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Near-Minimum Time Optimal Control of Flexible 
Spacecraft during Slewing Maneuver  

 

A. Ebrahimi, S. A.A. Mousavian, and M. Mirshams 
Department of Mechanical Engineering, K.N .Toosi University of Technology 

 

Abstract: The rapid growth of space utilization requires extensive construction, and maintenance of space structures and 
satellites in orbit. This will, in turn, substantiate application of robotic systems in space. In this paper, a near-minimum-time 
optimal control law is developed for a rigid space platform with flexible links during an orientating maneuver with large angle of 
rotation. The time optimal control solution for the rigid-body mode is obtained as a bang-bang function and applied to the flexible 
system after smoothening the control inputs to avoid stimulation of the flexible modes. This will also reflect practical limitations 
in exerting bang-bang actuator forces/torques, due to delays and non-zero time constants of existing actuation elements. The 
smoothness of the input command is obtained by reshaping its profile based on consideration of additional first-order and second-
order derivative constraints. The platform is modeled as a linear undamped elastic system that yields an appropriate model for the 
analysis of planar rotational maneuvers. The developed control law is applied on a given satellite during a slewing maneuver. The 
simulation results show that the modified realistic optimal input compared to the bang-bang solution agrees well with the 
practical limitations and also alleviates the vibrating motion of the flexible appendage, which reveals the merits of the new control 
law developed here. 
 
Keywords: Slewing spacecraft, Flexible elements, Optimal control, Command shaping 
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.I'   �99= c994E.E B99�� �99= i@ �99A� B�99�� )��(.F'�994= �99/

 ���)96 �&8��= k��; .4E g 1= � .4Q %F'1F^ 7� 5 ���9�� �9= S

i@ �A�)�s(4dY 	�b�Of� �� �A� )�x(�H9��:� k=�R ��9' .B9��

  1� .�.��/ %;�.l   5�16�� �4ALS �� �A� g�1�> �= �� �A�

 1= �6�1P .I'.

M=:�	�- $���8 �.* �� ���� ���� ����� N

5���/ �.��/ ����� 7� ��)R B��   5�9� %9;�.l 0� �9/ �9��

 cd<  1� }��)�9/ �� 1� k4d:E 7� 5�� w�.(���  1� B4�S�

 gq  0=ω��� (%9� �9��.Q .I'   %9�.��/ g1'�9R S  19�

 0�9A= %��9VA'� 0�96 1� �= Z�)4� ��� 0S .= 5�� w�.(���

 u'�9/.� �9= JS   1� %�A�2ωu'�9/.� �9= J19�  19� S3ω

%� w�.(��� gq ~���' S ��3Q ���>� �'1� .w�.(���   B��.=��=

 S ��� �f1E  1� cd<  1� }�� ��)R B��   %�.��/ g1'�R

 %��9VA'� 0�9A= 0�96 1� 0S .= %�.��/ g1'�R B�� ���>� �Xq

 ��� 5�� �A��V� .� �A�WS�9�S�7 1'�9�   5�16�9� �4AL 0�

pitch ]�A� �� �A�)�x(��=.�7 i1<]� �<�P �YZ4:

)�,(X XM K Fu+ =&& 

gq   �99/XZ499�AE � .99= 99=�f �99���� ��99= �99/ �99�� %��99f 

�� �A�)�*(%� ��.AE  1� .MSKSF0�&)9�.E�� c4E.E �=

B4A� �H�� 9�.��/ S %�(9� 	%�.f]���)96 �9Y }9�1E ��H9R 

i@ �A�)�_(5�� ��.AE �'� .%�.��/ g��.�u (t)�= � i1<

%�  S�:� .�7 �/Z4:

)��(max maxu u (t) u− ≤ ≤ 

�4A9LS C9� 7� Z�)4� ����'� 	g��7 kR��; ��4&= �.��/ ��4�S

 �994�S�[ ]0X 0,0 ,..., 0=B499A� %��99&' �4A99LS C99� �99= 

[ ]f fX ,0,0,...,0= θg�9�7 kR��;   �9��.�94A� B��.=�9�=

%F�4&=�h�=  1= �6�1P .�7 i1<:

)�+(ft
f0

J dt t= =∫
1'�� mS.� g��70t 0=Sft1'�� g���N g��7��9� .�9� �A�)�,(

%� � �= g�1E � .6 0�.= .�7 i1<1��O2E  ./ ]��[:

)��(

2
1 1 1 1

2
2 2 2 2

2
n n n n

y y u

y y u

y y u

+ω = ϕ

+ω = ϕ

+ω = ϕ
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M
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 � %A4Hl1 iJ� (Siϕ5��S � .= g�����_ b�.9=i9� B49�� 1 

���)6.i@ �A� 7� �S� �� �A�)��(�= G1=.�1y = θ�/ ��� 

g�3' ��6 �	 cd<  1� 1 0ω =S 5 1= Z46�1P ��� :

)��(1 1 1 1 1y u or u= ϕ θ = ϕ&& 
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f

f f

(0) (0) (t ) 0

(t )

θ = θ = θ =

θ = θ

& &

 

r.� �=1θ = θS2θ = θ&���  Z46�1P :

)�*(1 2 2 1 1and uθ = θ θ = ϕ& & 

07.� }��.� i1< B��  )�*(�%��9= g�19E .9�7 i19<

��1':

)�x(
1 1 f f

2 2 f

(0) 0 , (t )

(0) (t ) 0

θ = θ = θ

θ = θ =

%99F�4&= �994A� B�99��  .99I' �99� �99= �99Hl �99� �A�)�+(	K=�99E 

�=� B4'1�d4��6 1<%� ��.AE.�7 iZ4�/]�*:[

)�s(1 1 2 2 1 2 2 1 1H 1 1 u= +λ θ +λ θ = +λ θ +λ ϕ& & 

gq   �Y1λS2λ5�.�6 �4ALS 0�6.44n�� �e ���)6 .�=5 ���9��

7� kR��9; k<� 	B4Q�9�.�'1N %=�9� b SS J7@ }��.9� �9/ %9�.��/

%��/S �9L� � g 19= �9�4&= 0�.9= 9�/ 	�7� �.9��/ m19'bang-bang 

�6�1P  1= �1� �dy)� 0�.= �/�=�= .�7 i1< ]� ��  ��q :

)��([ ]1 max 1 fu (t) u 1(t) 2[1(t t )] 1(t t )= − − + −

�/ gq   1(t-ti)�;�S 0� �dN K=�E �= V�'WmS.� ti�9��.g�9�7

1'�� g���N tfS%'7�4d/ g��7��t1�4A9LS i@ �A� �= �f1E�=

S�= �dy)� 07.� }��.� %� ��  ���q.
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U=���� ����� 4���� <���� 6���- ��	�- $���8 

O:�=$:�	�- J��I �1� R	%� ��� ��(/� .kR��9; �9�4&= �.��/

 �9= cd9< 1� 0�.= kHR ��)R   �/ g��7 	�9�q �9�  m19'7�

bang-bang ��� k8�   �/)�$��� (5�9� 5 �  g�3' �9��.
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%'�&Q�' .44nEb SS %9�.��/ '��7   b�9& %'7�94d/ � 	10�96 

 S �99� �99�6�1P C99�.:E Z�)994� cd99<.4�c99f1�|�99AE� 

%� 1��'.%R�= O4' 1'�� g���N 7� uN i���AE� B�� �1P �6�'��

 %� 5�16�� �4ALS   ���P� 7S.= T>�= S�'1�.�9/ %9�S

 �= i���AE� B�� z6�/ 0�.= g .9/ Z9��� 	��.Q Z46�1P �Y

 k8� ��'��6 %�.��/ K=�E g �  .44nE g��7 i�� )�$j(�9�� 	
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����� 	�	����� ���� ���

)
�(
5

2 max 1j j j
j 0

u (t) au b (t t ) 1(t t )
=

= − −∑

gq  �9/ [1, -1, -1, 1, 1, -1] b1j=.96 �9��> �9d�f 7� 

�1� �>1�2� St0=0 St5=tf��� .�1� i�H>  ac49� 

5�N � 0�&VP��kko�   )
$j(��.l S 5 1= �9f1E �= �9= 

U�VA'� g�O4� %9� j�9(�'� � gq ��9�� Z�)94� 0.�MN 9�/�.

�^ .6 �/ ��� %&��=a�= %�.��/ g��.� ���= .�QO= ko� 

bang- bang �96�1P .9�8� O'  1=.�9Y �9�� .YM9E �9= J7@ 

 S�;j�19� �V=�   k89� �9= �9f1E �9= )�$j(S)�$

���(5�� B44AE �'�.

Q=$:�	�- J��I T1� R	%� ��(/� .C94����  �9/ %E19<  

U�VA'� 7� 5�16�� %�@�9= 0.�MN �9��= � 19P.=	K=�9E .944nE 

= %�.��/����� kHR ��)R   �/ %E1<	�� gq �9�� B98�� 

�^ ���  S 5 1H' 7���/ g�W�Of� i���AE� 0U�9VA'� .�M9N �9E 

k=�R �; ��=�4' z6�/ �1HR .B��   .944nE �9/ ��� J7@ i1<

 7�9= %�.��/ K=�E g �  ���> �� Z96�.9�� 19� .�98��� %9�A�

5�N k8� k��� 0�&VP)�$j(�= %�)��= �ko��f  %�:�� 

k8� ��'��6 JS )�$w(��.Q .I'  .K=�E �.A� %�.��/ B9�� U

���;7� ��� i�H> :

)
�(
10

2max
3 2 j j j

j 0

au
u b (t t ) 1(t t )

2 =
= − −∑

�/ gq  b2j = [1,-2,1,1,-1,2,-2,2,-1,1,-2,1] ���> S c�.L

 .996�99d�f �99�� �199� �99>1�2� 7� .�99=   g Sq �99�  

i@ �99A�)
�(S)
�(0�&d899� 7�)�$�99��(S)�$j(�99/ 

�= g�3' c4E.E �9�6 �S �S� i���39� 4�:�� JS  0�&d89� 0�9& 

)�$j(S)�$w(���)6	5�9� 5 ����� �9��.g 19= J19dA� �9=

���� c4� 5�N �&VP %�A�a	 ]�.��Y K=�1E i���3� 0�&d8� 

)�$���(S)�$j(=�i@ �9A� S  1=��6�1P Z� k=�R %�;�

�= O4' �&'q U.A� �= .�7 i1< %� ��  ���q:

)�+(
5

2 max 1j j
j 0

u au b 1(t t )
=

= −∑&

)��(
10

3 max 2 j j
j 0

u au b 1(t t )
=

= −∑&& 

V=<���� ��	�- <.WD� ���,I <���� <.WD� <� �� ���+

��B� J��I 

%�.��/ K=�1E kHR ��)R  u1Su2Su3�.9��/ 0�.= c4E.E �=

;�94R �9= g��7 kR��; C� O' S g��7 kR�1JS  S �S� ��39�  

�= �'��q ��  .	K=�1E B�� 0�6.����N B44AE 0�.=tjS �6 tfg�9�7 

&' 5�.9�6 S �4ALS i@ �A� %�)��= 	1'�� %�� 7� � �4A9LS

 K=�E �= �l1=.� B4'1�d4��6 k; S 5 Sq ��  49�/Z.�9/ %9�S

�= �9�4&= �9�.l 7� �dy)� B�� k; 	��.Q Z46�1P �Y �9= 07�9�

.�7 �.R �= �4�� K=�1E���:

���; �� .6 0�.= �.�3�  14Ri�H> �7� �':

)��$���(1 1 f ff (t ) 0= θ − θ =

)��$j(2 2 ff (t ) 0= θ =

)��$w(3 ff u(t ) 0= =

 14R Sp�P JS  ���;u2 (t)i�H> �7� �':

)��$ (4 2 1 maxf u (t ) u 0= − =

)��$5(5 2 3 maxf u (t ) u 0= + =

 14R Sp�P J1� ���; u3 (t)i�H> �7� �':

)��$S(6 3 2 maxf u (t ) u 0= − =

)��$7(7 3 7 maxf u (t ) u 0= + =

�4A� K=�E %F�4&= O4' �9��; �9�.6 0�.= 	�=�9V� �9� �A� )�+(

B4A����.�= %�.��/ K=�1E �8��� �= �f1E �= ko9� bang-bang 
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���)6 57�= S��7 0�6 �= �H)' g���� %'7�4d/ %'tf/2 SZ96 �=

  ��9AE �9= k�>   S 5�� ����/ �dy)� 0�6.4n��  ��AE 	�'.=�.=

�/.�4R 7� 09Z46�1P w�4�;�  1 ���  .0�6.����N B44AE 7� �A= 

�= � B4'1�d4��6 	�dy)�  14R B44AE S k��)�k8�k4839E .9�7 

%� Z46 .

)��(
n

f i i
i 1

H t f
=

= + λ∑

 �/gq iλ�6	j�`�'�.Q@ ��� Sn 14R  ��AE '�.;99= ��9�
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.�7 K=�1E k483E:
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i

Hg 0 (i 1, ... , n)∂
= = =
∂λ

 

)�*(j j 0 1 f
j

Hg 0 (t t , t , , t )
t
∂

= = =
∂

L

m1�2�  ��AE �=iλS �6tj�� �A� �6giSgj�9��  Z46�1P	

�= �dy)� 0�6.����N i@ �A� B�� k; �= �/ %9� �9�  �9��q .

B��= }9�1E %9F�4&= 0�.9= J7@ G.9� 	c4E.E �9� �A�)
_(

%� ���>� �= �= S  1� �=�9V� B4'1�d4��6 K=�E 0.4Q�/ �9� �A� 

)��(94P� K=�1E S%9F�4&= 0�.9= %��9/S J7@ G.9� .]�*[	

.=�%� 5 S  1� .	.4P� i@ �A� 5�F��  �Y ��� .Y{ �= J7@

 wSO�� S ]VP.4� �@1�A� �b �9> c���� |S  .=�Y S �'

)|S ��'�� BE14' (��� ]��O�� �&'q k; b�.= .B��= 	c94E.E

 C9� O' �9�4&= �.9��/ �dy)9� k9; Z��1F�� �d�(� k;�.�

 g��7 kR��;�=.�7 i1<�<�P]�1� :

�$kR��9; k9<� S Z�)4� �4ALS i@ �A� 7� 5 ����� �= %=�9�

 B4Q��.�'1Nk8�%�.��/ K=�E bang- bang 9� 0�.9= � 1cd9<  

�= %� ��  Z�Sq.

�$U�VA'� g�O4� �= �f1E �= %'7�94d/ G�9�'   	Z�)94� 0.�MN

 	%�.��/ K=�E 0�f �= 9= C9�   � i�.44nE 	%'�&Q�' i�.44nE 57�

 B4A� %'��7t∆5�N c4� 5���/ B44AE �/.944nE U.A� 0�&VP

 [
 D

O
R

: 2
0.

10
01

.1
.2

22
87

69
8.

13
84

.2
4.

2.
8.

3 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 iu

tjo
ur

na
ls

.iu
t.a

c.
ir

 o
n 

20
24

-0
7-

03
 ]

 

                             8 / 13

https://dorl.net/dor/20.1001.1.22287698.1384.24.2.8.3
https://iutjournals.iut.ac.ir/jcme/article-1-364-en.html


��� 	������
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%�.��/ K=�E ���> �	�']� ���>� Z4�Y.

�$�94A� g 19= �(39� �= S 5 ./ B4A� � �dy)� 0�4R K=�1E

 dy)� 	%F�4&=Wdy)� �= � ��4&= �.��/ WkR��; �94�� K=�1E 07��

%� k��HE Z4�/.

*$= �=�.4Q�/ 0j�`� '�.Q@ �kR��9; �dy)9� 	K9=�1E 07�9�

%�   i@ �A� 5�F��  i1< �= � �4�� Z�Sq.

x$ �= i@ �A� 5�F��  ����� �= � 5��q �� 5|S 7� 0 �9> 

c����%� k; Z4�/.

dy)�  �1&2� 0�6.����NW�.��/ g�9�7 kR��9; C9� O' ��4&= 

�= Z��1F�� B�� k;�.� %l �9�q �9�6�1P ��  .�N B9�� �96.���

}��.� 1= ��6�1P ��  � �dy)� g 1= ��4&= 0�.= %��/ S J7@ .

[=6����� ���� ���+ <�,3��"# �� !�� 

a�5�16�� �Of� �= 0.�MN U�VA'� 7� z2�9� �9�1��� �= 

O�.R gS �� S %�.� �4l   0� .=.�1DE 1I�� �= B4�7 S 

 B4�7 �V� 7� %� .I'   � Z�.4Q .5�16�9� B9�� 0��  �94d=�R 

S 5 19= 1�.��� 0� .=.�1DE ]9� r.9� �9Y Z49�Y 0�9&�4=S 

cD' �=�X gq 0S .= 5�� ��'.�9�S�7 1'�9� J�92'� B��.=�9�= 0�

j���f� 5�16�� B�� 0�.= �6�1P .�MN�'  1= .0��9� i�D(3�

 �S�9f   5�16�� B�� 0��P�� S)�(�9�� 5�9�q .	��9�=� �9= 

0�96.����N 7� 5 ����� 94�Z�) 9= S��9� �A�   �9&'q 0.4Q�9/

 �4ALS)�,(gq Si@ �A� �= gq k��HE 5�Q)��(	.� �9��iϕ

Siω�= ��q ��6�1P ��  .�S�f)�(0�.9= .� ��� B�� 5��6  g�3'

 � ~�N1�S�   B�� Z�)4� ���.g��6 k9HR z9(=   �9/ 19l

 .l   	�� T:= �.��/ %;�.9� }9�� 1i@ �9A� ��9�  7� �S�  

)��(%� .I'   � .4)9� 	5�� T:= ���; �� .6   S Z�.4Q

 ��S�7 �/.; 0S .9= �/.; B�� i�.X� B4�t�6 S 5�16�� 0�

�1JS   )� B4�S�1%��VA'�  (%� %�.= � Z4�/.�S� �9��;  

 �.��/ .Q�.u1(t) 5���/ �.��/ �/ � bang-bang ���9P 9���	

���>�4�/ = �= 	Z�Z��19F�� 0.4Q�9/ �9<�P i�H9��:� ��9�

	.4P� 1'�� g��7 i�� tf%'7�4d/ g��7 St1�S� g1�9� �=�9V� 

�S�f 7�)�(�=��q�6�1P �� .1'�� %��&' g��7 s���/stf=

9�S�7 �9= 1'�9� B9�� 0�.= �/ ��� %'��7 B�.�6�E1/WzP.9^

  ��7 ���H)'°=θ 45I�= ]� ��  ��q.

%9�.��/ K=�9E .9Q�u1(t)	99= � B��.9Q .9I'   �99� B49�S� 1 

Z�)4� %��VA'�)i@ �A� 7� JS  �� �A���(���>� 9�/	Z4 u9N

 B�� k; 7� �� �A� i�D9�(� �9= ����� Z4�AE i�D�(� k��HE S

%� %8�O4� �f g�O4� Z4'�1E ��9f �=%��9&�'� �9V�' %�9&8��= �  

�1l >� %l 	g��7 %�.��/ S��3Q ���u1(t) gq ��9�>� 7� �A= S

5�6�3��/Z4	k8�)x.(g�9�6 �9/ 19l k9=�R k89� B9�� 

%��9&�'� �V�' 	1'�� g���N g��7 7� �A= 	��� 5�6�3� �9&8��= �9= 

���� �+±|�9AE� ��;   .��4�'�� �9�� i�9��AE� B9�� S

%� .= %=.(� i�.X� �'�1E ��� ;�Y. 5�16�� .X�   B�� �6 

b�.99'��99��= ��99��  gq 57�99� B499�t�6 S.B99�� %d99<� k99��>

 .44nE i���AE�i�%�.��/ g��.� %'�&Q�' ]'7�94dY b�9&'��7   

��� .g��6 �/ 1l 	�9�.Q �.9R T:=  1� kHR z(=   �9= 

g��7 i�� z��O�� ���>� .44nE i�%9� %�.��/ g��.� B9�� g�19E

z6�/ � i���AE� �  .

5�N c4� .Q� k89� %9�:��   k9��� 0�9&VP)�$j(�

.=�.= �a= .I'  Z�.4F= KR�S   	S 5 19= 0�94�P� ���� B�� 

%� j�(�'� i���AE� z6�/ 0�.= .I'  1� g�O4� �= ��)= 1�	 

gq = �= 5�Q�%'7�94d/ 0�&'��7 	5�� ���� Z��1F�� 0.4Q�/tjS

1'�� %��&' g��7tfb�.=.�%�.��/ g��u2(t) JS  g1�9� �=�9V� 

�S�f 7�)�(�=%� ��  ��q.9� ���N1 B9�� �9= 5�16�9� cd9< 

k89�   %'�4� %�:�� 	%�.��/ g��.�)*( 19� �9��N S �9�� �S� 

%��VA'� O4' i�D9�(� �9= �9���� Z49�AE i�D9�(� k��9HE 7� uN

 k8�   %8�O4�)s$��� (��� 5�� 5 �  g�3' .g��6 �9/ 1l

6�3� ]� 5�  1� �9��; �= �H)' ���; B��   i���AE� ���� 

 �S�)���>�u1(t) ( 57��'� �=���� ����� z6�/ .��4�'�� .0�.9=

 9� i�9��AE� ����  z6�/9%K=�9E z��O9�� c49� ��9�� g�19E

 %�.��/ac9�.(E T9>�=.����N B9�� z6�9/ �9�� 	 �  z6�/ � 

k8� %��&' g��7 z��O�� S %�.��/ K=�E tf%� 1� .

=�i���AE� ����  z6�/ 1I��kHR T:= ���� .= 	

=�K=�E 0.4Q�/u3(t)� %�.��/ K=�E JS  ��3� �4R �/ u1(t)   
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��� 	������
����� 	�	����� ���� ���

�1��A=F�;\%� X.*� 6����� <�(� 

O/.� �d<��

 k:� �E J.f

��= ��DE�8�&

%�.��� g��� 

)%d<� �'�=(

�&8��= �1l 

)C��= .6(

%�(�

��= %3�P8�&

.f %��F^ %�

�&8��= 

.�/��;

%�.��/ S��3Q 
��� m��E� 

k4� ��S�7

��� 

k/ g7S

5�16�� 

]/^] b=m 

Kgm2��
 I1 =

Kgm2e
I2 =

Kgm2��h I3 =

m�L= Nm2�/
"EI= Kg/m2�� /"=ρ Nm 
"umqx= Km _h"H= °�� i =  Kg�"" 

�1��C=� ����	����# :��!� ���6����� E-�� <��"# �� !�� <�1�� ���� �� ��Pitch 

i � � � * x

iϕ "_
�/" "�
�/"- ++��/+ ++*�/+ ""
_/"$

i
Rad

sω + ��xx/� ����/s ���+/�� ��++/�,

�1��M=���� ������� tf$����.- 1tjND���<���_ 

u t t1 t2 t3 t4 t5 t6 t7 t8 t9 t10 

u1(t) �xx/� ���/s

u2(t) +++/� s�+/� s�*/* �,�/s �,�/�

u3(t) +++/� +++/� ��+/� ��+/� ��+/* ��+/x ��+/s s�+/s s�+/� s�+/,

�53U=���3�& ���5:�� $���	�� < B� F���+� F�* ���	�- �1�	%? ��(/� $:0���� ����� u1(t) 
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��� 	������
����� 	�	����� ���� ���

)���(

)j(
�53V=���3�& ���5:�� $���	�� < B� F���+� F�* ���1�	%? ��(/� Y��$:�	�- ����� ����� 

0���� O:�-�:�	�
u2(t) 0Q-�:�	�
 u3(t) 

�53[=�D��B� 6����� ���3�& ���5:�� E�!`1F�* ������1�	%? ��(/� u2(t) , u1(t)  1u3(t) 
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��� 	������
����� 	�	����� ���� ��*

��� 5�� ���>� gq	]� z���7q 4�/Z.%'7�4d/ 0�&'��7tfStj

�S�f J1� g1��   ���; B�� 0�.=)�(w 5�� �'� .���N

�1k8�   %��VA'� �S�  )s$j(��� 5�� 5 �  g�3'.g�O4�

57��'� �= ���; B��   i���AE� z6�/ �/x.��4�'�� ��� .

�= ��H�.�E i���AE� ����  %�A� ���;   gq g�O4� �D'u1(t) 

��� 5�4�.k8�   )�(��S�7 �4ALS 0��&8��= �� .6 0�.= 

���>� ���;u2(t) , u1(t)  u3(t) ,5�� �)���� �'� .g��6 �/ 1l

 �4ALS 	1'�� g���N 7� �A= 	��� �(3� k8� B�� 7��&8��= 

��S�7  *xg��1' ��;   S 5 1H' �=�X �f  ��� %�S 	

� g�O4� i�'��1' B����>� i1< u2(t) �� u3(t)  �= �H)'

���;u1(t)  =�cE�.�5�� .��/ ���.

a=<b�	� ��?�

�9= 5�16�9� 0�.9= g�9�7 kR��; C� O' �.��/ 	����� B��  

�Of�0U�VA'� ��S�7 1'��   .�MN �9�.Q �.R %�.=  1� 0� .

  JS  S �S� ��39�  14R ���>� ]9;�.l 9�.��/ �9�4&= .T9>�=

 i���AE� z6�/�&8��= ���� 5�.�4H� ���� .= Z�)4� b7��

	�'1�' 1'�� %��&' g��7 z��O�� tf]'�9�7 W�4&= ���; �= �H)' 

g�O4� �=��%S�s%g�O94� �9= i�'��1' ����  z6�/ ��HR   

�+%Sxx%�24�'  �/ ��� 0�];�.l�.��/ .kR��; C� O'

g��7 ���>� �= 2u (t)S3u (t)��� 5�� k<�;.�9= 0.4Q�9Y

 %9�.��/ 0 SS K=�9E g �  k89� %9�A� �9= K9R�S   K=�1E B��

��� .	B4�t�6 S %9;�.l 0�.= 0���f Z��1F�� ����� B��  

 %��9&' 0�&'��7 �H��:�tf%'7�94d/ Stj�9��� 9��.7� 5 ���9��

 H9��:� %'��q T>�= 5�� ���� |S %9�.= JSO9� J�9> S i�

 �9�� 5�9� %'7�94d/ K=�E S ���; 5�.�6 K=�1E .�dy)9� k��9HE

 kR��; �dy)� �= ��4&= �.��/ S J7@ �'��L 	�4�� K=�1E �= 07��

 .9= � �dy)9� k; }��.� g 1= %��/�5 .9/ 5 S �9��.%9�.= 

dy)�Wk8�k9�>   �9/ �9=�= B9�� 7� %�.��/ g��.� %6  O94' 

%�' g�1E f i�.44nE]3& �dN � 0� S��39Q �9� S.94' g�O94�   

]�.��Y  ./  �2�� 	�4�6� O��; KR�S S 5 1= �4= B�3Q �'� ];�.l 

� ��4&= .�.��Y���N �6.Fd�> i�D(3� b��H� .= ]� bO� �/�.

<��� 6@�1 

1. low earth orbit 
2. solar panel 
3. flexibility 
4. uncertainty 
5. state equations 
6. ponteryagin 
7. Hamiltonian 

8. coupled 
9. body fixed coordinates 

10. orbital coordinates 
11. kane method 
12. virtual work 
13. state vector 
14. fixed-free cantilever 

15. performance index 
16. Eigen vector 
17. co-state variable 
18. switching time 
19. lagrange multipliers 
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