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WBS Tasks 
Task 
Lead Start End �&

�$
��


��.
�$

>
�0

�

O
��


%
/(


�

�

@

�3

���
��$

>
��

�$
>

���

%

/(

�


�

�$
>

���

%

$�
���

�
�

1 
�����������
	
��
�� ������� 12/05/09 1/16/10 43 100% 30 43 0 

1.1 

��	��
����

	���	�����
�������
��	
� �� 12/05/09 12/05/09 1 100% 0 1 0 

1.2 

��
����

	���	����
����������	��

��������	���
� �� 12/07/09 12/07/09 1 100% 1 1 0 

1.2.1 

��	����

	���	�����
��
�����	
� �� 1/05/10 1/05/10 1 100% 1 1 0 

1.2.2 

��������
���

�
����
�������� �� 1/10/10 1/10/10 1 100% 0 1 0 

1.3 

��������
��	����������
�
���
�	����	�� �� 1/10/10 1/10/10 1 100% 0 1 0 

1.4 

������
�

�
�������

�	����	�� �� 1/16/10 1/16/10 1 100% 0 1 0 

2 
��
�����
��������� ��
���� 12/05/09 1/26/10 53 100% 37 53 0 

2.1 

�� �����
�	��

���������
���
	����
��
���� �� 12/05/09 12/11/09 7 100% 5 7 0 

2.2 

!�����
�����	��
���
��	�
�����
�
� �� 12/24/09 12/30/09 7 100% 5 7 0 

2.3 

���������
����
	��
����

���	��
��
�����	
� �� 1/13/10 1/19/10 7 100% 5 7 0 
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2.4 

!�����
�
	���
���
�����
�
����
��������
���� �� 1/20/10 1/26/10 7 100% 5 7 0 

3 
�������
�
�������� "��
����� 12/05/09 1/28/10 55 100% 39 55 0 

3.1 

#
	����
��
����������
���
�
�����
�		�	����
����
�	��
� �� 12/08/09 12/13/09 6 100% 4 6 0 

3.2 

�� �����
�	��

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

�	����
� �� 12/16/09 12/21/09 6 100% 4 6 0 

3.3 

��������

��
��
�����
��	��	��
�����
����������	����
������	�
� �� 1/14/10 1/19/10 6 100% 4 6 0 

3.4 

$�
	�����		�	����
��	��
���	����
����%��������

��	%���� �� 1/23/10 1/28/10 6 100% 4 6 0 

4 �
����
� ���
� 12/23/09 1/19/10 28 100% 20 28 0 

4.1 

!�����
�
 ����	��������

�
���	����
�������	�
	� �� 1/13/10 1/13/10 1 100% 1 1 0 

4.2 

������
����	�
�����
�
�����
	�
	� �� 1/14/10 1/14/10 1 100% 1 1 0 

4.3 

!�����
�
	���
���
�����
�
����
��
���	��
���

�
� �� 1/19/10 1/19/10 1 100% 1 1 0 

�

�

�

�  



�

� $ � 
 �9�=��

���������		
������

� �����������	
���
����
���

����������������������
� ����4���:4�6� �

3 Structural Design Analysis 
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Property Al 6061-T6 Al 7075-T6 Al 7075-T73 Al 5052-H32 

Density %& '( )* + 2.7 2.81 2.81 2.68 

Ultimate Tensile Strength [MPa] 310 572 505 228 

Tensile Yield Strength [MPa] 276 503 435 193 

Modulus of Elasticity [GPa] 68.9 71.7 72.0 70.3 

Poisson’s Ratio 0.33 0.33 0.33 0.33 

Shear Strength [MPa] 207 331 300 138 

Coefficient of Thermal Expansion 

(linear) %
,(

( - $
+ 

23.6 23.6 23.6 23.8 

Specific Heat Capacity %
.

&- $
+ 0.896 0.96 0.96 0.880 

Thermal Conductivity %
/

( - 0
+ 167 130 155 138 

Price for 0.005” x 12” x 12” Sheet [$] 12.63 19.01 N/A 6.59 
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Description Seller Product Number Amount Price (per part) 
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 While the satellite travels on his mission in space on a Lower Earth Orbit (LEO), it is 

exposed to transient energy transfer. Therefore, a thermal analysis of the satellite’s mission has to 

be conducted to determine the need for a Thermal Control System, which maintains all spacecraft 

elements within their specified temperature limits. 

     Heat sources the satellite is exposed to on his mission are direct solar radiation, Earth-

reflected solar radiation (albedo), Earth-emitted radiation, and heat dissipation from electrical and 

electronic components. The energy transfer from all these sources is highly variable with time. 

     The only form of energy- or heat transfer the satellite is exposed to with its surrounding is 

radiation. Radiation is the form of heat transfer, which does not require the presence of a 

conducting medium. Radiation energy is transferred via electromagnetic waves. The radiation 

heat flux is represented through the Stefan-Boltzmann equation: 

 

�-���
����������
*����%�	��.���0������
*����
��
��� "�����	�+������


 � B � 1 � ! � h
ij�klmn � � h

oj��pj<q�<r " 

 

where �  is the Stefan-Boltzmann constant and �  is the emissivity. 

The temperature at an altitude of 700km is somewhere between 0 and 20 Kelvin. In this case, 

assuming � oj��pj<q�<r � �R�stuv�  is a valid assumption. This assumption is used to simplify the 

radiation analysis of the satellite. This assumption is used in all further calculations. 

Usually a radiation program is utilized to determine the absorbed energy on a spacecraft’s 

external surface. Such a program is TRASYS, thermal radiation analysis system. Since the 

structure of the satellite design described in this report is relatively simple, a good approximation 

of the energy transfer can be obtained manually.  
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There is no heat exchange with other surfaces because of the simple structure of the satellite. 

Therefore, the energy balance equation simplifies to: 
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An attempt to solve this energy balance equation is proposed by Charles D. Brown. He 

suggests to assume an isothermal and spherical spacecraft, and to determine the diameter of a 

sphere whose surface area is equal to the total outer surface area of the actual satellite [8]. 
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Furthermore, the satellite is fully covered with solar cells which have an efficiency of 

 †i‡ � Pg]gˆ , a solar absorptance of ‰i � �]g� , and IR emittance of B|} � �]cd . 
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�-���
����=��,�*�	���	���"�����	�+��&&��
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• Sl�zy
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• n: solar heat flux • n � Zf^Z
‘

{ ’  [44, 32] 

• Sl�zy : astronomical unit • Sl�zy � Z]_gb � Z� >>ƒ  [32] 

The astronomical unit is the average distance from the center of the Sun to the center   of the 

Earth. 

� i : distance from the center of the Sun to the satellite 
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�  � i � Z]_gdgf � Z� >>ƒ  
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Furthermore,            ‚ • �
>

V
� ‚ i•yn�n � �Z � Š‹ŒR�†i ��  [44] 

 

where ‚ •  is the cross-sectional area of the sphere with ‚ • �
• žŸ™ — 

h
� �]�Zdƒ V 
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†i‡ , ‰i , and ‚ •  are constant throughout the mission while • n varies periodically between a 

maximum value of Zf^Z
‘

{ ’  , when the surface normal is parallel to the solar vector, and �
‘

{ ’  

, when the satellite is in the shadow of the Earth [ 44, 8, 32]. 
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xSl�zy � Pf^
‘

{ ’  is the heat flux density of surface of Earth, and is constant [44, 8, 32]. 
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  ‰i � �]g�  of the solar cells, and is constant.�

• n is the solar heat flux • n � Zf^Z
‘

{ ’ , and in this case is a constant [44]. 

‚ •  is the cross-sectional area of the sphere with ‚ • � �]�Zdƒ V, and is constant. 

‚ • �����,
��$��,�$(*
'
�$�'�$��&%
'��
�*
��
���$���+�� ,� ‚ • � �]f �F��G2�

�
«x–¢ž �y�¬ ž�

• Ÿ
� �����,
�,
$������'
���7�
%��$��,�$(*
'
�
��$��/,
�� �$(�*
'>�/
����
��:�
���
�$(�

$�
$�$��$�7&����
��
7��
($��
��
��$��
��$�'�,
��,�� ,2��,
��
($��
��
��$��
�������1
���,�
&�,�

�,
�$��(
� ©o�5�+,��,�����,
�$��(
�*
�+

���,
�1
��
����
��,
�	& ��$�'��,
��$�
((��
�7�
%��,
�

�
��
��
7��,
��
7(
������*
'>5��,
��$��,�F��G2�



�

� $ � 
 �9�A;�

���������		
������

� �����������	
���
����
���

����������������������
� ����4���:4�6� �

�
�

����&��������
�
��	���'	�����+������������������ ���	������&&�  

�

�  wx•~•nqp
ynlz
k�p{
Sl�zy

� � Z � �]Pgg � � �]g � �]�Zdƒ V � �
«x–¢ž �y�¬ ž�

• Ÿ
� � ”

�]W

�]Wh
› � ”

>W`>

>WhW
› �

�  wx•~•nqp
ynlz
k�p{
Sl�zy

� � �]��cdP_ƒ V� � �
«x–¢ž �y�¬ ž�

• Ÿ
� �

 

The maximum and minimum values for �
«x–¢ž �y�¬ ž�

• Ÿ
�  are evaluated from ���&�
��4  below, and 

are �
«x–¢ž �y�¬ ž�

• Ÿ
�

{l2
� dd�

‘

{ ’   and  �
«x–¢ž �y�¬ ž�

• Ÿ
�

{�<
� �

‘

{ ’  , respectively. 

�
�

����&���"����.��%��������	��������������2��*�
�� �	������������*�
����.� � � ��&&� 

 

 



�

� $ � 
 �9�A<�

���������		
������

� �����������	
���
����
���

����������������������
� ����4���:4�6� �

�����!�1
	���>��	��
�%�����,	�
�

�

�-���
����������
��
���"���� ����.���������&&C�����

wx ynlz
n2myl<rn

€�zy
o•lmn

� B |} � 1 � ‚ o•yn�n � ! � i•lmn
h � � ilzn~~�zn

h"�

�

B|} � �]cd �����,
����
%���$��
�
7��,
��
($���
((�5�$�'����$�� 
���$��2�

1 � d]b^ � Z� -­ ‘

{ ’ �® ¯ ������,
�	�
7$�:#
(�)%$����
���$���F6=G2�

�‚ o•yn�n � �]�bƒ V�����,
��&�7$�
�$�
$�
7��,
��/,
�
�.�$�
((��
05�$�' �����
���$��2�

� i•lmn  is the temperature of the surrounding of the satellite and can be approximated as 

� i•lmn � ��stuv�  [44]. 
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The portion of thermal energy, which is dissipated from electrical and electronic components. 

This quantity will be determined in Section 5, Electronic Packaging. 
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4 Attitude Control and Determination System 
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Appendix A: SolidWorks Drawings 
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Appendix B: FUNSAT External Structure Requirements 
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Appendix C: FUNSAT Committee Feedback  

:::::������$(��
��$�
:::::�

��
%-�T� �	��T�f 7&��$�g%$�(2&�72
'&N�

�$�
-�@
'5�4;��$��4�6��6;-��-4��

�
-�f????g7�&2
'&NM�f????g7�&2
'&�N�

	&*�
��-��
���$�&($��
����� �� �	����
$%�

�

�
$���� ��
$%-�

�

�,$�3�>
&�7
��>
&���&*%����
���
��,
�	�C�,�$��&$(��  �	����
�����

�
%/
����
�2�@
�+
&('�(�3
��
��
���$�&($�
�>
&�
��*
 ����$��
/�
'��
�

�
����&
��
��
%/
�
�����,
��
C��/,$�
�
7��,
��
%/
� ���
�5��,
�'
�$�(
'�

'
�����/,$�
2�!
+
1
�5�*$�
'�
��>
&������
1$(&$��
�� �
�&(��>
&���
$%����

��1��
'��
��,
�/
��
��/�
�
��$��
�2��(
$�
��&*%���>
 &�����$(��
�����

�
/
���*>��/�2465�@
'5�4�6�5�$�'�*��������>
&��/
�� 
���
�� �	���$��&$(�

+
�3�,
/�.'$�
�Q�(
�$��
���#�02��''���
�$((>5�7
��>
 &���&��
��7&(�

�&*%����
��
7�$����5�>
&���
$%�+�((�*
�/�
1�'
'�+�� ,�R;���
7�7&�'���2�

��2�	�

($��$((��3�. �%$((��3g%$�(2&�72
'&05�������$������
��
��
7��	��5�

+�((�*
�����
��$���+��,�>
&���
$%��,
��(>��
�7$��(� �$�
��,
�'��*&��
%
���


7��,
�
�7&�'�2��//
��&����
��7
��$''���
�$(�7&�'��� �
C����7
���
$%��

�
%/
���������,
����$(��
%/
����
��$���,
�� �	���@
 �3�,
/�����$>2�@
�

+��,�>
&���
$%��,
�*
���
7�(&�3�$���,
��
%/
����
�� �
����&
�2�

�

�
���$�&($��
���$�$���
��>
&���
$%E���&��
��5�

�

�
$%�� �	���

�

�

� ����6��
%%
���-�

�



�

� $ � 
 �9�6;� �

���������		
������

� �����������	
���
����
���

����������������������
� ����4���:4�6� �

h��������
%%
���-�,
��/$�
�7
$%��
&�'��������&���5� *&���,
��
/
���($�3
'�

$�>���7
�%$��
��
��,
+����+
&('�*
��%/(
%
��
'�
��+ ,$���>/
��
7�

%
$�&�
%
����+
&('�*
�$��
%/�
'2�

h��������
%%
��-����(
��
7��&*:�>��
%��/
��7����+�( (��

'��
�*
�

$''�
��
'2�����+$��'�77��&(���
�'
�%&�,�
7�$��$��
�% 
�����1
���,
�1
�>�

�
�
�$(��$�&�
�
7��,
��
%%
���2�����+
&('�,$1
�*

� �,
(/7&(��
�$��(
$���

��$����
&�,�������$�/
+
��*&'�
���
����(&'
�$��
��� %$�
�
7�/
+
��

$1$�($*(
�7�
%��,
�/�
/
�
'��
($���
((�2�

h��������,
�/�
/
�
'�I$
�&���
&�'��$��
���$'�
�'

� ��
��$((
+��
%/&�
��

�
���
((
'��&����2�� ������,����$'�
�+�((��
8&��
�%$ �&$(��&�����'&�����


$�,�/$��2���,
���
%��6���$'�
�+�((�*
�%&�,�*
��
��� &��
'��
��,
����

'��

�7��,
>�$�
�$*(
��
�$�8&��
���2�

h��������
%%
���-���
��/
��7���/($��+$��/�
1�'
'2��� ,
��
$%�$//
$����
�

*
�%$3������
$'>�/�
��
���$��'
1
(
/����$��
&�'��$� 
((��
�/�
��$%2�

�

� ����4��
%%
���-�

�

�
��
7
�
��
��
�7��&�
��

�
���$�$(>����

�
$%�
��$��)$��
��

�
���,
'&(
�

���
�/�
�
�>/
�

�

� ����=��
%%
���-�

�

h��������
%%
���-�

�,
�$//(��$��
��
7��,
�%$(����&($�����7
$%��
��&*
	 �������$�����
�
������

�'
$�$�'�7�
%�%>�3�
+(
'�
�,$���
��,$'�%&�,���&'>�� ���,
�/$��2�	���
�

%
����&*
	���%����
���$�
�$�%
'�7
���,
��
��'&�$��
 ��5�%
����
$%��
/���
�

/&��%
�
�
%/,$����
��
�,
���&*�>��
%��$�'�,
/
��,
� �$�
((��
�+�((�

�&�1�1
�(
���
�
&�,��
��
%/(
�
��,
�%����
�2��
��7&� &�
�%����
���+��,�

/
�
���$((>�,��,(>��
�����1
������&%
���5�
��(
��
� �'&�$��
��%����
���



�

� $ � 
 �9�6<��

���������		
������

� �����������	
���
����
���

����������������������
� ����4���:4�6� �

+��,�*$��
�>��
��
���5�$�(
+�%$����,
�%$(�/�
�
���
 ��
/��
�����

$//
$(���2�

h��������
%%
��-�

����,
��$�
((��
�*&�5��,
&�,��,$��*

��/&������
��, 
�*$��
�>5��Q�!5�$�'�

�
%%&���$��
����&*�>��
%��$��+
((�$���,
�'
�����
7� �,
����&��&�
2��
��

�,
��
($���
((����+
&('�(�3
��
��

�%
�
�
/��
����� $'
'�
��%
�
�
7�$��


C/($�$��
��+,>��,
��
&�'��
($���
((��$�
�*
��
���, $���
��$��&($��
�
�2�

�
���,
�/$>(
$'5����$+�1
�>�(���(
�
C/($�$��
��
��
 C$��(>�,
+��,
�7
$%�

����
�����
�*
��
��
'�
��+,$���>/
��
7��
��
���+�(( �*
�&�
'��
�%
$�&�
�

�$%%$��$'�$��
�2��,
�
�+$��$(�
�1
�>�(���(
�%
���
�
 '�$*
&���,
����	�

�>��
%�����
�����
�+
�3�*
��'
���,
�(�������
7�$�7
 +�/
�
���$(��
��
��2�

h��������
%%
���-�

�,
��
$%��
�
���)
���,
��

'�7
��%&(��/(
�'����/(�� 
�5�7&�'�����
&��
��

$�'��
����&
'��
��&��%
��2��,$�����1
�>��%/
��$���7
 ��$�&��1
����>�(
1
(�

�$�
((��
�/�
�
�������
���&'
����,$1
�$��
�'
��>��
 ���$'&$�
�$�'��$3
�

3�
+(
'�
�$(
���+��,��,
%2�������$(�
��

'��
��

��, 
����
�
������

/�
/$�����$���
&�'���$��
��7
��&�
�'&������,
�'
��� ��/�
�
��2��/
�$��
��


7�
C��������$�
((��
��+�((�$77
���,
+��,
��
$%�/�
 /$�
��$��
/
�$��
���

/($��7
��$��
+��/$�
��$7�2�������$(�
�*
�
7���$(��
� '
�
$�(>��
������

&������,
��$%
���
&�'���$��
��
8&�/%
����,$��+�((�* 
�&�
'�7
��
�:
�*���


/
�$��
��2��,$��*
�����$�'��,
�
�$�
�$�7
+�$�/
���� %�������7�
%��,
�

�&��
����
��
/�&$(�'
����5�%$��(>�����
�%��
7�/$>(
 $'�'
�����*&���,
�
�

���%
���
��
7�8&
���
����,$���

'��
�*
�$��+
�
'��� ��,
��
C����
/��
7�

'
1
(
/%
��2�

� �



�

� $ � 
 �9�6<6�

���������		
������

� �����������	
���
����
���

����������������������
� ����4���:4�6� �

Appendix D: Program Codes 

�,���$//
�'�C��
��$����$((��,
��
&��
��
'
�&�
'���� �,���/�
�
��2��,������(&'
���
����
'
��

&�
'�����,
�#
$�(
#
$�'�$��+
((�$������,
����2��,
�/ �
��$%��$�
��,
+������,
����
�/
���1
�

/�
��$%%����($��&$�
��+��,��
�$(�
�$��
��2��

#����.+������,�
>��������1;5��
�
��

�

� �



�

� $ � 
 �9�6<4�

���������		
������

� �����������	
���
����
���

����������������������
� ����4���:4�6� �

#����)��	�����

�)>����
��	��6
	�����
�-�	,�
��

.��*�
�� �%�
� �
����*	���� �		 �
����*	*�
�����
����.*	���3
����.
��6P �
�����
������O����
�	3 B��)?������
�	2�=$$*G�9B CB��������B C�=&$$6P�
�����
����.����3�6P �
�����
����+�**�O�9����3�C�$$$$6P�
����)�**�O�9����3�C�$$$$6P�
����9�**�O�9����3�C�$$$$6P�
����+G)��O�9����3�C�$$$$6P�
����)G)��O�9����3�C�$$$$6P�
����9G)��O�9����3�C�$$$$6P�
����+#�
�O�9����3�C�$$$$6P�
����)#�
�O�9����3�C�$$$$6P�
����9#�
�O�9����3�C�$$$$6P�
���������O�9����3�C�$$$$6P�
����
�O�$P�
�����
�����**�

�O�.

���3 B1�%��� 
�	�B CB�..BC???�
����B1�%�BCB�**�	���%����B C???�
����B;
�
�	�BCB�..B6P�
��
��������	��3�C�C�6 �
����+�**'	���O��	��3����C+�**C B,
��4
���B C�CB��	��BC�$�$�$�6P�
�����
��������	��3�C�C�6 �
����)�**'	���O��	��3����C)�**C B,
��4
���B C�CB��	��BC�$�$�$�6P�
�����
��������	��3�C�C�6 �
����9�**'	���O��	��3����C9�**C B,
��4
���B C�CB��	��BC�$�$�$�6P�
�����
����(�
	� �� �
������������O�.�*��.3�6P �
��������N�
��3���6 �
�����������O���
�+�3���C� BQCBC�B��	
�B6P�
���������
��������
.�3*	���3��R�S6OOB*���B6�
��������+�**3�C
T�6�O���������	�3��R�S6I��<P �
����������� �
��������
.�*	���3��R�S6OOB*���B�
��������)�**3�C
T�6�O���������	�3��R�S6I��<P �
����������� �
��������
.�*	���3��R&S6OOB*���B�
��������9�**3�C
T�6�O���������	�3��R&S6I��<P �
����������� �
N���������
.�*	���3��R!S6OOB*���B�
N���������+G)�3�C
T�6�O���������	�3��R!S6P�
N������������ �
N���������
.�*	���3��R�S6OOB*���B�
N���������)G)�3�C
T�6�O���������	�3��R�S6P �
N������������ �



�

� $ � 
 �9�6<=�

���������		
������

� �����������	
���
����
���

����������������������
� ����4���:4�6� �

N���������
.�*	���3��R<S6OOB*���B�
N���������9G)�3�C
T�6�O���������	�3��R<S6P�
N������������ �
N���������
.�*	���3��R=S6OOB*���B�
N���������+#�
3�C
T�6�O���������	�3��R=S6P �
N������������ �
N���������
.�*	���3��R>S6OOB*���B�
N���������)#�
3�C
T�6�O���������	�3��R>S6P �
N������������ �
N���������
.�*	���3��R�$S6OOB*���B�
N���������9#�
3�C
T�6�O���������	�3��R�$S6P �
N������������ �
���������
������������3�C
T�6�O�
P�
���������
��������
�O�
�T��P�
���������
�����������3+�**'	��C BE����BC+�**CBD����BC����6P�
�����������3)�**'	��C BE����BC)�**CBD����BC����6P�
�����������39�**'	��C BE����BC9�**CBD����BC����6P�
�����������3�**�

C B;
�
�	�BCB��B6P�
������� �
��
�����
����N��**�	���%���� �
����N�**�D �
����.

���3 B1�%�BCB�**�	���%�����;�	���B 6�
��������	��3�C�C�6 �
�����	��3����C+�**C B,
��4
���B C�6�
����+	���	3 B 
%�B6�
����)	���	3 B#�
�
����B 6�
�����
�	�3B�**�	���%�����DB 6�
�����
����N�**�E �
��������	��3�C�C�6 �
�����	��3����C)�**C B2
BCB,
��4
���B C�6�
����+	���	3 B 
%�B6�
����)	���	3 B#�
�
����B 6�
�����
�	�3B�**�	���%�����EB 6�
�����
����N�**�F �
��������	��3�C�C�6 �
�����	��3����C9�**C B2�BCB,
��4
���B C�6�
����+	���	3 B 
%�B6�
����)	���	3 B#�
�
����B 6�
�����
�	�3B�**�	���%�����FB 6�
��� �

�

#�������>��
����	��5	���+�

�����
���-�.$���������� 5
	��
5�	�
�

�
ijK*��K�,�
i�
i�#(��3��,
�
�*
$�'�����
�



�

� $ � 
 �9�6<��

���������		
������

� �����������	
���
����
���

����������������������
� ����4���:4�6� �

����LR6�
�
�(
$�&/.0�k�i��
(
$�
��,
������/
���
�
�,
�R�����N�K�>�K�($��K�/�
K&�
C/
���
�
C���
l�
�
i��/
���,
������/
���
i�

�,
�R�����N�K�>�K�($��K�/�
K
C/
���
�
i�#(��3�7
�
1
��
�
�,
�T
&�T�N�K�>�K�($��K�/�
K�/�
R����K'��
���
��
+,�(
�F�T6T�L�T6T�GM�'
�
�
�,
�6�N�K�>�K�($��K�/�
K�/�
R����K1$(&
�
��(

/�6�
�
�,
���N�K�>�K�($��K�/�
K�/�
R����K1$(&
�
��(

/�6�
'
�
�

�

#�!�(��
�#
��

������


����	��������	��

/* 
    1-1-10 

    Copyright Spark Fun Electronics �  2010 
    Aaron Weiss 
    aaron at sparkfun dot com 
     
 9DOF Serial 
  
 Hardware v13 
 Firmware v11 
  
 ATMega328@3.3V w/ external 16MHz resonator 
 High Fuse DA 
    Low Fuse FF 
  
 38400bps 
  
 ADXL345: Accelerometer 
 HMC5843: Magnetometer 
 LY530: Yaw Gyro 
 LPR530: Pitch and Roll Gyro 
*/ 
 
#include  <stdio.h> 
#include  <avr/pgmspace.h> 
#include  "types.h" 
#include  "defs.h" 
#include  "i2c.h" 
 
#define  STATUS_LED 5 //stat LED is on PB5 
 
#define  sbi(var, mask)   ((var) |= (uint8_t)(1 << mask)) 
#define  cbi(var, mask)   ((var) &= (uint8_t)~(1 << mask)) 
 
#define  WRITE_sda() DDRC = DDRC | 0b00010000 //SDA must be output when writing 
#define  READ_sda()  DDRC = DDRC & 0b11101111 //SDA must be input when reading - don't forget the  
resistor on SDA!! 
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///============Global Vars=========//////////////// / 
uint16_t x_mag, y_mag, z_mag; //x, y, and z magnetometer values 
uint8_t status = 0; 
 
///============Function Prototypes=========//////// ///////// 
void  adxl345( void ); 
void  config_menu( void ); 
void  hmc5843( void ); 
void  magnetometer( void ); 
void  raw( void ); 
void  self_test( void ); 
void  stgyros( void ); 
uint16_t x_accel( void ); 
uint16_t y_accel( void ); 
uint16_t z_accel( void ); 
uint16_t x_gyro( void ); 
uint16_t y_gyro( void ); 
uint16_t z_gyro( void ); 
 
///============I2C Prototypes=============///////// ///////// 
void  i2cSendStart( void ); 
void  i2cSendStop( void ); 
void  i2cWaitForComplete( void ); 
void  i2cSendByte( unsigned  char  data); 
void  i2cHz( long  uP_F, long  scl_F); 
 
///============Initialize Prototypes=====////////// //////// 
void  init( void ); 
void  UART_Init( unsigned  int  ubrr); 
uint8_t uart_getchar( void ); 
static  int  uart_putchar( char  c, FILE *stream); 
void  put_char( unsigned  char  byte); 
static  FILE mystdout = FDEV_SETUP_STREAM(uart_putchar, NU LL, _FDEV_SETUP_WRITE); 
void  delay_ms(uint16_t x); 
void  i2cInit( void ); 
 
///============Display Strings============///////// ///////// 
const  char  wlcm_str[] PROGMEM = "\n\n\r9DOF IMU Test Firmware v11 \n\r============= =============" ; 
const  char  accel[] PROGMEM = "\n\r[1]Accelerometer: ADXL345 \n\r" ; 
const  char  mag[] PROGMEM = "[2]Magnetometer: HMC5843 \n\r" ; 
const  char  gyro[] PROGMEM = "[3]Gyroscope: LPR530 and LY530 \n\r" ; 
const  char  raw_out[] PROGMEM = "[4]Raw \n\r" ; 
const  char  test[] PROGMEM = "[5]Self Test\n\r" ; 
 
/////===================================/////////// ///////// 
 
int  main( void ) 
{ 
 init(); 
  
 while (1) 
 {  
   
  sbi(PORTB, STATUS_LED); 
  delay_ms(500); 
  cbi(PORTB, STATUS_LED); 
  delay_ms(500); 
  sbi(PORTB, STATUS_LED); 
  delay_ms(500); 
  cbi(PORTB, STATUS_LED); 
   
  config_menu(); 
 } 
} 
 
void  adxl345( void ) 
{  
 printf( "x=%4d, " , x_accel()); 
 printf( "y=%4d, " , y_accel()); 
 printf( "z=%4d \n\r" , z_accel()); 
 //delay_ms(20); 
} 
 
void  config_menu( void ) 
{ 
    uint8_t choice=0; 
    while (1) 
    { 
      raw(); 
    } 
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} 
 
void  hmc5843( void ) 
{ 
 magnetometer(); 
 printf( "x=%4d, " , x_mag); 
 printf( "y=%4d, " , y_mag); 
 printf( "z=%d \n\r" , z_mag); 
} 
 
void  magnetometer( void ) 
{ 
 /* 
  The magnetometer values must be read consecutivel y 
  in order to move the magnetometer pointer. Theref ore the x, y, and z 
  outputs need to be kept in this function. To read  the magnetometer  
  values, call the function magnetometer(), then gl obal vars  
  x_mag, y_mag, z_mag. 
 */ 
  
 uint8_t xh, xl, yh, yl, zh, zl; 
  
 i2cSendStart(); 
 i2cWaitForComplete(); 
 i2cSendByte(0x3C);    //write to HMC 
 i2cWaitForComplete(); 
 i2cSendByte(0x02);    //mode register 
 i2cWaitForComplete(); 
 i2cSendByte(0x00);    //continuous measurement mode 
 i2cWaitForComplete(); 
 i2cSendStop(); 
  
 //must read all six registers plus one to move the pointer back to 0x03 
 i2cSendStart(); 
 i2cWaitForComplete(); 
 i2cSendByte(0x3D);          //read from HMC 
 i2cWaitForComplete(); 
 i2cReceiveByte(TRUE); 
 i2cWaitForComplete(); 
 xh = i2cGetReceivedByte(); //x high byte 
 i2cWaitForComplete(); 
  
 i2cReceiveByte(TRUE); 
 i2cWaitForComplete(); 
 xl = i2cGetReceivedByte(); //x low byte 
 i2cWaitForComplete(); 
 x_mag = xl|(xh << 8); 
  
 i2cReceiveByte(TRUE); 
 i2cWaitForComplete(); 
 yh = i2cGetReceivedByte(); //y high byte 
 i2cWaitForComplete(); 
  
 i2cReceiveByte(TRUE); 
 i2cWaitForComplete(); 
 yl = i2cGetReceivedByte(); //y low byte 
 i2cWaitForComplete(); 
 y_mag = yl|(yh << 8); 
  
 i2cReceiveByte(TRUE); 
 i2cWaitForComplete(); 
 zh = i2cGetReceivedByte();  
 i2cWaitForComplete();      //z high byte 
  
 i2cReceiveByte(TRUE); 
 i2cWaitForComplete(); 
 zl = i2cGetReceivedByte(); //z low byte 
 i2cWaitForComplete(); 
 z_mag = zl|(zh << 8); 
  
 i2cSendByte(0x3D);         //must reach 0x09 to go back to 0x03 
 i2cWaitForComplete(); 
  
 i2cSendStop();  
} 
 
void  raw( void ) 
{ 
 printf( "$," ); 
 printf( "%d," , x_accel()); 
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 printf( "%d," , y_accel()); 
 printf( "%d," , z_accel()); 
 printf( "%d," , x_gyro()); 
 printf( "%d," , y_gyro()); 
 printf( "%d," , z_gyro()); 
 magnetometer(); 
 printf( "%d," , x_mag); 
 printf( "%d," , y_mag); 
 printf( "%d," , z_mag); 
 printf( "#\n\r" ); 
} 
 
void  self_test( void ) 
{ 
 //MAGNETOMETER 
 uint8_t a,b,c,d,e,f,g,h,i,j,k,l; 
  
 i2cSendStart(); 
 i2cWaitForComplete(); 
 i2cSendByte(0x3D);          //read from HMC 
 i2cWaitForComplete(); 
  
 i2cReceiveByte(TRUE); 
 i2cWaitForComplete(); 
 status = i2cGetReceivedByte();  
 i2cWaitForComplete(); 
  
 if (status == 0x10)  
 { 
  printf( "MAG: GOOD\n\r" ); 
 } else  printf( "MAG: BAD\n\r" ); 
  
 a = i2cGetReceivedByte();  
 i2cWaitForComplete(); 
  
 b = i2cGetReceivedByte();  
 i2cWaitForComplete(); 
  
 c = i2cGetReceivedByte();  
 i2cWaitForComplete(); 
  
 d = i2cGetReceivedByte();  
 i2cWaitForComplete(); 
  
 e = i2cGetReceivedByte();  
 i2cWaitForComplete(); 
  
 f = i2cGetReceivedByte();  
 i2cWaitForComplete(); 
  
 g = i2cGetReceivedByte();  
 i2cWaitForComplete(); 
 
 h = i2cGetReceivedByte();  
 i2cWaitForComplete(); 
 
 i = i2cGetReceivedByte();  
 i2cWaitForComplete(); 
  
 j = i2cGetReceivedByte();  
 i2cWaitForComplete(); 
  
 k = i2cGetReceivedByte();  
 i2cWaitForComplete(); 
  
 l = i2cGetReceivedByte();  
 i2cWaitForComplete(); 
  
 i2cSendStop();  
  
 //ACCELEROMETER 
  
 uint8_t x, dummy; 
  
 //0x32 data registers 
 i2cSendStart(); 
 i2cWaitForComplete(); 
 i2cSendByte(0xA6);    //write to ADXL 
 i2cWaitForComplete(); 
 i2cSendByte(0x00);    //X0 data register 
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 i2cWaitForComplete(); 
  
 i2cSendStop();   //repeat start 
 i2cSendStart(); 
 
 i2cWaitForComplete(); 
 i2cSendByte(0xA7);    //read from ADXL 
 i2cWaitForComplete(); 
 i2cReceiveByte(TRUE); 
 i2cWaitForComplete(); 
 x = i2cGetReceivedByte(); 
 i2cWaitForComplete(); 
 i2cReceiveByte(FALSE); 
 i2cWaitForComplete(); 
 dummy = i2cGetReceivedByte(); 
 i2cWaitForComplete(); 
 i2cSendStop();  
  
 if (x == 0xE5)  
 { 
  printf( "ACCEL: GOOD\n\r" ); 
 } else  printf( "ACCEL: BAD\n\r" ); 
 
 //GYROS 
  
 printf( "*must cycle power to perform another test*" ); 
}  
 
void  stgyros( void ) 
{ 
  
 printf( "x= %4d, " , x_gyro()); 
 printf( "y= %4d, " , y_gyro()); 
 printf( "z= %d \r\n" , z_gyro()); 
  
 //delay_ms(300); 
} 
 
uint16_t x_gyro( void ) 
{ 
 uint16_t  xl; // xlow register 
 uint16_t  xh; // xhigh register 
  
 // x-axis 
 ADMUX = (1 << REFS0)|(1 << MUX0); //ADC1 
 ADCSRA = (1 << ADEN)|(1 << ADSC)|(1<<ADPS2)|(1<<AD PS1); 
  
 while (ADCSRA & (1 << ADSC)); 
 xl = ADCL; 
 xh = ADCH & 0x03; 
 xh = xh << 8; 
 xh = xh + xl; 
  
 return  xh; 
} 
 
uint16_t y_gyro( void ) 
{ 
 uint16_t  yl; // ylow register 
 uint16_t  yh; // yhigh register 
  
 // y-axis 
 ADMUX = (1 << REFS0)|(1 << MUX1); //ADC2 
 ADCSRA = (1 << ADEN)|(1 << ADSC)|(1<<ADPS2)|(1<<AD PS1); 
  
 while (ADCSRA & (1 << ADSC)); 
 yl = ADCL; 
 yh = ADCH & 0x03; 
 yh = yh << 8; 
 yh = yh + yl; 
  
 return  yh; 
} 
 
uint16_t z_gyro( void ) 
{ 
 uint16_t  zl; // zlow register 
 uint16_t  zh; // zhigh register 
  
 // z-axis 
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 ADMUX = (1 << REFS0); //ADC0 
 ADCSRA = (1 << ADEN)|(1 << ADSC)|(1<<ADPS2)|(1<<AD PS1); 
  
 while (ADCSRA & (1 << ADSC)); 
 zl = ADCL; 
 zh = ADCH & 0x03; 
 zh = zh << 8; 
 zh = zh + zl; 
  
 return  zh; 
} 
 
uint16_t x_accel( void ) 
{   
 //0xA6 for a write 
 //0xA7 for a read 
  
 uint8_t dummy, xh, xl; 
 uint16_t xo; 
  
 //0x32 data registers 
 i2cSendStart(); 
 i2cWaitForComplete(); 
 i2cSendByte(0xA6);    //write to ADXL 
 i2cWaitForComplete(); 
 i2cSendByte(0x32);    //X0 data register 
 i2cWaitForComplete(); 
  
 i2cSendStop();   //repeat start 
 i2cSendStart(); 
 
 i2cWaitForComplete(); 
 i2cSendByte(0xA7);    //read from ADXL 
 i2cWaitForComplete(); 
 i2cReceiveByte(TRUE); 
 i2cWaitForComplete(); 
 xl = i2cGetReceivedByte(); //x low byte 
 i2cWaitForComplete(); 
 i2cReceiveByte(FALSE); 
 i2cWaitForComplete(); 
 dummy = i2cGetReceivedByte(); //must do a multiple byte read? 
 i2cWaitForComplete(); 
 i2cSendStop();  
  
 //0x33 data registers 
 i2cSendStart(); 
 i2cWaitForComplete(); 
 i2cSendByte(0xA6);    //write to ADXL 
 i2cWaitForComplete(); 
 i2cSendByte(0x33);    //X1 data register 
 i2cWaitForComplete(); 
  
 i2cSendStop();   //repeat start 
 i2cSendStart(); 
 
 i2cWaitForComplete(); 
 i2cSendByte(0xA7);    //read from ADXL 
 i2cWaitForComplete(); 
 i2cReceiveByte(TRUE); 
 i2cWaitForComplete(); 
 xh = i2cGetReceivedByte(); //x high byte 
 i2cWaitForComplete(); 
 i2cReceiveByte(FALSE); 
 i2cWaitForComplete(); 
 dummy = i2cGetReceivedByte(); //must do a multiple byte read? 
 i2cWaitForComplete(); 
 i2cSendStop(); 
 xo = xl|(xh << 8); 
 return  xo; 
} 
 
uint16_t y_accel( void ) 
{   
 //0xA6 for a write 
 //0xA7 for a read 
  
 uint8_t dummy, yh, yl; 
 uint16_t yo; 
  
 //0x34 data registers 
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 i2cSendStart(); 
 i2cWaitForComplete(); 
 i2cSendByte(0xA6);    //write to ADXL 
 i2cWaitForComplete(); 
 i2cSendByte(0x34);    //Y0 data register 
 i2cWaitForComplete(); 
  
 i2cSendStop();   //repeat start 
 i2cSendStart(); 
 
 i2cWaitForComplete(); 
 i2cSendByte(0xA7);    //read from ADXL 
 i2cWaitForComplete(); 
 i2cReceiveByte(TRUE); 
 i2cWaitForComplete(); 
 yl = i2cGetReceivedByte(); //x low byte 
 i2cWaitForComplete(); 
 i2cReceiveByte(FALSE); 
 i2cWaitForComplete(); 
 dummy = i2cGetReceivedByte(); //must do a multiple byte read? 
 i2cWaitForComplete(); 
 i2cSendStop();  
  
 //0x35 data registers 
 i2cSendStart(); 
 i2cWaitForComplete(); 
 i2cSendByte(0xA6);    //write to ADXL 
 i2cWaitForComplete(); 
 i2cSendByte(0x35);    //Y1 data register 
 i2cWaitForComplete(); 
  
 i2cSendStop();   //repeat start 
 i2cSendStart(); 
 
 i2cWaitForComplete(); 
 i2cSendByte(0xA7);    //read from ADXL 
 i2cWaitForComplete(); 
 i2cReceiveByte(TRUE); 
 i2cWaitForComplete(); 
 yh = i2cGetReceivedByte(); //y high byte 
 i2cWaitForComplete(); 
 i2cReceiveByte(FALSE); 
 i2cWaitForComplete(); 
 dummy = i2cGetReceivedByte(); //must do a multiple byte read? 
 i2cWaitForComplete(); 
 i2cSendStop(); 
 yo = yl|(yh << 8); 
 return  yo; 
} 
 
uint16_t z_accel( void ) 
{  
 //0xA6 for a write 
 //0xA7 for a read 
  
 uint8_t dummy, zh, zl; 
 uint16_t zo; 
  
 //0x36 data registers 
 i2cSendStart(); 
 i2cWaitForComplete(); 
 i2cSendByte(0xA6);    //write to ADXL 
 i2cWaitForComplete(); 
 i2cSendByte(0x36);    //Z0 data register 
 i2cWaitForComplete(); 
  
 i2cSendStop();   //repeat start 
 i2cSendStart(); 
 
 i2cWaitForComplete(); 
 i2cSendByte(0xA7);    //read from ADXL 
 i2cWaitForComplete(); 
 i2cReceiveByte(TRUE); 
 i2cWaitForComplete(); 
 zl = i2cGetReceivedByte(); //z low byte 
 i2cWaitForComplete(); 
 i2cReceiveByte(FALSE); 
 i2cWaitForComplete(); 
 dummy = i2cGetReceivedByte(); //must do a multiple byte read? 
 i2cWaitForComplete(); 
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 i2cSendStop();  
  
 //0x37 data registers 
 i2cSendStart(); 
 i2cWaitForComplete(); 
 i2cSendByte(0xA6);    //write to ADXL 
 i2cWaitForComplete(); 
 i2cSendByte(0x37);    //Z1 data register 
 i2cWaitForComplete(); 
  
 i2cSendStop();   //repeat start 
 i2cSendStart(); 
 
 i2cWaitForComplete(); 
 i2cSendByte(0xA7);    //read from ADXL 
 i2cWaitForComplete(); 
 i2cReceiveByte(TRUE); 
 i2cWaitForComplete(); 
 zh = i2cGetReceivedByte(); //z high byte 
 i2cWaitForComplete(); 
 i2cReceiveByte(FALSE); 
 i2cWaitForComplete(); 
 dummy = i2cGetReceivedByte(); //must do a multiple byte read? 
 i2cWaitForComplete(); 
 i2cSendStop(); 
 zo = zl|(zh << 8);  
 return  zo; 
} 
 
/********************* 
 ****Initialize**** 
 *********************/ 
  
void  init ( void ) 
{ 
    //1 = output, 0 = input 
 DDRB = 0b01100000; //PORTB4, B5 output for stat LED 
    DDRC = 0b00010000; //PORTC4 (SDA), PORTC5 (SCL), PORTC all others are inputs 
    DDRD = 0b00000010; //PORTD (TX output on PD1),  
 PORTC = 0b00110000; //pullups on the I2C bus 
  
 UART_Init(12); //38400bps, fill in UBRR to set baud http://www.wor mfood.net/avrbaudcalc.php 
 
 i2cInit(); 
} 
 
void  UART_Init( unsigned  int  ubrr) 
{ 
 int  ubrr_new; 
 // set baud rate 
 ubrr_new = ubrr;  
 UBRR0H = ubrr_new>>8; 
 UBRR0L = ubrr_new; 
  
 // Enable receiver and transmitter  
 UCSR0A = (0<<U2X0); 
 UCSR0B = (1<<RXEN0)|(1<<TXEN0); 
  
 // Set frame format: 8 bit, no parity, 1 stop bit,    
 UCSR0C = (1<<UCSZ00)|(1<<UCSZ01); 
  
 stdout = &mystdout; //Required for printf init 
} 
 
uint8_t uart_getchar( void ) 
{ 
    while ( !(UCSR0A & (1<<RXC0)) ); 
    return (UDR0); 
} 
 
static  int  uart_putchar( char  c, FILE *stream) 
{ 
    if  (c == '\n' ) uart_putchar( '\r' , stream); 
   
    loop_until_bit_is_set(UCSR0A, UDRE0); 
    UDR0 = c; 
     
    return  0; 
} 
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void  put_char( unsigned  char  byte) 
{ 
 /* Wait for empty transmit buffer */ 
 while  ( !( UCSR0A & (1<<UDRE0)) ); 
 /* Put data into buffer, sends the data */ 
 UDR0 = byte; 
} 
 
void  delay_ms(uint16_t x) 
{ 
  uint8_t y, z; 
  for  ( ; x > 0 ; x--){ 
    for  ( y = 0 ; y < 90 ; y++){ 
      for  ( z = 0 ; z < 6 ; z++){ 
        asm volatile  ( "nop" ); 
      } 
    } 
  } 
} 
 
/********************* 
 ****I2C Functions**** 
 *********************/ 
 
void  i2cInit( void ) 
{ 
 // set i2c bit rate to 40KHz 
 i2cSetBitrate(100); 
 // enable TWI (two-wire interface) 
 sbi(TWCR, TWEN); 
  
 //initialize 
 i2cSendStart(); 
 i2cWaitForComplete(); 
 i2cSendByte(0xA6);    //write to ADXL 
 i2cWaitForComplete(); 
 i2cSendByte(0x2D);    //power register 
 i2cWaitForComplete(); 
 i2cSendByte(0x08);    //measurement mode 
 i2cWaitForComplete(); 
 i2cSendStop(); 
  
 i2cSendStart(); 
 i2cWaitForComplete(); 
 i2cSendByte(0xA6);    //write to ADXL 
 i2cWaitForComplete(); 
 i2cSendByte(0x31);    //data format 
 i2cWaitForComplete(); 
 i2cSendByte(0x08);    //full resolution 
 i2cWaitForComplete(); 
 i2cSendStop(); 
} 
 
void  i2cSetBitrate( unsigned  short  bitrateKHz) 
{ 
 unsigned  char  bitrate_div; 
 // set i2c bitrate 
 // SCL freq = F_CPU/(16+2*TWBR)) 
 //#ifdef TWPS0 
  // for processors with additional bitrate division (mega128) 
  // SCL freq = F_CPU/(16+2*TWBR*4^TWPS) 
  // set TWPS to zero 
  cbi(TWSR, TWPS0); 
  cbi(TWSR, TWPS1); 
 //#endif 
 // calculate bitrate division  
 bitrate_div = ((F_CPU/4000l)/bitrateKHz); 
 if (bitrate_div >= 16) 
  bitrate_div = (bitrate_div-16)/2; 
 outb(TWBR, bitrate_div); 
} 
 
void  i2cSendStart( void ) 
{ 
 WRITE_sda(); 
 // send start condition 
 TWCR = (1<<TWINT)|(1<<TWSTA)|(1<<TWEN); 
} 
 
void  i2cSendStop( void ) 
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{ 
 // transmit stop condition 
        TWCR = (1<<TWINT)|(1<<TWEN)|(1<<TWSTO); 
} 
 
void  i2cWaitForComplete( void ) 
{ 
 int  i = 0;  //time out variable 
  
 // wait for i2c interface to complete operation 
        while  ((!(TWCR & (1<<TWINT))) && (i < 90)) 
   i++; 
} 
 
void  i2cSendByte( unsigned  char  data) 
{ 
 
 WRITE_sda(); 
 // save data to the TWDR 
 TWDR = data; 
 // begin send 
 TWCR = (1<<TWINT)|(1<<TWEN); 
} 
 
void  i2cReceiveByte( unsigned  char  ackFlag) 
{ 
 // begin receive over i2c 
 if ( ackFlag ) 
 { 
  // ackFlag = TRUE: ACK the recevied data 
  outb(TWCR, (inb(TWCR)&TWCR_CMD_MASK)|BV(TWINT)|BV (TWEA)); 
 } 
 else 
 { 
  // ackFlag = FALSE: NACK the recevied data 
  outb(TWCR, (inb(TWCR)&TWCR_CMD_MASK)|BV(TWINT)); 
 } 
} 
 
unsigned  char  i2cGetReceivedByte( void ) 
{ 
 // retieve received data byte from i2c TWDR 
 return ( inb(TWDR) ); 
} 
 
unsigned  char  i2cGetStatus( void ) 
{ 
 // retieve current i2c status from i2c TWSR 
 return ( inb(TWSR) ); 
} 
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Appendix E: BeagleBoard 
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Appendix F: Selected Project Pictures 

�,���$//
�'�C��
��$����$��
(
���
��
7�/���&�
���,$� ��,
+��,
��
$%E��
77
����
��$��>�
&���,���

/�
�
������'�77
�
������&$��
��2�

�
�

������=�����
	���������	���
�
��.��+����
���K�%� ��������*����

�
�

������>��1
����8���������#������%����(
�����	
�� ���



�

� $ � 
 �9�6�; �

���������		
������

� �����������	
���
����
���

����������������������
� ����4���:4�6� �

�
�

�����&$�� ���%�	�0�� ���
�
�������

�
�

�����&��� ���%�	����	�
� ���
�
�������
����?���� B��,���



�

� $ � 
 �9�6�<�

���������		
������

� �����������	
���
����
���

����������������������
� ����4���:4�6� �

�
�

�����&����������*�
����.����
��0������	���%����� �������*�����

�
�

�����&����
��	�'�����)�������%�	)��	������
/��;
 �(�



�

� $ � 
 �9�6�� �

���������		
������

� �����������	
���
����
���

����������������������
� ����4���:4�6� �

�

�����&&���	�*����
*��-�
�%���� ���
�
�

�
�

�����&!����+
	
��)��
�*�
��'�����)���



�

� $ � 
 �9�4�� �

���������		
������

� �����������	
���
����
���

����������������������
� ����4���:4�6� �

�
�

�����&��������%2%������+
	
��)��
�*�
�� ���
�
�

�

�



�

� $ � 
 �9�4�6�

���������		
������

� �����������	
���
����
���

����������������������
� ����4���:4�6� �

�

�
�

�����&<������*�����"�	���#
		
�
�

�



�

� $ � 
 �9�4�4�

���������		
������

� �����������	
���
����
���

����������������������
� ����4���:4�6� �

�
�

�����&=���
��	�'�����)��� ���
�
�

� �



�

� $ � 
 �9�4�=�

���������		
������

� �����������	
���
����
���

����������������������
� ����4���:4�6� �

Appendix G: DNEPR LV Specifications 

Description and main specifications  

Dnepr launch vehicle (LV) is based on the SS-18 liquid-fuelled ICBM 

and has a three-stage plus Space Head Module (SHM) in-line 

configuration. 

The LV 1st and 2nd stages are original SS-18 stages and used 

without any modification. 

Dnepr 3rd stage is an original SS-18 3rd stage with upgraded control 

system that enables implementation of the required flight program of the 

1st, 2nd and 3rd stages, forming and issuing commands to payload and 

Space Head Module separation devices and getting the 3rd stage and 

remaining SHM elements off the injection orbit after the separation of all 

the payloads. 

Main specifications of the Dnepr LV are given below: 

�  Weight at liftoff........211 tons  
�  Propellant......amyl + heptyl  
�  Number of stages......3  
�  LV diameter..............3 meters  
�  LV length..................34 meters  
�  Injection accuracy:  
�  For orbit altitude..........± 4,0 km  
�  For orbit inclination.....± 0.04 degrees  
�  For right ascension of the ascending node....± 0.05 degrees  
�  Orbit inclinations...64.5; 98.0 degrees  
�  Flight reliability..............0.97  
�  Operational environments:  
�  Longitudinal g-load …up to 7.5  
�  Lateral g-load...............up to 0.8  
�  Integral level of sound pressure …….up to 140 dB  

Launch type – steam ejection from Transport and Launch Canister 

(TLC). 
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Appendix H: Components and Parts Models 
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Appendix I: SparkFun Components Description 
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Appendix H: Thermal Analysis Data from Ansys Simulation 
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Appendix I: Harris Corporation Vibration Testing Re sults 
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Appendix J: Wave Washer [31] 
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