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�ï ��́

�:r �7Hë�H\�"f��H BTT(bank-to-turn) p���{9�_� ³ð&h�\� @/ô�Ç ����� $í
0px x9� ����� &ñ


x9��̧ ]j�¦\�¦ 0AK�, �ÃÐÒ�ol�\�"f S\�1pqô�Ç ³ð&h�_� 3	�"é¶ &ñ
�Ð\�¦ �Ö̧6 x
�#� ½̈1lxl� 1lx%i�

�<Æ�̀¦ �¦�9ô�Ç ��1lx�̧7áx]j#Ql� x9� 1px5Åq î�r1lx
���H ³ð&h�_� ³ð&h� Ø�æ[�ty���̀¦ �¦�9ô�Ç þj&h�

Ä»�̧ ZO�gË:_� >hµ1Ï\� @/ô�Ç ���½̈\�¦ Ãº'��ô�Ç��.

'Í	P:�Ð, �©�@/&h�Ü¼�Ð Ö¼�2; ½̈1lxl� 1lx%i��<Æs� �>rF�½+É �â
Äº\��̧ s�\�¦ ú̧� �Ð�©�K�×�¦

Ãº e����H ��1lx�̧7áx ]j#Ql�\�¦ >hµ1Ïô�Ç��. l��>r_� Ä»�� :£¤s� [O�1lx l�ZO��̀¦ s�6 xK� >hµ1Ï

�)a ��1lx�̧7áx ]j#Ql���H p���{9� r�Û¼%7�_� {9�Ø�¦§4� 1lx:£¤$í
s� q�'�� �̧|	�\� �'a>�\O�s� ���

+þA r�Û¼%7�_� +þAI��Ð ��H���)a����H �©�&h��̀¦ ��t��¦ e��t�ëß�, ½̈1lxl� 1lx%i��<Æs� �©�@/&h�Ü¼

�Ð Ö¼wn= �â
Äº Õª îß�&ñ
$í
�̀¦ �Ð�©�½+É Ãº \O�����H ë�H]j&h��̀¦ ��t��¦ e����. ]jîß��)a ��1lx�̧

7áx ]j#Ql���H s�\�¦ �Ð¢-a
�#� ½̈1lxl� 1lx%i��<Æ_� %ò
�¾Ó�̀¦ �Ð�©�
����"f�̧ "é¶
���H {9�Ø�¦§4�

1lx:£¤$í
�̀¦����?/×�¦Ãºe���̧2�¤ô�Ç��. ¢̧ô�Ç BTTp���{9�_�q�þj�è0A�©�:£¤$í
õ�q����+þA

/BN%i��<Æ �̧4Sq�̀¦ �̧¿º �¦�9
�#� [O�>��)a ���õ��Ð+�, ]j#Q ¼#�y��, ~ÃÎ6£§y�� 1px �©�I� ���Ãº_�

p�ì�r°ú̀�כ¦ ¹�Ðכ��9 
�t� ·ú§�� ú̧�6£§\��̧ y©����ô�Ç :£¤$í
�̀¦ ��t��¦ e����.

ÑütP:�Ð, BTT p���{9�_� ³ð&h� Ø�æ[�ty���̀¦ �¦�9ô�Ç þj&h� Ä»�̧ ZO�gË:�̀¦ ]jr�ô�Ç��. l��>r

_� ³ð&h� Ø�æ[�ty���̀¦ �¦�9ô�Ç Ä»�̧ l�ZO�[þt�Ér p���{9�õ� ³ð&h� ��s�_� 2	�"é¶ î̈
����©�_� ÆÒ

&h� l�
��<Æëß��̀¦ �¦�9
�%i�l� M:ë�H\�, \�¦a�A�̀¦ :�xK� ~½Ó�¾Ó���8̈��̀¦ 
���H BTT p���{9�\���H

&h�½+Ë
�t� ·ú§��. ¢̧ô�Ç ��1lx�̧7áx�©�u� 1lx%i��<Æ�̀¦ Áºr�
����� 1	��Ð ��H��
�%i�t�ëß�, s�

��H {9�ìøÍ&h���� �â
Äº ��0px
�t� ·ú§��. �:r �7Hë�H\�"f��H 3	�"é¶ ÆÒ&h� l�
��<Æõ� ��1lx�̧7áx�©�

u� 1lx%i��<Æ�̀¦ �̧¿º �¦�9
�#� 1px5Åq î�r1lx
���H ³ð&h��̀¦ "é¶
���H ³ð&h� Ø�æ[�ty��Ü¼�Ð �¹כ��½+É

Ãº e���̧2�¤ 
���H þj&h� 7áxú́� Ä»�̧ ZO�gË:�̀¦ >hµ1Ïô�Ç��. ]jîß��)a Ä»�̧ ZO�gË:�Ér ïß�#� q�'�� r�

çß�(time-to-go)_� r���� �©�I� C�8̈� +þAI�(state-feedback with time-varying gain)�Ð ��

����l� M:ë�H\� Ãº�<Æ&h�Ü¼�Ð 4�¤ú̧�$í
�̀¦ ��t�t�ëß� t�r�³ð +þAI��Ð p�o� ½̈$í

�#� z�́r�

çß� ½̈�&³s� ��0px
���.
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V� 1 *�× "� Òeµ

1.1 ¥o>Ä© :�¿R�

p���{9� r�Û¼%7�_� ]j#Q ~½Ód���Ér ~½Ó�¾Ó�̧7áx ~½Ód��\� ���� ß¼>� STT(skid-to-turn) p�

��{9�õ� BTT(bank-to-turn) p���{9��Ð ��*'#Q�����. STT p���{9��Ér x�u�(pitch) ��5Åq

�̧ü< (yaw)¹כ ��5Åq�̧\�¦ 1lxr�\� �̧7áx�<ÊÜ¼�Ð+� q�'�� ~½Ó�¾Ó�̀¦ �̧7áx
��¦, BTT p���{9�

�Ér \�¦ y��õ� x�u� ��5Åq�̧\�¦ �̧7áx�<ÊÜ¼�Ð+� q�'�� ~½Ó�¾Ó�̀¦ �̧7áxô�Ç��. ����"f STT p���

{9��Ér ¹כ x9� x�u� î̈
���\� @/
�#� @/g�A��� ½̈�̧\�¦ ��4R�� 
�t�ëß�, BTT p���{9��Ér x�u�

î̈
���\� @/K�"fëß� @/g�A��� ½̈�̧\�¦ ��t���� �)a��. s�ü< °ú s� ½̈�̧&h� ]j���s� W=�ô�Ç �©�&h�

Ü¼�Ð ���
�#� ?/ÂÒ $��©� /BNçß�s� Zþt#Q±ú� Ãº e���¦, ±ú�>h ½̈�̧\�¦ ß¼>� ½+É Ãº e��#Q °ú �Ér

ß¼l�_� STT p���{9��Ð�� 	�H ��5Åq�̧\�¦ µ1ÏÒqtr�~�́ Ãº e����. Õªo��¦ /BNl� f�̈{9� Ïþ�]jàÔ

(air-breathing ramjet) ÆÒ��� l��'a�̀¦ »1ÑF�½+É Ãº e��l� M:ë�H\� °ú �Ér �ª�_� ���«Ñ\�¦ ��6 x


���H STT p���{9�\� q�
�#� q�'�� ��o�\�¦ 7£x���r�~�́ Ãº e����. Õª�Q�� Ïþ�]jàÔ �'p���Ü¼

�Ð Ä»{9�÷&��H /BNl�_� �ª�s� #QÖ¼&ñ
�̧ s��©� Ä»t�÷&#Q�� ô�Ç����H ]j����̧|	�Ü¼�Ð ���K� \P�

p�ã¼�Qf��y��(side-slip angle)\� @/ô�Ç ]j���s� B�Äº %3����
���. ¢̧ô�Ç, BTT p���{9��Ér ¹כ

~½Ó�¾Ó_� ÆÒ§4��̀¦ ��|9� Ãº \O�l� M:ë�H\� \�¦a�Aõ� x�u� ��5Åq�̧�Ðëß� q�'�� ~½Ó�¾Ó�̀¦ �̧7áxK�

�� ô�Ç��. ����"f STT p���{9�\� q�
�#� ��5Åq�̧ 6£x²ú�\� t����s� ������>� ÷& 9, \�¦a�A

õ� x�u� î�r1lx ��s�\� y©�ô�Ç ���½+Ë$í
(coupling)s� µ1ÏÒqt
�>� �)a��. ���Ér \�¦ y��_� ����o\�

_�K� µ1ÏÒqt÷&��H x�u� G�V,�õ� ¹כ G�V,�_� çß�[O� ò́õ���H q�@/g�A ½̈�̧\� _�
�#� �8¹¡¤ d��


�>� ������l� M:ë�H\� BTT p���{9�_� 1lx%i��<Æ ~½Ó&ñ
d���Ér STT p���{9�\� q�
�#� �s̀���

4�¤ú̧�
��¦ {9�ìøÍ&h���� +þAI��Ð ÅÒ#Q�����.
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BTTÄ»�̧p���{9�r�Û¼%7��ÉrÕªaË> 1.1õ�°ú s��ÃÐÒ�ol�(seeker),Ä»�̧�©�u�(guidance),

��1lx�̧7áx�©�u�(autopilot) _� 
�ÂÒ r�Û¼%7�Ü¼�Ð ½̈$í
÷&#Qe����. �ÃÐÒ�ol���H 3lq³ðÓüt�̀¦ ÆÒ

&h�
�#� p���{9�õ� 3lq³ðÓüt_� �©�@/ î�r1lx\� @/ô�Ç &ñ
�Ð\�¦ S\�1pq
���H �©�u�s��¦, Ä»�̧ �©�u�

��H 3lq³ðÓüt ̀����¹כ¦ 0Aô�Ç Ä»�̧ "î
§î
�̀¦ Òqt$í

���H �©�u�s� 9, ��1lx�̧7áx�©�u���H Ä»�̧ "î
§î


\� ���� p���{9� 1lx%i��<Æ�̀¦ ]j#Q
���H �©�u�s���. BTT Ä»�̧ p���{9� r�Û¼%7�_� :�x½+Ë ]j

#Q l�ZO�\� �'aô�Ç ���½̈��H ��6£§õ� °ú �Ér ë�H]j&h�[þt�Ð ���K� �̧Ï?@1lxîß� K����
�l� ~1�t�·ú§�Ér

#Q�9î�r ë�H]j�Ð ·ú��94R e����. 'Í	P:, p���{9� r�Û¼%7�_� 1lx%i��<Æ ~½Ó&ñ
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$í
÷&��HX< s� y��y��_� 
�ÂÒ r�Û¼%7�[þts� �©�{©�ô�Ç q����+þA$í
�̀¦ °ú��¦ e��#Q, ����̂ r�

Û¼%7�s� �¦	�_� 4�¤ú̧�ô�Ç q����+þA$í
�̀¦ (̀>� �)a��. :£¤y�, /BN%i��<Æ(aerodynamics)_� �â
Äº

Û�æ1lx z�́+«>�̀¦ :�xK� t�r�³ð(look-up table) +þAI��Ð ÅÒ#Qt���H y©�ô�Ç q����+þA$í
�̀¦ ?/�í
�

�¦ e����. ¢̧ô�Ç, ]j#Q ¼#�y��(control fins)Ü¼�ÐÂÒ'� p���{9� ��5Åq�̧��t�_� {9�Ø�¦§4� 1lx:£¤

$í
�Érq�þj�è0A�©�(nonminimum phase)_�:£¤$í
�̀¦°ú�l�M:ë�H\�{9�ìøÍ&h����C�8̈����+þA�o

l�ZO��̀¦ :�xK� ]j#Q
�l��� jËµ��H r�Û¼%7�s���[1, 2, 3].

ô�Ç¼#�, ç�H�� l�Õüt_� µ1Ï���\� ���� p���{9�, ���ÈÒl�, ���	�ü< °ú �Ér y��7áx ç�H�� Áºl�_�

$í
0pxs� �¦�̧�o÷&�¦ e��Ü¼ 9, Õªü< �<Êa� Ä»�̧ Áºl�\� @/ô�Ç �rx� x9� ~½Ó#Q 0px§4��̧ ��ØÔ

>� �¾Ó�©�÷&�¦ e����. ����"f Ä»�̧ Áºl�\� @/K�"f�̧ s��Qô�Ç ³ð&h�\� @/ô�Ç ����� 0px§4� x9�

��õ�§4� 7£x@/\�¦ 0AK� �Ð�� �¾Ó�©��)a Ä»�̧ l�ZO�s� ¦�&÷̈½¹כ e����. �¦���&h�Ü¼�Ð s�6 x÷&~��

7áxú́�Ä»�̧ l�ZO�[þt�Ér³ð&h��̀¦&h�|9�|¾Ó(point mass)�Ð��&ñ

�#�>hµ1Ï÷&%3���.
�t�ëß�,³ð

&h��̀¦ &h�|9�|¾Ó Óüt�̂�Ð �Ð�¦ p���{9�_� ³ð&h� ����� t�&h� x9� ��[jy���̀¦ �¦�9
�t� ·ú§Ü¼���

³ð&h�_� �����\� $í
/BNÙþ¡���¦ 
��8���̧ ³ð&h�_� ~½Ó#Q 0px§4�s� a%~���� ����'as� Ø�æ[�ty���̧

\� ���y��
���� ³ð&h�_� ��õ�\���H z�́J�½+É Ãº�̧ e����. þj��H ³ð&h� %ò
�©� &ñ
�Ð\�¦ s�6 x
�#�

³ð&h�_� 6��Ä»�̧î�r1lxx9���[j\�¦&ñ
x9�
�>�ÆÒ&ñ
½+ÉÃºe����Hl�Õüts�>hµ1ÏH�d\�����,³ð

&h��̀¦ &h�|9�|¾Ós� ����� 3	�"é¶ Óüt�̂�Ð ���d��½+É Ãº e��>� ÷&%3���. s���� �â
Äº Ä»�̧ p���{9�
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Seeker
Dynamics

BTT Guidance 
Law

Autopilot
Controller

Fin Actuator
Dynamics

Missile 
Dynamics

Seeker 
Controller

3D-Pursuit 
Kinematics

Target  
Dynamics

Inertial 
Navigation 

System

S

Sω

rqp δδδ ,,c

r

c

q

c

p δδδ ,,
cc

zA φ,

, , , ,T T T T TP V A Θ Ω

ˆˆ ˆ ˆ ˆ, , , ,M M M M MP V A Θ Ω

Target 
Estimator

,az elT T

, Iε

Image
Sensor

S

Lω

, ,
ˆ ˆ ˆ ˆ ˆ, ,

S

T T T T LP V ωΘ Ω

Boresight error, 
Image data

Target position, velocity, 
orientation, angular rate and 

LOS rate estimates

Acceleration 
commands

Fin commands Fin angles

Missile position, velocity, 
acceleration, orientation, 

and angular rate

Target position, velocity,  
acceleration, orientation, and 

angular rate

Missile position, velocity, 
acceleration, orientation, 

and angular rate estimates

LOS rate

Seeker 
angular rate

Control 
torque

,

, , ,M M M

M M

P V A

Θ Ω

ÕªaË> 1.1: BTT Ä»�̧ p���{9� r�Û¼%7�_� �̂¦2�¤����̧

_� 7áxú́� Ä»�̧ ò́Ö�¦�̀¦ 7£x��r�v�l� 0AK� p���{9�s� ³ð&h��̀¦ �����
���H y���̧��� ³ð&h� Ø�æ[�t

y��(impact angle)�̀¦ ]j#Q½+É Ãº e��Ü¼��� &h�&ñ
 q�'���â
�Ð_� [O�&ñ
\� Ä»o�
��¦ Äº�r/BN���

1pxs� ��0px½+É ÷�r ��m��� p���{9� òøÍ¿º_� ò́õ�\�¦ �FG@/�o½+É Ãº e��Ü¼Ù¼�Ð 7áxú́�  ñbç
\�"f

³ð&h� Ø�æ[�ty�� ]j#Q��H p���{9�_� ò́Ö�¦$í
�̀¦ Z�}s�l� 0AK� 
¹כ��9���. ����"f, ³ð&h� Ø�æ[�t

y���̀¦ "é¶
���H y���̧�Ð ]j#Q
���H ��Ér	כ ³ð&h�_� 2[���&h��̀¦ /BN|ÄÌ
�l� 0AK� �9�Ãº&h���� l�Õüt

s���. 
�t�ëß� s��Qô�Ç ë�H]j&h�[þt�̀¦ K����
�l� 0Aô�Ç ���½̈��H ��f�� �Ö̧µ1Ï
�>� '��K�t��¦ e��

t���H 3lw
���. l��>r ���½̈ ���õ�[þt�Ér 2	�"é¶ î̈
����©�\�"f_� Ø�æ[�ty�� ]j#Qëß��̀¦ ��ÀÒ�¦ e��

#Q, >¹üכ x�u� G�V,�_� &�e�¦a�A ë�H]j�� e����H BTT p���{9�\� &h�6 x
�l��� #Q§>��¦, ìøÍ���

\� 3	�"é¶ /BNçß�\�"f_� \�¦ "î
§î
��t� �¦�9ô�Ç ³ð&h� Ø�æ[�ty�� Ä»�̧ l�ZO��Ér ��f�� ���Áºô�Ç �©�

I�s���.
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1.2 ¥o>Ä©  ấØ̧

�:r �7Hë�H�Ér BTT p���{9�_� ³ð&h�\� @/ô�Ç ����� $í
0px x9� ����� &ñ
x9��̧ ]j�¦\�¦ 0AK�,

�ÃÐÒ�ol�\�"fS\�1pqô�Ç³ð&h�_� 3	�"é¶&ñ
�Ð\�¦�Ö̧6 x
�#� ½̈1lxl�1lx%i��<Æx9�³ð&h�Ø�æ[�ty���̀¦

�¦�9ô�Ç 7áxú́� Ä»�̧ l�ZO�_� >hµ1Ï�̀¦ þj7áx 3lq³ð�Ð ô�Ç��. s�\�¦ 0AK� �&³F���t� >hµ1Ï�)a Ä»

�̧ �̧7áx r�Û¼%7�\� @/ô�Ç ë�H]j&h� ����� x9� $í
0px >h����̀¦ ���½ÓÜ¼�Ð ��1lx�̧7áx ]j#Ql� x9�

7áxú́�  ñbç
 Ä»�̧ l�ZO��̀¦ >hµ1Ï
��¦ ���ª�ô�Ç ÆÒ&h� r���o��̧ 
�\�"f_� �̧_�z�́+«>�̀¦ :�xK�

$í
0px�̀¦ ���7£x�<ÊÜ¼�Ð+� ³ð&h�\� @/ô�Ç &ñ
x9¹כ�����̀¦ ��0px
�>� 
��̧2�¤ ô�Ç��.

'Í	P:�Ð,Ä»��:£¤s�[O�1lxl�ZO��̀¦s�6 x
�#� ½̈1lxl�1lx%i��<Æ�̀¦�¦�9ô�ÇDh�Ðî�r��1lx�̧

7áx]j#Ql�ZO�_� >hµ1Ï�̀¦ ¢-a«Ñô�Ç��. >hµ1Ï�)a ��1lx�̧7áx ]j#Ql�\�¦ &h�6 x
���� BTT p���{9�

_� \�¦ G�V,�õ� x�u� G�V,� çß�_� &�e�¦a�A�̀¦ K����
�#� ��1lx�̧7áx�©�u� 1lx%i��<Æs� q�'���̧|	�

\� �'a>�\O�s� ���+þA r�Û¼%7�_� +þAI��Ð ³ðr� ��0px
�>� �)a��. ��1lx�̧7áx�©�u� 1lx%i��<Æ�̀¦ ���

+þA r�Û¼%7� +þAI��Ð ³ðr�
�>� ÷&���, Ä»�̧ ZO�gË: [O�>�r� ��1lx�̧7áx�©�u� 1lx%i��<Æ�̀¦ �¦�9ô�Ç

Ä»�̧ZO�gË:[O�>�����0px
�>�÷&#Q,��1lx�̧7áx�©�u�ü<Ä»�̧�©�u�çß�_�&�e�¦a�Aë�H]j\�¦K����

½+É Ãº e��>� �)a��. >hµ1Ï�)a ��1lx�̧7áx ]j#Ql���H ½̈1lxl� 1lx%i��<Æ, q����+þA p���{9� 1lx%i��<Æ

�̀¦ �̧¿º �¦�9
�%i�Ü¼ 9, #Q�"� p���{9�_� 7áxÀÓ\��̧ �'a>�\O�s� �̂>�&h�Ü¼�Ð(systematic)

&h�6 xs� ��0px
���. �̧_� z�́+«>�̀¦ :�x
�#� Õª $í
0px x9� z�́6 x$í
�̀¦ SX����
��¦, Ãº�<Æ&h� ì�r$3�

õ� îß�&ñ
$í
 7£x"î
�̀¦ :�xK� s��:r&h���� $í
0px ì�r$3��̀¦ ¢-a«Ñô�Ç��.

ÑütP:�Ð, ³ð&h� Ø�æ[�ty���̀¦ �¦�9ô�Ç þj&h� 7áxú́� Ä»�̧ ZO�gË:_� >hµ1Ï�̀¦ ¢-a«Ñô�Ç��. l��>r\�

��H &ñ
t� ³ð&h�ëß��̀¦ �¦�9
�#� �©�I�~½Ó&ñ
d���̀¦ [j�°?l� M:ë�H\�, ³ð&h�s� s�1lx½+É �â
Äº Ø�æ

[�ty�� �̧	��� µ1ÏÒqt
�>� �)a��. s�\�¦ 1px5Åq î�r1lx
���H ³ð&h���t� SX��©�
��¦, ��1lx�̧7áx�©�u�

1lx%i��<Æ, ½̈1lxl� 1lx%i��<Æ x9� p���{9� 1lx%i��<Æ_� q����+þA$í
�̀¦ ��H�� \O�s� �̧¿º �¦�9ô�Ç �̧

_� z�́+«>�̀¦ Ãº'��
�#� >hµ1Ï�̀¦ ¢-a«Ñ
��̧2�¤ ô�Ç��. 1px5Åq î�r1lx
���H ³ð&h�\� @/K� �©�I� ~½Ó

&ñ
d���̀¦ [jÖ�¦ �â
Äº, Ö¼o�>� l�1lx
���H �<Ê���, ���	� 1px\� @/K�"f�̧ Ø�æì�rô�Ç �¹כ�� $í
0px�̀¦

�Ð�©�½+É Ãº e��>� �)a��. ¢̧ô�Ç, >hµ1Ï�)a þj&h� Ä»�̧ ZO�gË:_� K���H Ãº�<Æ&h�Ü¼�Ð B�Äº ~½Ó@/
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ô�Ç �ª�s�t�ëß�, ïß�#� q�'�� r�çß�(time-to-go)_� �<ÊÃº\�¦ >�Ãº�Ð °ú���H r���� �©�I� C�8̈� +þA

I�(state-feedback with time-varying gain)�Ð������l�M:ë�H\�t�r�³ð(look-up table)

+þAI��Ð ½̈�&³s� ��0px
���.
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V� 2 *�× e�×iµ ¥o>Ä© Úr
ø�

2.1 e�×iµ ���â �¿¤4 V�#ae� à�
N� e�ß��

��1lx�̧7áx]j#Ql�[O�>�l�Õüt�Érp���{9�ì�r����r����÷&%3��̀¦M:ÂÒ'�Ãºz���̧�çß�s�#Q

4R�:r ���½̈ ÅÒ]js���. þj��H\���H �¦l�1lx STT, BTT p���{9�_� ��1lx�̧7áx ]j#Ql�\� @/

ô�Ç ú́§�Ér ���½̈ ���õ�[þts� µ1Ï³ð ÷&%3���. ���+þA �̧4Sq�̀¦ ��6 xô�Ç ��1lx�̧7áx ]j#Ql� [O�>� l�

ZO��ÉrÅÒ�Ð���ïq�îß�(Jacobian)���+þA�ol�ZO��̀¦��6 x
��¦e��Ü¼ 9,r�Û¼%7� �̧4Sq�Ér���+þA

�o l�ï�r&h�\� @/ô�Ç q����+þA r�Û¼%7�_� {9�	� ��H���Ð ½̈K������. Õª�Q�� s��Qô�Ç ���ïq�îß�

���+þA�o��H ���+þA�o�� r�Û¼%7�_� {9�	� ��H��d��\� _�K�"f s�ÀÒ#Qt�l� M:ë�H\� r�Û¼%7�_�

�¦	� $í
ì�r[þts� Áºr�÷& 9, ���+þA�o�)a ���õ�d��s� ���+þA�o l�ï�r&h�\� @/ô�Ç �<ÊÃº�Ð ÅÒ#Qt�

��H ë�H]j&h�Ü¼�Ð ���
�#� ]j#Ql�_� $í
0pxõ� îß�&ñ
$í
s� ²DGt�&h�Ü¼�Ð ]jô�Ç�)a��. ����"f, s�

ü< °ú �Ér ���ïq�îß� ���+þA�o_� ë�H]j&h��̀¦ K����
�l� 0A
�#� #��Q ��t� [O�>� l�ZO�[þts� ]j

îß�÷&%3���. ���+þA�o l�ï�r&h��̀¦ ×�æd��Ü¼�Ð �Ð�� V,��Ér #3�0A\�"f $í
0pxõ� îß�&ñ
$í
�̀¦ ]j/BN
�

l� 0A
�#� y©���� ]j#Q s��:r�̀¦ &h�6 xô�Ç LQG/LTR l�ZO�, H∞ l�ZO�, H∞/µ-synthesisl�

ZO� 1pxs� ]jîß�÷&%3���[4]- [8].

p���{9� r�Û¼%7��̀¦ ���+þA�o
�t� ·ú§�¦ q����+þA �̧4Sq�̀¦ ��6 x
�l� 0AK�"f��H q����+þA :£¤

$í
�̀¦��ÀÒl�0Aô�Çq����+þA]j#Qs��:rs��9¹כ�
���.@/³ð&h����q����+þA]j#Qs��:rÜ¼�ÐC�

8̈����+þA�o l�ZO�s� e����[9, 10]. C�8̈����+þA�o��H &h�]X�ô�Ç �©�I� ���Ãº ���8̈�õ� C�8̈� ]j#Q\�¦

:�x
�#� r�Û¼%7��̀¦ ���+þA�o
���H �,Ü¼�Ð	כ s� ~½Ód��Ü¼�Ð ���+þA�o�)a r�Û¼%7��Ér ���+þA�o l�ï�r

&h�\� %ò
�¾Ó�̀¦ ~ÃÎt� ·ú§l� M:ë�H\� �̧��H 1lx��� #3�0A\�"f ÄºÃºô�Ç $í
0px�̀¦ ]j/BNô�Ç��[11]. C�

8̈����+þA�o\� _�ô�Ç ���+þA�o��H {9�Ø�¦§4� ���+þA�oü< �©�I� ���Ãº ���+þA�o�� e����HX<, p���{9� r�

Û¼%7�_� �â
Äº\���H {9�Ø�¦§4� ���+þA�oëß�s� ��0px
���. Õª�Q�� {9�Ø�¦§4� C�8̈����+þA�o l�ZO��Ér
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p���{9� r�Û¼%7�_� ~ÃÎ6£§y��õ� \P�p�ã¼�Qf��y�� ëß��̀¦ ]j#Q
���H ��[j ]j#Q\���H &h�6 x|̈c Ãº

e��Ü¼��,��5Åq�̧ ]j#Q\���Hf��]X�&h�6 xs�Ô�¦��0px
���.s���H��6£§õ�°ú �Ér¿º��t�ë�H]j&h�

\� l����ô�Ç��. 'Í	P:, ¡óo�±ú�>h �̧7áx p���{9�(tail-controlled missile)�Ér q�þj�è0A�©� r�

Û¼%7�Ü¼�Ð ÅÒ#Qt� 9, q�þj�è0A�©� r�Û¼%7�\� C�8̈����+þA�o l�ZO��̀¦ &h�6 x
���� ?/ÂÒ 1lx%i�

�<Æs� Ô�¦îß�&ñ
K������[12]. ÑütP:, p���{9� r�Û¼%7��Ér /BN§4��<Æ&h� :£¤$í
Ü¼�Ð ���
�#� @/éß�y�

Ô�¦SX�z�́ô�Ç r�Û¼%7����X<, C�8̈����+þA�o ]j#Ql�_� ½̈$í
�©� r�Û¼%7�_� �©�I� ���Ãº\� @/ô�Ç p�

ì�rs� ,9 &÷̈½¹כ s���H r�Û¼%7�_� �̧	�\�¦ 7£x;�¤
�#� ����̂ r�Û¼%7�_� $í
0pxõ� îß�&ñ
$í
�̀¦ $�


�r������. [13, 14]\�"f��H &h�6£x ]j#Q s��:r\� l�ìøÍ
�#� q����+þA ]j#Ql�\�¦ [O�>�
�#� ���

+þA�o õ�&ñ
\�"f �¦�9÷&t� ·ú§��¤~�� p���{9� r�Û¼%7�_� q����+þA$í
�̀¦ &h�]X�y� �Ð�©�½+É Ãº e��

%3�Ü¼�� s�ü< °ú �Ér l�ZO��Ér  Qo�±ú�>h �̧7áx p���{9�(canard-controlled missile)\�ëß� ô�Ç


�#� &h�6 x÷&��H �,Ü¼�Ð"f	כ {9�ìøÍ&h���� ¡óo�±ú�>h �̧7áx p���{9�_� q�þj�è0A�©� :£¤$í
\� @/

ô�Ç &h�]X�ô�Ç �¦�9�� s�ÀÒ#Qt�t���H ·ú§��¤��. þj��H\���H LPV(linear parameter varying)

]j#Ql�ZO��̀¦6£x6 x
�#�	�H~ÃÎ6£§y��M:ë�H\�Òqtl���H\�¦,x�u�,¹כG�V,�_��©� ñ���½+Ë�̀¦�¦

�9ô�Ç STT p���{9�_� ��5Åq�̧ ��1lx�̧7áx ]j#Ql��� ]jîß�÷&%3�Ü¼ 9[15], ü@êøÍõ� Ô�¦SX�z�́$í


_� %ò
�¾Ó�̀¦ �¦�9ô�Ç BTT p���{9�_� ��1lx�̧7áx ]j#Ql� [O�>� l�ZO��̧ ]jîß�÷&%3���[16, 17].


�t�ëß�, s���H �̧¿º p���{9� 1lx%i��<Æ_� q����+þA$í
�̀¦ �¦�9
�t� ·ú§�¦ ���+þA�o�)a �̧4Sq\� &h�

6 x
�%i�����H ô�Ç>��� e����.

[18, 19]\�"f��H y©���� C�8̈� ���+þA�o l�ZO��̀¦ s�6 x
�#� p���{9� 1lx%i��<Æ_� q����+þA$í
�̀¦

�̧¿º �¦�9ô�Ç ��1lx�̧7áx ]j#Ql� [O�>� l�ZO�s� ]jîß�÷&%3���. Õª�Q�� s� l�ZO�[þt�Ér p���{9�

��5Åq�̧\�¦f��]X�]j#Q½+ÉÃº\O��¦,p���{9���[j��~ÃÎ6£§y��1pxõ�°ú �Ér���Ér���Ãº[þt�̀¦]j#Q


�#���5Åq�̧\�¦ëß�[þt#Q?/��H~½Ód���̀¦×þ�
��¦e����.z�́]j�Ð,{9�Ø�¦§4�C�8̈����+þA�ol�ZO��Ér

#��Q q����+þA r�Û¼%7� ì�r��\�"f ò́õ�&h�Ü¼�Ð ��6 x÷&�¦ e��t�ëß�, p���{9� r�Û¼%7�_� ��5Åq

�̧ ]j#Q\���Hf��]X�&h�6 x|̈cÃº\O���.s���Hp���{9�_�]j#Q¼#�y��\�"fÂÒ'�p���{9���5Åq�̧

��t�_� 1lx&h� {9�Ø�¦§4� :£¤$í
s� q�þj�è0A�©� :£¤$í
(nonminimum-phase characteristics)�̀¦
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��t��¦e��l�M:ë�Hs���[1, 2, 3]. þj��H\���HDh�Ðî�r θ-D H∞\�¦s�6 xô�Ç~½ÓZO��̧ ]jîß�÷&%3�

Ü¼��,#����y�\�¦,x�u�,¹כG�V,�_�&�e�¦a�A�̀¦Áºr�
��¦Ä»�̧÷&%3�����Héß�&h�s�e����[20].

s�ü< °ú s� ��5Åq�̧ "î
§î
�̀¦ ÆÒ7áx
���H p���{9� r�Û¼%7�_� $í
0px�Ér q�þj�è0A�©� :£¤$í
\�

_�K�]jô�Ç&h�s� |̈cÃºµ1Ú\�\O�Ü¼ 9,����"fs��Qô�Çq�þj�è0A�©�:£¤$í
�̀¦&h�]X�y��¦�9
�

#�]j#Ql�\�¦[O�>�
���H�,¹ô�Çë�H]j���)a��.þj��Hכs�B�Äº×�æ	כ quasi-LPV���½Ó�¦Ä»½̈

�̧ t�&ñ
ZO�(polynomial eigenstructure assignment approach)[21]�̀¦ s�6 x
�#� ò́õ�&h�

Ü¼�Ð q�þj�è0A�©� :£¤$í
�̀¦ ��Ò�¦ Ãº e����H l�ZO�s� ]jîß�÷&%3�Ü¼��, #����y� p���{9� r�Û¼%7�

_� q����+þA$í
�̀¦ �̧¿º �¦�9
�t� 3lw
��¦ ��H���)a r�Û¼%7�ëß��̀¦ ��ÀÒ�¦ e������H ô�Ç>��� e��

��.q�þj�è0A�©�:£¤$í
�̀¦ ò́õ�&h�Ü¼�Ð]j#Q
�l�0Aô�Çq����+þA]j#Ql�ZO�\���HÄ»��:£¤s�[O�

1lxl�ZO�s�e����.�<ÊÃº%i����8̈� (functional-inversion)x9�r�çß�x9�ß¼l����8̈�l�ZO�(time-

scaled transforming techniques)�̀¦:£¤s�[O�1lxl�ZO�(singular-perturbation approach)õ�

°ú s�&h�6 x
�#�q�þj�è0A�©�r�Û¼%7����p���{9�r�Û¼%7��̀¦þj�è0A�©�r�Û¼%7�Ü¼�Ð��H���o


��¦, ��H���o�)a p���{9� r�Û¼%7�\� @/
�#� C�8̈����+þA�o l�ZO��̀¦ &h�6 x
�#� ���+þA�oô�Ç Êê,

s� ���+þA r�Û¼%7�\� @/
�#� ÅÒ#Q��� ���ª��̀¦ ëß�7á¤
��̧2�¤ ��1lx�̧7áx ]j#Ql�\�¦ [O�>�½+É Ãº

e��>� �)a��[22]. [23]\�"f��H STT p���{9�\� @/
�#� ÂÒì�r ���+þA�o x9� C�8̈����+þA�o l�ZO�

õ� �<Êa� Ä»��:£¤s�[O�1lx l�ZO��̀¦ ��6 x
�#� ��
� Ãº�� /BNl� x9��̧ü< °ú �Ér q�'�� 8̈��â
 ���

Ãº\� Áº�'a
�>� ���+þA r�Û¼%7�_� +þAI��Ð {9�Ø�¦§4� 1lx:£¤$í
s� ������ îß�&ñ
$í
�̀¦ �Ð�©�
���H

��1lx�̧7áx ]j#Ql�\�¦ [O�>�
�%i�Ü¼ 9, s� ���õ���H [24]\�"f BTT p���{9��̀¦ @/�©�Ü¼�Ð SX�

�©� 6£x6 x÷&%3���.

Õª�Q��, s� ~½ÓZO�[þt�Ér �̧¿º ½̈1lxl� 1lx%i��<Æ_� %ò
�¾Ós� s��©�&h�Ü¼�Ð ��ØÔ>� 1lx���ô�Ç

����H ��&ñ
�̀¦ l�ìøÍÜ¼�Ð [O�>�÷&%3�l� M:ë�H\� �©�@/&h�Ü¼�Ð Ö¼�2; ½̈1lxl� 1lx%i��<Æs� �>rF�

½+É �â
Äº [22, 23, 24]_� ��1lx�̧7áx ]j#Ql���H $í
0pxs� $�
� |̈c Ãº e����. [25]\�"f��H �©�@/

&h�Ü¼�Ð Ö¼�2; 2	� ���+þA r�Û¼%7� +þAI�_� ½̈1lxl� 1lx%i��<Æ�̀¦ ��|9� �â
Äº [24]_� ��1lx�̧7áx

]j#Ql�\�¦ &h�6 x½+É �â
Äº ����̂ r�Û¼%7�s� Ô�¦îß�&ñ
K�|9� Ãº e������H ���õ��� ]jr�÷&%3���.
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½̈1lxl�1lx%i��<Æ_�%ò
�¾Ó�̀¦�¦�9ô�Ç��1lx�̧7áx]j#Ql�[O�>�l�ZO�Ü¼�Ð��H RHPC(receding

horizon predictive control) ~½ÓZO��̀¦ :�xK� BTT p���{9�_� ��5Åq�̧ ]j#Ql�\�¦ [O�>�ô�Ç

[26]_� ~½ÓZO�s� e����. Õª�Q��, ·ú¡"f �̧{9�ÂÒ\�"f [O�"î
ô�Ç ��ü< °ú s� q�'�� �̧|	�\� ����

����o
���H���+þA�ol�ï�r&h��̀¦×�æd��Ü¼�Ð��H���)ar�Û¼%7��̀¦��ÀÒ�¦e����.s�ü<°ú s�, ½̈1lx

l� 1lx%i��<Æ�̀¦ �¦�9
� 9 1lxr�\� BTT p���{9�_� q�þj�è0A�©� :£¤$í
 x9� q����+þA$í
�̀¦ �̧¿º

�¦�9ô�Ç ��1lx�̧7áx ]j#Ql�\�¦ [O�>�
���H ��Ér	כ �<Hg1L�̀¦ &ñ
�̧_� ���õ�ëß�s� ]jr�÷&�¦ e���̀¦

&ñ
�̧�Ð B�Äº Z�}�Ér Ãºï�r_� ���½̈ õ�]js���. [25]�Ér ú̧� ·ú��9��� Ñþ�Û¼9\�iç
(back-stepping)

l�ZO��̀¦ &h�6 x
�#� [24]_� ��1lx�̧7áx ]j#Ql��� ½̈1lxl� 1lx%i��<Æ\� _�K� Ô�¦îß�&ñ
K�t���H ë�H

]j&h��̀¦ K����
�%i���. Õª�Q�� Ñþ�Û¼9\�iç
 l�ZO��Ér ]j#Q ¼#�y��õ� ]j#Q ¼#�y�� "î
§î
_� p�ì�r°úכ

�̀¦ 
̈½¹כ�l� M:ë�H\� ú̧�6£§s� ú́§�Ér �©�S!�\�"f Õª $í
0pxs� $�
� |̈c Ãº e����. ¢̧���Ér [O�>�

l�ZO�Ü¼�Ð��H r�çß� '���̧ ì�ro�(time-scale separation) l�ZO�[27]s� e����. s� ~½ÓZO��Ér p���

{9� 1lx%i��<Æ_� y��5Åq�̧\� K�{©�
���H �©�I� ���Ãºü< ���5Åq�̧\� K�{©�
���H �©�I� ���Ãº\�¦ ½̈ì�r


�#�, C�8̈����+þA�o l�ZO��̀¦ ��6 x
�#� y��5Åq�̧ �©�I� ���Ãºü< ���5Åq�̧ �©�I� ���Ãº_� @/%i�;�¤

�̀¦ �̧]X�½+É Ãº e���̧2�¤ ��1lx�̧7áx ]j#Ql�\�¦ [O�>�ô�Ç��. r�çß� '���̧ ì�ro� l�ZO��̀¦ ��6 x
�

��� ½̈1lxl� 1lx%i��<Æ_� %ò
�¾Ó�̀¦ �¦�9
����"f�̧ q��§&h� [O�>� õ�&ñ
s� çß�éß�ô�Ç �©�&h�s� e����.

Õª�Q��, q�þj�è0A�©� :£¤$í
�̀¦ °ú���H "é¶������ ]j#Q ¼#�y��\� ���6 x
���H jËµ $í
ì�r�̀¦ Áºr�
��¦

]j#Ql�\�¦ [O�>�
�l� M:ë�H\� p���{9� r�Û¼%7�_� q�þj�è0A�©� :£¤$í
Ü¼�Ð ���ô�Ç $í
0px $�
�

�&³�©�s�����èß���. ¢̧ô�Ç,p���{9�r�Û¼%7�_�y��G�V,�çß�çß�[O� ò́õ�\�¦Áºr�
�%i��¦, [25]_�

~½ÓZO�õ� ��ðøÍ��t��Ð �©�I� ���Ãº_� p�ì�r &ñ
�Ð\�¦ ��6 x�<ÊÜ¼�Ð+� r�Û¼%7�_� �̧	�\�¦ 7£x;�¤


�#� ����̂ r�Û¼%7�_� $í
0pxõ� îß�&ñ
$í
�̀¦ K�u�l� /'î�r ë�H]j&h�s� e����.

·ú¡"f [O�"î
ô�Ç ��z�́�̀¦ 7áx½+Ë
�#� �Ð���, BTT p���{9� r�Û¼%7��Ér y©�ô�Ç q����+þA$í
�̀¦ ��

��?/��H q�þj�è0A�©� r�Û¼%7�s� 9, q�'�� 8̈��â
 ���Ãºü< ½̈1lxl� 1lx%i��<Æ_� %ò
�¾ÓÜ¼�Ð ���
�

#��8¹¡¤]j#Q
�l�jËµ��Hr�Û¼%7�s���.l��>r_���1lx�̧7áx]j#Ql�[O�>�l�ZO��Érs�ü<°ú �Ér

ë�H]j&h��̀¦ ¢-a#4�
�>� K����
�t� 3lw
��¦ e��Ü¼ 9, 3lq³ðÓüt �¹כ�� $í
0px �¾Ó�©��̀¦ 0A
�#� �¦l�
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1lx �¦$í
0px p���{9��̀¦ [O�>�
�l� 0AK�"f��H p���{9� r�Û¼%7�_� :£¤$í
�̀¦ �̧¿º Ø�æì�ry� �¦�9

½+É Ãº e����H Dh�Ðî�r ��1lx�̧7áx ]j#Ql� [O�>� l�ZO�_� >hµ1Ïs� .��a(�̈½¹כ
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2.2 e�×iµ ËÂ�¿ ß��ÓÏ� à�
N� e�ß��

BTT p���{9�6 x �¦$í
0px Ä»�̧ ZO�gË:_� >hµ1Ï\���H #��Q #Q�9¹¡§s� ��ØÔ>� �)a��. 'Í	P:

�Ð, BTT p���{9�_� Ä»�̧ ZO�gË:�Ér x�u�ü< \�¦ �̧����̀¦ �í�<Êô�Ç 3	�"é¶ ÆÒ&h� l�
��<Æ�̀¦ �̧

¿º �¦�9K���ô�Ç��. STT p���{9�_� �â
Äº \�¦ G�V,�s� îß�&ñ
�o ÷&#Qe��#Q x�u�ü< ¹כ G�V,�

s� 1lqwn�&h�Ü¼�Ð ���6 x
�l� M:ë�H\� 2	�"é¶ î̈
����©�\�"f_� ÆÒ&h� r���o��̧ëß� �¦�9
�#� �Ð

�� ~1�>� Ä»�̧ ZO�gË:�̀¦ [O�>�½+É Ãº e����. 
�t�ëß�, BTT p���{9�_� �â
Äº x�u�ü< \�¦ �̧���

s�%i��<Æ&h�Ü¼�Ð&�e�¦a�A÷&#Qe��#Qx�u�,¹כG�V,�_���5Åq�̧\�¦\�¦ �̧���Ü¼�Ðëß� ½̈�&³½+ÉÃº

e��l� M:ë�H\�, 2	�"é¶ î̈
���ëß��̀¦ �¦�9ô�Ç STT p���{9�6 x Ä»�̧ ZO�gË:�̀¦ ���Ð &h�6 x
�l���

#Q§>���.

�¦���&h�Ü¼�Ð BTT p���{9�6 x 7áxú́� Ä»�̧ ZO�gË:�Ér STT p���{9�\�"f {9�ìøÍ&h�Ü¼�Ð ��

6 x
���H q�YV �½ÓZO� Ä»�̧(PNG, proportional navigation guidance)ZO�gË:�̀¦ �FGýa³ð ���

8̈�(polar conversion logic)
�#� ��6 x
�%i���. q�YV �½ÓZO� Ä»�̧ ZO�gË:�Ér p���{9�õ� ³ð&h�

s� �����Ð��H r����(line-of-sight)_� ����oÖ�¦�̀¦ 0s� ÷&�̧2�¤ Ä»t�
�#� p���{9��̀¦ ³ð&h� Ø�æ

[�t �ïÛ¼�Ð Ä»�̧
���H l�ZO�s���. {9�ìøÍ&h�Ü¼�Ð p���{9�_� ��5Åq�̧\�¦ r���� ����oÖ�¦\� q�YV


��̧2�¤ Ä»t�
���H +þAI�\�¦ 2[
�l� M:ë�H\� ~1�>� ½̈�&³s� ��0px
��¦ z�́]j Ä»�̧ Áºl�\� &h�

6 x
�l���6 xs�
�����H�©�&h�Ü¼�Ð���K�V,�o���6 x÷&�¦e����. ¢̧ô�Ç,³ð&h�s�¹¡§f��s�t�·ú§

��H �â
Äº\� @/K�"f��H p���{9�_� ��5Åq�̧_� ]jY�L�̀¦ þj�è�Ð 
���H Ä»�̧ l�ZO�e��s� ·ú��94R

e����[28]. ¢̧ô�Ç, q�YV�½ÓZO�Ä»�̧ ZO�gË:�Ér &ñ
t� ³ð&h�\� @/K�"f��H a%~�Ér $í
0px�̀¦ �Ðs�t�ëß�,

l�1lx
���H ³ð&h�\� @/K�"f��H 7áxú́�  ñbç
 éß�>�\�"f õ��̧ô�Ç ��5Åq�̧ "î
§î
s� ����±ú� Ãº e��

�¦, p���{9�s� ³ð&h�\� q�K� Ø�æì�ry� 	�H 5Åq�̧\�¦ è­q Ãº e��#Q�� 
� 9 Ä»�̧ $í
0pxs� p���{9�

_� ��5Åq0px§4�\� ß¼>� %ò
�¾Ó�̀¦ ~ÃÎ��H ë�H]j&h�s� e��l�\�, s�\�¦ >h���ô�Ç APNG(augmented

PNG), BPNG(biased PNG) 1pxs� ���½̈÷&#QM®o��[29, 30]. 
�t�ëß� ���y���<ÊÃº_� %i����8̈�

s� ��6 x÷&��H �FGýa³ð ���8̈��̀¦ ��6 x
�%i�l� M:ë�H\� ��]j#Q$í
 ë�H]j�� µ1ÏÒqt½+É Ãº e��Ü¼ 9,

��1lx�̧7áx�©�u� 1lx%i��<Æ_� %ò
�¾ÓÜ¼�Ð �¹כ�� r�&h�\�"f x�u� ��5Åq�̧ "î
§î
s� /åL���
��¦, \�¦
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y�� "î
§î
s� Ô�¦���5Åq
�>� ���
�#� �¹כ�� $í
0pxs� $�
�÷&��H �&³�©�s� µ1ÏÒqt
�>� �)a��.

ô�Ç¼#�,s��Qô�Ç���½̈���õ�[þt�Ér��1lx�̧7áx�©�u�1lx%i��<Æ�̀¦Áºr�
��¦p���{9�õ�³ð&h�çß�

_� ÆÒ&h� l�
��<Æëß��̀¦ s�6 x
�#� Ä»�̧�)a ���õ�s�l� M:ë�H\�, z�́]j p���{9�_� ��1lx�̧7áx�©�

u�_�r�çß�t���� ò́õ�\�_�K¹כ����$í
0pxs�$�
�÷&>��)a��.s�\�¦K����
�l�0A
�#� STT

6 x þj&h� Ä»�̧ ZO�gË:s� ]jîß�÷&%3��¦, ��1lx�̧7áx�©�u� 1lx%i��<Æs� 1	�"é¶ r�Ô�¦���(1st-order

LTI) r�Û¼%7�Ü¼�Ð ³ð�&³|̈c �â
Äº �¹כ�� $í
0px�̀¦ �¾Ó�©�r�~�́ Ãº e��6£§�̀¦ �Ð%i���[31]. ³ð&h�

s� �¹כ�� �̧	�(miss distance)\�¦ þj@/�or�v��̧2�¤ l�1lx½+É M: s�\�¦ >�e�� s��:r�̀¦ :�xK�

ò́õ�&h�Ü¼�Ð �¹כ��½+É Ãº e���̧2�¤ 
����"f ��1lx�̧7áx�©�u� 1lx%i��<Æ�̀¦ r�çß� t����Ü¼�Ð �¦�9

ô�Ç ���õ��̧ ]jîß�÷&%3���[32]. [33]\�"f��H p���{9�_� ��5Åq�̧�� ]jô�Ç÷&��H z�́]j �©�S!�\� ú́�

2X SX�Ò�¦&h� þj&h� Ä»�̧ ZO�gË:�̀¦ :�xK� 3lq³ðÓüt�̀¦ �¹כ��
��̧2�¤ 
���H ~½ÓZO�s� ]jr�÷&%3�Ü¼ 9,

[34]\�"f��H _þt��s�ç̀
 �̧×¼ ]j#Ql�(sliding-mode controller)\�¦ s�6 x
�#� ��1lx�̧7áx�©�

u�ü< Ä»�̧ZO�gË:�̀¦ 1lxr�\� [O�>�½+É Ãº e���̧2�¤ 
���H l�ZO��̧ ]jr�÷&%3���.

Õª�Q�� s�[þt [31]-[34] %i�r� STT p���{9��̀¦ @/�©�Ü¼�Ð 
�#� 2	�"é¶ î̈
����©�_� ÆÒ&h�

r���o��̧ëß��̀¦ �¦�9
�%i�l� M:ë�H\�, BTT p���{9�\���H �FGýa³ð ���8̈��̀¦ ��6 x
�#� &h�6 x

K���
���H ë�H]j&h�s� e����. s�Êê, BTT p���{9�\� &h�½+Ëô�Ç 3	�"é¶ ÆÒ&h� l�
��<Æ�̀¦ �¦�9
�

�¦. ��1lx�̧7áx�©�u� 1lx%i��<Æ�̀¦ 1	�"é¶ r�Ô�¦��� r�Û¼%7�Ü¼�Ð ��&ñ
ô�Ç þj&h�Ä»�̧ZO�gË:�̧ ]jîß�

÷&%3���[35, 36]. s���H¹כ��� �̧	�ü<x�u���5Åq�̧,\�¦y������oÖ�¦_�\��-t�\�¦þj�è�o
���H

�'a&h�\�"f Ä»�̧ ÷&%3�t�ëß�, \�¦y�� ����oÖ�¦_� 1lx%i��<Æs� Áºr�½+É Ãº e���̀¦ &ñ
�̧�Ð ��ØÔ���¦

��&ñ
ô�Ç éß�&h�s� e����. þj��H, 3	�"é¶ ÆÒ&h� l�
��<Æõ� ��1lx�̧7áx�©�u� 1lx%i��<Æ�̀¦ �̧¿º �¦�9

ô�Ç þj&h�Ä»�̧ZO�gË:�̧ ]jîß�÷&%3���[37]. s���H ·ú¡"f [O�"î
ô�Ç Ä»�̧ ZO�gË:[þt_� éß�&h��̀¦ �Ð¢-a

½+É Ãº e����H þj���_� ���õ�s���.


�t�ëß�, s��Qô�Ç 0A_� ���½̈ ���õ���H �̧¿º ³ð&h��̀¦ &h� |9�|¾ÓÜ¼�Ð ���d��
��¦ e������H &h�

�Ér 1lx{9�
���. ³ð&h��̀¦ &h� |9�|¾ÓÜ¼�Ð �Ð�¦ p���{9��̀¦ Ä»�̧½+É �â
Äº ³ð&h�_� �����\� $í
/BN

Ùþ¡���¦ 
��8���̧ ³ð&h�_� ~½Ó#Q 0px§4�\� ���� ³ð&h�_� ��õ�\���H z�́J�½+É Ãº e����. ëß����
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Ä»�̧ p���{9�_� ³ð&h� Ø�æ[�ty���̀¦ ]j#Q½+É Ãº e�������, &h�&ñ
 q�'���â
�Ð_� [O�&ñ
s� l��>r Ä»

�̧ l�ZO�\� q�K� Ä»o�K�f��õ� 1lxr�\� Äº�r/BN��� 1pxs� ��0px½+É ÷�r ��m��� p���{9� �����

r� ��õ�§4��̀¦ �FG@/�o½+É Ãº e��Ü¼Ù¼�Ð ³ð&h� Ø�æ[�ty�� ]j#Q��H p���{9�_� ò́Ö�¦$í
�̀¦ Z�}s�l�

0AK� =�G ¹ô�Çכ��9 l�Õüts��� ½+É Ãº e����.

³ð&h� Ø�æ[�ty���̀¦ �¦�9ô�Ç Ä»�̧ ZO�gË: >hµ1Ï�Ér 0A\�"f [O�"î
ô�Ç ��ü< °ú s� B�Äº ×�æ¹כ

ô�Ç ë�H]j��� ��\	כ q�K�, s�\� �'aô�Ç ���½̈��H ��f�� �Ö̧µ1Ïy� ���'��÷&�¦ e��t� ·ú§�Ér Ãºï�rs���.

[38]\�"f��H%�6£§Ü¼�Ð/BN@/t�p���{9�\�@/ô�Ç³ð&h�Ø�æ[�ty��þj&h�Ä»�̧ l�ZO��̀¦]jîß�
�%i�

��. ³ð&h��̀¦ t��©�_� �¦&ñ
�)a Óüt�̂�Ð �Ð�¦ p���{9�õ� ³ð&h�_� î�r1lx~½Ó&ñ
d���̀¦ 2	�"é¶ /BNçß�

\� @/ô�Ç ���+þA r�Ô�¦���(linear time-invariant)Ü¼�Ð çß�|ÄÌ�o
�%i���. s� î�r1lx ~½Ó&ñ
d��\� @/

K� "é¶
���H ³ð&h� Ø�æ[�ty��Ü¼�Ð p���{9�s� ³ð&h��̀¦ �����
��̧2�¤ Ä»�̧
���H Ä»�̧ l�ZO��̀¦ ëß�

[þt#Q z�́]j�Ð 7áxú́�  ñbç
\�"f "é¶
���H ³ð&h� Ø�æ[�ty��Ü¼�Ð �����s� s�ÀÒ#Qf���̀¦ r�ÓýtYUs�

���Ü¼�Ð �Ð%i���. [39]\�"f��H |½ÓX<ÂÒ ë�H]j\�¦ þj&h� Ä»�̧ ë�H]j�Ð K����½+É Ãº e��6£§�̀¦ �Ð%i�

��. s��Ð�� µ1Ï����)a +þAI��Ð, ³ð&h��̀¦ 2	�"é¶ /BNçß�\�"f t��©�_� �¦&ñ
�)a Óüt�̂�� ����� {9�&ñ


ô�Ç 5Åq�̧ü< ��5Åq�̧\�¦ ����� ¹¡§f��s���H t��©� Óüt�̂�Ð �Ð�¦ ³ð&h� Ø�æ[�ty��\� @/ô�Ç þj&h� Ä»

�̧ l�ZO�s� ]jîß�÷&%3���[40]. s� ~½ÓZO��Ér p���{9�õ� ³ð&h�_� î�r1lx~½Ó&ñ
d���̀¦ ���+þA r�Ô�¦���

Ü¼�Ð çß�|ÄÌ�o
�#� Dh�Ðî�r ]j#Q ~½ÓZO��̀¦ ]jîß�
��¦ &ñ
K���� ³ð&h� Ø�æ[�ty���̀¦ ���� p���{9�

s� ³ð&h��̀¦ ������<Ê�̀¦ r�ÓýtYUs����Ü¼�Ð �Ð%i���. [41]\�"f��H r����(time-varying) BPNG

ZO�gË:�̀¦ s�6 x
�#� q����+þA r�Û¼%7���� ³ð&h�_� î�r1lx~½Ó&ñ
d���̀¦ ���+þA�o 
�t� ·ú§�¦, ïß�#� q�

'�� r�çß�(time-to-go)�̀¦ ÆÒ&ñ

�t� ·ú§���̧ ÷&��H Ä»�̧ l�ZO��̀¦ ]jîß�÷&%3���. [42]�Ér \��-

t� þj�è�o �'a&h�\�"f_� þj&h� Ä»�̧ ZO�gË:�̀¦ ]jîß�
�%i��¦ {���2³ +þAI�_� K�(closed-form

solution)\�¦ ½̈
�%i�Ü¼ 9, [43]��H 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, Dh�Ðî�r ïß�#� q�'�� r�

çß� ÆÒ&ñ
 l�ZO��̀¦ ]jîß�
�%i���. Õª�Q�� s� ~½ÓZO�[þt�Ér p���{9�_� ��1lx�̧7áx]j#Ql�, �2; ½̈

1lxl� 1px_� 1lx%i��<Æ�̀¦ s��©�&h���� +þAI��Ð ��&ñ

�%i�����H ô�Ç>��� e����. þj��H\��̧ ���+þA 3$
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×¼��hË:(linear quadratic)�̀¦ s�6 xô�Ç Ä»�̧ l�ZO�[44], _þt��s�ç̀
 �̧×¼ ]j#Q(sliding mode

control) \�¦ s�6 xô�Ç l�ZO�[45] 1px ú́§�Ér ���½̈ ���õ��� ���̧�¦ e��t�ëß�, �̧¿º 2	�"é¶ î̈
����©�

\�"f_� �¹כ�� �©�S!�ëß��̀¦ ��&ñ

��¦ e��l� M:ë�H\� >¹üכ x�u�_� &�e�¦a�As� �>rF�
���H BTT

p���{9�_� �â
Äº &h�6 x
�l� ~1�t� ·ú§Ü¼ 9, 3	�"é¶ /BNçß�\�"f_� \�¦ "î
§î
��t� �¦�9ô�Ç ³ð

&h� Ø�æ[�ty�� Ä»�̧ l�ZO�_� ���½̈��H ú́§s� µ1Ï³ð÷&t� ·ú§�Ér �©�S!�s���. 3	�"é¶ ÆÒ&h� l�
��<Æõ�

��1lx�̧7áx�©�u� 1lx%i��<Æ��t� �̧¿º �¦�9ô�Ç BTT p���{9�_� ³ð&h� Ø�æ[�ty�� Ä»�̧ l�ZO� ¢̧

ô�Ç ×¼Óüt|�� 
��� µ1Ï³ð ÷&%3���[46]. Õª�Q�� s���H (��ÉÓ'�\�¦ s�6 xô�Ç Ãºu� K�$3� ~½ÓZO��̀¦

:�xK� ]j#Q {9�§4��̀¦ >�íß�
���H ~½ÓZO��̀¦ ×þ�
�%i�l� M:ë�H\�, {���2³ +þAI�_� K�(closed-form

solution)�̀¦ ½̈
�t� 3lw
�#� îß�&ñ
$í
�̀¦ �Ð�©�½+É Ãº \O�����H ë�H]j&h�s� e����.

����"f, ¹¡§f��s���H ³ð&h��̀¦ "é¶
���H ³ð&h� Ø�æ[�ty��Ü¼�Ð �¹כ��½+É Ãº e���̧2�¤ 
���H BTT

p���{9�6 x Ä»�̧ l�ZO� >hµ1Ï�<Ê\� e��#Q"f, 3	�"é¶ /BNçß��©�\�"f_� ÆÒ&h� l�
��<Æ x9� p���{9�

��1lx�̧7áx]j#Ql�, �2; ½̈1lxl� 1lx%i��<Æ�̀¦ �̧¿º �¦�9ô�Ç Dh�Ðî�r Ä»�̧ l�ZO�_� >hµ1Ïs� ¹כ��9


���.
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V� 3 *�× Ä©�â e� �â �]�Áþ�£�· �§�bø5� ���â �¿¤4 

V�#ae�

3.1 BTT i�����
�+ k�â«�̀g �¿D�f

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)

(3.1)

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

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§>�>� 
���H l��:r&h���� ¹���Ü¼�Ðכ ���6 xô�Ç��. s��Qô�Ç jËµõ� �̧F'pàÔ��H Û�æ

1lx z�́+«>�̀¦ :�x
�#� ½̈ô�Ç /BN§4� >�Ãº[þt\� _�
�#� ��6£§õ� °ú s� ����èß���[2].
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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)

(3.2)

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���[31]. ��

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

°úכs� 0e���̀¦ _�p�ô�Ç��. s�ü< °ú �Ér ��&ñ
�̀¦ ���½ÓÜ¼�Ð ��6£§õ� °ú s� BTT p���{9�\� @/ô�Ç

q����+þA �©�I� ~½Ó&ñ
d���̀¦ %3��̀¦ Ãº e����[1].

(Roll Dynamics)

ṗ = Iz
IxIz−I2

zx
QSdCl(α, β, M, δp, δr) + 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

(3.3)
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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, δp, δr)

+ I2
x+I2

zx−IxIy

IxIz−I2
zx

pq + Izx(Iy−Iz−Ix)
IxIz−I2

zx
qr

(3.4)

(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)

(3.5)

#�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� 9, z�́]j p���{9� r�Û¼%7�\�"f

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

��"f 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��.

s�]j, 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��� 
���. ¢̧, ]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>

3.1\� ������ 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�� �©�
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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+ÉÃºe��Ü¼Ù¼�Ð î̈
ç�H&h�Ü¼�Ð lf��H�©�Ãº�Ð2[/åL|̈cÃºe����.t��FK��

t�_�&ñ
_�[þtõ�ÕªaË> 3.1�ÐÂÒ'���6£§õ�°ú �Ér��&ñ
�Ér~1�>�~ÃÎ��[þt#�|9�Ãºe����[23, 24].

(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

(3.6)

��&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���.

s�]j 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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FF
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F

ÕªaË> 3.1: q�'��×�æ��� p���{9�\� ���6 x
���H jËµ
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��&ñ
 (A4)�� ��{©�
�����H ��Ér	כ s�p� ú̧� �Ð#���� ��z�́s���[4, 24]. ����"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

(3.7)

/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����. [47]\�"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, ��A�ü< °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��[24].

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
(3.8)

(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
| cosφ = QIz

lb−lf
Ha

(
V

VM
, W

VM

)

FBz = −|FBN
| sinφ = QIy

lb−lf
Hb

(
V

VM
, W

VM

) (3.9)

��&ñ
 (A4)ü< �<Êa�, d�� (3.1), (3.9)\� _�
���� 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 )

(3.10)

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)
(3.11)

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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3.2 ���â �¿¤4 V�#ae� à�
N�

s� �©�\�"f��H q�þj�è0A�©� :£¤$í
�̀¦ °ú���H p���{9� ��5Åq�̧ 1lx%i��<Æ�̀¦ ò́õ�&h�Ü¼�Ð ]j#Q

½+ÉÃºe���̧2�¤
���Hl��>r_�Ä»��:£¤s�[O�1lxl�ZO��̀¦s�6 xô�Ç��1lx�̧7áx]j#Ql�[24]\�@/
�

#� çß�|ÄÌy� �è>hô�Ç Êê, ½̈1lxl� 1lx%i��<Æs� �©�@/&h�Ü¼�Ð Ö¼wn= �â
Äº µ1ÏÒqt
���H îß�&ñ
$í
 ë�H

]j\�¦ K����
�l� 0Aô�Ç Dh�Ðî�r ��1lx�̧7áx ]j#Ql� [O�>� l�ZO��̀¦ ]jr�ô�Ç��.

s�]j d�� (3.7)_� Kl�̀¦ s�6 x
�#� \�¦ ��1lx�̧7áx ]j#Ql�\�¦ ��A�ü< °ú s� ½̈$í
ô�Ç��.

δc
p = Kl(α, β,M, up, δr) (3.12)

\�¦ 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

] (3.13)

�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

(3.14)
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����"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
(3.15)

d�� (3.15)�ÐÂÒ'�\�¦��1lx�̧7áx]j#Ql���H\�¦y��"î
§î
�̀¦&ñ
SX�
�>�ÆÒ7áx�<Ê�̀¦·ú�Ãºe����.

d�� (3.7)_� 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

) (3.16)

#�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)

(3.17)

(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)

(3.18)

#�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����.
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[24]\�"fü<°ú s� ½̈1lxl�1lx%i��<Æs�s��©�&h�Ü¼�Ð��\�¦�â
Äº(i.e., δc
q = δq, δ

c
r = δr)0A

_� d�� (3.17), (3.18)_� ,¹כ x�u� G�V,� 1lx%i��<Æ�Ér ��A�ü< °ú s� ÂÒì�r ���+þA�o ÷&#Q ½̈K�

�����.

(Partially Linearized Closed-Loop Yaw Dynamics)

V̇ = pW + uy

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]

(3.19)

(Partially Linearized Closed-Loop Pitch Dynamics)

Ẇ = −pV + uz

q̇ = −hv2Uq + hv2uz + QHb

(
V

VM
, W

VM

)
+ Iz−Ix

Iy
pr + Izx

Iy
(r2 − p2)

Az = −Uq + uz

(3.20)

BTTp���{9�_�q�þj�è0A�©�:£¤$í
�Érd�� (3.5), (3.6)\�"f �̂¦Ãºe��1pws�x�u���5Åq�̧

�� Az = (FBz +FFz)/m�ÐÅÒ#Qt�l�M:ë�H\�������>��)a��.{9�ìøÍ&h�Ü¼�Ð��H1lx�̂\���

K�t���H jËµs� ]j#Q ¼#�y��\� ��K�t���H jËµ�Ð�� B�Äº ß¼l� M:ë�H\� (FBz À FFz) s�\�¦ s�

6 x
�#� ��5Åq�̧ ]j#Q�� s�ÀÒ#Qt�>� �)a��. @/ÂÒì�r_� l��>r ���õ�[þt�Ér ��1lx�̧7áx ]j#Ql�

[O�>�\� e��#Q"f ]j#Q ¼#�y��\� ��K�t���H jËµ $í
ì�r��� FFz\�¦ Áºr�
��¦ [O�>�
�%i�l� M:ë�H

\�, ]j#Q �íl� r�&h�\� ]j#Q ¼#�y�� "î
§î
�̀¦ õ��̧
�>� µ1ÏÒqtr�v���H ë�H]j�� e���¦ s���H 1lx

�̂\���K�t���HjËµ�Ð��]j#Q¼#�y��\���K�t���HjËµs�&�t�>�ëß�[þt>��)a��(FBz ¿ FFz).

Õª���X<, FFz_� ~½Ó�¾Ó�Ér ��5Åq�̧ "î
§î
õ� ìøÍ@/ ~½Ó�¾ÓÜ¼�Ð µ1ÏÒqt
�>� ÷&�¦ s���H 	�H ����8Ã»

àÔ\�¦ µ1ÏÒqtr�v�>� ÷&�¦, d��t�#Q��H r�Û¼%7��̀¦ Ô�¦îß�&ñ

�>� ëß�[þtl��̧ ô�Ç��.

ô�Ç¼#�, p���{9�_� XM»¡¤ ~½Ó�¾Ó ���5Åq�̧ U�� B�Äº ß¼l� M:ë�H\� hv2U��H {9�ìøÍ&h�Ü¼�Ð

��1lx�̧7áx�©�u� @/%i�;�¤ ωn�Ð�� B�Äº 	�H °ú̀�כ¦ °ú�>� �)a��. ����"f x�u� G�V,�_� y��5Åq�̧
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����oÖ�¦ 1lx%i��<Æ�Ér B�Äº ��ØÔ>� Ãº§4�
�>� ÷& 9, s���H /BI d�� (3.19), (3.20), ��ðøÍ��t�

�Ð d�� (3.4), (3.5)\�"f q̇ = 0, ṙ = 0�Ð Z�~�̀¦ Ãº e��6£§�̀¦ _�p�ô�Ç��. Õª�QÙ¼�Ð d�� (3.5),

(3.11)\�"f ��t�}�� 2>h_� �½Ó�̀¦ Áºr�½+É Ãº e������� Az ' −QHb( V
VM

, W
VM

)/hv2�� H�d�̀¦

·ú� Ãº e����. #�l�"f, d�� (3.8), (3.9)�Ð &ñ
_�÷&��H �<ÊÃº Hb��H p���{9� 1lx�̂\�"f µ1ÏÒqt÷&

��H jËµ��� FBz\� q�YV
���H °ú̀�כ¦ °ú���H��. s�XO�>� ÷&��� x�u� ��5Åq�̧ Az��H ]j#Q {9�§4����

uzü< Áº�'a
�>� ÷& 9, ���Ð C�8̈����+þA�o l�ZO��̀¦ &h�6 x½+É Ãº e��>� �)a��.

s�]j Dh�Ðî�r ]j#Q {9�§4��̀¦ ��A�ü< °ú s� &ñ
_�ô�Ç��.

uy = −pW − ayωnV − ω2
n

∫ t

o
V (τ)dτ (3.21)

uz = pV + ωnF (ρ, U, V, W, ρ̇, U̇) + ωnG(ρ, U, V, W )vz (3.22)

v̇z = −azωnvz − bzωnAz + ω2
n

∫ t

0
(Ac

z(τ)−Az(τ))dτ (3.23)

where ay, az, bz, λz, ωn > 0 and

F (ρ, U, V, W, ρ̇, U̇) , − ρ̇VM

2ρN(U,V,W )Hb + UU̇
2|VM |2N(U,V,W )

[−2VMHb + V D1Hb + WD2Hb]

− (−ayV +ωn
∫ t
0 V (τ)dτ)

2|VM |2N(U,V,W )

[
2V VMHb + (U2 + W 2)D1Hb − V WD2Hb

]

G(ρ, U, V, W ) , − hv2
ρVMN(U,V,W )

N(U, V, W ) , W
VM

Hb − V W
2|VM |2 D1Hb + U2+V 2

2|VM |2 D2Hb

(3.24)

&ñ
o�
����, ½̈1lxl�1lx%i��<Æõ�p���{9�_�y��5Åq�̧����oÖ�¦1lx%i��<Æs�Ø�æì�ry���\�¦�â
Äº,q�

þj�è0A�©�:£¤$í
s���_�����t�>�÷&#Qx�u���5Åq�̧\�¦f��]X�]j#Q½+ÉÃºe��>��)a���¦ �̂¦

Ãº e����[24]. Õª�Q��, ½̈1lxl� 1lx%i��<Æs� �©�@/&h�Ü¼�Ð Ö¼wn= �â
Äº s�\�¦ Áºr�½+É Ãº \O�#Q

�8¹¡¤ #Q�9î�r ë�H]j�� ÷& 9 ����̂ r�Û¼%7�s� Ô�¦îß�&ñ
K�t���H �â
Äº�̧ µ1ÏÒqt
�>� �)a��[25].

26



s�]j ��A�ü< °ú �Ér ß¼l� x9� r�çß� ���8̈�(magnitude and time-scaling transforma-

tion)�̀¦ &ñ
_�ô�Ç��.

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

(3.25)

�2; ½̈1lxl� 1lx%i��<Æ�Ér ��A�ü< °ú �Ér {9�ìøÍ&h���� ���+þA r�Ô�¦���(linear time-invariant) r�Û¼

%7�Ü¼�Ð ³ð�&³�)a���¦ ��&ñ
ô�Ç��.

εaẋr = Arxr + Brδ
c
r, δr = Crxr (3.26)

εaẋq = Aqxq + Bqδ
c
q, δq = Cqxq (3.27)

where

CrA
−1
r Br = CqA

−1
q Bq = 1, xr(t) ∈ Rl, xq(t) ∈ Rl (3.28)

#�l�"f, Ar, Br, Cr, Aq, Bq, Cq��H �©�Ãº°ú̀�כ¦ °ú���H &ñ
��y�� '��§>=s� 9, Ar, Aq��H Hurwitz

'��§>=s���. 0A_� ½̈1lxl� 1lx%i��<Æ �̧4Sq�Ér {9�ìøÍ&h���� :£¤s� [O�1lx �̧4Sq�̀¦ ��ØÔ>� H�d�̀¦ ·ú�

Ãº e����[9].
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s�]j, εa = 0�Ð ¿º��. Õª�Q���, d�� (3.17), (3.18)_� ¹כ x9� x�u� G�V,� 1lx%i��<Æ�Ér ß¼l�

x9� r�çß� ���8̈��)a �©�I� ���Ãº\� _�K� ��A�ü< °ú s� jþt Ãº e����.

˙̂
V = −ayV̂ + ζ̂y (3.29)

˙̂
ζy = −V̂ (3.30)

ωn
˙̂r = −hv1Û r̂ + hv1ωnp̂Ŵ + hv1ωnayV̂ − hv1ωnζ̂y

−Q̂Ha

(
V̂

V̂M
, Ŵ

V̂M

)
+ Ix−Iy

Iz
ωnp̂q̂

−Izx

Iz
q̂r̂ +

Izx

Iz
ω2

n(−apλpp̂− bpλ
2
pφ̂− λ2

pζ̂p)

(3.31)

˙̂
W = F (ρ̂, Û , V̂ , Ŵ , ˙̂ρ,

˙̂
U) + G(ρ̂, Û , V̂ , Ŵ )v̂z (3.32)

ωn
˙̂q = −hv2Û q̂ + hv2ωn

{
p̂V̂ + F (ρ̂, Û , V̂ , Ŵ , ˙̂ρ,

˙̂
U) + G(ρ̂, Û , V̂ , Ŵ )v̂z

}

+Q̂Hb

(
V̂

V̂M
, Ŵ

V̂M

)
+ Iz−Ix

Iy
ωnp̂r̂ + Izx

Iy
(r̂2 − ω2

np̂2)
(3.33)

Âz = −Û q̂ + ωn

{
p̂V̂ + F (ρ̂, Û , V̂ , Ŵ , ˙̂ρ,

˙̂
U) + G(ρ̂, Û , V̂ , Ŵ )v̂z

}
(3.34)

0A_� r����8̈��)a r�Û¼%7�\�"f �̂¦ Ãº e��1pws�, ¹כ x9� x�u� G�V,�_� y��5Åq�̧ ����oÖ�¦���

qü< r�̀¦ �¦5Åq 1lx%i��<ÆÜ¼�Ð [O�&ñ
½+É Ãº e����. ·ú¡"f [O�"î
ô�Ç ��ü< °ú s� U��H {9�ìøÍ&h�Ü¼�Ð

ωn\�q�K�B�Äº	�H°ú̀�כ¦°ú�l�M:ë�Hs���.d�� (3.16)��H�¦5Åq1lx%i��<Æ�̀¦°ú���H q, r�̀¦�í�<Ê


��¦ e��Ü¼Ù¼�Ð, �2; ½̈1lxl� 1lx%i��<Æs� s��Qô�Ç �¦5Åq 1lx%i��<Æ�̀¦ ú̧� ÆÒ7áx½+É Ãº e���̀¦ëß��pu

��ØÔt� ·ú§Ü¼��� îß�&ñ
$í
\� ë�H]j�� Òqtl�>� �)a��[25]. >�����, {9�ìøÍ&h���� p���{9� �2; ½̈1lx

l���H ]j#Q ¼#�y�� x9� ]j#Q ¼#�y��_� y��5Åq�̧\� ]jô�Çs� �>rF�
�>� �)a��.

s��Qô�Ç îß�&ñ
$í
 ë�H]j\�¦ K����
�l� 0AK�"f��H Ø�æì�ry� ���Ér ½̈1lxl�\�¦ ��6 x
���H ~½ÓZO�

s� e���̀¦ Ãº e����. Õª�Q�� s���H z�́]j �©�S!�\�"f q�6 x ë�H]j�� µ1ÏÒqt½+É Ãº e���¦, <�Ê�Ér ½̈

1lxl� ���̂\�¦ ��ÜãJ Ãº \O���H p���{9� r�Û¼%7�s� e���̀¦ Ãº�̧ e����. ����"f, �:r �7Hë�H\�"f��H
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½̈1lxl� 1lx%i��<Æs� �©�@/&h�Ü¼�Ð Ö¼wn=M:\��̧ "é¶
���H ]j#Q $í
0px�̀¦ ��|9� Ãº e���̧2�¤ 
���H

Dh�Ðî�r ��1lx�̧7áx ]j#Ql� [O�>� l�ZO��̀¦ ]jîß�ô�Ç��. çß�éß�y� [O�"î

������, �¦5Åq 1lx%i��<Æ�̀¦

y©�]j�Ð �̧�FK Ö¼o�>� ëß�[þt#Q �©�@/&h�Ü¼�Ð Ö¼�2; ½̈1lxl��� s�\�¦ ú̧� ìøÍ%ò
½+É Ãº e���̀¦ M:

��t� 0pyÆÒ#Q ÅÒ��H ��s�n�#Q\�¦ l�ìøÍÜ¼�Ð ô�Ç��.

·ú¡"f [O�"î
ô�Ç ��ü< °ú s� ¹כ x9� x�u� G�V,� 1lx%i��<Æ�Ér Õª @/%i�;�¤\� ���� �¦5Åq 1lx%i�

�<Æ rf , qf x9�$�5Åq1lx%i��<Æ rs, qsÜ¼�Ð ��ÐütÃº e����. s���H hv1U , hv2U °úכs�{9�ìøÍ&h�Ü¼�Ð

p���{9� ��1lx�̧7áx�©�u� @/%i�;�¤�Ð�� �s̀��� ß¼l� M:ë�H\� ��0px
���. d�� (3.29)-(3.34)\�"f

ωn → 0 {9� M:, ��A�ü< °ú �Ér $�5Åq 1lx%i��<Æ d���̀¦ ½̈½+É Ãº e����.

rs = −QHa

(
V

VM
, W

VM

)/(
hv1U + Izx

Iz
qs

)

qs = 1
hv2U

[
QHb

(
V

VM
, W

VM

)
+ Izx

Iy
r2
s

] (3.35)

s� M:, �¦5Åq 1lx%i��<Æ rf , qf�Ér ��A�ü< °ú ��.

rf = r − rs, qf = q − qs (3.36)

¹כ x9� x�u� G�V,� �¦5Åq 1lx%i��<Æ_� @/%i�;�¤�Ér y��y�� hv1U , hv2U�Ð ÅÒ#Qt�Ù¼�Ð, ½̈1lxl�

1lx%i��<Æ_� @/%i�;�¤s� hmax , max{hv1, hv2} �Ð�� ����̀¦ �â
Äº �¦5Åq 1lx%i��<Æ_� îß�&ñ
$í
�̀¦
�Ð�©�½+É Ãº \O�>� �)a��.

Õª�QÙ¼�Ð, �¦5Åq 1lx%i��<Æ_� @/%i�;�¤�̀¦ &h�]X�y� ±ú�2X ÅÒ�̧2�¤ 
�l� 0AK� d�� (3.21),

(3.22)_� Dh�Ðî�r ]j#Q {9�§4� uy, uz\�¦ ��A�ü< °ú s� Ãº&ñ

��̧2�¤ ô�Ç��.

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

hv1
QHa

(
V

VM
, W

VM

))

(3.37)

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

)) (3.38)
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where

ζy(t) , −αcωn

∫ t

0
V (τ)dτ (3.39)

#�l�"f, �©�Ãº 0 < αc ≤ 1��H �¦5Åq 1lx%i��<Æ_� @/%i�;�¤�̀¦ 0py2XÅÒ��H %i�½+É�̀¦ 
���H [O�>� ���

Ãº�Ð, +'\� �Ð�� ��[jô�Ç [O�"î
�̀¦ l�Õüt
��̧2�¤ ô�Ç��. ����̂ r�Û¼%7�_� îß�&ñ
$í
�̀¦ 0AK� �¦

5Åq 1lx%i��<Æ_� @/%i�;�¤s� αc ëß��pu 0py2Xt�>� ÷&���, $�5Åq 1lx%i��<Æ_� @/%i�;�¤ %i�r� ωn\�"f

αcωnÜ¼�Ð 0py2XÅÒ%3���. ô�Ç¼#�, �¦5Åq x9� $�5Åq 1lx%i��<Æs� Ö¼�94R�̧ ����̂ {9�Ø�¦§4� :£¤$í
\�

��H %ò
�¾Ó�̀¦ p�u�t� ·ú§���� 
�Ù¼�Ð, d�� (3.38)_� vz��H ½̈1lxl� 1lx%i��<Æs� �>rF�
�t� ·ú§�̀¦

M:ü<°ú �Ér+þAI�\�¦Ä»t�
��̧2�¤½+ÉÃºe����.Õª�Q��,�Ð�����Ér�©�5pxr�çß�(rise time)�̀¦

0A
�#� ��A�ü< °ú s� Dh�Ðî�r vz\�¦ ��6 x
��̧2�¤ ô�Ç��.

vz = −azvo + ζz (3.40)

v̇o = −λzωnvo + λzωnAz (3.41)

where

ζz(t) , ωn

∫ t

0
(Ac

z − vo)dτ (3.42)

d�� (3.40)-(3.42)\� @/ô�Ç [O�"î
�̧ +'Aá¤\�"f ��[jy� l�Õüt
��̧2�¤ ô�Ç��.

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 ��.
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(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

)

(3.43)

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

)}

(3.44)

(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

)

(3.45)

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

)}

(3.46)

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

)}

(3.47)

d�� (3.44), (3.46)�ÐÂÒ'� r, q_� �¦5Åq 1lx%i��<Æ @/%i�;�¤s� αchv1U , αchv2U�Ð y��y�� ��7


%3�6£§�̀¦ SX����½+É Ãº e����. s���H [O�>� ���Ãº��� αc\�¦ ½̈1lxl� 1lx%i��<Æ @/%i�;�¤\� ú́�2X &h�]X�

y� �̧]X�
�#� �¦5Åq 1lx%i��<Æ_� @/%i�;�¤�̀¦ ú́�2X×�¦ Ãº e��6£§�̀¦ _�p�ô�Ç��. s�]j [O�>� ���Ãº
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��� αc\�¦ ��A�ü< °ú s� ú̧���ÅÒ�̧2�¤ ô�Ç��.

αc , 1− ᾱcεa (3.48)

#�l�"f Dh�Ðî�r [O�>� ���Ãº��� ᾱc��H 0 < αc ≤ 1ü< ��6£§ ]X�\�"f [O�"î
½+É îß�&ñ
$í
õ� �'aº��

�)a ÂÒ1pxd��[þt�̀¦ ëß�7á¤
��̧2�¤ ���&ñ
�)a��. εa → 0{9� M:(i.e., ½̈1lxl� 1lx%i��<Æs� s��©�&h�Ü¼

�Ð ��\�¦ �â
Äº), αc → 1�� ÷&Ù¼�Ð, d�� (3.37)-(3.39)_� ]j#Q {9�§4� uy, uz��H ½̈1lxl� 1lx

%i��<Æs��>rF�
�t�·ú§�̀¦�â
Äº��6 x
�%i�~��d�� (3.21)-(3.24)_�]j#Q{9�§4�õ�°ú �Ér+þAI���

H�d�̀¦ ~1�>� ·ú� Ãº e����.

s�]j d�� (3.25)_� ß¼l� x9� r�çß� ���8̈��̀¦ &h�6 x
����, ¹כ x9� x�u� G�V,�_� 1lx%i��<Æ�Ér ��

A�ü< °ú s� ÅÒ#Q�����.

˙̂
V = −αcayV̂ + αcζ̂y − 1− αc

ωn

(
Û r̂ +

1
hv1

Q̂Ha

(
V̂

V̂M

,
Ŵ

V̂M

))

+ Q̂S
mωn

{
Cy

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂r

)
− Cy

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂c

r

)}

(3.49)

˙̂
ζy = −αcV̂ (3.50)

ωn
˙̂r = −αchv1Û r̂ + hv1ωnp̂Ŵ + hv1αcωnayV̂ − hv1αcωnζ̂y

−αcQ̂Ha

(
V̂

V̂M

,
Ŵ

V̂M

)
+

Ix − Iy

Iz
ωnp̂q̂ − Izx

Iz
q̂r̂ +

Izx

Iz
ω2

n(−apλpp̂− bpλ
2
pφ̂ + λ2

pζ̂p)

−hv1Q̂S
m

{
Cy

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂r

)
− Cy

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂c

r

)}

(3.51)
˙̂

W = αcF (ρ̂, Û , V̂ , Ŵ , ˙̂ρ,
˙̂
U) + αcG(ρ̂, Û , V̂ , Ŵ )v̂z + 1−αc

ωn

(
Û q̂ − 1

hv2
Q̂Hb

(
V̂

V̂M
, Ŵ

V̂M

))

+ Q̂S
mωn

{
Cz

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂q

)
− Cz

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂c

q

)}

(3.52)
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ωn
˙̂q = −αchv2Û q̂ + hv2ωn

{
p̂V̂ + αcF (ρ̂, Û , V̂ , Ŵ , ˙̂ρ,

˙̂
U) + αcG(ρ̂, Û , V̂ , Ŵ )v̂z

}

+αcQ̂Hb

(
V̂

V̂M
, Ŵ

V̂M

)
+ Iz−Ix

Iy
ωnp̂r̂ + Izx

Iy
(r̂2 − ω2

np̂2)

+hv2Q̂S
m

{
Cz

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂q

)
− Cz

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂c

q

)}

(3.53)

v̂z = −az v̂o + ζ̂z (3.54)

˙̂vo = −λz(v̂o − Âz) (3.55)

˙̂
ζz = Âc

z − v̂o (3.56)

Âz = −Û q̂ + ωn

{
p̂V̂ + αcF (ρ̂, Û , V̂ , Ŵ , ˙̂ρ,

˙̂
U) + αcG(ρ̂, Û , V̂ , Ŵ )v̂z

}

+(1− αc)
(
Û q̂ − 1

hv2
Q̂Hb

(
V̂

V̂M
, Ŵ

V̂M

))

+ Q̂S
m

{
Cz

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂q

)
− Cz

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂c

q

)}

(3.57)

ωnεa
˙̂xq = Aqx̂q + Bq δ̂

c
q, δ̂q = Cqx̂q (3.58)

ωnεa
˙̂xr = Arx̂r + Br δ̂

c
r, δ̂r = Crx̂r (3.59)

where

δ̂c
r(t) = Ky

(
tan−1(

Ŵ

Û
), tan−1(

V̂

Û
),

V̂M

VS
,

m

Q̂S

(
ωnûy + Û r̂

))
(3.60)

δ̂c
q(t) = Kz

(
tan−1(

Ŵ

Û
), tan−1(

V̂

Û
),

V̂M

VS
,

m

Q̂S

(
ωnûz − Û q̂

))
(3.61)

0A_� 1lx%i��<Æ\�"f »¡¤�è�)a 1lx%i��<Æ�̀¦ ½̈
�l� 0AK� 2éß�>�_� ���\O��̀¦ Ãº'��
��̧2�¤ ô�Ç

��. ���$� εa → 0Ü¼�Ð ¿º#Q d���̀¦ ½̈ô�Ç Êê, ωn → 0_� d���̀¦ ½̈
��̧2�¤ ô�Ç��. s���H y��y��,

½̈1lxl� 1lx%i��<Æs� ���©� ��ØÔÙ¼�Ð ���$� Ãº§4�
�%i��� �Ð�¦ Õª ��6£§Ü¼�Ð �¦5Åq 1lx%i��<Æs�

Ãº§4�
�%i����¦ �Ð��H õ�&ñ
s���. ���$�, εa → 0Ü¼�Ð ¿º��� αc → 1 s�Ù¼�Ð, 0A_� 1lx%i��<Æ
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d���Ér ��A�ü< °ú s� »¡¤�è�)a��.
˙̃̂
V = −ay

ˆ̃V + ˆ̃
ζy (3.62)

˙̃̂
ζy = − ˆ̃V (3.63)

ωn
˙̃̂
r = −hv1Û ˆ̃r + hv1ωnp̂ ˆ̃W + hv1ωnay

ˆ̃V − hv1ωn
ˆ̃
ζy

− ρ̂(Û2 + ˆ̃V 2 + ˆ̃W 2)
2

Ha

( ˆ̃V
ˆ̃VM

,
ˆ̃W
ˆ̃VM

)
+

Ix − Iy

Iz
ωnp̂ˆ̃q

−Izx

Iz

ˆ̃q ˆ̃r +
Izx

Iz
ω2

n(−apλpp̂− bpλ
2
pφ̂ + λ2

pζ̂p)

(3.64)

˙̃̂
W = F (ρ̂, Û , ˆ̃V, ˆ̃W, ˙̂ρ,

˙̂
U) + G(ρ̂, Û , ˆ̃V, ˆ̃W )ˆ̃vz (3.65)

ωn
˙̃̂
q = −hv2Û ˆ̃q + hv2ωn

{
p̂ ˆ̃V + F (ρ̂, Û , ˆ̃V, ˆ̃W, ˙̂ρ,

˙̂
U) + G(ρ̂, Û , ˆ̃V, ˆ̃W )ˆ̃vz

}

+
ρ̂(Û2 + ˆ̃V 2 + ˆ̃W 2)

2
Hb

( ˆ̃V
ˆ̃VM

,
ˆ̃W
ˆ̃VM

)
+

Iz − Ix

Iy
ωnp̂ˆ̃r +

Izx

Iy
(ˆ̃r2 − ω2

np̂2)

(3.66)

ˆ̃vz = −az
ˆ̃vo + ˆ̃

ζz (3.67)

˙̃̂
vo = −λz(ˆ̃vo − ˆ̃Az) (3.68)

˙̃̂
ζz = Âc

z − ˆ̃vo (3.69)

ˆ̃Az = −Û ˆ̃q + ωn

{
p̂ ˆ̃V + F (ρ̂, Û , ˆ̃V, ˆ̃W, ˙̂ρ,

˙̂
U) + G(ρ̂, Û , ˆ̃V, ˆ̃W )ˆ̃vz

}
(3.70)

ˆ̃xq = −A−1
q Bq

ˆ̃
δc
q,

ˆ̃
δq = Cq

ˆ̃xq = ˆ̃
δc
q (3.71)

ˆ̃xr = −A−1
r Br

ˆ̃
δc
r,

ˆ̃
δr = Cr

ˆ̃xr = ˆ̃
δc
r (3.72)

where

ˆ̃
δc
r(t) = Ky

(
tan−1(

ˆ̃W
Û

), tan−1(
ˆ̃V
Û

),
ˆ̃VM

VS
,

m

QS

(
ωn

ˆ̃uc
y + Û ˆ̃r

))
(3.73)
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ˆ̃
δc
q(t) = Kz

(
tan−1(

ˆ̃W
Û

), tan−1(
ˆ̃V
Û

),
ˆ̃VM

VS
,

m

QS

(
ωn

ˆ̃uc
z − Û ˆ̃q

))
(3.74)

0A_� 1	�&h�Ü¼�Ð »¡¤�è�)a 1lx%i��<Æ�Ér ½̈1lxl� 1lx%i��<Æëß��̀¦ Ãº§4�r���� �©�I�s�Ù¼�Ð [24]_�

r� ���8̈�s� &h�6 x�)a 1lx%i��<Æõ� ��_� f�̈��ô�Ç g1Je���̀¦ ·ú� Ãº e����.

s�]j, ωn → 0Ü¼�Ð ¿º#Q 0A_� 1	�&h�Ü¼�Ð »¡¤�è�)a 1lx%i��<Æ�̀¦ þj7áx&h�Ü¼�Ð »¡¤�è�)a 1lx

%i��<ÆÜ¼�Ð ½̈
��̧2�¤ ô�Ç��.

(Reduced Yaw Dynamics)

˙̄̂
V = −ay

ˆ̄V + ˆ̄ζy (3.75)

˙̄̂
ζy = − ˆ̄V (3.76)

(
hv1Û +

Izx

Iz

ˆ̄q
)

ˆ̄r = − ρ̂(Û2 + ˆ̄V 2 + ˆ̄W 2)
2

Ha

(
ˆ̄V
ˆ̄VM

,
ˆ̄W
ˆ̄VM

)
(3.77)

(Reduced Pitch Dynamics)

˙̄̂
W = F (ρ, U, ˆ̄V, ˆ̄W, ρ̇, U̇) + G(ρ, U, ˆ̄V, ˆ̄W )ˆ̄vz (3.78)

ˆ̄q =
1

hv2Û

{
ρ̂(Û2 + ˆ̄V 2 + ˆ̄W 2)

2
Hb

(
ˆ̄V
ˆ̄VM

,
ˆ̄W
ˆ̄VM

)
+

Izx

Iy

ˆ̄r2

}
(3.79)

ˆ̄vz = −az ˆ̄vo + ˆ̄ζz (3.80)

˙̄̂vo = −λz(ˆ̄vo − ˆ̄Az) (3.81)

˙̄̂
ζz = Âc

z − ˆ̄vo (3.82)

ˆ̄Az = − 1
hv2

{
ρ̂(Û2 + ˆ̄V 2 + ˆ̄W 2)

2
Hb

(
ˆ̄V
ˆ̄VM

,
ˆ̄W
ˆ̄VM

)
+

Izx

Iy

ˆ̄r2

}
(3.83)

d�� (3.75),(3.76)Ü¼�Ð ÂÒ'� ¹כ G�V,� ��1lx�̧7áx ]j#Ql���H t → ∞{9� M: ˆ̄V → 0\�¦ ëß�

7á¤
��̧2�¤ [O�>�÷&%3�6£§�̀¦ ·ú� Ãº e����. s�ü< �8Ô�¦#Q d�� (3.77)õ� d�� (3.8)_� Ha_� &ñ
_�
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�ÐÂÒ'� Ha(( ˆ̄V/ ˆ̄VM ), ( ˆ̄W/ ˆ̄VM ))ü< ˆ̄r��H �½Ó�©� ����Ér °úכÜ¼�Ð Ä»t� �)a����H �¦̀�	כ ·ú� Ãº e��

��. Õª�QÙ¼�Ð [24]\�"fü< ��ðøÍ��t��Ð d�� (3.79), (3.83)_� Izx
Iy

ˆ̄r2 �½Ó�̀¦ Áºr�
��̧2�¤ ô�Ç

��. Õª�Q���,
˙̄̂

Az = ˆ̄vz (3.84)

s���H d�� (3.75), (3.78)_�
˙̄̂
V,

˙̄̂
W , d�� (3.8)_� Hbü< d�� (3.24)_� F, G,N�̀¦ s�6 xK� d��

(3.83)_� ˆ̄A\�¦ p�ì�r
�#� ½̈½+É Ãº e����. s�]j, d�� (3.80)-(3.82)\�"f ÅÒ#Qt���H ˆ̄vz\�¦ :�x

K� »¡¤�è�)a x�u� G�V,�_� {9�Ø�¦§4� 1lx%i��<Æ�Ér ��A�ü< °ú s� ½̈K�t�>� �)a��.

Ḡ(s) , L[Āz(t)]
L[Ac

z(t)]
=

ω2
n(s + λzωn)

s3 + λzωns2 + azλzω2
ns + λzω3

n

(3.85)

0A_� d�� (3.85)\�"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�è0A

�©� :£¤$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 +þA

I��� 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�� (3.11)��H &ñ
SX�y� [þt#Qú́�t� ·ú§>� ÷&

Ù¼�Ð, d�� (3.84) ��H ]j#Q ¼#�y��\� ���� B�Äº ��ØÔ>� ����o
���H Ô�¦SX�z�́$í
�̀¦ ��t�>� �)a

��. s�\�¦ K����
�l� 0A
�#� d�� (3.41)õ� °ú �Ér 1	� �9�'�\�¦ &h�6 x
�%i���. �9�'�_� [O�>� ���

Ãº�� λz >> 1_� °ú̀�כ¦ ��t�Ù¼�Ð, d�� (3.85)_� Ḡ(s)��H ��A�ü< °ú �Ér 2	� ���+þA r�Û¼%7�_�

+þAI��Ð ��H��|̈c Ãº e����.

Ḡ(s) ' ω2
n

s2 + azωns + ω2
n

(3.86)

&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	� ���
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+þA r�Û¼%7�_� +þAI��Ð ú̧� ��H���)a��. ����"f, s�1pq [O�&ñ
s��� [O�>� ���Ãº_� [O�&ñ
õ� �'a>�

\O�s� %ò
&h� \O���H 3	� ���+þA r�Û¼%7�_� +þAI�\�¦ °ú���H [24]_� ��1lx�̧7áx ]j#Ql��Ð�� ���Ér

�©�5px r�çß��̀¦ °ú�>� H�d�Ér ��"î

���.

ô�Ç¼#�,d�� (3.75), (3.76)Ü¼�ÐÂÒ'�»¡¤�è�)a¹כG�V,�_�5Åq�̧��H��A�d��_�1lx%i��<Æ�̀¦��

ØÔ>� �)a��.

¨̄V + ayωn
˙̄V + ω2

nV̄ = 0 (3.87)

Õª�QÙ¼�Ð, þj7áx&h�Ü¼�Ð »¡¤�è�)a 1lx%i��<Æ\�"f��H t → ∞{9� M: Āz(t) → Ac
z, V̄ (t) → 0�Ð

Ãº§4�
�>� �)a��.

Õªo��¦, Âc
zü< φ̂c >�éß� {9�§4�s��� ��&ñ

�%i��̀¦ M:, ��A�_� ÂÒ1pxd���̀¦ ëß�7á¤
���H �ª�_�

�©�Ãº γp , γV , γ
ζy

, γz, γζp
, γA , σp , σV , σz�� �>rF�
�>� �)a��.

|p̂(t)| ≤ γp‖χ̂p(0)‖e−σpt

| ˆ̄V (t)| ≤ γV ‖χ̂V (0)‖e−σ
V

t

| ˆ̄ζy(t)| ≤ γ
ζy
‖χ̂V (0)‖e−σ

V
t

|ˆ̄vz(t)| ≤ γz‖χ̂z(0)‖e−σzt (3.88)

|ζ̂p(t)− bpφ(t)| ≤ γ
ζp
‖χ̂p(0)‖e−σpt

|Âc
z − ˆ̄Az(t)| ≤ γA‖χ̂z(0)‖e−σzt
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where

χ̂p ,
[

p̂ (ζ̂p − bpφ̂) (φ̂c − φ̂)

]T

χ̂V ,
[

ˆ̄V ˆ̄ζy

]T

(3.89)

χ̂z ,
[

ˆ̄vz (ˆ̄ζz − az
ˆ̄Az) (Âc

z − ˆ̄Az)

]T

�íl� �̧|	�\� ���� %3�#Qt���H 0A_� ÂÒ1pxd�� (3.88)�Ér \�¦ G�V,�_� �̀ÀÒáÔ 1lx%i��<Æ��� d��

(3.14), (3.15), »¡¤�è�)a ¹כ G�V,� 1lx%i��<Æ d�� (3.75), (3.76), Õªo��¦ »¡¤�è�)a x�u� G�V,� 1lx

%i��<Æ d�� (3.84), (3.85)_� îß�&ñ
ô�Ç 1lx%i��<Æ\� ���� ½̈K������.

0A\�"f��6 x�)ap���{9�r�Û¼%7� �̧4Sq�Érl��>r���õ�[þt\�"f��6 xô�Ç���+þA�o�)a<�Ê�Ér��

&ñ
\�_�K�éß�í�H�o�)a BTTp���{9� �̧4Sq�̀¦ �̧¿º �í�<Ê
���H���©�{9�ìøÍ&h���� �̧4Sqs���½+É

Ãº e����. Õª�QÙ¼�Ð, ]jîß��)a ��1lx�̧7áx ]j#Ql���H >�íß�s� 4�¤ú̧�K� �Ðs�t�ëß�, p���{9� 7áx

ÀÓü< �'a>�\O�s� �̂>�&h�Ü¼�Ð ~1�>� &h�6 x|̈c Ãº e����. ¢̧ô�Ç, V,�o� ��6 x÷&��H ]j#Q6 x DSP

\�¦ ��6 x½+É �â
Äº µs Ãºï�rÜ¼�Ð >�íß�÷&#Q z�́r�çß� ½̈�&³s� ��0px
���.
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3.3 Å]��æ &P��7�

s� ]X�\�"f��H ]jîß��)a ��1lx�̧7áx ]j#Ql�_� $í
0px ì�r$3��̀¦ Ãº'��ô�Ç��. s�\�¦ 0AK� �̧	�

1lx%i��<Æ(error dynamics)\�¦ Ä»�̧
��¦ s� �̧	� 1lx%i��<Æs� Ãº§4��<Ê�̀¦ �Ðs��̧2�¤ ô�Ç��. ���

$� ��A�ü< °ú s� �̧	� ���Ãº(error variable)�̀¦ &ñ
_�ô�Ç��.

êξ ,
[

êz1 êz2 êη

]T

(3.90)

ˆ̃eξ ,
[

ˆ̃ez1
ˆ̃ez2

ˆ̃eη

]T

(3.91)

ˆ̄eξ ,
[

ˆ̄ez1 ˆ̄ez2 ˆ̄eη

]T

(3.92)

êq , q̂ − 1
hv2Û

ρ̂(Û2 + V̂ 2 + Ŵ 2)
2

Hb

(
V̂

V̂M

,
Ŵ

V̂M

)
(3.93)

ˆ̄eq , ˆ̃q − 1
hv2Û

ρ̂(Û2 + ˆ̃V 2 + ˆ̃W 2)
2

Hb

( ˆ̃V
ˆ̃VM

,
ˆ̃W
ˆ̃VM

)
(3.94)

êv ,
[

êv1 êv2

]T

(3.95)

êxr , x̂r − ˆ̄xr, êxq , x̂q − ˆ̄xq (3.96)

where

êz1 , v̂z − ˆ̄vz, êz2 , v̂o − ˆ̄vo, êz , Âz − ˆ̄Az (3.97)

ˆ̃ez1 , v̂z − ˆ̃vz, ˆ̃ez2 , v̂o − ˆ̃vo, ˆ̃ez , Âz − ˆ̃Az (3.98)

ˆ̄ez1 , ˆ̃vz − ˆ̄vz, ˆ̄ez2 , ˆ̃vo − ˆ̄vo, ˆ̄ez , ˆ̃Az − ˆ̄Az (3.99)

êη , êz + αcÛ êq − ωnp̂V̂ − αcωnF (ρ̂, Û , V̂ , ˆ̄W, ˙̂ρ,
˙̂
U)− αcωnG(ρ̂, Û , V̂ , ˆ̄W )v̂z

− Q̂S
m

{
Cz

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂q

)
− Cz

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂c

q

)}

(3.100)
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ˆ̃eη , ˆ̃ez + αcÛ êq − ωnp̂V̂ − αcωnF (ρ̂, Û , V̂ , ˆ̄W, ˙̂ρ,
˙̂
U)

−αcωnG(ρ̂, Û , V̂ , ˆ̄W )v̂z − ˆ̄eη + ˆ̄ez

− Q̂S
m

{
Cz

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂q

)
− Cz

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂c

q

)}

(3.101)

ˆ̄eη , ˆ̄ez + Û ˆ̄eq − ωnp̂ ˆ̃V − ωnF (ρ̂, Û , ˆ̃V, ˆ̃W, ˙̂ρ,
˙̂
U)− ωnG(ρ̂, Û , ˆ̃V, ˆ̃W )ˆ̃vz (3.102)

êv1 ,
∫ t

0
{V̂ (τ)− ˆ̄V (τ)}dτ (3.103)

êv2 , V̂ (t)− ˆ̄V (t) (3.104)

ˆ̄xr , −A−1
r Br δ̂

c
r(t), ˆ̄xq , −A−1

q Bq δ̂
c
q(t) (3.105)

�̧	� 1lx%i��<Æ�Ér 0A\� &ñ
_��)a �̧	� ���Ãº[þt\� _�K� ��A�ü< °ú s� ÅÒ#Q�����.

˙̂eξ = A11êξ + αcÛA12êq − αcωnA12ĝ(t)−A12(1− αc)ωnp̂V̂

+ ρ̂V̂M (1−αc)
hv2ωn

B1

{
N1(Û , V̂ , Ŵ )

(
Û q̂ − 1

hv2
Q̂Hb

(
V̂

V̂M
, Ŵ

V̂M

))

−N2(Û , V̂ , Ŵ )
(
Ur + 1

hv1
Q̂Ha

(
V̂

V̂M
, Ŵ

V̂M

))}

−(1− αc)B1

(
v̂z + V̂ 2

M
hv2

Hb

(
V̂

V̂M
, Ŵ

V̂M

)
˙̂ρ
)

− ρ̂(1−αc)Û
hv2

B1

{
2Hb

(
V̂

V̂M
, Ŵ

V̂M

)
− V̂

V̂M
D1Hb

(
V̂

V̂M
, Ŵ

V̂M

)
− Ŵ

V̂M
D2Hb

(
V̂

V̂M
, Ŵ

V̂M

)} ˙̂
U

+ Q̂S
m ( ρ̂V̂M

hv2ωn
N1(Û , V̂ , Ŵ ))B1

×
{

Cz

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂q

)
− Cz

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂c

q

)}

− ρ̂V̂M Q̂S
mhv2ωn

N2(Û , V̂ , Ŵ )B1

×
{

Cy

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂r

)
− Cy

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂c

r

)}

(3.106)
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˙̃̂
eξ = A11

ˆ̃eξ + αcÛA12êq − αcωnA12ĝ(t)− (1− αc)ωnA12p̂V̂ −A12 ˆ̄eη + A12 ˆ̄ez

+ ρ̂V̂M (1−αc)
hv2ωn

B1

{
N1(Û , V̂ , Ŵ )

(
Û q̂ − 1

hv2
Q̂Hb

(
V̂

V̂M
, Ŵ

V̂M

))

−N2(Û , V̂ , Ŵ )
(
Ur + 1

hv1
Q̂Ha

(
V̂

V̂M
, Ŵ

V̂M

))}
− (1− αc)B1

(
v̂z + V̂ 2

M
hv2

Hb

(
V̂

V̂M
, Ŵ

V̂M

)
˙̂ρ
)

− ρ̂(1−αc)Û
hv2

B1

{
2Hb

(
V̂

V̂M
, Ŵ

V̂M

)
− V̂

V̂M
D1Hb

(
V̂

V̂M
, Ŵ

V̂M

)
− Ŵ

V̂M
D2Hb

(
V̂

V̂M
, Ŵ

V̂M

)} ˙̂
U

+ Q̂S
m ( ρ̂V̂M

hv2ωn
N1(Û , V̂ , Ŵ ))B1

×
{

Cz

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂q

)
− Cz

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂c

q

)}

− ρ̂V̂M Q̂S
mhv2ωn

N2(Û , V̂ , Ŵ )B1

×
{

Cy

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂r

)
− Cy

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂c

r

)}

(3.107)

ωn
˙̂eq = −αchv2Û êq + αcωnhv2ĝ(t)− (1− αc)ωnhv2p̂V̂ +

Iz − Ix

Iy
ωnp̂r̂ +

Izx

Iy
r̂2 − Izx

Iy
ω2

np̂2

+ωn

Û

[
αcv̂z + 1

hv2

{
˙̂
U
Û

Q̂− (1− αc)V̂ 2
M

˙̂ρ
}

Hb

(
V̂

V̂M
, Ŵ

V̂M

)]

− ρ̂(1−αc)ωn

hv2

{
2Hb

(
V̂

V̂M
, Ŵ

V̂M

)
− V̂

V̂M
D1Hb

(
V̂

V̂M
, Ŵ

V̂M

)
− Ŵ

V̂M
D2Hb

(
V̂

V̂M
, Ŵ

V̂M

)} ˙̂
U

− ρ̂V̂M (1−αc)

hv2Û

{
N1(Û , V̂ , Ŵ )

(
Û q̂ − 1

hv2
Q̂Hb

(
V̂

V̂M
, Ŵ

V̂M

))

−N2(Û , V̂ , Ŵ )
(
Ur + 1

hv1
Q̂Ha(Ṽ , W̃ )

)}
+ Q̂S

m (hv2 − ρ̂V̂M

hv2Û
N1(Û , V̂ , Ŵ ))

×
{

Cz

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂q

)
− Cz

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂c

q

)}

− ρ̂V̂M Q̂S

mhv2Û
N2(Û , V̂ , Ŵ )

×
{

Cy

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂r

)
− Cy

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂c

r

)}

(3.108)

˙̂ev = αcAv êv − 1−αc
ωn

Bv1

(
Û r̂ + 1

hv1
Q̂Ha

(
V̂

V̂M
, Ŵ

V̂M

))
+ (1− αc)Bv2

ˆ̃V − (1− αc)Bv1
ˆ̃
ζy

+ 1
mωn

Bv1Q̂S
{

Cy

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂r

)
− Cy

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂c

r

)}

(3.109)

˙̂exr = 1
εaωn

Arêxr + 1
ωn

A−1
r Br

d
dtKy

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, m

Q̂S

(
ωnûy + Û r̂

))

(3.110)

˙̂exq = 1
εaωn

Aq êxq + 1
ωn

A−1
q Bq

d
dtKz

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, m

Q̂S

(
ωnûz − Û q̂

))

(3.111)
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ωn
˙̂r = −αchv1Û r̂ + hv1ωn(p̂Ŵ + αcayV̂ − αcζ̂y) +

Ix − Iy

Iz
ωnp̂êq

−αcQ̂Ha

(
V̂

V̂M
, Ŵ

V̂M

)
+ Ix−Iy

Iz
ωnp̂ 1

hv2Û
Q̂Hb

(
V̂

V̂M
, Ŵ

V̂M

)

− Izx
Iz

r̂êq − Izx
I r̂ 1

hv2Û
Q̂Hb

(
V̂

V̂M
, Ŵ

V̂M

)
+ Izx

Iz
ω2

n[−apλpp̂− bpλ
2
pφ̂ + λ2

pζ̂p]

−hv1Q̂S
m

{
Cy

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂r

)
− Cy

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂c

r

)}

(3.112)

êz = êη − αcÛ êq + ωnp̂V̂ + αcωnF (ρ̂, Û , V̂ , ˆ̄W, ˙̂ρ,
˙̂
U) + αcωnG(ρ̂, Û , V̂ , ˆ̄W )v̂z

+ Q̂S
m

{
Cz

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂q

)
− Cz

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂c

q

)}

(3.113)

where

A11 ,




0 λzaz − 1 −λzaz

0 −λz λz

1 0 0




, A12 ,




λzaz

−λz

0




, Av ,



−ay 1

−1 0




B1 ,




0

0

1




, Bv1 ,




1

0


 , Bv2 ,




ay

1


 (3.114)

ĝ(t) , p̂V̂ + F (ρ̂, Û , V̂ , Ŵ , ˙̂ρ,
˙̂
U) + G(ρ̂, Û , V̂ , Ŵ )v̂z

+ Q̂S
mωn

{
Cz

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂q

)
− Cz

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂c

q

)}

(3.115)

N1(Û , V̂ , Ŵ ) , Ŵ

V̂M

Hb +
1
2

Û2 + V̂ 2

V̂ 2
M

D2Hb − 1
2

V̂ Ŵ

V̂ 2
M

D1Hb (3.116)

N2(Û , V̂ , Ŵ ) , V̂

V̂M

Hb +
1
2

Û2 + V̂ 2

V̂ 2
M

D1Hb − 1
2

V̂ Ŵ

V̂ 2
M

D2Hb (3.117)
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ô�Ç¼#�, ��A�_� o���ÉÒ�̧áÔ(Lyapunov) d���̀¦ ëß�7á¤
���H �ª�_� '��§>=(positive-definite

matrices) P11, Q11, Pv, Qv, Pr, Qr, Pq, Qq�� �>rF�ô�Ç��.

AT
11P11 + P11A11 = −Q11

AT
v Pv + PvAv = −Qv

AT
q Pq + PqAq = −Qq (3.118)

AT
r Pr + PrAr = −Qr.

¢̧ô�Ç, ��&ñ
 (A6), (A7)�Ð ÂÒ'� ��A�_� ÂÒ1pxd���̀¦ ëß�7á¤
���H �ª�_� �©�Ãº Jmin, ha, αM ,

βM1, βM2�� �>rF�ô�Ç��[24].

N(Û , V̂ , Ŵ ) ≥ Jmin∣∣∣∣∣Ha

(
V̂

V̂M

,
Ŵ

V̂M

)∣∣∣∣∣ ≤ ha|V̂ |
∣∣∣∣∣Hb

(
V̂

V̂M

,
Ŵ

V̂M

)∣∣∣∣∣ ≤ αM (3.119)

∣∣∣∣∣D1Hb

(
V̂

V̂M

,
Ŵ

V̂M

)∣∣∣∣∣ ≤ βM1

∣∣∣∣∣D2Hb

(
V̂

V̂M

,
Ŵ

V̂M

)∣∣∣∣∣ ≤ βM2
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Ãº�<Æ&h� $í
0px ì�r$3��̀¦ 0AK� ��A�ü< °ú �Ér ��&ñ
�̀¦ ÆÒ��
��̧2�¤ ô�Ç��.

(A8) /BN%i��<Æ >�Ãº Cy , Czü< Õª_� %i����©���� Ky, Kz��H ���5Åq p�ì�r ��0px
���.

(A9) t ≥ 0\�@/
�#���A�_�ÂÒ1pxd���̀¦ëß�7á¤
���H�ª�_��©�Ãº ρmin, ρmax, Umin, Umax, γρ̇,

γU̇ , γρ̈, γÜ , γr, γq�� �>rF�ô�Ç��.

ρ(t) ∈ Iρ , [ρmin, ρmax], |ρ̇(t)| ≤ γρ̇, |ρ̈(t)| ≤ γρ̈,

U(t) ∈ IU , [Umin, Umax], |U̇(t)| ≤ γU̇ , |Ü(t)| ≤ γÜ ,

|δr(t)| ≤ γr, |δq(t)| ≤ γq

��&ñ
 (A8)�Ér ú̧� [O�>��)a p���{9�\� @/
�#� {9�ìøÍ&h�Ü¼�Ð ~ÃÎ��[þt#� |9� Ãº e��Ü¼ 9, s�Êê

ÕªaË> 3.4ü< ÕªaË> 3.5\�"f SX����½+É Ãº e��1pws�, �̧_� z�́+«>\� ��6 x½+É ILAAT p���{9��Ér

��&ñ
 (A8)�̀¦ ëß�7á¤ô�Ç��. ��&ñ
 (A9)��H {9�ìøÍ&h���� �©�S!�\�"f {©����ô�Ç ��&ñ
s���.

��&ñ
 (A7), (A8), (A9)�ÐÂÒ'���A�ÂÒ1pxd���̀¦ëß�7á¤
���H�©�Ãº Lc1, Lc2,Kc1,Kc2��

�>rF��<Ê�̀¦ ·ú� Ãº e����.

Lc1 ≤ D4Cy

(
tan−1(

Ŵ

Û
), tan−1(

V̂

Û
),

V̂M

VS
, δ̂r

)
≤ Lc2 (3.120)

Kc1 ≤ D4Cz

(
tan−1(

Ŵ

Û
), tan−1(

V̂

Û
),

V̂M

VS
, δ̂q

)
≤ Kc2 (3.121)

Õª�Q���d�� (3.120), (3.121)õ���&ñ
 (A8)�ÐÂÒ'���A�ÂÒ1pxd���̀¦ëß�7á¤
���H�©�Ãº Lc, Kc

%i�r� �>rF�
�>� �)a��.

∣∣∣∣∣Cy

(
tan−1(

Ŵ

Û
), tan−1(

V̂

Û
),

V̂M

VS
, δ̂r

)
− Cy

(
tan−1(

Ŵ

Û
), tan−1(

V̂

Û
),

V̂M

VS
, δ̂c

r

)∣∣∣∣∣ ≤ Lc|δ̂r−δ̂c
r|

(3.122)
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∣∣∣∣∣Cz

(
tan−1(

Ŵ

Û
), tan−1(

V̂

Û
),

V̂M

VS
, δ̂q

)
− Cz

(
tan−1(

Ŵ

Û
), tan−1(

V̂

Û
),

V̂M

VS
, δ̂c

q

)∣∣∣∣∣ ≤ Kc|δ̂q−δ̂c
q|

(3.123)

¢̧ô�Ç, d�� (3.119), ��&ñ
 (A6), (A7), (A9)\�¦ :�xK� ��A� ÂÒ1pxd���̀¦ ëß�7á¤
���H �ª�_� �©�Ãº

κ1, κ2, κ3, N̄1, N̄2�� �>rF��<Ê�̀¦ ·ú� Ãº e����[24].

|F (ρ̂, Û , V̂ , Ŵ , ˙̂ρ,
˙̂
U)| ≤ κ1

Umax

ρmin
| ˙̂ρ|+ κ2| ˙̂U |+ κ2(ay|V̂ |+ |ζ̂y|)

|G(ρ̂, Û , V̂ , Ŵ )| ≤ κ3

ρminUmin
(3.124)

|N1(Û , V̂ , Ŵ )| ≤ N̄1

|N2(Û , V̂ , Ŵ )| ≤ N̄2.

��t�}��Ü¼�Ð,��&ñ
 (A5)-(A9),d�� (3.119), (3.124), (3.49)-(3.61)Ü¼�ÐÂÒ'���A�_�%i���

�©� Ky, Kz_� p�ì�r\� �'aô�Ç ÂÒ1pxd���̀¦ ëß�7á¤
���H �ª�_� �©�Ãº Kyi, i = 1, ..., 26ü< Kzi, i =

1, ..., 44 %i�r� �>rF��<Ê�̀¦ ·ú� Ãº e����.

∣∣∣∣∣
d

dt
Ky

(
tan−1(

Ŵ

Û
), tan−1(

V̂

Û
),

V̂M

VS
,
m(ωnûy + Û r̂)

Q̂S

)∣∣∣∣∣

≤ (Ky1 + Ky2ωn + Ky3
1− αc

ωn
)|V̂ |+ (Ky4 + Ky5ωn)|ζ̂y|

+ [Ky6
1− αc

ωn
+ (1− αc)Ky7 + Ky8

1
ωn

]|Uminêq|

+ Ky9| ˙̂ρ|+ (Ky10
1
ωn

+ Ky11)‖êxr‖

+ (Ky12 + Ky13αc|Uminr̂|) | ˙̂U |+ (Ky14 + Ky15ωn)|ξ̂p − bpφ̂| (3.125)

+
(

Ky16
1− αc

ωn
+ Ky17

1
ωn

+ (1− αc)Ky18

)
|Uminr̂|+

(
Ky19

1
ωn

+ Ky20

)
‖êxq‖

+ |p̂|[ωn(Ky21|V̂ |+ Ky22|ζ̂y|)|+ Ky23‖êxq‖+ Ky24 + ωnKy25 + Ky26|Uminêq|]
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∣∣∣∣∣
d

dt
Kz

(
tan−1(

Ŵ

Û
), tan−1(

V̂

Û
),

V̂M

VS
,
m(ωnûz − Û q̂)

Q̂S

)∣∣∣∣∣

≤
(

Kz1 + Kz2
1− αc

ωn
+ ωnKz3

)
|V̂ |+ (Kz4 + Kz5ωn) |ζ̂y|

+
(

Kz6
1− αc

ωn
+ (1− αc)Kz7

)
|Uminr̂|

+
(

Kz8 + Kz10ωn + Kz11
1
ωn

+ Kz12ωn|v̂z|
)
| ˙̂ρ|+

(
Kz13

1
ωn

+ Kz14

)
‖êxr‖

+
(

Kz15 + Kz16ωn + Kz17
1
ωn

+ Kz18ωn|v̂z|+ Kz19αc|Uminêq|
)
| ˙̂U |

+
(

Kz20
1− αc

ωn
+ Kz21

1
ωn

+ (1− αc)Kz22

)
|Uminêq|+

(
Kz23

1
ωn

+ Kz24

)
‖êxq‖

+ |p̂|[ωn(Kz25|V̂ |+ Kz26|ζ̂y|) + Kz28‖êxr‖+ Kz29 + ((1− αc)Kz30 + Kz31)|Uminr̂|]

+ Kz27|ξ̂p − bpφ̂||V̂ |+ Kz32ωn| ¨̂ρ|+ Kz33ωn| ¨̂U |+ ωnKz34|p̂|2 +
1
ωn

Kz35|Uminr̂|2

+
(
ωnKz36|V̂ |+ Kz37|ζ̂y|+ Kz38(1− αc)|Uminr̂|+ Kz39‖êxr‖

)
|v̂z|

+ (Kz40(1− αc)|Uminêq|+ Kz41‖êxq‖+ ωnKz42 + Kz43 + ωnKz44|v̂z|) |v̂z| (3.126)

s�]j, ��A�_� &ñ
o� 1�̀¦ l�Õüt
��̧2�¤ ô�Ç��. P̄ , diag(P11, Pv, 1, 1, Pq, Pr), Q̄ ,

[Q̄ij ]�Ð &ñ
_�
� 9, Q̄ijü< Õª ü@_� ���Ér ���Ãº[þt�Ér ÂÒ2�¤ 6.1\�"f &ñ
_�
��̧2�¤ ô�Ç��.
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Ça�h� 1. x�u� ��5Åq�̧ "î
§î
 Ac
z�� �©�Ãº{9� M:, [O�>� ���Ãº ωn, ᾱc, ay, az, λz�� ��A�_�

ÂÒ1pxd�� �̧|	��̀¦ ëß�7á¤ô�Ç���¦ 
���.

X ,




−(1− ᾱcεa)a33 + ᾱcεab33 ᾱcεaa34 b35 + ᾱcεac35 b36 + ᾱcεac36

ᾱcεaa34 −(1− ᾱcεa)a44 + b44 b45 + ᾱcεac45 b46 + ᾱcεac46

b35 + ᾱcεac35 b45 + ᾱcεac45 −λm(Qq)
εa

+ b55 b56

b36 + ᾱcεac36 b46 + ᾱcεac46 b56 −λm(Qr)
εa

+ b66




< 0

(3.127)

Y ,




−C1 + ωn(C2 − Ā1X
−1ĀT

1 )− Ā2X
−1ĀT

1 − Ā1X
−1ĀT

2 C3 Ā2

CT
3 −ωn 0

ĀT
2 0 ωnX




< 0

(3.128)

b̄1 ≤ λ2
m(Q̄)

64Mw3

(3.129)

‖χ̂p(0)‖, ‖χ̂z(0)‖ ≤ µ̄1 = min
(

λm(Q̄)
4(Mpw2γp+Mζpw2γζp+γzM

vzw2 ) ,

1
2K2

(
−K1 +

√
K2

1 + 4
(

λ2
m(Q̄)

64Mw3
− b̄1

)
K2

)) (3.130)

‖χ̂V (0)‖ ≤ µ̄ , 1
b̄3

{(
2

√
λm(P̄ )
λM (P̄ )

− λm(P̄ )
λM (P̄ )

)
λ2

m(Q̄)
64Mw3

− b̄1 − b̄2

}
(3.131)

|| ˆ̃w(0)|| ≤
√

λm(P̄ )
λM (P̄ )

λm(Q̄)
8Mw3

(3.132)

|| ˆ̄w(0)|| ≤
√

λm(P0)
λM (P0)

λm(Q0)ωnUmin/Izx

8|1/Iz − 1/Iy| (3.133)

#�l�"f λm(·), λM (·)��H y��y�� þj�è x9� þj@/ �¦Ä»°úכ(eigenvalue)\�¦ _�p�ô�Ç��.

ˆ̃w(t) , [||ˆ̃eξ(t)|| ||êv(t)|| |Uminêq(t)| |Uminr̂(t)| ||êxq(t)|| ||êxr(t)||]T . (3.134)
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ˆ̄w(t) , [||ˆ̄eξ(t)|| |Umin ˆ̄eq(t)| |Umin
ˆ̃r(t)|]T . (3.135)

Õª�Q���,

|V (t)− V̄ (t)| ≤ d̃V e−σ̄minωnt + d̃V 1γρ̇ + d̃V 2γU̇ + d̃21γρ̈ + d̃22γÜ , ∀t ≥ 0, (3.136)

|Az(t)− Āz(t)| ≤ d̃0e
−σ̄minωnt + d̄11γρ̇ + d̄12γU̇ + d̃21γρ̈ + d̃22γÜ , ∀t ≥ 0, (3.137)

|Az(t)−Ac
z| ≤ d̃e−σ̄minωnt + d̃11γρ̇ + d̃12γU̇ + d̃21γρ̈ + d̃22γÜ , ∀t ≥ 0. (3.138)

¥

¤� ÃZ�. ��A�ü< °ú s� Ä»�� o���ÉÒ�̧áÔ �<ÊÃº(Lyapunov-like function)\�¦ &ñ
_�ô�Ç��.

Vw , 1
2

ˆ̃wT P̄ ˆ̃w (3.139)

�̧|	� (3.127)ü< (3.128)�Ð ÂÒ'� ÂÒ2�¤ 6.1\� &ñ
_��)a Q̄ �� �ª�_� '��§>=(positive definite

matrix)e���̀¦·ú�Ãºe��Ü¼ 9,d�� (3.88),(3.89), (3.106)-(3.126)�̀¦s�6 xô�Ç4�¤ú̧�ô�Ç>�íß��̀¦

��5g &ñ
_��)a Ä»�� o���ÉÒ�̧áÔ �<ÊÃº_� p�ì�rs� ��A�_� ÂÒ1pxd���̀¦ ëß�7á¤�<Ê�̀¦ �Ð{9� Ãº e��

��.
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V̇w 5 −1
2

ˆ̃wT Q̄ ˆ̃w + ‖ ˆ̃w‖
{

Mρ| ˙̂ρ|+ MU | ˙̂U |+ Mρρ| ¨̂ρ|+ MUU | ¨̂U |+ MV̄ | ˆ̄V |

+(MpV̄ |p̂|+ MζpV̄ |ζ̂P − bP φ̂|)| ˆ̄V |+ Mζy | ˆ̄ζy|
}

+‖ ˆ̃w‖
{

Mpζy |p̂|| ˆ̄ζy|+ Mv̄zV̄ |ˆ̄vz|| ˆ̄V |+ Mv̄z ζ̄y
|ˆ̄vz|| ˆ̄ζy|+ Mv̄2

z
|ˆ̄vz|2 + Mvz |ˆ̄vz|+ Meξ

‖ ˆ̄w‖
}

+|ˆ̄vz|‖ ˆ̃w‖2M
vzw2 + |p̂| ‖ ˆ̃w‖2M

pw2 + |p̂|2‖ ˆ̃w‖M
p2w

+ |p̂| ‖ ˆ̃w‖Mpw + |ζ̂P − bP φ̂|‖ ˆ̃w‖M
ζpw

+|ζ̂P − bP φ̂|‖ ˆ̃w‖2M
ζpw2 + M

w3‖ ˆ̃w‖3

5 M
w3‖ ˆ̃w‖3 −

(
1
2λm(Q̄)− |p̂|M

pw2 − |ζ̂P − bP φ̂|M
ζpw2 − |ˆ̄vz|Mvzw2

)
‖ ˆ̃w‖2

+‖ ˆ̃w‖
{

MV̄ | ˆ̄V |+ (MpV̄ |p̂|+ MζpV̄ |ζ̂P − bP φ̂|)| ˆ̄V |+ Mpζy |p̂|| ˆ̄ζy|

+Mζy | ˆ̄ζy|+ Mvz |ˆ̄vz|+ M
p2w
|p̂|2 + Mpw |p̂|+ M

ζpw
|ζ̂p − bpφ̂|+ Meξ

‖ ˆ̄w‖
+Mv̄zV̄ |ˆ̄vz|| ˆ̄V |+ Mv̄z ζ̄y

|ˆ̄vz|| ˆ̄ζy|+ Mv̄2
z
|ˆ̄vz|2 + Mρ| ˙̂ρ|

+MU | ˙̂U |+ Mρρ| ¨̂ρ|+ MUU | ¨̂U |
}

5 −(1
2λm(Q̄)− ‖χ̂p(0)‖(γpMpw2 + γζpMζpw2 ) e−σp t − ‖χ̂z(0)‖γzMvzw2e

−σz t)‖ ˆ̃w‖2

+M
w3‖ ˆ̃w‖3 + ‖ ˆ̃w‖ [

Meξ
M3e

−σ0t +
(
Mvzγz + Mv̄2

z
γ2

z‖χ̂z(0)‖) ‖χ̂z(0)‖e−σz t

+‖χ̂p(0)‖e−σp t
(
M

p2w
γ2

p
‖χ̂p(0)‖+ Mpwγp + M

ζpw
γ

ζp

)

+
{

MV̄ γV + Mζyγζy
+

(
(Mpζyγζy

+ MpV γV )γp + M
ζpV̄

γV γ
ζp

)
‖χ̂p(0)‖

}
‖χ̂V (0)‖e−σ

V
t

+
(
(Mv̄zV̄ γz + Mv̄z ζ̄y

γζy)‖χ̂z(0)‖
)
‖χ̂V (0)‖e−σ

V
t + (Mρ + Meξ

M1)| ˙̂ρ|

+Mρρ| ¨̂ρ|+ MUU | ¨̂U |+ (MU + Meξ
M2)| ˙̂U |

]

5 ‖ ˆ̃w‖ f
(
‖ ˆ̃w‖

)

(3.140)

where

f(‖ ˆ̃w‖) = M
w3‖ ˆ̃w‖2− 1

4
λm(Q̄)‖ ˆ̃w‖+(b̄1−Meξ

M3)+(b̄2 +Meξ
M3)e−σ̄mint + µ̄b̄3e

−σV t

(3.141)
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d�� (3.127), (3.128)�Ð ÂÒ'� ��A�_� ÂÒ1pxd��s� ëß�7á¤�<Ê�̀¦ ·ú� Ãº e����.

V̇w < 0, ∀ ˆ̃w ∈ Sw ,
{

ˆ̃w ∈ R6 | ŵmin < ‖ ˆ̃w‖ < ŵmax

}
(3.142)

where

ŵmin , 1
2Mw3

(
λm(Q̄)

4
−
√

Γ
)

, ŵmax , 1
2Mw3

(
λm(Q̄)

4
+
√

Γ
)

,

Γ , 1
16

λ2
m(Q̄)− 4Mw3(b̄1 + b̄2 + µ̄b̄3).

¢̧ô�Ç, d�� (3.129),(3.130), (3.131)Ü¼�Ð ÂÒ'� Γ��H �ª�Ãº e���̀¦ ·ú� Ãº e���¦, )
ÀÓ

ZO�(contradiction)�̀¦ :�xK� ��A�_� ÂÒ1pxd��s� ëß�7á¤�<Ê�̀¦ �Ð{9� Ãº e����[24].

‖ ˆ̃w(t)‖ < b̄4

√
λM (P̄ )
λm(P̄ )

, ∀ t = 0 (3.143)

b̄4_� &ñ
_�\� _�K�,

M
w3‖ ˆ̃w‖2 <

1
8
λm(Q̄)‖ ˆ̃w‖ (3.144)

f
(
‖ ˆ̃w‖

)
5 −1

8
λm(Q̄)‖ ˆ̃w‖+(b̄1−Meξ

M3+(b̄2+Meξ
M3)e−σ̄mint+µ̄b̄3e

−σV t). (3.145)

d�� (3.140), (3.145)ü< the Comparison Principle[9]\� _�K� ��A� ÂÒ1pxd���̀¦ ½̈½+É Ãº e��

��.

‖ ˆ̃w(t)‖ ≤
√

λM (P̄ )
λm(P̄ )

‖ ˆ̃w(0)‖e−σ̄t + 8λM (P̄ )
λm(P̄ )λm(Q̄)

(
(Mρ + Meξ

M1)γρ̇ + (MU + Meξ
M2

)
γU̇

+Mρργρ̈ + MUUγÜ ) + 1
λm(P̄ )

(
b̄2+Meξ

M3

|σ̄−σ̄min| + µ̄b̄3
|σ̄−σV |

)
e−σ̄mint.

(3.146)
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ˆ̃w(t)_� &ñ
_�ü< d�� (3.146)Ü¼�Ð ÂÒ'� d�� (3.136)s� $í
wn�
�>� ÷& 9, d�� (3.127)-

(3.133)�Ð ÂÒ'� εa → 0{9� M: ��A�_� ÂÒ1pxd��s� $í
wn��<Ê�̀¦ ·ú� Ãº e����.

|ˆ̄ez(t)| ≤ (
√

1 + (Umax/Umin)2 + ωnκ3
Uminρmin

)‖ ˆ̄w(t)‖
+

(
ωnγp‖χ̂p(0)‖e−σpt + ωnκ2ay

)
γV ‖χ̂V (0)‖e−σ

V
t

+ωnκ2γζy
‖χ̂V (0)‖e−σ

V
t + ωn

κ3
Uminρmin

γz‖χ̂z(0)‖e−σz t

+κ1ωn
Umin
ρmin

| ˙̂ρ|+ ωnκ2| ˙̂U |

(3.147)

‖ ˆ̄w(t)‖ ≤
√

λM (P0)
λm(P0) ‖ ˆ̄w(0)‖e−σt + 8λM (P0)

λm(P0)λm(Q0)(d2γρ̇ + d3γU̇ )

+ 1
λm(P0)

(
b2

|σ−σp| +
µb3

|σ−σ0|
)

e−σmint.
(3.148)

d�� (3.101), (3.102), (3.115), (3.146), (3.147), (3.148)�̀¦ s�6 x
�#� ¢̧ô�Ç ��A�_� ÂÒ1px

d��s� |ˆ̃ez|\� @/K� $í
wn��<Ê�̀¦ �Ð{9� Ãº e����.
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|ˆ̃ez| ≤ |ˆ̃eη|+ (1− ᾱcεa)Umax
Umin

|Uminêq|+ ωn|p̂|(|êv2|+ | ˆ̄V |) + |ˆ̄eη|+ |ˆ̄ez|
+(1− ᾱcεa)ωn|F (ρ̂, Û , V̂ , Ŵ , ˙̂ρ,

˙̂
U)|

+(1− ᾱcεa)ωn|G(ρ̂, Û , V̂ , Ŵ )|(|ˆ̃ez1|+ |ˆ̄ez1|+ |ˆ̄vz|)
+QS

m

∣∣∣Cz

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂q

)
− Cz

(
tan−1(Ŵ

Û
), tan−1( V̂

Û
), V̂M

VS
, δ̂c

q

)∣∣∣
≤

√
1 + ((1− ᾱcεa)Umax

Umin
)2‖ ˆ̃w(t)‖+ |ˆ̄eη|+ |ˆ̄ez|

+ωnγp‖χ̂p(0)‖e−σpt
(
‖ ˆ̃w(t)‖+ γV |χ̂V (0)|e−σ

V
t
)

+(1− ᾱcεa)ωn

(
κ1

Umin
ρmin

| ˙̂ρ|+ κ2| ˙̂U |+ κ2

(
ay|ˆ̃ev2|+ ay| ˆ̄V |+ |ˆ̃ev1|+ | ˆ̄ζy|

))

+(1− ᾱcεa)ωn
κ3

Uminρmin

(
|ˆ̃ez1|+ |ˆ̄ez1|+ |ˆ̄vz|

)
+ QS

m Kc||Cq||‖êxq‖

≤ d̄01‖ ˆ̃w(t)‖+
(
2ωnγp‖χ̂p(0)‖e−σpt + (2− ᾱcεa)ωnκ2ay

)
γV ‖χ̂V (0)‖e−σ

V
t

+(2− ᾱcεa)ωnκ2γζy
‖χ̂V (0)‖e−σ

V
t + (2− ᾱcεa)ωn

κ3
Uminρmin

γz‖χ̂z(0)‖e−σz t

+(2− ᾱcεa)ωnκ1
Umin
ρmin

| ˙̂ρ|+ (2− ᾱcεa)ωnκ2| ˙̂U |
+(1 +

√
1 + (Umax

Umin
)2 + ωn

κ3
Uminρmin

+ (1− ᾱcεa)ωn
κ3

Uminρmin
)‖ ˆ̄w(t)‖

≤ d̄01‖ ˆ̃w(t)‖+
(
2ωnγp‖χ̂p(0)‖e−σpt + (2− ᾱcεa)ωnκ2ay

)
γV ‖χ̂V (0)‖e−σ

V
t

+(2− ᾱcεa)ωnκ2γζy
‖χ̂V (0)‖e−σ

V
t + (2− ᾱcεa)ωn

κ3
Uminρmin

γz‖χ̂z(0)‖e−σz t

+(2− ᾱcεa)ωnκ1
Umin
ρmin

| ˙̂ρ|+ (2− ᾱcεa)ωnκ2| ˙̂U |+ d̄02‖ ˆ̄w(t)‖
≤ d̃0e

−σ̄mint + d̄11γρ̇ + d̄12γU̇ + d̃21γρ̈ + d̃22γÜ

(3.149)

Õª�QÙ¼�Ð, ÂÒ1pxd�� (3.137)�Ér $í
wn�ô�Ç��. ��t�}��Ü¼�Ð, ÂÒ1pxd�� (3.138)�Ér d��(3.88),

(3.147), (3.149) �Ð ÂÒ'� ��A�ü< °ú s� ½̈K������.

|Âz(t)− Âc
z| ≤ |Âz(t)− ˆ̃Az(t)|+ | ˆ̃Az(t)− ˆ̄Az(t)|+ | ˆ̄Az(t)− Âc

z|
≤ |ˆ̃ez(t)|+ |ˆ̄ez(t)|+ γA‖χ̂z(0)‖e−σzt

≤ d̃e−σ̄mint + d̃11γρ̇ + d̃12γU̇ + d̃21γρ̈ + d̃22γÜ

(3.150)

¥
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]jîß��)a ��1lx�̧7áx ]j#Ql�_� îß�&ñ
$í
 �̧|	��Ér [O�>� ���Ãº��� ᾱcü< ωn�Ð ½̈$í
÷&��H ¿º

'��§>=ÂÒ1pxd��\�_�K�ÅÒ#Qt�>��)a��. ½̈1lxl�1lx%i��<Æs�ÅÒ#Q&���̀¦M:,7£¤ εa��&ñ
K�&���̀¦

M:, ¿º '��§>= ÂÒ1pxd�� �̧|	� (3.127), (3.128)�̀¦ ëß�7á¤
���H °úכ_� [O�>� ���Ãº ᾱcü< ωn�̀¦ [O�

&ñ

�#� ��1lx�̧7áx ]j#Ql�\�¦ [O�>�½+É Ãº e����. Ãº�<Æ&h���� ì�r$3��̀¦ :�xK� ½̈1lxl� 1lx%i��<Æs�

s��©�&h�Ü¼�Ð��ØÔ����$�5Åq1lx%i��<Æs��©�@/&h�Ü¼�ÐB�ÄºÖ¼wn=M: (i.e., εa ' 0, ωn ' 0),

7£¤ 3éß�>��Ð ì�ro�
�#� [O�>�
��̧2�¤ ô�Ç �̧|	�s� ú̧� ëß�7á¤|̈c M:, (3.127), (3.128)\�¦ ëß�7á¤


���H ᾱcü< ωn�� �½Ó�©� �>rF��<Ê�̀¦ s��:r&h�Ü¼�Ð �Ð{9� Ãº e����. z�́]j [O�>� r�\���H ú̧� ·ú��9

��� �	� 7�Û¼ þj&h��o l�ZO�(convex optimization techniques)[52] 1px�̀¦ :�xK� &h�]X�ô�Ç [O�>�

���Ãº_� °ú̀�כ¦ &ñ

��̧2�¤ ½+É Ãº e����.

q�'�� �̧|	���� ρü< U�� �©�Ãº�Ð ÅÒ#Q|9� �â
Äº(i.e., ρ̇ = 0, U̇ = 0) ��A�ü< °ú s� Ãº§4�

�̧|	�s� çß�éß�y� ½̈K�t�>� �)a��.

|V (t)− V̄ (t)| ≤ d̃V e−σ̄minωnt, ∀t ≥ 0, (3.151)

|Az(t)− Āz(t)| ≤ d̃0e
−σ̄minωnt, ∀t ≥ 0. (3.152)

|Az(t)−Ac
z| ≤ d̃e−σ̄minωnt, ∀t ≥ 0. (3.153)

¢̧ô�Ç, ωns� �����t�>� ÷&��� z�́]j p���{9� r�Û¼%7�_� {9�Ø�¦§4� 1lx:£¤$í
s� »¡¤�è�)a 1lx%i��<Æ

_� {9�Ø�¦§4� 1lx:£¤$í
��� Ḡ(s)ü< °ú s� ������>� �)a��. Õªo��¦, �¦5Åq 1lx%i��<Æ_� @/%i�;�¤

s� αchv1U , αchv2U�Ð ×�¦#Q[þt|�� 
�%i�t�ëß� #����y� ��1lx�̧7áx�©�u� @/%i�;�¤�Ð����H �s̀���

	�H °ú̀�כ¦ °ú�l� M:ë�H\� &h�]X�ô�Ç °úכ_� ωn�̀¦ ¹1Ô��H ��Ér	כ #Q�9î�r {9�s� ��m���. ��t�}��Ü¼

�Ð, [24]_� îß�&ñ
$í
 �̧|	��Ér ½̈1lxl� 1lx%i��<Æ�̀¦ Áºr�
��¦ Ä»�̧�)a ���õ�s� 9, d�� (3.127),

(3.128)\�"f εa = 0Ü¼�Ð ¿º��� [24]_� îß�&ñ
$í
 �̧|	�õ� 1lx{9�ô�Ç +þAI�_� '��§>= ÂÒ1pxd���̀¦ ½̈

½+É Ãº e����.

53



3.4 �¿�+ ��
��@ Úr
ø�

s� ]X�\�"f��H ]jîß��)a ��1lx�̧7áx ]j#Ql�_� $í
0px�̀¦ î̈
��
�l� 0A
�#� ILAAT(Inter-

Laboratory Air-to-Air Missile Technology)p���{9�_�/BN%i��<Æ��«Ñ[53]\�¦s�6 x
�#� �̧

_� z�́+«>�̀¦ Ãº'��
��̧2�¤ ô�Ç ���õ�\�¦ [O�"î

��̧2�¤ ô�Ç��. ÕªaË> 3.2, 3.3ü< °ú s� ILAAT p�

��{9�_� /BN%i��<Æ >�Ãº[þt�Ér y©�ô�Ç q����+þA$í
�̀¦ (̀>� ÷& 9, ÕªaË> 3.4, 3.5\�"f �̂¦ Ãº e��1pw

s� ��A�ü< °ú s� >�Ãº\�¦ [O�&ñ

�%i��̀¦ M: d�� (3.120), (3.121)_� ÂÒ1pxd��s� ëß�7á¤H�d�̀¦ SX�

���½+É Ãº e����.

Lc1 = 0.045, Lc2 = 0.19,Kc1 = −0.205,Kc2 = −0.053. (3.154)

�Ð�� ��[jô�Ç ILAAT p���{9�_� ]j"é¶ x9� /BN%i��<Æ >�Ãº[þt�Ér ÂÒ2�¤ 6.1\�"f l�Õüt
��̧2�¤


�%i���.

�<ÊÃº Haü< Hb��H d�� (3.11)\� _�K� t�r�³ð(look-up table) +þAI��Ð ÅÒ#Qt� 9, p���

{9�_� �íl� ���5Åq�̧��H [U(0), V (0),W (0)] = [680, 0, 0](m/s) �Ð ��&ñ

�%i��¦, ]j#Q ¼#�y��

�Ér ±20(deg)]j#Q¼#�y��_�y��5Åq�̧��H ±250(deg/s)�Ð]jô�Ç�̀¦¿º%3���.\�¦y��"î
§î
x9�x�

u� ��5Åq�̧ "î
§î
�Ér y��y�� φc = 20(s(t)− s(t− 3))(deg), Ac
z(t) = 100s(t− 0.1)(m/s2)_�

°úכÜ¼�Ð z�́+«>
�%i�Ü¼ 9, #�l�"f s(t) ��H éß�0A >�éß� �<ÊÃº(unit step function)�̀¦ _�p�ô�Ç

��.

d�� (3.12), (3.13), (3.16), (3.37)-(3.42)_� [O�>� ���Ãº[þt�Ér �2; ½̈1lxl� 1lx%i��<Æs� �>r

F�
�t� ·ú§�̀¦ �â
Äº ��A�ü< °ú s� ���×þ�|̈c Ãº e����.

αc = 1,

ay = az = 1.414, ap = 1.75, bp = 2.15,

ωn = 10, λp = 3

(3.155)
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���$�, ap, bp, ay, az��H d�� (3.15), (3.86), (3.87)_� {9�Ø�¦§4� ���²ú� �<ÊÃº�� ITAE (integral

of time multiplied absolute error)[48]_� +þAI�\�¦ °ú��̧2�¤ [O�>�÷&%3�Ü¼ 9, {9�ìøÍ&h���� �â


Äº \�¦ G�V,�s� x�u� G�V,��Ð�� 3C� &ñ
�̧ ��ØÔ���¦ �̂¦ Ãº e��Ü¼Ù¼�Ð, λp = 3Ü¼�Ð [O�&ñ

�

%i���.

ÕªaË> 3.6\�"fü< °ú s� ]jîß��)a d�� (3.41)_� 1	� �9�'��� \O��̀¦ �â
Äº x�u� ��5Åq�̧

\� �¦ÅÒ�� $í
ì�r_� ���1lxs� ������>� �)a��. ·ú¡"f 3.3]X�\�"f [O�"î
ô�Ç ��ü< °ú s�, s���H

ILLAT p���{9�_� /BN%i��<Æ ��«Ñ�� d�� (3.11)_� �'a>�\�¦ &ñ
SX�y� ëß�7á¤r�v�t� 3lw
�l� M:

ë�H\� µ1ÏÒqt
�>� �)a��. Õª ���õ�, d�� (3.84)��H ]j#Q ¼#�y��\� ���� ��ØÔ>� ����o
���H Ô�¦SX�

z�́$í
(uncertainty)\�¦ ��t��¦ $í
wn�
�>� ÷& 9, ]j#Q ¼#�y��õ� Õª p�ì�r�Ér Óüto�&h� ]jô�Ç �̧

|	��̀¦ ��t��¦ e��l� M:ë�H\� ]j#Q ¼#�y�� x9� x�u� ��5Åq�̧ 6£x²ú�\� G�'�a�Aõ� °ú �Ér �&³�©��̀¦

������>� ô�Ç��. x�u� G�V,�_� {9�Ø�¦§4� 1lx:£¤$í
s� d�� (3.86)_� 2	� ���+þA r�Û¼%7�õ� ��H��

ô�Ç +þAI��Ð ������>� 
��9��� �9�'�_� [O�>� ���Ãº\�¦ λz >> 1�Ð [O�&ñ

�#� ��H��&h�Ü¼�Ð

Áºr�|̈c Ãº e���̧2�¤ K���ô�Ç��. 1lxr�\�, 1	� �9�'��� �¦ÅÒ�� $í
ì�r_� Ô�¦SX�z�́$í
�̀¦ ]j��
�

�¦ $�5Åq 1lx%i��<Æ @/%i�\�  QÁºØÔ�̧2�¤ 
�l� 0AK�"f λz��H λzωn << αchmaxU\�¦ ëß�7á¤K�

��ô�Ç��. ����"f, λz = 10Ü¼�Ð [O�&ñ

�%i���.

ÕªaË> 3.7��H �2; ½̈1lxl� 1lx%i��<Æs� \O��̀¦ �â
Äº(i.e., δc
i = δi for i = p, q, r)\� @/ô�Ç �̧

_� z�́+«> ���õ�\�¦ �����·p��. s� M:, z�́]j x�u� G�V,�_� {9�Ø�¦§4� 1lx:£¤$í
�Ér [O�>� 3lq³ð���

2	����+þAr�Û¼%7� Ḡ(s)ü<Ä»��ô�Ç+þAI��Ð������>��)a��. ¢̧ô�Ç,l��>r���õ����d�� (3.12),

(3.13), (3.16), (3.21)-(3.24))_� ��1lx�̧7áx ]j#Ql�[24]ü< q��§Ùþ¡�̀¦ M: Âúª�Ér �©�5px r�çß�

Ü¼�Ð ���ô�Ç $í
0px �¾Ó�©�s� e��6£§�̀¦ SX���� ½+É Ãº e����.

s�]j,]jîß��)a��1lx�̧7áx]j#Ql��� ½̈1lxl�1lx%i��<Æ_�%ò
�¾Ó�̀¦\O����� ò́õ�&h�Ü¼�Ð�Ð

�©�K� ×�¦ Ãº e����Ht�\�¦ ·ú����Ðl� 0AK�, �2; ½̈1lxl� 1lx%i��<Æ�̀¦ ��A�_� 2	� ���+þA r�Ô�¦���
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r�Û¼%7� +þAI��Ð ��&ñ

�l��Ð ô�Ç��.

L[δi(t)]
L[δc

i (t)]
=

ω2
a

s2 + 2ζaωas + ω2
a

for i = p, q, r (3.156)

s� M:, d�� (3.26), (3.27)_� r�Û¼%7��Ér ��A�ü< °ú s� jþt Ãº e����.

εa = 1
ωa

, Ar = Aq =



−2ζa 1

−1 0


 , Br = Bq =




1

0


 , Cr = Cq =

[
0 1

]

(3.157)

Óüt�:r ]jîß��)a ��1lx�̧7áx ]j#Ql���H 2	� s��©�_� �¦	� <�Ê�Ér {9�ìøÍ&h���� +þAI��Ð ½̈1lxl� r�

Û¼%7�s� ÅÒ#Q&���̀¦ M:�̧ &h�6 x ��0px
���, #�l�"f��H 2	� ���+þA r�Û¼%7� +þAI�_� ½̈1lxl� 1lx

%i��<Æ_� %ò
�¾Óëß��̀¦ Äº��� ì�r$3�
�%i���.

½̈1lxl� 1lx%i��<Æs� �©�@/&h�Ü¼�Ð ��\�¦ �â
Äº(ωa = 120Hz, ζa = 0.707)_� \�¦, ¹כ x9� x�

u� G�V,�_� 6£x²ú� :£¤$í
õ� ]j#Q ¼#�y���̀¦ ÕªaË> 3.8\� ����?/%3���. s� M:��H, :£¤Z>�y� αc\�¦

�̧]X�
�#� �Ð�©�
�t� ·ú§���̧ ½̈1lxl� 1lx%i��<Æs� \O��̀¦ M:ü< ��_� f�̈��ô�Ç 6£x²ú� :£¤$í
�̀¦ ��

���·p��.Õª�Q��, ½̈1lxl�1lx%i��<Æ_�@/%i�;�¤��� ωa\�¦ 60 Hz�Ð±ú�ÆÒ%3��̀¦M:,l��>r��1lx�̧

7áx ]j#Ql�ü< °ú �Ér αc = 1�̀¦ ��6 xÙþ¡�̀¦ M: ÕªaË> 3.9ü< °ú s� Õª ]j#Q $í
0px�Ér B�Äº ����

4R ����̂ r�Û¼%7�s� Ô�¦îß�&ñ
K�t�>� �)a��. s�\�¦ �Ð�©�
�l� 0AK� αc = 0.35Ü¼�Ð [O�&ñ

�#�

d�� (3.37),(3.38)_� ]jîß��)a ��1lx�̧7áx ]j#Ql�\�¦ &h�6 xK� �Ð��¤��. ÕªaË> 3.10\�"f �̂¦ Ãº

e��1pws�, ����̂ r�Û¼%7�s� îß�&ñ
K�&���¦, ]j#Q $í
0px�̧ "é¶
���H {9�Ø�¦§4� 1lx:£¤$í
\� ��H��&h�Ü¼

�Ð ������>� H�d�̀¦ ·ú� Ãº e����.

½̈1lxl� 1lx%i��<Æs� Ö¼�9|9�Ãº2�¤, 7£¤, ωa�� �����|9� Ãº2�¤, [O�>� ���Ãº��� αc\�¦ �8¹¡¤ ���

�Ér °úכÜ¼�Ð ���×þ�K��� ô�Ç��. ωa\�¦ 60 Hz\�"f 30 Hz�Ð �8¹¡¤ ±ú�ÆÒ�¦, ��ðøÍ��t��Ð αc\�¦

0.35\�"f 0.28�Ð ±ú�ð�r Êê_� �̧_� z�́+«> ���õ�\�¦ ÕªaË> 3.11\� ����?/%3���. ÕªaË> 3.10õ�

ÕªaË> 3.11_� 6£x²ú� :£¤$í
�̀¦ q��§K� �Ð��¤�̀¦ M:, ½̈1lxl� 1lx%i��<Æs� �8¹¡¤ Ö¼�9f��\� ����

\�¦ G�V,�_� "î
§î
s� ����o½+É M:���� G�V,� çß�_� ���½+Ë :£¤$í
 M:ë�H\� ��������H ¹כ x9� x�u�
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G�V,�\�"f_� %ò
�¾Ós� �8¹¡¤ d��K�f���̀¦ ·ú� Ãº e����. Õª�Q�� B�Äº Ö¼�2; ½̈1lxl� 1lx%i��<Æs�

�>rF��<Ê\��̧ Ô�¦½̈
��¦, Õª�Qô�Ç %ò
�¾Ó�Ér /BI ����t��¦ "é¶
���H {9�Ø�¦§4� 1lx:£¤$í
�̀¦ ���� ú̧�

]j#QH�d�̀¦ ·ú� Ãº e����.

¢̧ô�Ç, /BN%i��<Æ ��«Ñ_� Ô�¦SX�z�́$í
(uncertainties in aerodynamic data)s� �>rF�½+É �â


Äº\��̧ ]jîß��)a ��1lx�̧7áx ]j#Ql��� y©����
�>� 1lx����<Ê�̀¦ �Ðs��̧2�¤ ô�Ç��. x�u� G�V,� 1lx

%i��<Æ\� ÅÒ�)a %ò
�¾Ó�̀¦ p�u���H /BN%i��<Æ >�Ãº��� Czü< Cm\� ±30% �̧	��� �>rF�½+É �â
Äº

_� z�́+«> ���õ�\�¦ ÕªaË> 3.12\� ����?/%3���. ±30% �̧	��� �>rF��<Ê\� ���� �̧!QÃ»àÔ��

&�t����� 
���H $í
0px $�
��� ������>� ÷&t�ëß�, #����y� &ñ
�©� �©�I� �̧	��� \O��¦(zero

steady state error), 8A#Qèß� õ��̧ 6£x²ú� :£¤$í
�̀¦ �Ð#�º¡§�̀¦ ·ú� Ãº e����. s�]j 8£¤&ñ
 �̧	�

x9� r�çß� t����\� _�ô�Ç %ò
�¾Ó�̀¦ SX���� 
��̧2�¤ ô�Ç��. s�\�¦ 0AK� p���{9� 5Åq�̧ U, V, W\�

ì�ríß�s� |0.1(m/s)|2s��¦ î̈
ç�Hs� 0��� ��Äºr�îß� ú̧�6£§(zero-mean Gaussian noise)s� �>r

F�
� 9, p���{9� y��5Åq�̧ p, q, r\� ì�ríß�s� |0.1(deg/s)|2s��¦ î̈
ç�Hs� 0��� ��Äºr�îß� ú̧�6£§

s� �>rF�ô�Ç���¦ ��&ñ

�%i���. ú̧�6£§_� Ãºï�r�Ér {9�ìøÍ&h�Ü¼�Ð l��>r �7Hë�H\�"f[54] z�́+«>6 xÜ¼

�Ð ��6 x÷&��H �¦$í
0px IMU(inertial measurment unit)_� ú̧�6£§ Ãºï�r�Ð�� Z�}>� [O�&ñ

�

%i���. ¢̧ô�Ç, ]j#Q ¼#�y�� "î
§î
s� 1ms_� r�çß� t���� Êê ���²ú�÷& 9, U, V,W, p, q, r_� &ñ
�Ð

�� %i�r� 1ms_� r�çß� t���� Êê 8£¤&ñ
�)a���¦ ��&ñ

�%i���. s� M:_� �̧_� z�́+«> ���õ���H Õª

aË> 3.13õ� °ú ��. ú̧�6£§ x9� r�çß� t����s� �>rF�½+É �â
Äº\��̧ ]j#Q ¼#�y�� "î
§î
s� ��¥[þto���H

�â
�¾Ó�Ér ������t�ëß� �©�@/&h�Ü¼�Ð Ö¼�2; x�u� ��5Åq�̧_� 6£x²ú� :£¤$í
\���H 	�H %ò
�¾Ó�̀¦ p�u�

t� 3lw
�#� "é¶
���H ]j#Q $í
0px�̀¦ ����ÍÇr�̀¦ SX����½+É Ãº e����. \�¦ x9� ¹כ G�V,� %i�r� Õª %ò


�¾Ós� p�p�
�#� �̧_� z�́+«> ���õ���H Òqt|ÄÌ
�%i���.

t��FK ��t�_� z�́+«> ���õ���H ��
�2_� q�'�� �̧|	�\�"f s�ÀÒ#Q��� �̧_� z�́+«>�̀¦ ���½Ó

Ü¼�Ð 
��¦ e����. ��t�}��Ü¼�Ð, ÕªaË> 3.14��H y��y�� ���Ér 5Åq�̧�Ð q�'��
���H p���{9�\� @/

K� Õª 6£x²ú� :£¤$í
�̀¦ �Ðs��¦ e����. ]jîß��)a ��1lx�̧7áx ]j#Ql���H ��
� Ãºü< �'a>�\O�s� ��


�1, ��
�3, ��
�3.5_� 8̈��â
\�"f�̧ ��_� {9�&ñ
ô�Ç ]j#Q $í
0px�̀¦ ����ÍÇr�̀¦ ·ú� Ãº e����.
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ILAAT p���{9�_� /BN%i��<Æ ��«Ñ�� ��
�3.5 ��t��Ð ]jô�Ç÷&#Q e��#Q 0Aü< °ú s� z�́+«>�̀¦

[O�&ñ

�%i���. ·ú¡"f [O�"î
ô�Ç ��ü< °ú s�, x�u� y��5Åq�̧ ����oÖ�¦ q_� @/%i�;�¤�Ér U , 7£¤ ��
�

Ãºü< q�YV
�>� ÷& 9 ����"f ��
� Ãº\� ���� x�u� G�V,�_� 6£x²ú� :£¤$í
�Ér ����o
�>� �)a

��. 
�t�ëß� Õª %ò
�¾Ó�Ér p�p�ô�Ç Ãºï�rs� 9, ��
� Ãº\� ���� αc\�¦ y��y�� ��ØÔ>� [O�&ñ

�#�

7á§ �8 "é¶
���H {9�Ø�¦§4� 1lx:£¤$í
\� ��H��÷&�̧2�¤ �̧]X�½+É Ãº�̧ e����.
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q = δq)
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ÕªaË> 3.9: �©�@/&h�Ü¼�Ð Ö¼�2; ½̈1lxl� 1lx%i��<Æs� �>rF�½+É �â
Äº_� 6£x²ú� :£¤$í
, l��>r_�
��1lx�̧7áx ]j#Ql� (ωa = 60Hz, αc = 1)

64



0 1 2 3 4 5
−20

0

20

40
[d

eg
]

 

 

0 1 2 3 4 5
−1

0

1

[m
/s

ec
]

 

 

0 1 2 3 4 5
−50

0

50

100

150

t [sec]

[m
/s

2 ]

 

 

φc

φ

V

A
z
c

A
z

(a) \�¦ y��, ¹כ 5Åq�̧, x�u� ��5Åq�̧

0 1 2 3 4 5
−20

0

20

[d
eg

]

 

 

0 1 2 3 4 5
−20

0

20

[d
eg

]

 

 

0 1 2 3 4 5
−20

0

20

t [sec]

[d
eg

]

 

 

δ
p
c

δ
p

δ
q
c

δ
q

δ
r
c

δ
r

(b) ]j#Q ¼#�y��

ÕªaË> 3.10: �©�@/&h�Ü¼�Ð Ö¼�2; ½̈1lxl� 1lx%i��<Æs� �>rF�½+É �â
Äº_� 6£x²ú� :£¤$í
, ]jîß��)a
��1lx�̧7áx ]j#Ql� (ωa = 60Hz, αc = 0.35)
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ÕªaË> 3.11: �8¹¡¤ Ö¼�2; ½̈1lxl� 1lx%i��<Æs� �>rF�½+É �â
Äº_� 6£x²ú� :£¤$í
, ]jîß��)a ��1lx�̧7áx
]j#Ql� (ωa = 30Hz, αc = 0.28)
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 (ωa = 60Hz, αc = 0.35)
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ÕªaË> 3.13: U, V, W, p, q, r_�8£¤&ñ
 ú̧�6£§x9� 2 ms_�r�çß�t����s�e���̀¦�â
Äº_�6£x²ú�:£¤$í

(ωa = 60Hz, αc = 0.35)
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3.5 �¿Úr
Òeµ

l��>r_� ��1lx�̧7áx ]j#Ql� [24]��H ÕªaË> 3.8\�"fü< °ú s� ½̈1lxl� 1lx%i��<Æs� s��©�&h�Ü¼

�Ð ��\�¦ M:��H "é¶
���H {9�Ø�¦§4� 1lx:£¤$í
�̀¦ ����?/t�ëß�, ½̈1lxl� 1lx%i��<Æs� Ö¼�9|9� �â
Äº

ÕªaË> 3.9\�"fü< °ú s� Ô�¦îß�&ñ
K�t���H �¦̀�	כ SX����½+É Ãº e����. ]jîß��)a ��1lx�̧7áx ]j#Ql�

��H �̧_� z�́+«> ���õ� ÕªaË> 3.10ü< ÕªaË> 3.11\�"f SX����½+É Ãº e��1pws�, ½̈1lxl� 1lx%i��<Æs�

Ö¼wn= �â
Äº\��̧ Õª %ò
�¾Ó�̀¦ ú̧� �Ð�©�½+É Ãº e��6£§�̀¦ ·ú� Ãº e����. ����8Ã»àÔ(undershoot)��

��_���������,��Ü¼�Ð�Ð	כ BTTp���{9�_�q�þj�è0A�©�:£¤$í
s���_�������t�·ú§��H��

�¦ ½+É Ãº e����. ¢̧ô�Ç, ÕªaË> 3.12, ÕªaË> 3.13, ÕªaË> 3.14\�"f SX����½+É Ãº e��1pws� /BN%i��<Æ

>�Ãº_� Ô�¦SX�z�́$í
(uncertainty), 8£¤&ñ
 ú̧�6£§, r�çß� t���� 1pxs� �>rF�½+É �â
Äº\��̧ îß�&ñ
&h�

Ü¼�Ð 1lx���
� 9, q�'�� �̧|	�s� ����oK��̧ �½Ó�©� {9�&ñ
ô�Ç ���+þA r�Û¼%7� +þAI�_� {9�Ø�¦§4� 1lx

:£¤$í
�̀¦ ����?/>� �)a��.

]jîß��)a��1lx�̧7áx]j#Ql���H ½̈1lxl�1lx%i��<Æ,q����+þAp���{9�1lx%i��<Æ�̀¦ �̧¿º �¦�9
�

#� Ä»�� :£¤s� [O�1lx l�ZO��̀¦ s�6 x
�#� [O�>�÷&%3�Ü¼ 9, #Q�"� p���{9�_� 7áxÀÓ\��̧ �'a>�\O�

s� �̂>�&h�Ü¼�Ð(systematic) &h�6 xs� ��0px
���. >�íß� õ�&ñ
\�"f p�ì�r &ñ
�Ð\�¦ ��6 x
�t�

·ú§Ü¼ 9 q�'�� �̧|	�\� �'a>� \O�s� {9�Ø�¦§4� 1lx:£¤$í
�̀¦ Ä»t�½+É Ãº e��#Q"f z�́]j p���{9� r�

Û¼%7�_� îß�&ñ
$í
�̀¦ ß¼>� >h���½+É Ãº e����. Ãº�<Æ&h� $í
0px ì�r$3� x9� îß�&ñ
$í
 7£x"î
�̀¦ ¢-a«Ñ
�

#� s��:r&h�Ü¼�Ð�̧ Áº���ô�Ç [O�>� l�ZO�e��s� SX���� ÷&%3���. s� ���õ���H ²DG]j �<Æ�r\�"f µ1Ï

³ð÷&%3�Ü¼ 9[49], $�"î
ô�Ç²DG]j�<ÆÕütt�\�/BI>h]j|̈c\V&ñ
s���[55]. ¢̧ô�Ç,\�¦G�V,�õ�x�

u� G�V,� çß�_� &�e�¦a�A�̀¦ K����
�#� ��1lx�̧7áx�©�u� 1lx%i��<Æs� q�'���̧|	�\� �'a>�\O�s� ���

+þA r�Û¼%7�_� +þAI��Ð ³ðr� ��0px
�>� �)a��. Ä»�̧ �©�u� [O�>� õ�&ñ
\�"f�̧ ��1lx�̧7áx�©�u�

1lx%i��<Æs� ���+þA r�Û¼%7�_� :£¤$í
�̀¦ °ú��̧2�¤ �<ÊÜ¼�Ð+�, ��1lx�̧7áx�©�u� 1lx%i��<Æ�̀¦ �¦�9ô�Ç

Ä»�̧ ZO�gË: [O�>��� 6 xs�K�4R �¹כ�� $í
0px�̀¦ �¾Ó�©�r�v���H X<\� l�#�½+É Ãº e����.
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V� 4 *�× Ø̧�\� ��»�â·ḈÐ£�· �§�bø5� i¦�\� ËÂ�¿ ß��ÓÏ�

4.1 3	�xjS ÍÙ�\� e�
�Áþ�

3	�"é¶ /BNçß��©�\�"f p���{9�s� 3lq³ðÓüt�̀¦ �¹כ��
���H �©�S!��̀¦ 3	�"é¶ /BNçß��©�\�"f ����

?/��� ÕªaË> 4.1 õ� °ú ��. s��Qô�Ç �¹כ�� �©�S!�\�"f_� ÆÒ&h� l�
��<Æ�Ér 4�¤ú̧�ô�Ç q����+þA �<ÊÃº

\�¦ �í�<Ê
���H %i��<Æ ~½Ó&ñ
d��Ü¼�Ð ³ð�&³�)a��[50]. ����"f s�\�¦ �̧¿º �¦�9
�#� Ä»�̧ ZO�gË:

�̀¦ ÉÒ��H ��Ér	כ Ô�¦��0px
�l� M:ë�H\�, ��A�ü< °ú �Ér ��&ñ
�̀¦ :�xK� ÆÒ&h� l�
��<Æ�̀¦ éß�í�H�o


��̧2�¤ ô�Ç��.

(A10) r����y�� θM , ψM�Ér Ø�æì�ry� �����.

(A11) p���{9�_� ~ÃÎ6£§y�� αü<, \P�p�ã¼�Qf��y�� β��H Ø�æì�ry� �����.

(A12) p���{9�õ� 3lq³ðÓüt_� ]X���H 5Åq�̧��H �©�Ãºs���.

(A13) ³ð&h� Ø�æ[�ty�� �̧	���H Ø�æì�ry� �����.

×�æçß� Ä»�̧ éß�>�\�"f p���{9�s� 3lq³ð ~½Ó�¾ÓÜ¼�Ð ú̧� Ä»�̧ ÷&%3����¦ �̂¦ Ãº e��l� M:ë�H\�,

7áxú́� Ä»�̧ éß�>��� r����÷&��H r�&h�\�"f ��&ñ
 (A10)�Ér ��{©�
����¦ �̂¦ Ãº e����. ��&ñ


(A11)õ� (A12)��H l��>r ���½̈\�"f�¦ BTT p���{9�_� 7áxú́� Ä»�̧ éß�>�\�"f��H {9�ìøÍ&h�Ü¼

�Ð ~ÃÎ��[þt#�t���H ��&ñ
s���. ¢̧ô�Ç, ×�æçß� Ä»�̧ éß�>�\�"f s�p� ³ð&h�_� 2[���ÂÒ0A\�¦ ��

���
�#� Õª ~½Ó�¾ÓÜ¼�Ð Ä»�̧ ÷&%3����¦ �̂¦ Ãº e��Ü¼ 9, ³ð&h�_� 180�̧ +'\�¦ [�t�� �¹כ��ô�Ç

��~��t� 
���H p���{9�_� l�1lx ô�Ç>�\�¦ #Á	#Qèß� Ô�¦��0pxô�Ç �©�S!��̀¦ �¦�9
�t� ·ú§l��Ð 
����,

(A13) %i�r� ~ÃÎ��[þt#�|9� Ãº e����.
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ÕªaË> 4.2: ³ð&h� Ø�æ[�ty�� ýa³ð>�
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ÕªaË> 4.3: ³ð&h� Ø�æ[�ty��_� &ñ
_�

s�]j ÕªaË> 4.2ü< °ú s� ýa³ð>�\�¦ &ñ
_�ô�Ç��. %ò
�©� &ñ
�Ð�ÐÂÒ'� ³ð&h�õ� p���{9�_� ��

[j&ñ
�Ð\�¦ÆÒ&ñ
½+ÉÃºe�����¦��&ñ

����,7áxú́�Ä»�̧éß�>���r����÷&��Hr�&h�\�³ð&h�Ø�æ[�t

y�� ýa³ð>� \�¦ &ñ
_�½+É Ãº e����. ÕªaË> 4.2\�"f ³ð&h� Ø�æ[�ty�� ýa³ð>� (X∗
T , Y ∗

T , Z∗T )_� X∗
T

��H �¹כ�� r� p���{9�s� �¾Ó
�U�́ "é¶
���H ~½Ó�¾Ós� ÷&�̧2�¤ 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������ 9¹כ~½Ó

�¾Ó�̀¦ ψ∗, x�u�~½Ó�¾Ó�̀¦ θ∗�Ð&ñ
_�ô�Ç��.s�M:, ÕªaË> 4.3õ�°ú s�p���{9�s��¾Ó
���H~½Ó�¾Ó

õ��'a$í
ýa³ð>���s�_���[j�'a>�\�¦³ð&h�Ø�æ[�ty��Ü¼�Ð³ðr�
��̧2�¤
� 9x�u�~½Ó�¾Óy��

�̀¦ 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< �¹כ��r�_� ³ð

&h�Ø�æ[�ty�� θ(tf ), ψ(tf )_�	�s����³ð&h�Ø�æ[�ty�� �̧	� θe , θ∗−θ(tf ), ψe , ψ∗−ψ(tf )\�¦

þj�è�� ÷&�̧2�¤ �<ÊÜ¼�Ð+� "é¶
���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��>� ÷&��� �'a$í
 ýa³ð>�\�"f_� 1px
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5Åqî�r1lx
���H³ð&h�\�@/ô�ÇÆÒ&h�l�
��<Æ�̀¦��6£§õ�°ú s�éß�í�H�o
�#�jþtÃºe����[30, 35].

ẏ = VMψe − VTy

VM ψ̇e = Az sinφ

ż = VMθe − VTz

VM θ̇e = −Az cosφ + g

(4.1)

¢̧ô�Ç, ·ú¡"f �è>hô�Ç ��1lx�̧7áx ]j#Ql�\�¦ s�6 x
���� ��1lx�̧7áx�©�u� 1lx%i��<Æ_� {9�Ø�¦§4�

1lx:£¤$í
s� ���+þA�o÷&�¦, \�¦ x9� x�u� G�V,�çß� çß�[O� ò́õ�\�¦ Áºr�½+É Ãº e��>�÷& 9, ���+þA ���

²ú��<ÊÃº_��FG�̀¦e��_��Ð[O�&ñ
½+ÉÃºe��l�M:ë�H\�, ��6£§õ�°ú s���H��&h�Ü¼�Ð 1	����+þAr�

Û¼%7�_� :£¤$í
�̀¦ °ú��̧2�¤ [O�>�½+É Ãº e����.

φ̇ = −kφφ + kφφc

Ȧz = −kaAz + kaA
c
z

(4.2)

#�l�"f ka, kφ��H y��y�� x�u� x9� \�¦ G�V,�_� @/%i�;�¤�̀¦ �����·p��.
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4.2 i¦�\� ËÂ�¿ ß��ÓÏ� à�
N�

7áxú́� Ä»�̧ éß�>��� t = 0\�"f r����÷&�¦ tf\�"f �¹כ��s� s�ÀÒ#Q ������¦ 
���. Õª�Q

��� ïß�#� q�'�� r�çß�(time-to-go) tgo��H tgo = tf − t�Ð ÅÒ#Q�����. ³ð&h��̀¦ "é¶
���H ³ð&h�

Ø�æ[�ty��Ü¼�Ð �̧	� \O�s� �¹כ��
�l� 0AK�"f��H, �¹כ�� �̧	�(miss distance)ü< ³ð&h� Ø�æ[�ty��

�̧	�(impact angle error)\�¦ þj�è�o 
���� �)a��.

y(tf ) = 0

z(tf ) = 0

ψe(tf ) = 0

θe(tf ) = 0

(4.3)

����"f, 3lq&h� �<ÊÃº(performance index) J\�¦ ��A�ü< °ú s� [O�&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

] (4.4)

#�l�"f w, w1, w2��H y��y��_� �½Ó\� @/ô�Ç ��×�æu�\�¦ _�p�ô�Ç��. s�]j Û�¦�¦�� 
���H þj&h�

Ä»�̧ ë�H]j��H d�� (4.1)_� ÆÒ&h� l�
��<Æõ� d�� (4.2)_� ��1lx�̧7áx�©�u� 1lx%i��<Æ�̀¦ :�xK� d��

(4.4)_� 3lq&h� �<ÊÃº J\�¦ þj�è�o 
���H þj&h� Ä»�̧ "î
§î
�̀¦ Òqt$í

���H ��s	כ �)a��.

þj&h�]j#Që�H]j\�¦�Ð�� ò́Ö�¦&h�Ü¼�ÐÛ�¦l�0AK�,��A�ü<°ú s�Ä»�̧ ýa³ð>�\�¦Dh�Ð

&ñ
_�
��̧2�¤ô�Ç��.³ð&h�Ø�æ[�ty��ýa³ð>�\�¦X∗
T»¡¤\�@/K��r���
�#�r����y��õ�X∗

T»¡¤s�s�

ÀÒ��H î̈
���(x�u� î̈
���)0A\� Z∗T»¡¤s�Z�~s��̧2�¤
�#�s�\�¦Ä»�̧ ýa³ð>� (XG, YG, ZG)��

ô�Ç��. s�M: �r���ô�Ç y���̀¦ φ̄�Ð &ñ
_�ô�Ç��. s�]j, d�� (4.1), (4.2)\�¦ Ä»�̧ ýa³ð>�\�"f ��

A�ü< °ú �Ér �©�I� ~½Ó&ñ
d��Ü¼�Ð jþt Ãºe����.
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ÕªaË> 4.4: φü< φ̄_� &ñ
_�

ẋ1 = x2

ẋ2 = −x3 cosx6 + g1

ẋ3 = −kax3 + kau1

ẋ4 = x5

ẋ5 = x3 sinx6 + g2

ẋ6 = −kφx6 + kφu2

(4.5)
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where

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

(4.6)

0A_� d�� (4.6)\� _�K� 3lq&h� �<ÊÃº J��H ��A�ü< °ú s� jþt Ãº e����.

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

]

=
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

]
(4.7)

where

VGz , VTz cos φ̄− VTy sin φ̄ (4.8)

VGy , VTz sin φ̄ + VTy cos φ̄ (4.9)

#�l�"f, wa , w
V 2

M
s���.

³ð&h��̀¦ �¹כ��
�l� 0AK�"f��H p���{9�s� ���¿	 ~½Ó�¾ÓÜ¼�Ð \�¦a�A 
��̧2�¤ 
���H ��s	כ Äº

���s���. ¢̧ô�Ç, |φc − φ̄|2_� [0, tf ]\�"f_� &h�ì�r °úכs� 3lq&h� �<ÊÃº J\� �í�<Ê÷&#Q e����. ��

��"f, ��A�_� ��&ñ
�̀¦ 
���H��s	כ ��{©�
��� ½+É Ãº e����.
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(A14) p���{9�_� \�¦a�A�Ér x�u� î̈
��� ��H%�\�"f {9�#Qèß���.

s���H

sinx6
∼= x6, cosx6

∼= 1 (4.10)

\�¦ _�p�
� 9, ����"f d�� (4.5)��H ��A�ü< °ú s� ��H��|̈c Ãº e����.

Σp : ẋ1 = x2

ẋ2 = − x3 + g1

ẋ3 = − kax3 + kau1

Σy : ẋ4 = x5

ẋ5 = x3x6 + g2

ẋ6 = − kφx6 + kφu2

(4.11)

ÕªaË> 4.5\�"fü<°ú s�,0A_�r�Û¼%7��Ér�©�{9�	�r�Û¼%7�(bilinear and cascaded system)_�

+þAI�\�¦ ��t��¦ e��6£§�̀¦ SX����½+É Ãº e����. ����"f, s��Qô�Ç :£¤Ãºô�Ç +þAI�\�¦ °ú���H q����

+þA r�Û¼%7�_� :£¤$í
�̀¦ s�6 x
���� �:ràÔo������_� þj�è°úכ &ñ
o�(Pontryagin’s minimum

principle)[51]\�¦ :�xK� þj&h� Ä»�̧ ë�H]j\�¦ Û�¦ Ãº e����.

1
,x

yΣpΣ

1
u

2
u

3
x

2
,x

4
,x

6
x

5
,x

ÕªaË> 4.5: �©�{9�	� r�Û¼%7�(Bilinear and Cascaded System)_� ½̈$í
�̧
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0A r�Û¼%7�_� K�x9��Ðm�îß�(Hamiltonian)�̀¦ ��A�ü< °ú s� &ñ
_�ô�Ç��.

H , λ1x2 + λ2(−x3 + g1) + λ3(−kax3 + kau1)

+λ4x5 + λ5(x3x6 + g2) + λ6(−kφx6 + kφu2)

+1
2

(
w1‖u1‖2 + w2‖u2‖2

)
(4.12)

ï�r�©�I�~½Ó&ñ
d��(costate equations),�â
>��̧|	�(boundary conditions),�9¹�̧כ�|	�(stationary

conditions)�Ér ��A�ü< °ú ��.

Λp : λ̇1 = 0

λ̇2 = − λ1

λ̇3 = λ2 + kaλ3 + λ5x6

Λy : λ̇4 = 0

λ̇5 = − λ4

λ̇6 = λ5x3 + kφλ6

(4.13)

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

(4.14)

Up : ∂H
∂u1

= kaλ3 + w1u1 = 0

Uy : ∂H
∂u2

= kφλ6 + w2u2 = 0
(4.15)
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ï�r�©�I� ~½Ó&ñ
d�� (4.13)õ� �â
>� �̧|	� (4.14)_� Λp, Λ′p,\�¦ :�xK� ��A�ü< °ú �Ér d���̀¦ %3��̀¦

Ãº e����.

λ1(t) = λ1(tf ) = x1(tf ) = rp

λ2(t) = rp(tf − t) + wavp

λ3(t) =
−rp

(−1 + e−ka(tf−t) + ka(tf − t)
)

+ (−1 + e−ka(tf−t))kavpwa

k2
a

(4.16)

#�l�"f, rp , x1(tf ), vp , x2(tf )�Ð &ñ
_�ô�Ç��. Õª�QÙ¼�Ð, þj&h� ]j#Q {9�§4� u∗1��H ��A�

ü< °ú s� ³ð�&³�)a��.

u∗1(t) = − ka

w1
λ3(t)

=
rp

(−1 + e−ka(tf−t) + ka(tf − t)
)

+ (1− e−ka(tf−t))kavpwa

kaw1

(4.17)

s�]j Σp\�¦ &h�ì�r
�#� x1, x2, x3\�¦ >�íß�
�>� ÷&��� ��A�ü< °ú �Ér d���̀¦ %3��̀¦ Ãº e����.

x1(t)= e
−ka(t+t0+2tf )

6k3
aw1

[
kae

ka(t+t0+2tf )
(
6rp(t0 − tf )− 6vpwa + k2

a(rp(t− t0)2(t + 2t0 − 3tf )

+3(g1w1(t− t0)2 − vpwa(t− t0)2 + 2w1(x1(t0) + (t− t0)x2(t0)))) + 6w1x3(t0)

+6ka(t− t0)(rp(tf − t0) + vpwa − w1x3(t0))) + 3
(
rp(−eka(2t+t0+tf ) + eka(3t0+tf )

+2ka(eka(t+2t0+tf )(t− t0) + e2ka(t0+tf )(tf − t0))) + ka(vpwa(2e2ka(t0+tf )

+eka(2t+t0+tf ) − eka(3t0+tf ) − 2eka(t+2t0+tf )ka(t− t0))− 2w1x3(t0)e2ka(t0+tf ))
)]

x2(t)=
e−ka(t+t0+2tf )

2k2
aw1

[
kae

ka(t+t0+2tf )(2rp(tf − t0) + ka((t− t0)(rp(t + t0 − 2tf ) + 2g1w1

−2vpwa) + 2w1x2(t0))− 2w1x3(t0)) + eka(t0+tf )((etka − et0k)a)(2etf kakavpwa

−(etka − et0ka)(rp − kavpwa)) + 2eka(t0+tf )ka(rp(t0 − tf ) + w1x3(t0))
]

x3(t)=
e−ka(t+tf )

2kaw1

[
rp

(
e2tka − e2kat0 + 2ka(eka(t0+tf )(t0 − tf ) + eka(t+tf )(tf − t))

−ka(vpwa(e2tka − e2t0ka − 2eka(t+tf ))− 2eka(t0+tf )(w1x3(t0)− vpwa))
)]

(4.18)
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0A_� d���̀¦ :�xK� rp = x1(tf ), vp = x2(tf )_� ���wn� ~½Ó&ñ
d���̀¦ Û�¦>� ÷&��� ��A�ü< °ú s�

rpü< vp\�¦ ½̈½+É Ãº e����.

rp = 6kaw1((2(wv(tf − t0) + w1)ka − wv(e−2ka(tf−t0) − 4e−ka(tf−t0) + 3))k2
ax1(0)

+((wv(tf − t0) + 2w1)(tf − t0)k2
a − wv(e−ka(tf−t0) − 1)

2
(tf − t0)ka

−wv(e−ka(tf−t0) − 1)
2
)kax2(0)− ((wv(e−ka(tf−t0) + 1)(tf − t0) + 2w1)(tf − t0)k2

a

+(e−ka(tf−t0) − 1)(wv(e−ka(tf−t0) + 3)(tf − t0) + 2w1)ka

+2wv(e−ka(tf−t0) − 1)
2
)x3(0))/

((4w1((tf − t0)
3 + 3w1) + wv((tf − t0)

3 + 12w1)(tf − t0))k4
a

−2(wv(e−2ka(tf−t0) + 2e−ka(tf−t0) + 3)(tf − t0)
3 + 6w1(tf − t0)

2

+3w1wv(e−2ka(tf−t0) − 4e−ka(tf−t0) + 3))k3
a − 12(w1(2e−ka(tf−t0) − 1)

+wv(e−2ka(tf−t0) + e−ka(tf−t0) − 1)(tf − t0))(tf − t0)k2
a

−6(e−ka(tf−t0) − 1)(e−ka(tf−t0)(w1 + 4wv(tf − t0)) + w1)ka

−12wv(e−ka(tf−t0) − 1)
2
)

(4.19)
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vp = −2w1(3((tf − t0)ka + e−ka(tf−t0) − 1)
2
k2

ax1(0) + (((tf − t0)
3 − 6w1)k3

a

+6e−ka(tf−t0)(tf − t0)
2k2

a + 3(e−2ka(tf−t0) + 2e−ka(tf−t0) − 1)(tf − t0)ka

+3(e−2ka(tf−t0) − 1))kax2(0)− (((2e−ka(tf−t0) + 1)(tf − t0)
3

+6w1(e−ka(tf−t0) − 1))k3
a + 3(e−ka(tf−t0) − 1)(tf − t0)

2k2
a−

3(e−2ka(tf−t0) − 1)(tf − t0)ka − 6(e−ka(tf−t0) − 1)
2
)x3(0))/

((4w1((tf − t0)
3 + 3w1) + wv((tf − t0)

3 + 12w1)(tf − t0))k4
a

−2(wv(e−2ka(tf−t0) + 2e−ka(tf−t0) + 3)(tf − t0)
3 + 6w1(tf − t0)

2

+3w1wv(e−2ka(tf−t0) − 4e−ka(tf−t0) + 3))k3
a − 12(w1(2e−ka(tf−t0) − 1)

+wv(e−2ka(tf−t0) + e−ka(tf−t0) − 1)(tf − t0))(tf − t0)k2
a

−6(e−ka(tf−t0) − 1)(e−ka(tf−t0)(w1 + 4wv(tf − t0)) + w1)ka

−12wv(e−ka(tf−t0) − 1)
2
)

(4.20)

s�]j t = t0\�"f_� þj&h� ]j#Q {9�§4� u∗1 �Ér ��A�ü< °ú s� ïß�#� q�'�� r�çß�_� �<ÊÃº\�¦ >�

Ãº�Ð °ú���H r���� �©�I� C�8̈� +þAI�(state-feedback form with time-varying gain)�Ð ½̈K�

t�>� �)a��.

u∗1(t0) =
rp(tgo)(−1 + e−katgo + katgo)− kawavp(tgo)(−1 + e−katgo)

kaw1
(4.21)

¢̧ô�Ç, ·ú¡"f [O�"î
ô�Ç @/�Ð p���{9�õ� ³ð&h�_� �©�@/ î�r1lx\� @/ô�Ç ÆÒ&h� l�
��<Æ��� 6	�

r�Û¼%7�s� Ä»�̧ ýa³ð>� ZG»¡¤ �©�_� �©�@/ î�r1lx\� @/ô�Ç 3	� r�Û¼%7� Σpü< Ä»�̧ ýa³ð>�

YG»¡¤ �©�_� �©�@/ î�r1lx\� @/ô�Ç 3	� r�Û¼%7� Σy�Ð ½̈ì�r÷& 9, ÕªaË> 4.5õ� °ú s� 1lqwn�&h�

Ü¼�Ð 1lx���
�>� �)a��. ����"f, Σp_� �©�I� ���Ãº[þts� Σy\�¦ r���� r�Û¼%7�(time-varying

system)Ü¼�Ð ������>� ô�Ç��. s�ü< °ú �Ér $í
|9��Ð ���
�#� þj&h� x�u� ��5Åq�̧ "î
§î
�̀¦ >�

íß�½+É M: ½̈K���� x3�̀¦ Σyü< Λy_� r���� >�Ãº(time-varying coefficient)�Ð s�6 x
�#� þj
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&h� \�¦ y�� "î
§î
 %i�r� ½̈½+É Ãº e��>� �)a��.

·ú¡"f x�u� ��5Åq�̧ü< ��ðøÍ��t��Ð ï�r�©�I� ~½Ó&ñ
d�� (4.13)õ� �â
>� �̧|	� (4.14)_�

Λy, Λ′y,\�¦ :�xK� ��A�ü< °ú �Ér d���̀¦ %3��̀¦ Ãº e����.

λ4(t) = λ4(tf ) = x4(tf ) = ry

λ5(t) = ry(tf − t) + wavy

(4.22)

#�l�"f, ��ðøÍ��t��Ð ry , x4(tf ), vy , x5(tf )�Ð &ñ
_�ô�Ç��. 0A_� d�� (4.22)õ� d��

(4.18)_� x3\�¦ s�6 x
�#� ��A� d���̀¦ %3��̀¦ Ãº e����.

λ̇6 = −k2(ry(tf − t) + wavy)x3 + kφλ6

= − 1
2kaw1

k2(ry(tf − t) + wavy)
[
e−ka(tf+t)(k1(rp(e2tka − e2kat0

+2ekatf ka(ekat(tf − t)− ekat0(tf − t0)))− (ekat − ekat0)(ekat + ekat0

−2ekatf )kavpwa) + 2eka(tf+t0)kaw1x3(t0)) + kφλ6

]

(4.23)

0A_� d�� (4.23)õ� d�� (4.14)_� �â
>� �̧|	��̀¦ :�xK� λ6\�¦ ½̈½+É Ãº e��Ü¼ 9, t = t0\�"f_�

þj&h� ]j#Q {9�§4� u∗2\�¦ ��A�ü< °ú s� ���&ñ
½+É Ãº e����.

u2(t) = [2kak
2
φ(k2

a − k2
φ)2w1w2(ry(b1 + b2t + b3t

2

+b4e
kat + b5e

−kat + b6e
kφt + b7te

kat + b8te
−kat)

+wvvy(b9 + b10t + b11e
kat + b12e

−kat + b13e
kφt))]−1

(4.24)

where

a1 = 2katf (rptf + vpwv)

a2 = −2ka(2rptf + vpwv)

a3 = 2karp

a4 = e−katf tf (rp − kavpwv)
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a5 = −eka(t0−tf )tf (rp(ekat0 + 2ekatf ka(−t0 + tf ))− ka((ekat0 − 2ekatf )vpwv

+2ekatf w1x3(0)))

a6 = e−katf (−rp + kavpwv)

a7 = eka(t0−tf )(rp(ekat0 + 2ekatf ka(−t0 + tf ))− ka((ekat0 − 2ekatf )vpwv

+2ekatf w1x3(0)))

a8 = 2ka(rptf + vpwv)

a9 = −2karp

a10 = e−katf (rp − kavpwv)

a11 = eka(t0−tf )(−rp(ekat0 + 2ekatf ka(−t0 + tf )) + ka((ekat0 − 2ekatf )vpwv

+2ekatf w1x3(0)))
(4.25)

b1 = −(k2
a − k2

φ)2(2a3 + kφ(a2 + a1kφ))

b2 = −kφ(2a3 + a2kφ)(k2
a − k2

φ)2

b3 = −a3(−k2
akφ + k3

φ)2

b4 = −k3
φ(ka + kφ)2(a6 + a4(−ka + kφ))

b5 = −(ka − kφ)2k3
φ(a7 + a5(ka + kφ))

b6 = e−(ka+kφ)tf (ekatf a3(k2
a − k2

φ)2(2 + 2kφtf + k2
φt2f )

+kφ(ekatf a2(k2
a − k2

φ)2(1 + kφtf ) + kφ(ekatf a1(k2
a − k2

φ)2

+kφ(−e2katf a6(ka + kφ)2(−1 + katf − kφtf )

+(ka − kφ)(−(ka + kφ)(a5(−ka + kφ)

+e2katf a4(ka + kφ))a7(ka − kφ)(1 + katf + kφtf ))))))
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b7 = a6(ka − kφ)k3
φ(ka + kφ)2

b8 = −a7(ka − kφ)2k3
φ(ka + kφ)

b9 = −kφ(a9 + a8kφ)(k2
a − k2

φ)2

b10 = −a9(−k2
akφ + k3

φ)2

b11 = a10(ka − kφ)k3
φ(ka + kφ)2

b12 = −a11(ka − kφ)2k3
φ(ka + kφ)

b13 = e−(ka+kφ)tf kφ(−k2
a + k2

φ)(kφ(−ekatf a8(k2
a − k2

φ) + kφ(a11(−ka + kφ)

+e2katf a10(ka + kφ))) + ekatf a9(−k2
a + k2

φ)(1 + kφtf ))
(4.26)

þj7áx&h�Ü¼�Ð ½̈K���� þj&h� Ä»�̧ ZO�gË:_� K���H ��A�ü< °ú ��.

Ac
z = A1(tgo)x1 + A2(tgo)x2 + A3(tgo)x3 + A4(tgo)g1

φc = φ̄ +
P T

1 B1(tgo)x4 + P T
2 B2(tgo)x5 + P T

3 B3(tgo)x6 + P T
4 B4(tgo)g2

P T
5 B5(tgo)

(4.27)

#�l�"f, Ai : R → R, i = 1, 2, 3, 4, B1 : R → R416, B2 : R → R420, B3 : R → R427,

B4 : R → R480, B5 : R → R580 ��H q�'�� ïß�#� r�çß� tgoü< �©�I� ���Ãº x1, x2, x3, g1_�

Y�LÜ¼�Ð s�ÀÒ#Q��� \P� 7�'� Pi, (i = 1, 2, 3, 4, 5)_� �<ÊÃº�Ð ������>� �)a��. \V\�¦ [þt#Q

P1 ∈ R416�Ér P1(x1, x2, x3, g1) , (x10
1 , x9

1x2, x
8
1x2x3, ..., x3g1, g1, 1)�Ð ÅÒ#Q�����. r����

�<ÊÃº a1 õ� a3_� +þAI���H ÕªaË> 4.6\�"f SX����½+É Ãº e����. ÅÒ#Q��� þj&h� Ä»�̧ ZO�gË:_� K�

��H B�Äº 4�¤ú̧�
��¦ �ª�s� ~½Ó@/
�t�ëß�, ·ú¡"f [O�"î
ô�Ç ��ü< °ú s� ïß�#� q�'�� r�çß�_� �<ÊÃº

\�¦ >�Ãº�Ð °ú���H r���� �©�I� C�8̈� +þAI�(state-feedback form with time-varying gain)�Ð

½̈K�t�>� ÷&Ù¼�Ð, t�r�³ð +þAI��Ð ½̈�&³s� ��0px
���.
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4.3 �¿�+ ��
��@ Úr
ø�

]jîß��)a ³ð&h� Ø�æ[�ty���̀¦ �¦�9ô�Ç Ä»�̧ ZO�gË:_� �̧_� z�́+«>�̀¦ Ãº'��
�#� Õª $í
0px�̀¦ î̈


��
�%i���. 3�©�_� �̧_� z�́+«>\�"fü< °ú s� ILAAT_� /BN%i��<Æ ��«Ñ[53]\�¦ &h�6 x
�%i�Ü¼ 9,

q����+þA ÆÒ&h� l�
��<Æ, ×�æ§4� ��5Åq�̧, p���{9� 1lx%i��<Æ 1px�̀¦ ��H��\O�s� �¦�9
�%i���. ��1lx

�̧7áx�©�u���H 3�©�\�"f]jîß��)a��1lx�̧7áx]j#Ql�\�¦&h�6 x
�%i���.Ä»�̧ZO�gË:_�>�íß�\�¦0A

K� ��6 x
�%i�~�� ��&ñ
[þt�Ér �̧¿º Áºr�
��¦ z�́]j �©�S!�\� þj@/ô�Ç ��H]X�
��̧2�¤ �̧��H /BN%i�

�<Æ �̧4Sq x9� q����+þA$í
�̀¦ �¦�9
�#� �̧_� z�́+«>�̀¦ ���'��
�%i���.

���$�, ��×�æu�\�¦ wa = 1, w1 = 0.1, w2 = 0.5�Ð [O�&ñ

�%i���. s���H \��-t� ÂÒ

ì�r�Ð�� �¹כ�� �̧	� x9� ³ð&h� Ø�æ[�ty�� �̧	�\�¦ �8¹¡¤ þj�è�o
�l� 0A�<Ês���. w2�� w1\�

q�K� �©�@/&h�Ü¼�Ð ß¼>� [O�&ñ
�)a s�Ä»��H q�'�� ×�æ ��&ñ
(A10)�̀¦ ëß�7á¤r�v�l� 0A�<Ês���.

��1lx�̧7áx ]j#Ql�_� [O�>� ���Ãº[þt�Ér d�� (3.155)ü< �̧¿º 1lx{9�
�t�ëß�, ωn = 3Ü¼�Ð �8

¹¡¤ ���>� [O�&ñ

�%i���. s���H ��1lx�̧7áx�©�u� 1lx%i��<Æs� ��ÅÒ Ö¼wn= �â
Äº\��̧ ]jîß��)a ³ð

&h� Ø�æ[�ty���̀¦ �¦�9ô�Ç Ä»�̧ ZO�gË:s� ú̧� 1lx����<Ê�̀¦ �Ðs�l� 0AK�"fs���. s� M:, \�¦õ� x�

u� G�V,�_� &ñ
�ÃÌ r�çß�(settling time)�Ér y��y�� 0.6�íü< 1.8�í ��H~½ÓÜ¼�Ð [O�&ñ
�)a��. ¢̧ô�Ç,

kφ = 0.75, ka = 0.25�Ð [O�&ñ

�%i�Ü¼ 9 s���H z�́]j \�¦ x9� x�u� G�V,�_� {9�Ø�¦§4� 6£x²ú�õ�

Ä»��ô�Ç +þAI�_� 1	� ���+þA r�Û¼%7�Ü¼�Ð ��H��
�l� 0AK�"fs���. p���{9�õ� ³ð&h�_� 0Au�,

5Åq�̧, ��5Åq�̧ &ñ
�Ð��H �̧¿º &ñ
SX�y� ·ú��¦ e�����¦ ��&ñ

�%i�Ü¼ 9, z�́]j �©�S!�õ� Ä»��ô�Ç

�̧|	��̀¦ °ú��̧2�¤ x�u� ��5Åq�̧��H 5g\�¦ �Å�t� ·ú§�̧2�¤ 
�%i�Ü¼ 9, ��1lx�̧7áx ]j#Ql�_� �̧_�

z�́+«>\�"fü< ��ðøÍ��t��Ð ]j#Q ¼#�y��õ� Õª p�ì�r�̀¦ ±20(deg), ±250(deg/s)�Ð ]jô�Ç
�%i�

��.q�'��ïß�#�r�çß�(time-to-go)�Ér tgo = [(x2 +y2 +z2)/(ẋ2 + ẏ2 + ż2)]1/2�Ð>�íß�
�%i�

��.l��:r&h�Ü¼�Ðp���{9�_��íl�5Åq�̧x9�0Au���H [U(0), V (0),W (0)] = [510, 0, 0](m/s),

[xM (0), yM (0), zM (0)] = [0, 0, 0](m)�Ð [O�&ñ

�%i���.
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³ð&h�_� ���ª�ô�Ç �íl� 0Au� x9� 5Åq�̧\� @/ô�Ç z�́+«>�̀¦ ���'��
�%i���. 'Í	���P:�Ð, &ñ
t�

³ð&h�s� [xT (0), yT (0), zT (0)] = [8000, 0,−100](m)_� 0Au�\� \� �>rF�
���H �â
Äºs���.

s� M:, "é¶
���H ³ð&h� Ø�æ[�ty���̀¦ (ψ∗ = 0◦, θ∗ = 0◦), (ψ∗ = 0◦, θ∗ = −30◦), (ψ∗ =

5◦, θ∗ = −20◦)_� 3��t� �â
Äº�Ð ����or�&� �� 9 z�́+«>
�%i���. Õª ���õ�\�¦ ³ð 4.1õ� Õª

aË> 4.7 - 4.9\� ����?/%3���. 'Í	���P:ü< ¿º���P: �â
Äº \�¦a�A�̀¦ ���)� 
�t� ·ú§���̧ ÷&��H 0A

u�s�l� M:ë�H\� ψe��H 0Ü¼�Ð �¦&ñ
÷& 9, −30◦�Ð q��§&h� 	�H ³ð&h� Ø�æ[�ty��Ü¼�Ð [O�&ñ

�%i�

�̀¦ M:��H ·ú¡"f [O�&ñ
ô�Ç ��&ñ
[þts� ú̧� ú́�t� ·ú§>� ÷&Ù¼�Ð �¹כ�� �̧	��� 1m ?/ü@�Ð #QÖ¼

&ñ
�̧ µ1ÏÒqt
�>� �)a��. 
�t�ëß� ³ð&h� Ø�æ[�ty�� �̧	���H ��_� \O�s� "î
×�æ
�%i�6£§�̀¦ ·ú� Ãº e��

��. [j���P:_� �â
Äº \�¦ y�� "î
§î
s� µ1ÏÒqt
� 9 \�¦a�A�̀¦ 
�>� �)a��. s� M:, "î
×�æ
�l� f�����

s� ÷&��� \�¦ y�� "î
§î
��� φc�� B�Äº 	�H °úכÜ¼�Ð ���1lx
���H �&³�©�s� µ1ÏÒqt
�>� H�d�̀¦ �̂¦ Ãº

e����.s���H¹כ���f�����\���Hþj�è�o
��¦��
���H�©�I����Ãº��� x1, x2, x4, x5�� 0\�����

0>t����� <�Ê�Ér 0�̀¦ t�����l� M:ë�H\� d�� (4.27)_� φc_� ì�r�̧ ÂÒì�rs� 0\� ����0>4R B�

Äº 	�H "î
§î
 Òqt$í
÷&l� M:ë�Hs���. 
�t�ëß�, s� M: ����̂ p���{9� 1lx%i��<Æ_� @/%i�;�¤s� �©�@/

&h�Ü¼�Ð Ö¼o�l� M:ë�H\� õ��̧ô�Ç "î
§î
_� ��¥[þtaË>�̀¦ ÆÒ7áx
�t� ·ú§�� "î
×�æ $í
0px\���H t��©�

�̀¦ ÅÒt� ·ú§>� �)a��. \�¦ y�� "î
§î
�̀¦ îß�&ñ
&h�Ü¼�Ð ëß�[þt#Q ÅÒl� 0AK� ]jô�Ç °ú̀�כ¦ é�H��~��t�


���H ~½ÓZO�[þts� e����xt�ëß�, �¹כ�� $í
0px\� %ò
�¾Ó�̀¦ p�u�t� ·ú§Ü¼Ù¼�Ð �:r �7Hë�H\�"f��H �8s�

�©�_� l�Õüt�Ér 
�t� ·ú§�̧2�¤ ô�Ç��.

¿º���P:�Ð, &ñ
t� ³ð&h�s� [xT (0), yT (0), zT (0)] = [3000, 100,−200](m)_� éß���o� 0A

u�\� �>rF�½+É �â
Äº\� @/ô�Ç z�́+«>�̀¦ Ãº'��
�%i���. %i�r� "é¶
���H ³ð&h� Ø�æ[�ty���̀¦ (ψ∗ =

−5◦, θ∗ = −10◦), (ψ∗ = −10◦, θ∗ = −10◦), (ψ∗ = −10◦, θ∗ = −15◦)_� 3��t� �â
Äº

�Ð ����or�&� �� 9 z�́+«>
�%i�Ü¼ 9, Õª ���õ���H ³ð 4.2õ� ÕªaË> 4.10 - 4.12\� ����?/%3���.

éß���o���� 3km_� ����o�\�"f ]j#Q\�¦ r����
�%i�Ü¼Ù¼�Ð 	�H y���̧\�¦ ú́�ÆÒ��H l�1lx�Ér Ô�¦

��0px
�%i���. ����"f 'Í	���P: ¿º���P: �â
Äº��H �̧	� \O�s� ú̧� �¹כ��
�%i�t�ëß�, y���̧�� �©�

@/&h�Ü¼�Ð 	�H [j���P: �â
Äº\�"f��H ��5Åq�̧ "î
§î
s� 5g�Ð �í�o÷&#Q �¹כ�� �̧	��� ß¼>� µ1Ï
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Òqt
�%i�6£§�̀¦ ·ú� Ãº e����. 
�t�ëß� ��5Åq�̧ "î
§î
s� �í�o ÷&#Q�̧ ����̂ r�Û¼%7�s� Ô�¦îß�&ñ


K�t�t�·ú§�¦#QÖ¼&ñ
�¹כ�_̧���$í
0px�Ér�Ð�©�K�º¡§�̀¦·ú�Ãºe����.�:r���õ���Hs��Qô�Çô�Ç

>� �©�S!�\�"f_� $í
0px�̀¦ ·ú����Ðl� 0Aô�Ç z�́+«>Ü¼�Ð+�, ·ú¡"f [O�"î
ô�Ç ��ü< °ú s� ��1lx�̧7áx

�©�u� @/%i�;�¤�̧ B�Äº Ö¼o�>� [O�&ñ

�%i�Ü¼ 9, ��5Åq�̧ ]jô�Ç �̧|	��̧ 5g�Ð B�Äº ���>� ú̧�

��¤Ü¼Ù¼�Ð ���:r ���õ��� ½+É Ãº e����. z�́]j �©�S!�\�"f��H �Ð�� ��� ��o�ÂÒ'� 7áxú́� éß�>� ]j

#Q�� r����÷& 9 p���{9� ��5Åq�̧ %i�r� �:r �7Hë�H_� �̧|	��Ð�� �¦l�1lxs� ��0pxô�Ç �©�S!�{9� �	כ

s�Ù¼�Ð a%~�Ér �¹כ�� $í
0px�̀¦ l�@/½+É Ãº e����.

��t�}��Ü¼�Ð, 1px5Åq î�r1lx
���H ³ð&h�\� @/ô�Ç z�́+«> ���õ�s���. [xT (0), yT (0), zT (0)] =

[6000, 100,−200](m)_� 0Au�\�"f Ø�¦µ1Ï
�#� 1px5ÅqÜ¼�Ð ¹¡§f��s���H ³ð&h�\� @/ô�Ç z�́+«>

�̀¦ Ãº'��
�%i���. 'Í	���P:�Ð, [VTx, VTy, VTz] = [0,−10, 0](m/s)_� 5Åq�̧�Ð ¹¡§f��s���H ³ð

&h��̀¦ (ψ∗ = 0◦, θ∗ = −10◦)_� Ø�æ[�ty��Ü¼�Ð �¹כ��
��¦�� 
���H z�́+«>s���. ¿º���P:

��H, [VTx, VTy, VTz] = [5,−10, 0](m/s)_� 5Åq�̧�Ð ¹¡§f��s���H ³ð&h��̀¦ (ψ∗ = 5◦, θ∗ =

−15◦)_� Ø�æ[�ty��Ü¼�Ð �¹כ��
��¦�� 
���H z�́+«>s� 9, [j���P:��H [VTx, VTy, VTz] =

[10, 5, 0](m/s)_�5Åq�̧�Ð¹¡§f��s���H³ð&h��̀¦ (ψ∗ = −10◦, θ∗ = −10◦)_�Ø�æ[�ty��Ü¼�Ð¹כ

���
���H z�́+«>s���. ³ð 4.3õ� ÕªaË> 4.13 - 4.15_� ���õ�\�"f �̂¦ Ãº e��1pws� 1px5Åq î�r1lq
�

��H ³ð&h�_� �â
Äº\��̧ s�p� ÆÒ&h� l�
��<Æ\�"f ³ð&h�_� 5Åq�̧\�¦ �¦�9
�%i�l� M:ë�H\� �̧	�

\O�s� ú̧� �¹כ��H�d�̀¦ SX����½+É Ãº e����.

ÆÒ��&h�Ü¼�Ð ]jîß��)a Ä»�̧ l�ZO�_� z�́6 x$í
�̀¦ SX����
��¦��, �¦&ñ
�)a 0Au�\�"f ���ª�

ô�Ç ³ð&h� Ø�æ[�ty��s� ÅÒ#Q&���̀¦ M:_� �¹כ�� $í
0px�̀¦ SX����
�%i���. [xT (0), yT (0), zT (0)] =

[3000, 100,−200](m)\� 0Au�ô�Ç &ñ
t� ³ð&h�\� @/K� ³ð&h� Ø�æ[�ty���̀¦ ³ð 4.4ü< °ú s� ����o

r�&��� 9z�́+«>�̀¦Ãº'��
�%i���.Õª���õ�³ð 4.4\�"fSX����½+ÉÃºe��1pws¹כ���� �̧	�x9�³ð

&h� Ø�æ[�ty�� �̧	��� �̧¿º )�6 x #3�0A s�?/�Ð �¹כ��\� $í
/BN
�%i�6£§�̀¦ ·ú� Ãº e����. �'a$í
 ýa

³ð>�ü< ³ð&h� Ø�æ[�ty�� ýa³ð>�\�"f_� p���{9� C�&h��Ér ÕªaË> 4.16õ� °ú ��. ¢̧ô�Ç, p���{9�_�

òøÍ¿º�� �¹כ��r� þj�¦_� ;�¤µ1Ï $í
0px�̀¦ ?/l� 0AK�"f��H Ø�æ[�t r�_� p���{9� ~ÃÎ6£§y��s� ±5◦
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îß�\� �>rF�K��� ô�Ç����H �̧|	�s� e����. ]jîß��)a l�ZO��Ér ÕªaË> 4.17\�"f �̂¦ Ãº e��1pws� ¹כ

���r� p���{9� ~ÃÎ6£§y���̀¦ �½Ó�©� ���>� Ä»t�K� º¡§Ü¼�Ð+� s� �̧|	��̀¦ ëß�7á¤
��¦ e������H �̧�	כ

SX����
�%i���.
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³ð 4.1: [xT (0), yT (0), zT (0)] = [8000, 0,−100](m) &ñ
t� ³ð&h�\� @/ô�Ç �¹כ�� �̧	� x9� ³ð
&h� Ø�æ[�ty�� �̧	�

̧����¹כ	)�m( ψe(tf )(deg) θe(tf )(deg)
Case 1 0.76 0 −0.16
Case 2 1.31 0 0.07
Case 3 0.68 0.24 −0.09

³ð 4.2: [xT (0), yT (0), zT (0)] = [3000, 100,−200](m) &ñ
t� ³ð&h�\� @/ô�Ç �¹כ�� �̧	� x9�
³ð&h� Ø�æ[�ty�� �̧	�

̧����¹כ	)�m( ψe(tf )(deg) θe(tf )(deg)
Case 1 0.14 0.01 0.14
Case 2 0.95 −0.01 −0.03
Case 3 5.56 0.46 −0.81

³ð 4.3: [xT (0), yT (0), zT (0)] = [6000, 100,−200](m) \�"f 1px5Åq î�r1lx
���H ³ð&h�\� @/
ô�Ç �¹כ�� �̧	� x9� ³ð&h� Ø�æ[�ty�� �̧	�

̧����¹כ	)�m( ψe(tf )(deg) θe(tf )(deg)
Case 1 0.23 −0.21 0.03
Case 2 0.61 0.11 −0.13
Case 3 0.43 −0.07 0.41
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³ð 4.4: [xT (0), yT (0), zT (0)] = [3000, 100,−200](m) &ñ
t� ³ð&h�\� @/ô�Ç ���ª�ô�Ç ÆÒ&h�
r���o��̧

ψ∗ 0◦ 0◦ 0◦ 0◦ 8◦

θ∗ 0◦ −10◦ −20◦ −35◦ −20◦

̧����¹כ	)�m( 0.81 0.50 0.52 1.23 0.92
ψe(tf )(deg) 0.33 -0.08 -0.05 -0.01 0.08
θe(tf )(deg) -0.15 0.02 -0.36 -0.30 0.32
α(tf )(deg) 0.45 0.68 -0.46 -2.10 0.05

ψ∗ 15◦ 22◦ −10◦ −14◦ −20◦

θ∗ −20◦ −20◦ −20◦ −20◦ −20◦

̧����¹כ	)�m( 0.80 1.28 0.33 1.03 0.88
ψe(tf )(deg) -0.23 0.38 0.27 -0.19 2.16
θe(tf )(deg) 0.33 0.88 -0.41 0.24 0.38
α(tf )(deg) 1.03 1.39 -1.11 -1.26 -1.82
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ÕªaË> 4.7: [xT (0), yT (0), zT (0)] = [8000, 0,−100](m), (ψ∗ = 0◦, θ∗ = 0◦) &ñ
t� ³ð&h�\�
@/ô�Ç �̧_� z�́+«> ���õ�

94



0
2000

4000
6000

8000

−1

−0.5

0

0.5

1
−1000

−800

−600

−400

−200

0

200

X,Xt(m)Y,Yt(m)

Z
,Z

t(
m

)

(a) �'a$í
 ýa³ð>�\�"f_� p���{9� C�&h�

−8000
−6000

−4000
−2000

0

−1

−0.5

0

0.5

1
−4000

−3000

−2000

−1000

0

1000

X,Xt(m)Y,Yt(m)

Z
,Z

t(
m

)

(b) ³ð&h� Ø�æ[�ty�� ýa³ð>�\�"f_� p���{9� C�&h�

95



0 2 4 6 8 10 12 14 16 18
−1

−0.5

0

0.5

1

t [sec]

[d
eg

]

 

 

φc

φ

0 2 4 6 8 10 12 14 16 18
−60

−40

−20

0

20

40

t [sec]

[m
/s

2 ]

 

 

A
z
c

A
z

(c) \�¦ y�� x9� x�u� ��5Åq�̧

0 1000 2000 3000 4000 5000 6000 7000 8000
−1

−0.5

0

0.5

1

X(m)

Y
(m

)

0 1000 2000 3000 4000 5000 6000 7000 8000
−1000

−500

0

500

X(m)

Z
(m

)

(d) 2D�Ð ³ð�&³ô�Ç p���{9� C�&h�

ÕªaË> 4.8: [xT (0), yT (0), zT (0)] = [8000, 0,−100](m), (ψ∗ = 0◦, θ∗ = −30◦) &ñ
t�
³ð&h�\� @/ô�Ç �̧_� z�́+«> ���õ�

96



0
2000

4000
6000

8000

−50

0

50

100

150
−1000

−800

−600

−400

−200

0

200

X,Xt(m)
Y,Yt(m)

Z
,Z

t(
m

)

(a) �'a$í
 ýa³ð>�\�"f_� p���{9� C�&h�

−8000

−6000

−4000

−2000

0

−800
−600

−400
−200

0
200

−2000

−1500

−1000

−500

0

500

X,Xt(m)Y,Yt(m)

Z
,Z

t(
m

)

(b) ³ð&h� Ø�æ[�ty�� ýa³ð>�\�"f_� p���{9� C�&h�

97



0 2 4 6 8 10 12 14 16 18
−100

−50

0

50

100

t [sec]

[d
eg

]

 

 

φc

φ

0 2 4 6 8 10 12 14 16 18
−30

−20

−10

0

10

t [sec]

[m
/s

2 ]

 

 

A
z
c

A
z

(c) \�¦ y�� x9� x�u� ��5Åq�̧

0 1000 2000 3000 4000 5000 6000 7000 8000
−50

0

50

100

150

X(m)

Y
(m

)

0 1000 2000 3000 4000 5000 6000 7000 8000
−1000

−500

0

500

X(m)

Z
(m

)

(d) 2D�Ð ³ð�&³ô�Ç p���{9� C�&h�

ÕªaË> 4.9: [xT (0), yT (0), zT (0)] = [8000, 0,−100](m), (ψ∗ = 5◦, θ∗ = −20◦) &ñ
t�
³ð&h�\� @/ô�Ç �̧_� z�́+«> ���õ�
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ÕªaË> 4.10: [xT (0), yT (0), zT (0)] = [3000, 100,−200](m), (ψ∗ = −5◦, θ∗ = −10◦)&ñ
t�
³ð&h�\� @/ô�Ç �̧_� z�́+«> ���õ�
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ÕªaË> 4.11: [xT (0), yT (0), zT (0)] = [3000, 100,−200](m), (ψ∗ = −10◦, θ∗ = −10◦)
&ñ
t� ³ð&h�\� @/ô�Ç �̧_� z�́+«> ���õ�
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ÕªaË> 4.12: [xT (0), yT (0), zT (0)] = [3000, 100,−200](m), (ψ∗ = −10◦, θ∗ = −15◦)
&ñ
t� ³ð&h�\� @/ô�Ç �̧_� z�́+«> ���õ�
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ÕªaË> 4.13: [xT (0), yT (0), zT (0)] = [6000, 100,−200](m), [VTx, VTy, VTz] = [0,−10, 0]
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ÕªaË> 4.14: [xT (0), yT (0), zT (0)] = [6000, 100,−200](m), [VTx, VTy, VTz] = [5,−10, 0]
(m/s), (ψ∗ = 5◦, θ∗ = −15◦) \� @/ô�Ç �̧_� z�́+«> ���õ�
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ÕªaË> 4.15: [xT (0), yT (0), zT (0)] = [6000, 100,−200](m), [VTx, VTy, VTz] = [10, 5, 0]
(m/s), (ψ∗ = −10◦, θ∗ = −10◦) \� @/ô�Ç �̧_� z�́+«> ���õ�
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ÕªaË> 4.16: ���ª�ô�Ç ³ð&h� Ø�æ[�ty��\� @/ô�Ç �̧_� z�́+«> ���õ�
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4.4 �¿Úr
Òeµ

³ð 4.1-4.4, ÕªaË> 4.7 - 4.17_� �̧_� z�́+«> ���õ�\�¦ :�xK� &ñ
t� ³ð&h� x9� 1px5Åq î�r1lx
�

��H ³ð&h�\� @/K� �¹כ�� �̧	�õ� ³ð&h� Ø�æ[�ty�� �̧	� �̧¿º B�Äº ����Ér °ú̀�כ¦ ��t� 9 �¹כ��\�

$í
/BN�<Ê�̀¦ SX����½+É Ãº e����. ¢̧ô�Ç, ���ª�ô�Ç ÆÒ&h� r���o��̧\� @/K�"f îß�&ñ
&h�Ü¼�Ð 1lx���

�<Ê�̀¦ �Ð#� Õª z�́6 x$í
�̀¦ ���7£x
�%i���. þj&h� Ä»�̧ l�ZO�_� :£¤$í
�©� �¹כ�� r�&h�\�"f ��5Åq

�̧ "î
§î
�̀¦ ���>� 
��9��H :£¤$í
s� e��#Q, �¹כ�� r� p���{9�_� ~ÃÎ6£§y��s� ±2◦s�?/�Ð Ä»t�÷&

#Q òøÍ¿º_� ò́Ö�¦$í
�̀¦ �FG@/�o r�~�́ Ãº e������H �©�&h�s� e����.

]jîß��)a þj&h� Ä»�̧ ZO�gË:�Ér p���{9�õ� ³ð&h� ��s�_� 3	�"é¶ ÆÒ&h� l�
��<Æ�̀¦ �̧¿º

�¦�9
�#� BTT p���{9�\�"f�̧ Õª $í
0pxs� �Ð�©��)a��. ³ð&h� Ø�æ[�ty�� �̧	�\�¦ $í
0px t�

³ð(performance index)\� �í�<Êr�&� �¹כ�� �̧	�ü< �8Ô�¦#Q þj�è�o
���H ~½Ód��Ü¼�Ð [O�>�

÷&%3�Ü¼ 9, ��1lx�̧7áx�©�u� 1lx%i��<Æ��t� �̧¿º �¦�9ô�Ç ���õ�s���. ½̈K���� Ä»�̧ ZO�gË:_� K�

��H ·ú¡"f [O�"î
ô�Ç ��ü< °ú s� B�Äº 4�¤ú̧�
��¦ ~½Ó@/ô�Ç �ª�_� Ãºd��Ü¼�Ð ³ð�&³�)a��. 
�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���÷&l�M:ë�H\�p�o�]j����)at�r�³ð\�¦

:�xK� z�́r�çß� ½̈�&³s� ��0px
���.

·ú¡Ü¼�Ð ³ð&h� Ø�æ[�ty��_� ß¼l�, ïß�#� q�'�� r�çß�, ��1lx�̧7áx�©�u� @/%i�;�¤ 1px_� ���Ãº��

ÅÒ#Q&���̀¦ M:, s�\�¦ Ãº�<Æ&h�Ü¼�Ð ì�r$3�K� �¹כ�� ��0px$í
 #�ÂÒ\�¦ óøÍZ>�½+É Ãº e���̧2�¤ 
���H

ÆÒ�����½̈���9¹כ�
���.Õª�Q���:r�<Æ0A�7Hë�H\�"f��Hþj�í�Ð 3	�"é¶ÆÒ&h�l�
��<Æx9���

1lx�̧7áx�©�u� 1lx%i��<Æ�̀¦ �̧¿º �¦�9
�#� 1px5Åq î�r1lx
���H ³ð&h�_� Ø�æ[�ty���̀¦ ú́�Ø�¦ Ãº e����H

þj&h� Ä»�̧ l�ZO�_� {���2³ +þAI�_� K�(closed-form solution)�̀¦ Ä»�̧
�%i�����H X<\� _�_�

\�¦ ¿º�¦ s�ü< �'aº���)a ���½̈��H s�Êê ���½̈ õ�]j�Ð ���'��
��̧2�¤ ô�Ç��.
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V� 5 *�× Úr
 Òeµ

�:r î³ð&h� Ø�æ[�ty�� x9� ½̈1lxl� 1lx%i��<Æ�̀¦ �¦�9ô�Ç BTT p���{9�_� Ä»�̧ �̧7áx r�Û¼%7�

[O�>�ï �7Hë�H_� ���½̈ ���õ�\�¦ 
���¹כ���� ��A�ü< °ú ��.

���$�, �©�@/&h�Ü¼�Ð Ö¼�2; ½̈1lxl� 1lx%i��<Æs� �>rF�½+É �â
Äº\��̧ s�\�¦ ú̧� �Ð�©�K�×�¦ Ãº

e����HDh�Ðî�r BTTp���{9�6 x��1lx�̧7áx]j#Ql�_�[O�>�l�ZO��̀¦]jîß�
�%i���.l��>rl�ZO�

�Ér BTT p���{9� �̧4Sq�̀¦ #��Q ��&ñ
�̀¦ :�xK� ��H��
����� <�Ê�Ér ���+þA�o 
�#� ��1lx�̧7áx

]j#Ql�\�¦ [O�>�ô�Ç ���õ��� @/ÂÒì�rs�%3���. 
�t�ëß� ]jîß��)a l�ZO��Ér Ä»�� :£¤s� [O�1lx l�ZO�

�̀¦ ���½ÓÜ¼�Ð 
�#� BTT p���{9�_� q�þj�è0A�©� :£¤$í
�̀¦ �í�<Êô�Ç �̧��H q����+þA$í
�̀¦ �¦�9

ô�Ç ���õ�s���. ]jîß��)a l�ZO��̀¦ ��6 x½+É �â
Äº q�'�� �̧|	�\� �'a>�\O�s� {9�Ø�¦§4� 1lx:£¤$í
s�

�½Ó�©� 2	� ���+þA r�Û¼%7�_� +þAI��Ð ��H���)a��. s�\�¦ :�xK� ��1lx�̧7áx�©�u� 1lx%i��<Æ�̀¦ ���+þA

r�Û¼%7�_� +þAI��Ð �©�I� ~½Ó&ñ
d��\� ÆÒ��½+É Ãº e��Ü¼Ù¼�Ð, Ä»�̧ ZO�gË: [O�>��� Ä»6 xK������

��H �©�&h�s� e����. ½̈1lxl� 1lx%i��<Æs� Ö¼wn= �â
Äº l��>r l�ZO��̀¦ ��6 x
���� r�Û¼%7�s� Ô�¦îß�

&ñ
K�t���H ë�H]j&h��̀¦ @/%i�;�¤ �̧]X��̀¦ :�xK� K����
�%i�Ü¼ 9, Ãº�<Æ&h� ì�r$3�õ� îß�&ñ
$í
 7£x"î


�̀¦:�xK�s��:r&h�������7£x�̀¦¢-a«Ñ
�%i���. ILAATp���{9�_�z�́]j/BN%i��<Æ��«Ñ\�¦���½ÓÜ¼

�Ð ô�Ç �̧_� z�́+«>Ü¼�Ð z�́]j $í
0px\� @/K� ���7£x
�%i���.

¿º���P:�Ð, BTT p���{9�_� ³ð&h� Ø�æ[�ty���̀¦ �¦�9ô�Ç þj&h� Ä»�̧ ZO�gË:�̀¦ [O�>�
�%i���.

l��>r���½̈[þt�ÉrÄ»�̧ZO�gË:[O�>�ë�H]j\�e��#Q,��1lx�̧7áx�©�u�1lx%i��<Æ�̀¦Áºr�
����� 1	�

�Ð��H��ô�Ç�â
Äº��@/ÂÒì�rs�%3�t�ëß�l��>r_���1lx�̧7áx]j#Ql�\�¦��6 x½+É�â
Äº 1	��Ð ú̧�

��H��÷&t� ·ú§��H����H ë�H]j&h�s� e��%3���. �:r ���½̈\�"f��H ½̈1lxl� 1lx%i��<Æ_� %ò
�¾Ó�̀¦ �Ð�©�

½+É Ãº e����H Dh�Ðî�r ��1lx�̧7áx ]j#Ql�\�¦ [O�>�
�%i��¦, s���H ·ú¡"f [O�"î
ô�Ç ��ü< °ú s� {9�

Ø�¦§4� 1lx:£¤$í
s� q�'�� 8̈��â
\� Áº�'a
�>� {9�&ñ
ô�Ç +þAI�_� ���+þA r�Û¼%7�Ü¼�Ð ³ðr� ��0px
�

>� ÷&��H �©�&h�s� e����. s�\�¦ s�6 x
�#� ��1lx�̧7áx�©�u�ü< Ä»�̧ZO�gË: çß�_� &�e�¦a�A ë�H]j\�¦
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K����½+É Ãº e��>� ÷&%3��¦, s�\�¦ :�xK� ��1lx�̧7áx�©�u� 1lx%i��<Æ�̀¦ �¦�9ô�Ç þj&h� Ä»�̧ ZO�gË:

�̀¦ [O�>�½+É Ãº e��>� ÷&%3���. ¢̧ô�Ç l��>r_� ³ð&h� Ø�æ[�ty���̀¦ �¦�9ô�Ç Ä»�̧ ZO�gË: ���½̈ ���

õ���H 2D î̈
����©�_� ÆÒ&h� l�
��<Æ�̀¦ �¦�9ô�Ç �â
Äº�Ð ²DGô�Ç÷&t�ëß�, �:r ���½̈\�"f��H 3	�"é¶

\�"f_� ÆÒ&h� l�
��<Æ�̀¦ �̧¿º �¦�9
�#� ½̈$í
�)a Ä»�̧ ZO�gË:Ü¼�Ð"f \�¦õ� x�u���5Åq�̧ "î


§î
_� þj&h� K�\�¦ {���2³ +þAI�(closed-form)Ü¼�Ð ½̈
�%i���. 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�

�� ÷& 9, s�\�¦ ���½ÓÜ¼�Ð t�r�³ð(look-up table) +þAI�_� ]j#Q {9�§4��̀¦ ½̈$í

���� z�́r�

çß� ½̈�&³s� ��0px
���. l��>r ���õ�ü< ��ØÔ>� 1px5Åq î�r1lx
���H ³ð&h�\� @/ô�Ç 1lx%i��<Æ d���̀¦

���½ÓÜ¼�Ð Ä»�̧ ÷&%3�Ü¼Ù¼�Ð 1px5Åq î�r1lx
���H ³ð&h�, <�Ê�Ér Ö¼o�>� l�1lx
���H ³ð&h�\� @/K�

"f�̧ Õª �¹כ�� $í
0px�̀¦ �Ð�©�½+É Ãº e����. ��1lx�̧7áx ]j#Ql�ü< ��ðøÍ��t��Ð ILAAT p���

{9�_� /BN%i��<Æ ��«Ñ\�¦ ���½ÓÜ¼�Ð �̧_� z�́+«>�̀¦ ���'��
�#� ���ª�ô�Ç ÆÒ&h� r���o��̧\� @/K�

"f Õª $í
0px�̀¦ ���7£x
�%i���.
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V� 6 *�× ÉÙ ��́

6.1 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>�

φ̄ x�u� î̈
���y��

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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Q̄11 , λm(Q11)− 2ᾱcεa||P11|| − 2(1− ᾱcεa)ωnκ3κ4

ρminUmin

Q̄12 , −(1− ᾱcεa)ωnκ2κ4

√
a2

y + 1− 1
ωn

√
2ρ2

maxU
3
max

hv2hv1
haN̄2ᾱcεa||P11||

Q̄13 , −(1− ᾱcεa)κ4
Umax

Umin
−
√

2ρmaxU
2
maxᾱcεa||P11||N̄1

ωnUminhv2
−

(
κ3

ρmin
hv2 + 1

)
(1− ᾱcεa)

Q̄14 , − 1
ωn

√
2ρmaxU

2
max

hv2Umin
N̄2ᾱcεa

Q̄15 , −ρmaxU
2
maxS

m
Kcκ4||Cq|| − ||P11||

√
2ρ2

maxU
3
maxS

mωnhv2
N̄1Kc||Cq||

−(ωn(Kz12γρ̇ + Kz18γU̇ + Kz42) + Kz43 + 2ωnKz44K̄)||PqA
−1
q Bq||

Q̄16 , −
√

2ρ2
maxU

3
maxS

mωnhv2
||P11||N̄2Lc||Cr||

Q̄22 , 2(1− ᾱcεa)λm(Qv)− 2||Pv|| ᾱcεaρmaxU
2
maxha

ωnhv1

Q̄23 , −hv2(1− ᾱcεa)κ2Umin

√
a2

y + 1− 1
ωn

√
2ρ2

maxU
3
max

hv2hv1
N̄2ᾱcεaha

Q̄24 , − ᾱcεaUmax||Pv||
ωnUmin

− (1− ᾱcεa)hv1Umin

√
a2

y + 1− ρmaxU
2
maxha

ωn
Umin(1− ᾱcεa)

Q̄25 , −
(

Kz1 + Kz2
ᾱcεa

ωn
+ ωnKz3 + Kz4 + Kz5ωn + K̄(Kz37 + Kz36ωn)

)
||PqA

−1
q Bq||

Q̄26 , −(Ky1 + Ky2ωn + Ky3
ᾱcεa

ωn
+ Ky4 + Ky5ωn)||PrA

−1
r Br|| − ||Pv||ρmaxU

2
maxS

mωn
Lc||Cr||

Q̄33 , 2
ωn

[
(1− ᾱcεa)hv2Umin − ρmaxU

2
max

hv2Umin
N̄1ᾱcεa

]

Q̄34 , − 1
ωn

√
2ρmaxUmax

hv2
N̄2ᾱcεa

Q̄35 , − 1
ωn

[
ρmaxU

2
maxUminS

m

(
hv2 +

√
2ρmaxUmax

hv2Umin
N̄1

)
Kc||Cq||

+
(
Kz19(1− ᾱcεa)ω̄Bγ

U̇
+ Kz20ᾱcεa + Kz21 + ᾱcεaω̄B(Kz22 + Kz40K̄)

) ||PqA
−1
q Bq||

]

Q̄36 , − 1
ωn

[√
2ρ2

maxU
3
maxS

mhv2
N̄2Lc||Cr||+ (Ky6ᾱcεa + ᾱcεaω̄BKy7 + Ky8) ||PrA

−1
r Br||

]

Q̄44 , 1
ωn

[
(1− ᾱcεa)2hv1Umin − 2IzxρmaxUmaxαM

Izhv2

]
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Q̄45 , − 1
ωn

(Kz6ᾱcεa + ᾱcεaω̄B(Kz7 + Kz38K̄))||PqA
−1
q Bq||

Q̄46 , − 1
ωn

[
hv1ρmaxU

2
maxS

m
UminLc||Cr||+ (Ky16ᾱcεa + Ky17 + Ky18ᾱcεaω̄B

+Ky13ω̄BγU̇

) ||PrA
−1
r Br||

]

Q̄55 , 1
ωn

[
λm(Qq)

εa
− 2(Kz23 + Kz24ω̄B + Kz41K̄ω̄B)‖PqA

−1
q Bq‖

]

Q̄56 , − 1
ωn

{(
Kz13 + Kz14ω̄B + Kz39K̄ω̄B

) ‖PqA
−1
q Bq‖+ (Ky19 + Ky20ω̄B) ‖PrA

−1
r Br‖

}

Q̄66 , 1
ωn

[
λm(Qr)

εa
− 2(Ky10 + Ky11ω̄B)‖PrA

−1
r Br‖

]

ω̄B , λm(Q11)ρminUmin

2κ3κ4

κ1 , αM√
2Jmin

κ2 , αM + βM1/2 + βM2/2
Jmin

κ3 , hv2

Jmin

κ4 , ‖P11‖λz

√
1 + a2

z

a11 , 2κ3κ4

ρminUmin

a12 , κ2κ4

√
a2

y + 1

a33 , 2hv2Umin

a34 ,
√

2ρmaxUmaxN̄2/hv2

a44 , 2hv1Umin

b11 , 0

b12 ,
√

2ρ2
maxU

4
max

hv2hv1
haN̄2ᾱcεa

b13 ,
√

2ρmaxU
2
maxᾱcεaN̄1

hv2Umin
||P11||

b14 ,
√

2ρmaxU
2
max

hv2Umin
N̄2ᾱcεa
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b15 , ||P11||
√

2ρ2
maxU

3
maxS

mhv2
N̄1Kc||Cq||

b16 ,
√

2ρ2
maxU

3
maxS

mhv2
||P11||N̄2Lc||Cr||

b22 , 2||Pv|| ᾱcεaρmaxU
2
maxha

hv1

b23 ,
√

2ρ2
maxU

3
max

hv2hv1
N̄2ᾱcεaha

b24 , ᾱcεaUmax

Umin
||Pv||+ ρmaxU

2
maxhaUmin(1− ᾱcεa)

b25 , Kz2ᾱcεa

b26 , ||Pv||ρmaxU
2
maxS

m
Lc||Cr||+ Ky3ᾱcεa

b33 , 2
ρmaxU

2
max

hv2Umin
N̄1

b34 , a34

b35 , ρmaxU
2
maxUminS

m
(hv2 +

√
2ρmaxUmax

hv2Umin
N̄1)Kc||Cq||+ (Kz21 + Kz19ω̄BγU̇ )‖PqA

−1
q Bq‖

b36 , 1
mhv2

√
2ρ2

maxU
3
maxSN̄2Lc||Cr||+ Ky8‖PrA

−1
r Br‖

b44 , 2
IzxρmaxUmaxαM

Izhv2

b45 , 0

b46 , hv1ρmaxU
2
maxS

m
UminLc||Cr||+

(
Ky17 + Ky13ω̄Bγ

U̇

) ‖PrA
−1
r Br‖

b55 , 2(Kz23 + (Kz24 + Kz41K̄)ω̄B)‖PqA
−1
q Bq‖

b56 ,
(
Kz13 + (Kz14 + Kz39K̄)ω̄B

) ‖PqA
−1
q Bq‖+ (Ky19 + Ky20ω̄B) ‖PrA

−1
r Br‖
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
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
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ζpw
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√

λM (P0)
λm(P0)

‖ ˆ̄w(0)‖+
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∣∣∣
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
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∣∣∣ Iz−Ix

Iy
− Iz−Iy

Ix

∣∣∣
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√
a2

y + 1||Pv||+ hv2(1− ᾱcεa)Uminκ2ay
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−1
q Bq||

+ωn(Ky21 + Ky22) + Ky23 + Ky26)||PrA
−1
r Br||

Mζpw2 , (ωnKy15 + Ky14) ||PrA
−1
r Br||+ Kz27‖PqA

−1
q B̄q‖

Mpw , Izx

Iz
ωnUminapλp + hv1UminUmax/

√
2 + |Ix − Iy

Iz
|ρmaxU

2
maxαM

hv2

+(Ky24 + Ky25ωn) ||PrA
−1
r Br||+ Kz29||PqA

−1
q Bq||

Mp2w , Izx

Iy
ωnUmin + Kz34ωn‖PqA

−1
q B̄q‖

d̃V ,
√

λM (P̄ )
λm(P̄ )

‖ ˆ̃w(0)‖+
1

λm(P̄ )

(
b̄2 + Meξ

M3

|σ̄ − σ̄min| +
µ̄b̄3

|σ̄ − σV |

)

d̃V 1 , 8λM (P̄ )
λm(P̄ )λm(Q̄)

(Mρ + Meξ
M1)

d̃V 2 , 8λM (P̄ )
λm(P̄ )λm(Q̄)

(MU + Meξ
M2)

d̄01 ,
√

1 + ((1− ᾱcεa)
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where the constants σ, σmin, µ, P0, Q0 and di, i = 1, ..., 9, are defined in [24].
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6.2 ILAAT i�����
�+ V�xjS

�:r �7Hë�H\�"f ]jîß��)a ��1lx�̧7áx ]j#Ql�ü< þj&h� Ä»�̧ ZO�gË:_� $í
0px ���7£x�̀¦ 0AK� �̧

_� z�́+«>\� ��6 x�)a ILAAT(Inter-Laboratory Air-to-Air Missile Technology) p���{9�

_� ]j"é¶�Ér ���«Ñ�� �è�̧�)a s�Êê_� �©�I�(burnout)\� @/
�#� ³ð 6.1ü< °ú �� [53].

ô�Ç¼#�, ILAAT p���{9�_� /BN%i��<Æ �̧4Sq�Ér ��A�ü< °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

(6.1)

d�� (6.1) �̧4Sq_� /BN§4� >�Ãº��H t�r�³ð +þAI��Ð ÅÒ#Qt� 9 ÕªaË> 6.1\� ����?/%3���.

éß�, Cx(α,M, δq)_� +þAI���H δq = 0��� �â
Äº\� @/K�"fëß� ����?/%3���.
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³ð 6.1: 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

This thesis aims to develop a BTT missile guidance and control system considering

impact angle constraint and actuator dynamics. For this aim, the following research

subjects have been carried out. Firstly, the autopilot controller which can eliminate

nearly the effect of slow actuator dynamics, while still maintaining the desired linear

I/O dynamic characteristics is proposed. It considers fully the nonminimum-phase

nonlinear BTT missile dynamics but requires no differentiations of noisy variables,

differently from other existing control methods. The control performance of the

proposed autopilot controller also has been analyzed in a mathematically rigorous

way. Secondly, an optimal terminal guidance law which can make a BTT missile

intercept a target maneuvering with constant velocity along the desired impact an-

gles is developed. In doing so, the gravitational effect as well as autopilot dynamics

and 3D nonlinear pursuit kinematics are fully considered. Finally, the effectiveness

and practicality of the proposed methods have been shown through some simulation

results using the aerodata of the ILAAT missile.

Keywords: BTT Missile Control, Singular Perturbation, Fin-Actuator Dynamics,

Autopilot Controller, Optimal Guidance Law, Impact Angle Constraint
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