tf) − e2kφt0+ka(t+t0−2tf)

−2eka(2t+t0−3tf)+kφ(t+tf) + 2e3ka(t0−tf)+kφ(t+tf)
)

vywa

))
k2

a

+k4
φ

(
kφvpwa

(
ry

(
eka(t+t0−4tf) (

e2tkφ − e2kφt0
) (

ekat0 − ekatf
)

2

+2eka(t0−3tf)+kφ(t+tf) (
etka − ekat0

) (
etka + ekat0 − 2ekatf

)
kφ (t− tf )

)

−
(
e2tkφ+ka(t+3t0−4tf) − e2kφt0+ka(t+3t0−4tf) − 2e2tkφ+ka(t+2t0−3tf)

+2e2kφt0+ka(t+2t0−3tf) + e2tkφ+ka(t+t0−2tf) − e2kφt0+ka(t+t0−2tf)

+2eka(2t+t0−3tf)+kφ(t+tf) − 4eka(t+t0−2tf)+kφ(t+tf) + 4e2ka(t0−tf)+kφ(t+tf)

−2e3ka(t0−tf)+kφ(t+tf)
)

kφvywa

)
+ rp

(
2ry

(
2eka(t0−2tf)+kφ(t+tf) (t

−tf )
(
etkat− ekat0t0 +

(−etka + ekat0
)
tf

)
k2

φ + eka(t+2t0−3tf) (
e2tkφ

−e2kφt0
)
(t0 − tf ) kφ + e2tkφ+ka(t+3t0−4tf) − e2kφt0+ka(t+3t0−4tf)

−e2tkφ+ka(t+t0−2tf) + e2kφt0+ka(t+t0−2tf) − 2eka(2t+t0−3tf)+kφ(t+tf)
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+4eka(t+t0−2tf)+kφ(t+tf) − 2e3ka(t0−tf)+kφ(t+tf) + 4eka(t+2t0−3tf)+kφ(t0+tf)

−4eka(t+t0−2tf)+kφ(t0+tf)
)
− kφ

((
e2tkφ − e2kφt0

) (
eka(t+3t0−4tf)

−eka(t+t0−2tf)
)

+ 2eka(t0−3tf)kφ

(
2e(ka+kφ)(t+tf)t +

(
e2tkφ+ka(t+t0)

−e2kφt0+ka(t+t0) − 2ekφ(t+tf)+ka(t0+tf)
)

t0 +
(−e2tkφ+ka(t+t0) + e2kφt0+ka(t+t0)

−2e(ka+kφ)(t+tf) + 2ekφ(t+tf)+ka(t0+tf)
)

tf

))
vywa

))
ka + k5

φrp

(
ry

((−e2tkφ

+e2kφt0
) (

eka(t+3t0−4tf) − eka(t+t0−2tf)
)
− 2ekφ(t+tf)

(
eka(2t+t0−3tf)

−e3ka(t0−tf)
)

kφ (t− tf )
)

+
(
e2tkφ+ka(t+3t0−4tf) − e2kφt0+ka(t+3t0−4tf)

−e2tkφ+ka(t+t0−2tf) + e2kφt0+ka(t+t0−2tf) + 2eka(2t+t0−3tf)+kφ(t+tf)

−2e3ka(t0−tf)+kφ(t+tf)
)

kφvywa

))]

(3.31)

s�ü< °ú �Ér ~½ÓZO�Ü¼�Ð d�� (3.12)\�¦ &h�ì�r
�#� �� Qt� �©�I� ���Ãº x4, x5�̧ ½̈½+É Ãº e����.

Õª Êê, ry = x4(tf ), vy = x5(tf )_� ���wn� ~½Ó&ñ
d���̀¦ Û�¦#Q ry, vy\�¦ ½̈½+É Ãº e����.

s��©�_� ~½ÓZO�Ü¼�Ð ½̈ô�Ç þj&h� Ä»�̧ ZO�gË:�Ér =åQÜ¼�Ð ��6£§õ� °ú s� &ñ
o�½+É Ãº e����.

Ac
z =

1
a5(tgo)

[a1(tgo)x1 + a2(tgo)x2 + a3(tgo)x3 + a4(tgo)g1]

φc =
1

P T
5 b5(tgo)

[
P T

1 b1(tgo)x4 + P T
2 b2(tgo)x5 + P T

3 b3(tgo)x6

+P T
4 b4(tgo)g2

]
+ φ̄

(3.32)
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a1(tgo) = k1ka

(
6k2

1k
3
awat

2
goe

katgo + 6k3
atgoe

2katgo
(
k2

1watgo + 2w1

)

+12w1k
2
ae

katgo − 12w1k
2
ae

2katgo + 2k2
1k

2
awatgo

(
6ekatgo − 9e2katgo + 3

)

+12k2
1kawa

(
ekatgo − 1

)
2
)

a2(tgo) = k1ka

(
2k2

1k
3
awat

3
goe

katgo − 12w1k
3
awae

katgo + 4k3
ae

2katgo
(
wa

(
k2

1t
3
go

+3w1) + 3w1t
2
go

)
+ 12w1k

2
atgoe

katgo − 12w1k
2
atgoe

2katgo

+2k2
1k

2
awat

2
go

(
3ekatgo − 6e2katgo + 3

)
+ 6k2

1kawatgo

(
ekatgo − 3

) (
ekatgo

−1) + 12k2
1wa

(
ekatgo − 1

)
2
)

a3(tgo) = k1ka

(−4k3
1k

2
awat

3
go

(
ekatgo + e2katgo + 1

)
+ 18k3

1kawat
2
go

(
ekatgo

−1)
(
ekatgo + 1

)
+ 24k1w1katgoe

katgo
(
ekatgo − 1

)
+ 24k1w1k

2
awae

katgo

−12k1w1k
2
ae

2katgo
(
wa + t2go

)− 12k1

(
ekatgo − 1

)
2
(
2k2

1watgo + w1

)

−12k1w1k
2
awa

)

a4(tgo) = k1katgo

(
3k2

1wa (katgo + 2) 2 + ekatgo
(
6w1k

2
atgo − wa

(
k2

1

(
k3

at
3
go

+12katgo + 24) + 12w1k
3
a

))
+ e2katgo

(
6w1k

2
atgo (katgo − 1)

+wa

(
k2

1

(
k2

at
2
go (katgo − 3) + 12

)
+ 12w1k

3
a

)))

a5(tgo) = k4
1wa

(
katgo

(
24

(
ekatgo − 1

)
+ katgo

(−4ekatgo (katgo + 3)

−2 (katgo + 6) + e2katgo (katgo (katgo − 6) + 12)
))− 12

(
ekatgo − 1

)
2
)

+2k2
1w1ka

(
12kae

katgo (kawa − tgo) + e2katgo (ka (3kawa (2katgo − 3)

+2tgo (katgo (katgo − 3) + 3)) + 3)− 3
(
k2

awa + 1
))

+ 12w2
1k

4
ae

2katgo

(3.33)

#�l�"f, b1 : R → R416, b2 : R → R420, b3 : R → R427, b4 : R → R480,

b5 : R → R580 ��H ïß�#� q�'�� r�çß� tgo_� �<ÊÃºs� 9, \P�  7�'� Pi, (i = 1, 2, 3, 4, 5)��H �©�
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I� ���Ãº x1, x2, x3ü< g1_� Y�LÜ¼�Ð s�ÀÒ#Q4R e����.
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3.3 ��
k�ë5Ñ Ä©«Å�£�· �Dø5� )K�i¦�\� ËÂ�¿ ß��ÓÏ��+ í5�'K��ª

�:r �7Hë�H\�"f ]jîß� 
���H Ä»�̧ ZO�gË:�Ér ïß�#� q�'��r�çß�\� @/ô�Ç �<ÊÃº\�¦ >�Ãº�Ð °ú���H

r�����©�I�C�8̈�_�+þAI�\�¦{��¦e����. ¢̧ô�Ç, [30]\�"f>hµ1Ïô�Ç��1lx�̧7áx]j#Ql�_�1lx%i�

�<Æ�̀¦ �¦�9
�#� p���{9��Ér q�'�� 8̈��â
 ���Ãº\� Áº�'a
�>� {9�&ñ
ô�Ç q�'�� $í
0px�̀¦ Ä»t�½+É Ãº

e����. ô�Ç ¼#�, x�u�ü< \�¦ G�V,�_� @/%i�;�¤��� ka, kφ��H p�o� ���&ñ
÷&#Q ÅÒ#Qt���H °úכs��¦,

Ä»�̧ ZO�gË:_� 3lq&h� �<ÊÃº %i�r� [O�>� r� p�o� ���&ñ
÷&l� M:ë�H\� s�\� �'aô�Ç ��×�æu� wa,

w1, w2 ¢̧ô�Ç %i�r� p���{9�s� µ1Ï�� ÷&l� ���\� &ñ
K�t���H °úכs���. ����"f �:r �7Hë�H\�"f

]jîß�
���H þj&h� Ä»�̧ ZO�gË:�Ér éß�í�Hy� ïß�#� q�Òqt r�çß�\� ���� s�1pqs� ����o
���H +þAI��Ð

&ñ
o�½+É Ãº e����.

Õª�Q�� ÕªXO�>� ½̈�&³ô�Ç þj&h� Ä»�̧ ZO�gË:�Ér #��Q �©�I����Ãºü< [O�>����Ãº, ��×�æu� 1px

_� Y�LÜ¼�Ð 4�¤ú̧�
�>� s�ÀÒ#Q4R e��#Q Õª �ª�s� B�Äº ~½Ó@/
���. Õª�QÙ¼�Ð z�́]j�Ð ½̈�&³

r�, l�%3� �è���� ���§4� 1pxõ� °ú �Ér r�Û¼%7�_� ��"é¶�̀¦ ú́§s� �èq�½+É Ãº e������H Äº�9�� e��

��. ¢̧ô�Ç, f��]X� ���íß�\� e��#Q"f�̧ Õª õ�&ñ
\�"f �è¹כ÷&��H ���íß� r�çß�s� U�́#Q4R z�́r�çß�

½̈�&³\�e��#Q"f�̧ Äº�9_��èt���e����.����"f�:rþj&h�Ä»�̧ZO�gË:�̀¦z�́]j ½̈�&³�<Ê\�e��

#Q 6 xs�$í
�̀¦ �̧�̧
��¦�� þj&h� Ä»�̧ ZO�gË:_� þj&h� K�\�¦ 7á§ �8 çß�éß�
�>� ½̈�&³
���H ���

½̈\�¦ Ãº'��ô�Ç��.

Äº���, �:r �7Hë�H\�"f ]jîß�
���H þj&h� Ä»�̧ ZO�gË:_� 3lq&h� �<ÊÃº��� d�� (3.9)�̀¦ ¶ú�(R�Ð

��. ·ú¡"f ���/åLô�Ç �	כ %�!3� �:r 3lq&h� �<ÊÃº\���H wa, w1, w2ü< °ú �Ér 8úx [j ��t�_� ��×�æ

u��� e����. s� ×�æ\�"f ���$�, wa��H ³ð&h� Ø�æ[�ty�� �̧	�\� �'aô�Ç ��×�æu�s���. Õªo��¦ w1,

w2��H y��y�� x�u� ��5Åq�̧ü< \�¦ y��\� @/ô�Ç ]j#Q {9�§4�_� ��×�æu��Ð \��-t� þj&h��oü< �'a

º�� �)a °úכs���. ��r� ô�Ç ��� ���/åL
�t�ëß� �:r �7Hë�H\�"f ]jîß�
���H þj&h� Ä»�̧ ZO�gË:�Ér ³ð&h�

\� @/ô�Ç �¹כ�� �̧	�ü< �<Êa� Ø�æ[�ty�� �̧	�_� þj&h��o�� Õª 3lq³ðs���. Õª�QÙ¼�Ð þj&h� Ä»

�̧ ZO�gË:_� 3lq&h� �<ÊÃº��� d�� (3.9)\�"f &h�ì�r�½Ó\� K�{©�
���H \��-t� þj&h��o��H �:r �7Hë�H\�

"f ]jîß�
���H þj&h� Ä»�̧ ZO�gË:\�"f �¦�9½+É @/�©�s� ��m���. ����"f s�\� K�{©�
���H ��
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×�æu���� w1, w2_� °úכ�Ér 0Ü¼�Ð [O�&ñ

���H ��s	כ �8 ��|ÃÐf��
���.

�8¹¡¤s�, ·ú¡ ]X�\�"f ½̈ô�Ç þj&h� Ä»�̧ ZO�gË:_� þj&h� K�\�"f \��-t� þj&h��o\� �'aº��ô�Ç

��×�æu� w1, w2\� @/ô�Ç �½Ó[þts� ����̂ K�\�"f 	�t�
���H ÂÒì�rs� ú́§�Ér �¦̀�	כ SX����½+É Ãº

e��%3���. ·ú¡"f ���/åLô�Ç �	כ %�!3� �:r �7Hë�H\�"f ]jîß�
���H þj&h� Ä»�̧ ZO�gË:_� 3lq³ð\� ÂÒ½+Ë


�t� ·ú§��H \��-t� þj&h��o\� �'aº��ô�Ç ��×�æu���� w1, w2\�¦ 0Ü¼�Ð [O�&ñ

���� ����̂ þj&h�

K�\�"f s�[þt ��×�æu�\� @/ô�Ç �½Ó[þt�̀¦ �è��
���H ��s	כ ��0pxK� �����. s�XO�>� �è��ô�Ç �½Ó

[þt_� Ãº ëß��pu Ãºd��_� �ª�s� &h�#Q t���H ��Ér	כ ��"î

���. Õª�QÙ¼�Ð \��-t� þj&h��o\� �'a

º��ô�Ç ��×�æu���� w1, w2\�¦ 0Ü¼�Ð [O�&ñ

���H �Ü¼�Ð	כ �:r �7Hë�H\�"f ]jîß�
���H þj&h� Ä»�̧

ZO�gË:_� éß�í�H�o\�¦ Ãº'��½+É Ãº e����.

éß�í�H�o\�¦ ���2; þj&h� Ä»�̧ ZO�gË:�Ér ��6£§õ� °ú ��. #�l�\�"f éß�í�H�o ô�Ç x�u� ��5Åq�̧

"î
§î
�̀¦ Ac
zs���¦ &ñ
_�
��¦ éß�í�H�o ô�Ç \�¦ y�� "î
§î
�̀¦ φc

s���¦ &ñ
_�ô�Ç��.

Ac
zs =

1
α5(tgo)

[α1(tgo)x1 + α2(tgo)x2 + α3(tgo)x3 + α4(tgo)g1]

φc
s =

1
QT

5 β5(tgo)

[
QT

1 β1(tgo)x4 + QT
2 β2(tgo)x5 + QT

3 β3(tgo)x6

+QT
4 β4(tgo)g2

]
+ φ̄

(3.34)
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α1(tgo) = ka

(
6k3

at
2
goe

katgo
(
ekatgo + 1

)
+ 2k2

atgo

(
6ekatgo − 9e2katgo + 3

)

+12ka

(
ekatgo − 1

)
2
)

α2(tgo) = ka

(
2k3

at
3
goe

katgo
(
2ekatgo + 1

)
+ 2k2

at
2
go

(
3ekatgo − 6e2katgo + 3

)

+6katgo

(
ekatgo − 3

) (
ekatgo − 1

)
+ 12

(
ekatgo − 1

)
2
)

α3(tgo) = ka

(−4k1k
2
at

3
go

(
ekatgo + e2katgo + 1

)

+18k1kat
2
go

(
ekatgo − 1

) (
ekatgo + 1

)− 24k1tgo

(
ekatgo − 1

)
2
)

α4(tgo) = katgo

(
ekatgo − 1

) (
ekatgo

(
k2

at
2
go (katgo − 3) + 12

)− 3 (katgo + 2) 2
)

α5(tgo) = k1

(
katgo

(
24

(
ekatgo − 1

)
+ katgo

(−4ekatgo (katgo + 3)

−2 (katgo + 6) + e2katgo (katgo (katgo − 6) + 12)
))

−12
(
ekatgo − 1

)
2
)

(3.35)

#�l�"f, β1,2,4 : R → R269, β3 : R → R267, β5 : R → R273 ��H ïß�#� q�'�� r�çß� tgo_�

�<ÊÃºs� 9, \P�  7�'� Qi, (i = 1, 2, 3, 4, 5)��H �©�I� ���Ãº x1, x2, x3 ü< g1_� Y�LÜ¼�Ð s�

ÀÒ#Q4R e����.

éß�í�H�o ô�Ç þj&h� Ä»�̧ ZO�gË: d�� (3.34)�̀¦ �Ð��� ·ú¡"f ½̈ô�Ç éß�í�H�o\�¦ ��u�t� ·ú§�Ér þj

&h� Ä»�̧ ZO�gË:��� d�� (3.32)\� q�
�#� y�� �½Ó ���� >�Ãº_� �ª�s� ]X�ìøÍ ��|¾Ó y���èô�Ç �¦̀�	כ

·ú�Ãºe����.d��_��ª�s�×�¦#Q��Hëß��pu ½̈�&³r�>�íß�|¾Ó%i�r�×�¦#Q×¼��HX<s�\�¦éß�í�H�o���

Êê�Ð >hF�c&h�Ü¼�Ð q��§K� �Ð��� ��6£§_� ³ð (3.1)õ� °ú ��. s�\�¦ :�xK� �:r �7Hë�H\�"f ]jîß�

ô�Ç Ä»�̧ ZO�gË:s� éß�í�H�o\�¦ :�xK� >�íß�|¾Ó�̀¦ ��� 75% &ñ
�̧ ×�¦{9� Ãº e��6£§�̀¦ ·ú� Ãº e����.

>�íß�|¾Ó�̀¦ ×�¦e��Ü¼�Ð+� ¢̧ô�Ç Õª ëß��pu ���íß� r�çß� %i�r� ×�¦{9� Ãº�� e����. ³ð (3.1)_�
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���õ�\�¦ �Ð@/�Ð �©�6 x DSP(digital signal processor)[37, 38, 39]\�¦ @/�©�Ü¼�Ð éß�í�H�o ô�Ç

þj&h� Ä»�̧ ZO�gË:_� ���íß� �è¹כ r�çß��̀¦ >hF�c&h�Ü¼�Ð >�íß� K� �Ð��� ��6£§_� ³ð (3.2)ü< °ú 

��. s� M:, FLOPS(floating-point operations per second)��H �í{©� Ãº'��½+É Ãº e����H ÂÒ

1lx�èÃº&h� ���íß� S��Ãº\�¦ >pwô�Ç��. s� %�!3� �:r �7Hë�H\�"f ]jîß�
���H þj&h� Ä»�̧ ZO�gË:�Ér éß�

í�H�o\�¦ :�xK� ���íß�|¾Ó x9� ���íß� r�çß��̀¦ @/;�¤ ×�¦{9� Ãº e��Ü¼ 9 s�\�¦ :�xK� z�́]j p���{9� r�

Û¼%7�\�"f ½̈�&³�<Ê\� e��#Q ½̈�&³_� 6 xs�$í
 x9� z�́6 x$í
�̀¦ Z�}{9� Ãº e����.
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³ð 3.1: þj&h� Ä»�̧ ZO�gË:_� éß�í�H�o ���Êê_� >�íß�|¾Ó q��§

éß�í�H�o ��� Ä»�̧ ZO�gË: éß�í�H�o ô�Ç Ä»�̧ ZO�gË:

(w1, w2 → 0)
���íß� S��Ãº ��� 290,000�r ��� 75,000�r

³ð 3.2: éß�í�H�o ô�Ç þj&h� Ä»�̧ ZO�gË:_� >�íß� r�çß� q��§

DSP ���íß� r�çß� q��¦

(FLOPS) (µsec)
TMS320C6727B 35 �¦$í
0px DSP

(2100M)
TMS320C6713B 41

(1800M)
TMS320F28335 251

(300M)
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3.4 )K�i¦�\� ËÂ�¿ ß��ÓÏ��+ ��$�×Å]� ~É�¤� 

·ú¡ ]X���t� þj&h� Ä»�̧ ZO�gË:_� Ä»�̧\�¦ ��'¬I��. Ä»�̧ õ�&ñ
\�"f d�� (3.18)õ� °ú s� ï�r

�©�I� ~½Ó&ñ
d��_� ��H��\�¦ ��5g þj&h� Ä»�̧ ZO�gË:�̀¦ �̧Ø�¦
�%i���HX< �:r ]X�\�"f��H s�\� @/

ô�Ç��{©�$í
�̀¦���7£xô�Ç��.���7£x�Érd�� (3.18)_�ï�r�©�I�~½Ó&ñ
d����H��\�¦��u�t�·ú§�ÉrG�d��

(3.12), (3.14)_� Ãºu�K�(numerical solution)\�¦ ½̈K� ·ú¡ ]X�\�"f ï�r�©�I� ~½Ó&ñ
d��_� ��H

��\�¦ :�xK� ½̈ô�Ç y�� �©�I� ~½Ó&ñ
d��, ï�r�©�I� ~½Ó&ñ
d��_� K�$3�K�(analytic solution)ü< q��§


���H ~½Ód��Ü¼�Ð ���'��ô�Ç��.

�©�I� ~½Ó&ñ
d����� d�� (3.12)�Ér 7áxú́� Ä»�̧ éß�>�\�"f �©�I� ���Ãº[þt_� �íl�u��� &ñ
K����

��. ¢̧ô�Ç, ï�r�©�I� ~½Ó&ñ
d����� d�� (3.14)�Ér d�� (3.15)õ� °ú s� �â
>� �̧|	�s� ÅÒ#Q4R e����.

����"f s�[þt ~½Ó&ñ
d���Ér ¿º &h� �â
>�u� ë�H]j(two point boundary value problem)�Ð &ñ


o�½+É Ãº e����. Õªo��¦ s���H �����ZO�(shooting method)�̀¦ :�xK� Û�¦ Ãº e����[5, 17].

���$� d�� (3.12)_� �©�I� ~½Ó&ñ
d���̀¦ d�� (3.16)_� ¹כ��9 �̧|	�\� ���� ��6£§õ� °ú s� ��r�

jþt Ãº e����.

ẋ1 = x2

ẋ2 = − k1x3 + g1

ẋ3 = − kax3 − k2
a

w1
λ3

ẋ4 = x5

ẋ5 = k2x3x6 + g2

ẋ6 = − kφx6 − k2
φ

w2
λ6

(3.36)

s�]j d�� (3.36)_� �©�I� ~½Ó&ñ
d��õ� d�� (3.14)_� ï�r�©�I� ~½Ó&ñ
d���Ér �:r���y� �©�I� ���Ãºü<

ï�r�©�I� ���Ãºëß�Ü¼�Ð s�ÀÒ#Q��� d��Ü¼�Ð &ñ
o�÷&%3���. ô�Ç ¼#�, d�� (3.15)_� �â
>� �̧|	�\�"f
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λ1(tf ), λ2(tf ), λ4(tf ), λ5(tf )��H y��y�� ÅÒ#Q4R e��t�ëß� s���H :£¤&ñ
ô�Ç °úכs� ��m���. ��

��"f ��6£§_� ï�r�©�I� ���Ãº\�¦ Dh�Ð &ñ
_�ô�Ç��.

λ̄1 , λ1 − x1

λ̄2 , λ2 − wax2

λ̄3 , λ3

λ̄4 , λ4 − x4

λ̄5 , λ5 − wax5

λ̄6 , λ6

(3.37)

0A d�� (3.37)\� _�K� d�� (3.14)��H ��6£§õ� °ú s� ��r� jþt Ãº e����. s� M:, ��×�æu� wa��H

��6 x���� e��_��Ð [O�&ñ
½+É Ãº e����H °úכÜ¼�Ð 1s��� [O�&ñ
ô�Ç��.

˙̄λ1 = −x2

˙̄λ2 = −λ̄1 − x1 + k1x3 − g1

˙̄λ3 = k1λ̄2 + k1x2 + kaλ̄3 − k2λ̄5x6 − k2x5x6

˙̄λ4 = −x5

˙̄λ5 = λ̄4 − x4 − k2x3x6 − g2

˙̄λ6 = −k2λ̄5x3 − k2x3x5 + kφλ̄6

(3.38)

����"f d�� (3.15)_� �â
>� �̧|	��Ér Dh�Ðî�r ï�r�©�I� ���Ãº λ̄\� @/K� ��6£§õ� °ú s� jþt Ãº e��

��.
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λ̄1(tf ) = 0

λ̄2(tf ) = 0

λ̄3(tf ) = 0

λ̄4(tf ) = 0

λ̄5(tf ) = 0

λ̄6(tf ) = 0

(3.39)

s�]j �©�I� ~½Ó&ñ
d�� (3.36)õ� ï�r�©�I� ~½Ó&ñ
d�� (3.14)�Ér xi(0) (i = 1, ..., 6)s� ÅÒ#Q��� d��

(3.36)õ� λ̄i(tf ) (i = 1, ..., 6)s� ÅÒ#Q��� d�� (3.38)_� ¿º &h� �â
>�u� ë�H]j�Ð &ñ
o�½+É Ãº

e��Ü¼ 9 s���H �����ZO��̀¦ :�xK� Û�¦ Ãº e����[5, 17].

���$�, &h�]X�ô�Ç λ̄i(0) (i = 1, ..., 6)�̀¦ ���&ñ
 K� ÅÒ#Q��� xi(0) (i = 1, ..., 6)õ� �<Ê

a� ¿º�¦ d�� (3.36)õ� d�� (3.38)_� p�ì�r ~½Ó&ñ
d���̀¦ r�çß� 0ÂÒ'� tf��t� &h�ì�rô�Ç��. ÕªXO�

>� ½̈ô�Ç λ̄i(tf ) (i = 1, ..., 6)�̀¦ �:rA� �â
>� �̧|	���� d�� (3.39)õ� q��§ K� �� 9 �â
>�

�̧|	��̀¦ ëß�7á¤
���H λ̄i(0) (i = 1, ..., 6)�̀¦ ¹1Ô�� Ãºu�K�\�¦ ½̈
���H �.���s	כ �©�I� ���Ãº

xi(t) (i = 1, ..., 6)ü< ï�r�©�I� ���Ãº λ̄i(t) (i = 1, ..., 6)\�¦ Óü�#Q ��6£§_� µ(t)\�¦ &ñ
_�ô�Ç

��.

µ(t) , [x1(t) x2(t) ... x6(t) λ̄1(t) ... λ̄6(t)]T (3.40)

Õª�Q��� d�� (3.36)õ� d�� (3.38)\� _�K� ��6£§_� µ̇(t)\�¦ ½̈½+É Ãº e����.
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µ̇(t) , F (µ, t)

=




µ2

−k1µ3 + g1

−kaµ3 − k2
a

w1
µ9

µ5

k2µ3µ6 + g2

−kφµ6 − k2
φ

w2
µ12

−µ2

−µ7 − µ1 + k1µ3 − g1

k1µ2 + k1µ8 + kaµ9 − k2µ6µ11 − k2µ5µ6

−µ5

−µ10 − µ4 − k2µ3µ6 − g2

−k2µ3µ11 − k2µ3µ5 + kφµ12




(3.41)

#�l�\�"f, Γ(t) , ∂F/∂µ, µ0 , µ(t0)���¦ ½+É M:, d�� (3.41)\� _�K� ��6£§s� $í
wn�ô�Ç��.

d

dt

[
∂µ

∂µ0

]
= Γ(t)

[
∂µ

∂µ0

]
,

∂µ

∂µ0
(t0) = I12 (3.42)

s� M:, Γ(t)��H ��6£§õ� °ú ��.

Γ(t) = [γ1 ... γ12]
T (3.43)
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γ1(t) , [0 1 01×10]

γ2(t) , [01×2 − k1 01×9]

γ3(t) ,
[
01×2 − ka 01×5 − k2

a
w1

01×3

]

γ4(t) , [01×5 1 01×7]

γ5(t) , [01×2 k2µ6 01×2 k2µ3 01×6]

γ6(t) ,
[
01×5 − kφ 01×5 − k2

φ

w2

]

γ7(t) , [0 − 1 01×10]

γ8(t) , [−1 0 k1 01×3 − 1 01×5]

γ9(t) , [0 k1 01×2 − k2µ6 − k2(µ5 + µ11) k1 ka 0 − k2µ6 0]

γ10(t) , [01×4 − 1 01×7]

γ11(t) , [01×2 − k2µ6 − 1 0 − k2µ3 01×3 − 1 01×2]

γ12(t) , [01×2 − k2(µ5 + µ11) 0 − k2µ3 01×5 − k2µ3 kφ]

(3.44)

s�]j d�� (3.42)\�¦ Û�¦��� ∂µ(tf )
∂µ0
�̀¦ ½̈½+É Ãº e���¦ Õª�Q��� ��6£§s� $í
wn�ô�Ç��.

δµ(tf ) ∼= ∂µ(tf )
∂µ0

δµ0

=
[

∂µ(tf )
∂x0

∂µ(tf )

∂λ̄0

] [
0 δλ̄0

]T

= ∂µ(tf )

∂λ̄0
δλ̄0

(3.45)
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0A d�� (3.45)\� _�K� ��6£§�̀¦ ½̈½+É Ãº e����.

δλ̄0 =
[

∂µ(tf )

∂λ̄0

]†
δµ(tf ) (3.46)

s�]j (λ̄0)new = (λ̄0)old+δλ̄(t0)\�¦:�xK�Dh�Ðî�r�íl�°úכ (λ̄0)new\�¦ ½̈½+ÉÃºe���¦s��Qô�Ç

õ�&ñ
�̀¦ ìøÍ4�¤
�#� d�� (3.39)_� �â
>��̧|	��̀¦ ëß�7á¤
���H λ̄0\�¦ ½̈ô�Ç��. Õª Êê, d�� (3.37)\�¦

:�xK� �:rA�_� ï�r�©�I� ���Ãº λ\� @/ô�Ç �íl�°úכ λ0\�¦ ½̈½+É Ãº e����. s��Qô�Ç õ�&ñ
�̀¦ :�xK�

½̈ô�Ç λ0��H ��6£§õ� °ú ��. s� M:, �©�I� ~½Ó&ñ
d��õ� ï�r�©�I� ~½Ó&ñ
d��\� e����H �©�Ãº[þt�Ér Êê\�

���/åL½+É �̧_� z�́+«>\�"f_� °úכ[þtõ� 1lx{9�
�>� [O�&ñ

�%i���. ka = 0.25, kφ = 0.75, k1 =

0.9282, k2 = 0.9769�Ð ¿º%3��¦, �¹כ�� �©�S!��Ér y��y�� �íl� 0Au� [xT (0), yT (0), zT (0)] =

[1600, 5,−10](m), [xT (0), yT (0), zT (0)] = [4000, 20,−40](m)\� &ñ
t� K� e����H ³ð&h�\�

@/K� (ψ∗ = 0◦, θ∗ = 0◦)_� Ø�æ[�ty��Ü¼�Ð �¹כ��
���H �©�S!��̀¦ �©�&ñ

�%i���. s� M:, \��-t�

þj&h��o�'aº����×�æu���H w1 = 1×10−2, w2 = 1×10−2, w1 = 1×10−6, w2 = 1×10−6_�

�â
Äº�Ð ��¾º#Q Ãºu� K�\�¦ ½̈K� �Ð��¤��.

s�M:_��©�I����Ãº,ï�r�©�I����Ãº_�C�&h�õ�·ú¡]X�\�"f ½̈ô�ÇK�$3�K�_�C�&h��̀¦Õª�9

�Ð��� ��6£§_� ÕªaË> 3.4-3.13õ� °ú ��. s�\�¦ :�xK� d�� (3.18)_� ï�r�©�I� ~½Ó&ñ
d�� ��H��\�¦ :�x

K� ½̈ô�Ç �©�I� ~½Ó&ñ
d��, ï�r�©�I� ~½Ó&ñ
d��_� K�$3�K�ü< ��H��\�¦ 
�t� ·ú§�¦ ½̈ô�Ç Ãºu�K�_�

C�&h�s� {9�u��<Ê�̀¦ SX����½+É Ãº e����. :£¤y�, d�� (3.18)_� ��H��\�¦ ô�Ç �â
Äºü< 
�t� ·ú§�Ér �â


Äº_� ï�r�©�I� ���Ãº λ3_� C�&h�s� {9�u��<Ê�̀¦ SX����½+É Ãº e����HX< s�\�¦ :�xK�, K�$3�K�\�¦ ½̈


�l� 0Aô�Ç d�� (3.18)_� ��H����H ��{©�
��� �̂¦ Ãº e����. ¢̧ô�Ç, ÕªaË> 3.8, 3.13\�"f \��-t�

þj&h��o �'aº�� ��×�æu� w1, w2\�¦ ���>�½+É Ãº2�¤ λ̇3\� �'aô�Ç d��\�"f_� k2λ5x6_� q�×�æs� ���

��t���H�
SX����½+ÉÃºe����HX<s�\�¦:�xK�,·ú¡]X�\�"f[O�"î¦̀�	כô�Ç�:õ�°ú s��:rÄ»�̧ZO�gË	כ

_� 3lq&h�\� ���� \��-t� þj&h��o �'aº�� ��×�æu�\�¦ 0Ü¼�Ð [O�&ñ

���H ��s	כ d�� (3.18)_� ��H

��_� ��{©�$í
�̀¦ �Ð�� Z�}s���HX<�̧ ò́õ�\�¦ ï�r �.���s	כ

68



t [sec]
0 0.5 1 1.5 2 2.5 3 3.5

x 1
 [m

]

-10

0

10

Analytic Sol.
Numerical Sol.

t [sec]
0 0.5 1 1.5 2 2.5 3 3.5

x 2
 [m

/s
]

-5

0

5

Analytic Sol.
Numerical Sol.

t [sec]
0 0.5 1 1.5 2 2.5 3 3.5

x 3
 [m

/s
2
]

0

10

20 Analytic Sol.
Numerical Sol.

t [sec]
0 0.5 1 1.5 2 2.5 3 3.5

x 4
 [m

]

0

5

10

Analytic Sol.
Numerical Sol.

t [sec]
0 0.5 1 1.5 2 2.5 3 3.5

x 5
 [m

/s
]

-4

-2

0

Analytic Sol.
Numerical Sol.

t [sec]
0 0.5 1 1.5 2 2.5 3 3.5

x 6
 [d

eg
]

-20

0

20 Analytic Sol.
Numerical Sol.

ÕªaË> 3.4: �©�I� ���Ãº_� C�&h� (Case 1) - w1,2 = 1× 10−2
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ÕªaË> 3.5: ï�r�©�I� ���Ãº_� C�&h� (Case 1) - w1,2 = 1× 10−2
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ÕªaË> 3.6: �©�I� ���Ãº_� C�&h� (Case 1) - w1,2 = 1× 10−6
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ÕªaË> 3.7: ï�r�©�I� ���Ãº_� C�&h� (Case 1) - w1,2 = 1× 10−6
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ÕªaË> 3.8: k1λ2 + kaλ3ü< k2λ5x6_� q��§ (Case 1)
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ÕªaË> 3.9: �©�I� ���Ãº_� C�&h� (Case 2) - w1,2 = 1× 10−2
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ÕªaË> 3.10: ï�r�©�I� ���Ãº_� C�&h� (Case 2) - w1,2 = 1× 10−2
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ÕªaË> 3.11: �©�I� ���Ãº_� C�&h� (Case 2) - w1,2 = 1× 10−6
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ÕªaË> 3.12: ï�r�©�I� ���Ãº_� C�&h� (Case 2) - w1,2 = 1× 10−6
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ÕªaË> 3.13: k1λ2 + kaλ3ü< k2λ5x6_� q��§ (Case 2)
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V� 4 *�× �¿�+ ��
��@£�· §� ø5� Å]��æ &P��7�

4.1 �¿�+ ��
��@ ».É¿R�

�:r �7Hë�H\�"f ]jîß�ô�Ç þj&h� Ä»�̧ ZO�gË:_� $í
0px�̀¦ �̧_� z�́+«>�̀¦ :�xK� î̈
��ô�Ç��. s�

\�¦ 0AK�"f BTT p���{9�_� :�x½+Ë r�ÓýtYUs�'�\�¦ ]j���
�%i���. r�ÓýtYUs�'�_� ½̈�&³�Ér p�

��{9�r�Û¼%7�_�y��
�ÂÒr�Û¼%7��̀¦�èáÔàÔJ?#Q&h�Ü¼�Ð �̧Ñýt�o
���H~½Ód��Ü¼�ÐB�d�¦êÁ�_�

r�Óýta�Aß¼ 8̈��â
�̀¦ l�ìøÍÜ¼�Ð ]j���÷&%3�Ü¼ 9 ÕªaË> 4.1ü< °ú ��.

���$�, Ä»�̧ �̧Ñýt\�"f��H ³ð&h��̀¦ "é¶
���H Ø�æ[�ty��Ü¼�Ð �¹כ��
�l� 0AK� BTT p���{9�

_� \�¦ y��õ� x�u� ��5Åq�̧ "î
§î
�̀¦ Òqt$í
ô�Ç��. s�\�¦ 0AK� �:r �7Hë�H_� 3�©�\�"f ]jîß�
���H

þj&h� Ä»�̧ ZO�gË:s� ½̈�&³÷&#Q e��Ü¼ 9 �ÃÐÒ�ol� �̧Ñýt�Ð ÂÒ'� S\�1pqô�Ç ³ð&h�_� &ñ
�Ð\�¦ s�6 x


�#� Ä»�̧ "î
§î
�̀¦ íß�Ø�¦ô�Ç��. �:r �̧_� z�́+«>\�"f��H s� M: �ÃÐÒ�ol� �̧Ñýt�Ð ÂÒ'� &ñ
SX�ô�Ç

³ð&h�_� &ñ
�Ð�� ]j/BN�)a����H ��&ñ

�\� s�ÀÒ#Q &����. ��1lx�̧7áx�©�u� �̧Ñýt\�"f��H Ä»�̧

�̧Ñýt\�"f íß�Ø�¦�)a Ä»�̧ "î
§î
�̀¦ ú̧� ÆÒ7áx
��̧2�¤ z�́]j p���{9��̀¦ ]j#Q
���H �2; y�� "î
§4��̀¦

>�íß�
���H �̧Ñýt�Ð 2�©� 3]X�\�"f �è>hô�Ç [30]\�"f >hµ1Ïô�Ç ��1lx�̧7áx ]j#Ql�\�¦ &h�6 x
�%i�

��.

1lx%i��<Æ �̧Ñýt�Ér��r��2; ½̈1lxl�,/BN%i��<Æ �̧Ñýt,p���{9�1lx%i��<Æ �̧Ñýt�Ðs�ÀÒ#Q4Re��

��HX< �2; ½̈1lxl� �̧Ñýt�Ér ��1lx�̧7áx�©�u� �̧Ñýt\�"f íß�Ø�¦÷&��H �2; y�� "î
§î
�̀¦ ÆÒ7áx
��̧2�¤

½̈1lxl� 1lx%i��<Æs� ½̈�&³÷&#Q e����. /BN%i��<Æ �̧Ñýt�Ér p���{9�\� ���6 x
���H jËµõ� �̧F'pàÔ 1px

�̀¦ ½̈
���HX<#�l�\���H ILAAT(inter-laboratory air-to-air missile technology)p���{9�

_�/BN%i��<Æ��«Ñ[40]\�¦�ÃÐ�¦
�#� ½̈�&³÷&#Qe��Ü¼ 9��[jô�Ç]j"é¶�ÉrÂÒ2�¤\�'��ÂÒ
�%i���.

=åQÜ¼�Ð p���{9� 1lx%i��<Æ �̧Ñýt�Ér /BN%i��<Æ �̧Ñýt\�"f ½̈ô�Ç °úכ[þt�̀¦ s�6 x
�#� p���{9�_� 5Åq

�̧, y��5Åq�̧ ����oÖ�¦, ³ð&h� Ø�æ[�ty��, \P�p�ã¼!3� y��, \�¦ y��, x�u� ��5Åq�̧ 1lx�̀¦ íß�Ø�¦ô�Ç��.
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ÕªaË> 4.1: BTT p���{9� :�x½+Ë r�ÓýtYUs�'�
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ÆÒ&h� l�
��<Æ �̧Ñýt�Ér 3	�"é¶ ÆÒ&h� l�
��<Æ�̀¦ ���½ÓÜ¼�Ð p���{9�õ� ³ð&h�_� �©�@/ 0Au�,

5Åq�̧ 1px�̀¦ ½̈ô�Ç��. s� M:, ÆÒ&h� l�
��<Æ�Ér þj&h� Ä»�̧ ZO�gË:�̀¦ Ä»�̧ 
�l� 0AK� [j�°?~��

��&ñ

�\� ��H��ô�Ç d��s� ����� �:rA�_� 2�©� 4]X�\�"f �è>hô�Ç ÆÒ&h� l�
��<Æ d�� (2.46)�̀¦ ½̈

�&³
�%i���. =åQÜ¼�Ð >�8£¤ �̧Ñýt�Ér s��©�_� :�x½+Ë r�ÓýtYUs�'�\�"f íß�Ø�¦ô�Ç °úכ[þt�̀¦ B�d�¦êÁ�

�©�\�"f %�o� ��0px
��̧2�¤ X<s�'� �o
�#� $��©�
���H �̧Ñýts���. s� %�!3� �:r :�x½+Ë r�Óýt

YUs�'���H �:r �7Hë�H\�"f ]jîß�
���H þj&h� Ä»�̧ ZO�gË:_� �̧Ø�¦�̀¦ 0AK� ��6 x
�%i�~�� ��&ñ
[þt

�̀¦ �̧¿º &h�6 x
�t� ·ú§�ÉrG� z�́]j �©�S!�\� þj@/ô�Ç ��H]X�
��̧2�¤ �̧��H /BN%i��<Æ �̧4Sq x9� q�

���+þA$í
�̀¦ �¦�9
�#� ½̈�&³
�%i���.

3lq&h� �<ÊÃº d�� (3.9)_� ��×�æu���H y��y�� wa = 1, w1 = 0.01, w2 = 0.01�Ð [O�&ñ



�%i���. s���H �:r �7Hë�H\�"f ]jîß�
���H þj&h� Ä»�̧ ZO�gË:_� 3lq³ð�� ³ð&h�\� @/ô�Ç �¹כ��

�̧	�ü< Ø�æ[�ty�� �̧	�\�¦ þj�è�o 
���H ��s�l	כ M:ë�Hs���. ·ú¡"f ���/åLô�Ç �	כ %�!3� éß�í�H

�o ô�Ç Ä»�̧ ZO�gË:\�"f��H 0A ��×�æu� ×�æ \��-t� þj&h��oü< �'aº���)a w1, w2\�¦ 0�Ð çß�ÅÒ

ô�Ç��. x�u�ü< \�¦ G�V,�_� @/%i�;�¤�Ér [30]\�"f ���/åLô�Ç z�́]j q�'�� 8̈��â
\� _���K�"f &ñ


Ùþ¡Ü¼ 9, :�x�©�&h�Ü¼�Ð \�¦ G�V,�s� x�u� G�V,� �Ð�� 3C��� ��ØÔÙ¼�Ð y��y�� ka = 0.25,

kφ = 0.75�Ð[O�&ñ

�%i���. d��(3.11)\�"f ���y���<ÊÃº_� ��H��\�¦ 0AK�&ñ
_�ô�Ç �©�Ãº��H y��y��

k1 = 0.9282, k2 = 0.9769�Ð [O�&ñ

�%i���HX< s���H \�¦ y��s� ±30(deg)_� #3�0A ?/\�"f þj

�èþj@/°úכ(minimax)_� �̧	�\�¦°ú��̧2�¤��H��ô�Ç�.s���[41],[42]	כ p���{9�õ�³ð&h�_�0Au�,

5Åq�̧,��5Åq�̧&ñ
�Ð��H�ÃÐÒ�ol�\�¦:�xK�"f �̧¿º&ñ
SX�y�·ú��¦e�����¦��&ñ

�%i�Ü¼ 9,x�u�

��5Åq�̧��H 10g,]j#Q¼#�y��õ�Õªy��5Åq�̧��Hy��y�� ±20(deg), ±250(deg/s)�Ð]jô�Ç
�%i���.

¢̧ô�Ç ïß�#� q�'�� r�çß��Ér tgo = [(x2 + y2 + z2)/(ẋ2 + ẏ2 + ż2)]1/2�Ð >�íß� 
�%i���. �'a$í


ýa³ð>�\�"f p���{9�_� �íl� 0Au�ü< 5Åq�̧��H y��y�� [xM (0), yM (0), zM (0)] = [0, 0, 0](m),

[U(0), V (0),W (0)] = [510, 0, 0](m/s)�Ð [O�&ñ

�%i���.
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4.2 Ø̧�\� ³À~Ê� Å]��æ Ë̂���

·ú¡"f [O�"î
ô�Ç �̧_� z�́+«> 8̈��â
 
�\� �:r �7Hë�H\�"f ]jîß�
���H þj&h� Ä»�̧ ZO�gË:\� @/

ô�Ç �̧_� z�́+«>�̀¦ z�́r�
�%i���. ���$�, ���y�� �<ÊÃº ��H��ü< �'aº��
�#� φ̄_� Ä»Áº\� ���Ér Ä»

�̧ $í
0px_� 	�s�\�¦ SX����
���H �̧_� z�́+«>�̀¦ z�́r�Ùþ¡��. ³ð&h�s� [xT (0), yT (0), zT (0)] =

[5000, 80,−100](m)\�"f &ñ
t� K� e��Ü¼ 9 "é¶
���H ³ð&h� Ø�æ[�ty���Ér (ψ∗ = −5◦, θ∗ =

−2◦)��� �â
Äºs���. �:r �̧_� z�́+«>_� ���õ���H ³ð 4.2ü< ÕªaË> 4.2 - 4.3\�"f SX���� ½+É Ãº e��

��.

���õ�\�¦ :�xK� ·ú� Ãº e��1pws� φ̄�� e����H �â
Äº\���H ³ð&h� �¹כ��\� $í
/BN
��� \O���H �â
Äº

\���H �¹כ��\� z�́J�
���H �¦̀�	כ �̂¦ Ãº e����. ÕªaË> 4.2_� (a)\�"f SX����½+É Ãº e��1pws� �:r ¹כ

��� �©�S!��Ér p���{9�_� \�¦ y��s� ��� 30◦ ∼ −50◦_� #3�0A\�"f �r���
���H �â
Äºs���. s��Q

ô�Ç �â
Äº, \�¦ y��_� �r��� #3�0A�� ·ú¡"f þj&h� Ä»�̧ ZO�gË:�̀¦ �̧Ø�¦ ½+É M: [j�°?~�� ���y���<ÊÃº

_� ��H�� �̧|	� �Ð�� ß¼��. Õª�QÙ¼�Ð ���y���<ÊÃº_� ��H�� �̧|	��̀¦ #Á	#Q�� ��H���� $í
wn�
�

t� ·ú§��H��. s�\� φ̄\�¦ ¿º��� �½Ó�©� \�¦ y��_� �r��� #3�0A\�¦ ±30◦ s�?/�Ð Ä»t� r�~�́ Ãº e��

��. Õª�QÙ¼�Ð ��H�� #3�0A\�¦ #Á	#Q����H \�¦ y�� �r���\��̧ �¹כ�� $í
0px_� 
�|ÃÌ \O�s� ̀����¹כ¦

$í
/BN½+É Ãº e����. s�\� ìøÍK�, φ̄�� \O���H �â
Äº\���H ���y���<ÊÃº ��H��\�"f 	�H �̧	��� Òqt��

�¹כ�� $í
0px_� 
�|ÃÌ�̀¦ ��4Rü< �¹כ��\� z�́J�ô�Ç �.���s	כ

ô�Ç ¼#�, ÕªaË> 4.2_� (a)_� �â
Äº, ³ð&h� �¹כ��\� $í
/BNÙþ¡Ü¼�� �¹כ�� f�����\� \�¦ y�� "î
§î


s� B�Äº 	�H °úכÜ¼�Ð ���1lx
���H �¦̀�	כ �̂¦ Ãº e����. s���H �¹כ�� f�����\� þj�è�o 
��¦�� 
�

��H �©�I� ���Ãº��� x1, x2, x4, x5�� 0\� ����0> t����� ¢̧��H 0\�¦ t���l� M:ë�Hs���. s�

�Ð ���K� d�� (3.32)_� φc_� ì�r�̧ ÂÒì�rs� 0\� ����0>4R B�Äº 	�H "î
§î
�̀¦ Òqt$í

���H ��s	כ

��.Õª�Q��s�M:����̂ p���{9�1lx%i��<Æ_�@/%i�;�¤s��©�@/&h�Ü¼�ÐÖ¼o�l�M:ë�H\�õ��̧ô�Ç

"î
§î
_� ��¥[þtaË>�̀¦ ÆÒ7áx
�t� 3lw
�Ù¼�Ð z�́]j "î
×�æ $í
0px\���H t��©��̀¦ ÅÒt� ·ú§��H��. s�\�¦

�Ð¢-a
�l� 0AK� �¹כ�� f�����\� \�¦ y�� "î
§î
\� ]jô�Ç °ú̀�כ¦ ¿º��H 1px_� ~½ÓZO�Ü¼�Ð \�¦ y�� "î
§î


�̀¦ îß�&ñ
&h�Ü¼�Ð ëß�[þt Ãº��H e��Ü¼�� ³ð&h�\� @/ô�Ç �¹כ�� $í
0px\� f��]X�&h���� %ò
�¾Ó�̀¦ p�u�t�
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·ú§Ü¼Ù¼�Ð �:r �7Hë�H\�"f��H �8 s��©� ��ÀÒt� ·ú§�̧2�¤ ô�Ç��.

��6£§�Ér ³ð&h�s� éß���o� 0Au�\�"f &ñ
t�ô�Ç �â
Äº\� @/ô�Ç �̧_� z�́+«>�̀¦ z�́r�Ùþ¡��. ³ð

&h�_� �íl� 0Au���H [xT (0), yT (0), zT (0)] = [3000, 50,−200](m)s� 9 y��y�� (ψ∗ = 0◦,

θ∗ = 0◦), (ψ∗ = 0◦, θ∗ = −20◦), (ψ∗ = −10◦, θ∗ = −10◦)_� ³ð&h� Ø�æ[�ty���̀¦ 3lq³ð

�Ð 
���H �â
Äº�Ð ��¾º#Q z�́r�
�%i���. s���H y��y�� ³ð&h�_� &ñ
���, <�Ê�Ér 8£¤����̀¦ �¹כ��K���


���H �©�S!�, Õªo��¦ ³ð&h�_� �©�éß��̀¦ �¹כ��K��� 
���H �©�S!�, =åQÜ¼�Ð e��_�_� Ø�æ[�ty��Ü¼�Ð

�¹כ��K��� 
���H �©�S!��̀¦ ��&ñ
ô�Ç �Ü¼�Ð	כ z�́]j ����©�\�"f ������y� µ1ÏÒqt
���H �¹כ�� �©�S!�s�

��. ¢̧ô�Ç, B� ���_� �̧_� z�́+«> ���� �:r �7Hë�H\�"f ]jîß�ô�Ç þj&h� Ä»�̧ ZO�gË:õ� s�\�¦ éß�í�H

�o ô�Ç �¦̀�	כ q��§
�#� z�́r�
�%i���. �:r �̧_� z�́+«>_� ���õ���H ³ð 4.3ü< ÕªaË> 4.4 - 4.6�̀¦

:�xK� SX���� ½+É Ãº e����.

³ð 4.3\�"fSX����½+ÉÃºe��1pws��:r�7Hë�H\�"f]jîß�
���Hþj&h�Ä»�̧ZO�gË:�ÉrÕª���éß_	כ

í�H�oõ�&ñ
�̀¦��5g�̧ �¹כ��$í
0px_�
�|ÃÌs�\O�s�³ð&h¹כ����\�$í
/BN
���H�SX����½+ÉÃº¦̀�	כ

e����. �̧y��9,éß�í�H�os�����Ð����H�èô�Ç	�s��Ð³ð&h¹כ���� �̧	�x9�Ø�æ[�ty�� �̧	���×�¦

#Q��H �¦̀�	כ SX���� ½+É Ãº e����HX< s���H \��-t� þj&h��o �'aº�� ��×�æu� w1, w2\�¦ 0Ü¼�Ð [O�&ñ


�<ÊÜ¼�Ð+� \��-t� þj&h��o ò́õ�\�¦ C�]jÙþ¡l� M:ë�Hs���. s��Ð ���ô�Ç %ò
�¾Ó�Ér ÕªaË> 4.4_�

(b)\�"f�̧SX����½+ÉÃºe����HX<éß�í�H�o\�¦ô�Ç�â
Äº,x�u���5Åq�̧"î
§î
õ�\�¦y��"î
§4�s¹כ�

��� f�����\� B�Äº &�4R �í�o �©�I��� ÷&��H �¦̀�	כ SX����½+É Ãº e����. s���H éß�í�H�o s����\���H

\��-t� þj&h��o �'aº�� ��×�æu���� w1, w2_� %ò
�¾ÓÜ¼�Ð "î
§î
s� �í�o
���H �¦̀�	כ %3�]j½+É Ãº

e��%3���HX< éß�í�H�o\�¦ :�xK� s�[þt_� %ò
�¾Ós� ����&��l� M:ë�Hs���. 
�t�ëß� ·ú¡"f ���/åL
�%i�

1pws� �¹כ�� f�����\� 	�H °úכ_� Ä»�̧ "î
§î
�Ér z�́]j �¹כ�� $í
0px\� ��Áº��� %ò
�¾Ó�̀¦ ÅÒt� ·ú§��H

��.

³ð&h�s� éß���o�\� 0Au�ô�Ç �â
Äº_� �̧_� z�́+«>\�"f 'Í	���P:ü< [j���P: �â
Äº\�"f��H ���

�Ér �¹כ�� �̧	�ü< Ø�æ[�ty�� �̧	�\�¦ ��t� 9 ³ð&h� �¹כ��\� $í
/BN
���H �¦̀�	כ �̂¦ Ãº e��Ü¼�� ¿º

���P:_� �â
Äº\���H �©�@/&h�Ü¼�Ð 	�H �¹כ�� �̧	�\�¦ ��t�\�¦ �¦̀�	כ SX����½+É Ãº e����. s���H ÅÒ
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#Q��� Ø�æ[�ty�� �̧|	�s� éß���o�\� 0Au�ô�Ç ³ð&h�\� @/K�"f��H ���è Áºo�ô�Ç �̧|	�s�l� M:ë�H

s���. 
�t�ëß� z�́]j �©�S!�\�"f��H s� �Ð�� �8 ��� ��o�\�"f ÂÒ'� 7áxú́� Ä»�̧ éß�>�\� ���

{9�
�Ù¼�Ð ��6£§_� �©���o� ³ð&h�\� @/ô�Ç �̧_� z�́+«>\�"f��H a%~�Ér �¹כ�� $í
0px�̀¦ l�@/½+É Ãº

e����.

��6£§�Ér ³ð&h�s� �©���o� 0Au�\�"f &ñ
t�ô�Ç �â
Äº\� @/ô�Ç �̧_� z�́+«>�̀¦ z�́r�Ùþ¡��. ³ð

&h�_� �íl� 0Au���H [xT (0), yT (0), zT (0)] = [6000, 100,−300](m)s� 9 y��y�� (ψ∗ = 0◦,

θ∗ = 0◦), (ψ∗ = 0◦, θ∗ = −20◦), (ψ∗ = −10◦, θ∗ = −20◦)_� ³ð&h� Ø�æ[�ty���̀¦ 3lq³ð�Ð


���H �â
Äº�Ð ��¾º#Q z�́r�
�%i���. �:r �̧_� z�́+«>_� ���õ���H ³ð 4.4ü< ÕªaË> 4.7 - 4.9�̀¦

:�xK� SX���� ½+É Ãº e����. éß���o�\� ³ð&h�s� �>rF�½+É �â
Äºü< ��ðøÍ��t��Ð �©���o� ³ð&h��̀¦

3lq³ð�Ð 
���H �â
Äº\�"f�̧ ����Ér �¹כ�� �̧	�ü< Ø�æ[�ty�� �̧	�\�¦ ��t� 9 ³ð&h� �¹כ��\� $í
/BN


���H �¦̀�	כ SX����½+É Ãº e����. ¢̧ô�Ç, éß���o�\�"f �©�@/&h�Ü¼�Ð �¹כ�� �̧	��� (��~�� Ø�æ[�ty��

�̧|	�\� @/K�"f�̧ ����Ér �¹כ�� �̧	�\�¦ ��t� 9 �¹כ��\� $í
/BN
�%i���.

��6£§�Ér 1px5Åq î�r1lx
���H ³ð&h�\� @/ô�Ç �̧_� z�́+«>�̀¦ z�́r�Ùþ¡��. ³ð&h�_� �íl� 0Au���H

[xT (0), yT (0), zT (0)] = [6000, 100,−300](m)s� 9y��y�� [VTx , VTy , VTz ] = [0,−17, 0](m/s),

(ψ∗ = 0◦, θ∗ = 0◦), [VTx , VTy , VTz ] = [5, 10, 0](m/s), (ψ∗ = −10◦, θ∗ = −12◦),

[VTx , VTy , VTz ] = [8, 3, 0](m/s), (ψ∗ = 5◦, θ∗ = −10◦)_� 5Åq�̧�Ð ¹¡§f��s� 9 ³ð&h� Ø�æ[�t

y���̀¦ 3lq³ð�Ð 
���H �â
Äº�Ð ��¾º#Q z�́r�
�%i���. �:r �̧_� z�́+«>_� ���õ���H ³ð 4.5ü< ÕªaË>

4.10 - 4.12�̀¦ :�xK� SX���� ½+É Ãº e����. �̧_� z�́+«> ���õ�\�"f�̧ ·ú� Ãº e��1pws� ³ð&h�s� 1px

5Åq î�r1lx
���H �â
Äº\��̧ ����Ér �¹כ�� �̧	� x9� Ø�æ[�ty�� �̧	�\�¦ ��t� 9 ³ð&h� ̀����¹כ¦ $í
/BN


���H �¦̀�	כ SX����½+É Ãº e����HX< s���H d�� (3.1), (3.2)_� ÆÒ&h� l�
��<Æ\�"f ³ð&h�_� 5Åq�̧\�¦

�¦�9
�%i�l� M:ë�Hs���.

�:r�7Hë�H\�"f]jîß�
���Hþj&h�Ä»�̧ZO�gË:_�z�́6 x$í
�̀¦SX����
�l�0Aô�Ç �̧_�z�́+«>�̧z�́

r�
�%i���. ���$�, 1lx{9�ô�Ç ³ð&h�\� @/K� ���ª�ô�Ç Ø�æ[�ty�� �̧|	�s� ÅÒ#Q&���̀¦ M:_� �¹כ�� $í


0px�̀¦ SX����
���H �̧_� z�́+«>�̀¦ z�́r�
�%i���. ³ð&h�_� �íl� 0Au���H [xT (0), yT (0), zT (0)] =
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[6000, 100,−300](m)s� 93lq³ð�Ð
���H³ð&h�Ø�æ[�ty���Ér³ð 4.6\�"fSX����½+ÉÃºe����.³ð

4.6ü< ÕªaË> 4.16\�"f SX����ô�Ç ���õ�%�!3� �̧��H �â
Äº\� @/K�"f�̧ ����Ér �¹כ�� �̧	�ü< Ø�æ[�t

y�� �̧	�\�¦ ��t� 9 ³ð&h� �¹כ��\� $í
/BN
���HX< s���H z�́]j ����©�\� e��#Q"f�̧ ���ª�ô�Ç �¹כ��

�©�S!�\� @/%��� ��0px�<Ê�̀¦ >pwô�Ç��.

¢̧ô�Ç,z�́]j����©�\�"f��H¹כ����©�S!�r��ÃÐÒ�ol��ÐÂÒ'�%3���H³ð&h�_�&ñ
�Ð\� �̧	�x9�

ú̧�6£§s� �>rF�
����� p���{9�_� /BN%i��<Æ >�Ãº 1px_� �̧	��Ð ���ô�Ç �¹כ�� $í
0px $�
��� ÒqtU�́

Ãºe����.����"fs��Qô�Ç�©�S!�\�"f_¹כ����$í
0px�̀¦SX����
�l�0AK��ÃÐÒ�ol�\�"fÄ»�̧�©�

u��Ð ³ð&h� &ñ
�Ð�� ���²ú� |̈c M:\� ú̧�6£§s� e��Ü¼ 9 /BN%i��<Æ >�Ãº �̧	��Ð ���K� Ä»�̧ "î
§î


\� �̧	��� e����H �©�S!��̀¦ ��&ñ

��¦ �7H_�ºú��Ð(Monte-Carlo) �̧_� z�́+«>�̀¦ z�́r�
�%i���.

���$�, �ÃÐÒ�ol��Ð ÂÒ'� %3���H ³ð&h� &ñ
�Ð\� ú̧�6£§Ü¼�Ð ���ô�Ç �̧	��� e�����¦ ��&ñ

�#�

d�� (3.34)_� y�� �©�I� ���Ãº\� 5%s�?/_� ú̧�6£§�̀¦ �����r�(����. ¢̧ô�Ç, /BN%i��<Æ >�Ãº_� �̧

	� 1pxÜ¼�Ð ���ô�Ç ��1lx�̧7áx�©�u�_� $í
0px 
�|ÃÌ�̀¦ ��&ñ

�#� Ä»�̧ "î
§î
\� 3% s�?/_� ú̧�

6£§�̀¦�����r�(����.¹כ����©�S!��Ér·ú¡"f���/åLô�Ç �̧_�z�́+«>×�æéß���o�ü<�©���o�\�³ð&h�s�

�>rF�½+É M:,³ð&h�s�1px5Åqî�r1lx½+É M:_�y��y��[j���P: �â
Äº\�¦ �©�&ñ

�%i�Ü¼ 9y��y�� 100�r

_� �7H_�ºú��Ð �̧_� z�́+«>�̀¦ z�́r�
�%i���. Õª ���õ���H ³ð 4.7\�"f SX����½+É Ãº e����. ���õ�

\� _�
���� ³ð&h�õ�_� ��o��� YO� Ãº2�¤, Õªo��¦ ³ð&h�s� s�1lx½+É �â
Äº\� �¹כ�� �̧	� x9� Ø�æ

[�ty�� �̧	�_� 	�H �¦̀�	כ SX����½+É Ãº e����. s���H ³ð&h�õ�_� ��o��� YO� Ãº2�¤ ú̧�6£§Ü¼�Ð ���ô�Ç

�̧	��� ¾º&h�÷&%3�l� M:ë�Hs� 9 ³ð&h�s� 1px5Åq î�r1lx
����"f ³ð&h�_� 5Åq�̧ $í
ì�r��t� ú̧�6£§

_� %ò
�¾Ós� p�'¬Il� M:ë�Hs���. Õª�Q�� s��©�_� ú̧�6£§ x9� �̧	��� �>rF��<Ê\��̧ 1m îß�¼1Ú_�

�¹כ�� �̧	�\�¦ �Ðs� 9 �¹כ�� $í
0px_� 
�|ÃÌs� ß¼t� ·ú§6£§�̀¦ SX����½+É Ãº e����.
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³ð 4.1: �̧_� z�́+«> Z>� ³ð&h�_� &ñ
�Ð

�̧_� ³ð&h� 0Au� (m) ψ∗ θ∗ ³ð&h� 5Åq�̧ (m/s)
z�́+«> [xT (0), yT (0), zT (0)] (deg) (deg) [VTx(0), VTy(0), VTz(0)]

¯̄φ Ä»Áº [5000, 80, -100] -5 -2 ·
éß���o� 1 [3000, 50, -200] 0 0 ·
éß���o� 2 [3000, 50, -200] 0 -20 ·
éß���o� 3 [3000, 50, -200] -10 -10 ·
�©���o� 1 [6000, 100, -300] 0 0 ·
�©���o� 2 [6000, 100, -300] 0 -20 ·
�©���o� 3 [6000, 100, -300] -10 -20 ·
1px5Åqî�r1lx 1 [6000, 100, -300] 0 0 [0, -17, 0]
1px5Åqî�r1lx 2 [6000, 100, -300] -10 -12 [5, 10, 0]
1px5Åqî�r1lx 3 [6000, 100, -300] 5 -10 [8, 3, 0]
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³ð 4.2: φ̄ Ä»Áº\� ���Ér Ä»�̧ $í
0px 	�s�

¯̄φ �¹כ�� �̧	� (m) ψe(tf ) (deg) θe(tf ) (deg)
e����H �â
Äº 0.42 -0.04 -0.14
\O���H �â
Äº 8.55 -0.42 -3.32

³ð 4.3: éß���o� &ñ
t� ³ð&h�\� @/ô�Ç �¹כ�� �̧	� x9� Ø�æ[�ty�� �̧	�

�¹כ�� �̧	� (m) ψe(tf ) (deg) θe(tf ) (deg)
Case 1 0.28 0.16 0.43
Case 1 éß�í�H�o 0.25 0.06 0.37
Case 2 0.99 -0.09 0.31
Case 2 éß�í�H�o 0.78 0.17 0.08
Case 3 0.25 0.10 0.37
Case 3 éß�í�H�o 0.25 0.06 0.02
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³ð 4.4: �©���o� &ñ
t� ³ð&h�\� @/ô�Ç �¹כ�� �̧	� x9� Ø�æ[�ty�� �̧	�

�¹כ�� �̧	� (m) ψe(tf ) (deg) θe(tf ) (deg)
Case 1 0.45 0.04 -0.05
Case 1 éß�í�H�o 0.06 -0.04 0.06
Case 2 0.32 -0.03 0.08
Case 2 éß�í�H�o 0.09 0.03 -0.22
Case 3 0.29 -0.37 0.32
Case 3 éß�í�H�o 0.23 -0.20 -0.44

³ð 4.5: 1px5Åq î�r1lx
���H ³ð&h�\� @/ô�Ç �¹כ�� �̧	� x9� Ø�æ[�ty�� �̧	�

�¹כ�� �̧	� (m) ψe(tf ) (deg) θe(tf ) (deg)
Case 1 0.34 0.15 -0.14
Case 1 éß�í�H�o 0.14 -0.17 0.18
Case 2 0.36 -0.23 0.34
Case 2 éß�í�H�o 0.39 -0.28 0.46
Case 3 0.26 -0.25 -0.01
Case 3 éß�í�H�o 0.28 -0.04 0.33

³ð 4.6: �©���o� &ñ
t� ³ð&h�\� @/ô�Ç ���ª�ô�Ç �¹כ�� r���o��̧

ψ∗ 0◦ 0◦ 0◦ 0◦ 8◦

θ∗ 0◦ −10◦ −20◦ −35◦ −20◦

̧����¹כ	)�m( 0.06 0.07 0.09 0.99 0.22
ψe(tf )(deg) -0.04 -0.06 0.03 -0.02 -0.12
θe(tf )(deg) 0.06 0.02 -0.22 -0.32 -0.42

ψ∗ 15◦ 22◦ −10◦ −14◦ −20◦

θ∗ −20◦ −20◦ −20◦ −20◦ −20◦

̧����¹כ	)�m( 0.74 1.12 0.44 0.97 0.96
ψe(tf )(deg) -0.23 0.38 -0.20 0.25 1.01
θe(tf )(deg) 0.33 -0.69 -0.44 0.37 0.54
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³ð 4.7: �̧	� x9� ú̧�6£§ �>rF� r� �¹כ�� �̧	�ü< Ø�æ[�ty�� �̧	�_� î̈
ç�H x9� ³ðï�r ¼#�	�

�¹כ�� �̧	� (m) ψe(tf ) (deg) θe(tf ) (deg)
éß���o� 3 0.72 0.33 0.58

(0.31) (0.11) (0.12)
�©���o� 3 0.91 -0.41 0.57

(0.45) (0.19) (0.18)
1px5Åqî�r1lx 3 1.05 -0.38 0.41

(0.49) (0.22) (0.19)
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V� 5 *�× Úr
 Òeµ

t��FK��t�¶ú�(R�:r�7Hë�H_����½̈���õ�\�¦¹כ���
������6£§õ�°ú ��.�:r�7Hë�H\�"f��H BTT

p���{9�_� ³ð&h� Ø�æ[�ty��õ� ��1lx�̧7áx�©�u� 1lx%i��<Æ�̀¦ �¦�9ô�Ç þj&h� Ä»�̧ ZO�gË:�̀¦ ]jîß�
�

%i���. l��>r_� ���½̈ ���õ�[þt�Ér ��1lx�̧7áx�©�u� 1lx%i��<Æ�̀¦ ¢-a���y� Áºr�
����� <�Ê�Ér, \�¦,

x�u� G�V,� ×�æ {9�ÂÒì�rëß��̀¦ �¦�9
�#� [O�>�
�%i���. Õª�Q�� �:r �7Hë�H\�"f��H ½̈1lxl� 1lx%i�

�<Æ�̀¦ �¦�9ô�Ç ��1lx�̧7áx ]j#Ql�\�¦ G�×þ�, s�\�¦ l�ìøÍÜ¼�Ð ��1lx�̧7áx�©�u� 1lx%i��<Æ�̀¦ �¦�9

ô�Ç þj&h� Ä»�̧ ZO�gË:�̀¦ [O�>�
�%i���.

¢̧ô�Ç, l��>r_� ³ð&h� Ø�æ[�ty���̀¦ �¦�9ô�Ç Ä»�̧ ZO�gË: ���½̈ ���õ�[þt�Ér 2	�"é¶ î̈
����©�_�

ÆÒ&h�l�
��<Æëß��̀¦�¦�9
�%i���HX<ìøÍK��:r�7Hë�H\�"f]jîß�
���Hþj&h�Ä»�̧ZO�gË:�Ér 3	�"é¶

ÆÒ&h� l�
��<Æ�̀¦ �¦�9ô�Ç Ä»�̧ l�ZO�Ü¼�Ð \�¦õ� x�u� ��5Åq�̧ "î
§î
_� þj&h�K�\�¦ {���2³ +þAI�

�Ð ½̈
�%i���. s� M:, þj&h� Ä»�̧ ZO�gË:�̀¦ Ä»�̧�<Ê\� e��#Q ï�r�©�I� ~½Ó&ñ
d���̀¦ ��H��
�%i���H

X< s�\�¦ :�xK� ½̈ô�Ç K�$3�K�ü< ��H��\�¦ 
�t� ·ú§�Ér G� ½̈ô�Ç Ãºu�K�ü<_� q��§\�¦ :�xK� ��H

��_� ��{©�$í
�̀¦ SX����K� �Ð��¤��. ¢̧ô�Ç, þj&h� Ä»�̧ ë�H]j_� K���H Õª Ãºd��_� +þAI��� B�Äº

4�¤ú̧�
��¦ ~½Ó@/ô�Ç �ª�Ü¼�Ð ½̈$í
÷&#Q e��Ü¼�� s�\�¦ éß�í�H�o 
�#� z�́]j ½̈�&³\� e��#Q 6 xs�

�<Ê�̀¦ �̧�̧K� �:r �7Hë�H\�"f ]jîß�
���H þj&h� Ä»�̧ ZO�gË:_� z�́6 x$í
�̧ ]j�¦
�%i���.

=åQÜ¼�Ð �:r �7Hë�H\�"f ]jîß�ô�Ç þj&h� Ä»�̧ ZO�gË:_� $í
0px�̀¦ {9�7£x
��¦�� �̧_� z�́+«>�̀¦

z�́r�
�%i���. s�\�¦ 0AK� p���{9�_� /BN%i��<Æ, ��1lx�̧7áx�©�u� 1lx%i��<Æ, ÆÒ&h� l�
��<Æ 1px�̀¦

��H�� \O�s� �̧¿º ìøÍ%ò
 K� þj@/ô�Ç z�́]j �¹כ�� �©�S!�õ� Ä»��ô�Ç �̧_� z�́+«> 8̈��â
�̀¦ ½̈$í

�

%i�Ü¼ 9, z�́]j ����©�\�"f {9�#Q����H #��Q ��t� �¹כ�� �©�S!��̀¦ ��&ñ

��¦ ���ª�ô�Ç �̧_� z�́

+«>�̀¦ Ãº'��
�#� Õª $í
0px�̀¦ ���7£x
�%i���.

Ä»y��Û¼XO�>��̧, �:r �7Hë�H\�"f ]jîß�
���H þj&h� Ä»�̧ ZO�gË:�Ér �©�I����Ãº\� φ̄\�¦ �̧{9�
�

�¦ ���y���<ÊÃº\�¦ ��H��
�#� ½̈ô�Ç {9�7áx_� ï�r þj&h� Ä»�̧ ZO�gË:s���. 
�t�ëß�, BTT p���{9�
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\� @/K� ��1lx�̧7áx�©�u� 1lx%i��<Æõ� 3	�"é¶ ÆÒ&h� l�
��<Æ�̀¦ �̧¿º �¦�9
� 9 "é¶
���H ³ð&h�

Ø�æ[�ty��Ü¼�Ð �¹כ�� ��0pxô�Ç Ä»�̧ ZO�gË:�̀¦ [O�>�
�#� s�\�¦ {���2³ K� +þAI��Ð ½̈
��¦ Õª ¹כ

��� $í
0px�̀¦ {9�7£xÙþ¡����H &h�\��:r �7Hë�H_�_�_�\�¦é�H��.�¾ÓÊê\���H 2&h� �â
>�u� ë�H]j\�¦ Û�¦

#Q ½̈ô�Ç Ãºu�K�ü<_� q��§, ì�r$3��̀¦ :�xK� �Ð�� >h����)a ���y�� �<ÊÃº_� ��H�� x9� φ̄_� [O�&ñ


~½ÓZO�\� @/ô�Ç ���½̈�� É+½¹כ��9 �s� 9	כ ������ �����
���H φ̄\�¦ [O�&ñ
ô�Ç ï�rþj&h� Ä»�̧ ZO�gË:

s� ����� V,��Ér \�¦ �r��� #3�0A\� @/K� þj&h� Ä»�̧ ZO�gË:�̀¦ [O�>�
���H ���½̈�� 
¹כ��9���. ¢̧

ô�Ç, Ä»�̧ ZO�gË:_� Ãºd�� &ñ
o�\�¦ :�xK� Ä»�̧ "î
§î
_� �Ð�� çß����ô�Ç ³ðl� x9� &ñ
$í
&h� ì�r$3�\�

@/ô�Ç ���½̈�̧ 
¹כ��9���.
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ÉÙ��́ A. e�¡õ�+ Ça��+

(XI , YI , ZI) �'a$í
 ýa³ð>�

(XM , YM , ZM ) p���{9� 1lx�̂ ýa³ð>�

i, j, k XM−, YM−, ZM−»¡¤_� éß�0A  7�'�
U, V,W p���{9� ���5Åq�̧_� XM−, YM−, ZM−»¡¤ $í
ì�r
p, q, r p���{9� y��5Åq�̧_� XM−, YM−, ZM−»¡¤ $í
ì�r
Ix, Iy, Iz p���{9� �'a$í
 �̧F'pàÔ_� XM−, YM−, ZM−»¡¤ $í
ì�r
Ixy, Iyz, Izx �'a$í
 Y�L

m p���{9�_� |9�|¾Ó

S p���{9�_� /BN%i��<Æ&h� l�ï�r ���&h�

d p���{9�_� U�́s�

lb p���{9�_� l�Ãº�ÐÂÒ'� p���{9� 1lx�̂_� ·ú�§4� ×�æd����t�_� ��o�

lf p���{9�_� l�Ãº�ÐÂÒ'� ]j#Q ¼#�y��_� ·ú�§4� ×�æd����t�_� ��o�

lg p���{9�_� l�Ãº�ÐÂÒ'� p���{9� 1lx�̂_� |9�|¾Ó ×�æd����t�_� ��o�

VM p���{9�_� 5Åq§4� (,
√
|U |2 + |V |2 + |W |2)

VS 6£§5Åq

ρ /BNl� x9��̧

M ��
� Ãº

Q 1lx·ú� (, ρ|VM |2/2)

g ×�æ§4� ��5Åq�̧
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αT 8úx /BN���y�� (, sin−1(
√
|V |2 + |W |2/VM ))

α ~ÃÎ6£§y�� (α , tan−1(W/U))

β \P�p�ã¼�Qf��y�� (β , tan−1(V/U))

φ, φc z�́]j \�¦ y�� x9� \�¦ y�� "î
§î


Az, A
c
z z�́]j x�u� ��5Åq�̧ x9� x�u� ��5Åq�̧ "î
§î


δp, δq, δr \�¦, x�u�, ¹כ ]j#Q ¼#�y��

δc
p, δ

c
q, δ

c
r \�¦, x�u�, ¹כ ]j#Q ¼#�y�� "î
§î


Fx, Fy, Fz p���{9�\� ���6 x
���H /BN%i��<Æ&h� jËµ_� XM−, YM−, ZM−»¡¤ $í
ì�r
Mx,My,Mz p���{9�\� ���6 x
���H /BN%i��<Æ&h� �̧F'pàÔ_� XM−, YM−, ZM−»¡¤ $í
ì�r
Dif �<ÊÃº f_� i-���P: ���Ãº\� @/ô�Ç ¼#�p�ì�r

(X∗
T , Y ∗

T , Z∗T ) ³ð&h� Ø�æ[�ty�� ýa³ð>�

(XG, YG, ZG) Ä»�̧ ýa³ð>�

ψ, ψ∗ ¹כ ~½Ó�¾Ó �̧{9��Q y�� x9� ú́�ÆÒ�¦�� 
���H ³ð&h� Ø�æ[�ty��

θ, θ∗ x�u� ~½Ó�¾Ó �̧{9��Q y�� x9� ú́�ÆÒ�¦�� 
���H ³ð&h� Ø�æ[�ty��

xM , yM , zM �'a$í
 ýa³ð>�\�"f_� p���{9�_� 0Au�

xT , yT , zT �'a$í
 ýa³ð>�\�"f_� ³ð&h�_� 0Au�

VTx , VTy , VTz �'a$í
 ýa³ð>�\�"f_� ³ð&h�_� 5Åq�̧
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ÉÙ��́ B. ILAAT i�����
�+ V�xjS

�:r �7Hë�H\�"f ]jîß�ô�Ç þj&h� Ä»�̧ ZO�gË:_� $í
0px ���7£x�̀¦ 0AK� �̧_� z�́+«>\�"f ��6 x

�)a ILAAT(Inter-Laboratory Air-to-Air Missile Technology) p���{9�_� ]j"é¶�Ér ���«Ñ

�� �è�̧�)a s�Êê_� �©�I�(burnout)\� @/K�"f ��6£§_� ³ð 1ü< °ú ��[40].

ô�Ç ¼#�, ILAAT p���{9�_� /BN%i��<Æ �̧4Sq�Ér ��6£§õ� °ú s� ÅÒ#Q�����.

Cy(α, β,M, δr) = Cyβ(α, M)β + Cyδr(β, M)δr

Cz(α, M, δq) = Czα(M)α + Czδq(α, M)δq

Cl(α, β,M, δp) = Clβ(α, M)β + Clδp(α, M)δp + Clp(α, M)
pD

2VM

Cm(α, M, δq) = Cm0(α, M) + Cmδq(α, M)δq + Cmq(α, M)
qD

2VM

Cn(α, β,M, δr) = Cnβ(α, M)β + Cnδr(β, M)δr + Cnr(α, M)
rD

2VM

(1)

d�� (1) �̧4Sq_� /BN§4� >�Ãº��H t�r�³ð +þAI��Ð ÅÒ#Qt� 9 ÕªaË> 1\� ����?/%3���. éß�,

Cx(α, M, δq)_� +þAI���H δq = 0��� �â
Äº\� @/K�"fëß� ����?/%3���.
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³ð 1: ILAAT p���{9�_� ]j"é¶

�½Ó3lq Burnout éß�0A

lg 54.6 inch

m 3.48 slug

Ix 0.23 slug/ft2

Iy 27.16 slug/ft2

Iz 27.2 slug/ft2

S 0.307 ft2

d 0.625 ft
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Abstract

In contrast with STT missiles, the guidance law design for BTT missiles should be

based on 3-dimensional pursuit kinematics, since the pitch and roll channels of BTT

missiles are coupled dynamically. More generally than the prior works, the dynamics

of pitch and roll channels, as well as 3-dimensional pursuit kinematics are considered

in the design of terminal-phase optimal guidance law for BTT missiles proposed in

this dissertation. Thereby, the proposed optimal guidance law guarantees high cap-

turability with small miss distance without significant performance degradation due

to time-lag effect even in case of relatively slow autopilot dynamics. Furthermore,

since impact angle constraint is also considered, proposed optimal guidance law can

make a BTT missile intercept a target with the desired impact angle. Moreover,

the resulting optimal guidance law is expressed explicitly in feedback-form with the

coefficients given as the functions of time-to-go. Finally, the effectiveness and practi-

cality of proposed optimal guidance law is demonstrated through various simulation

results.

Keywords : BTT Missile Control, Optimal Guidance Law, Autopilot Dynamics,

Terminal-Phase Guidance Law, Impact Angle Constraint
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