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ABSTRACT 

8QWLO� UHFHQWO\�� WKH� VWDWH�RI�WKH�DUW� DVVHVVPHQW� RI� WKH�

WKUHDW�SRVHG�WR�VSDFHFUDIW�E\�PLFURPHWHRURLGV�DQG�VSDFH�

GHEULV� ZDV� OLPLWHG� WR� WKH� DSSOLFDWLRQ� RI� EDOOLVWLF� OLPLW�

HTXDWLRQV� WR� WKH� RXWHU� KXOO� RI� D� VSDFHFUDIW�� 7KH�

SUREDELOLW\� RI� QR� SHQHWUDWLRQ� �313�� LV� DFFHSWDEOH� IRU�

DVVHVVLQJ� WKH� ULVN� DQG� YXOQHUDELOLW\� RI� PDQQHG� VSDFH�

PLVVLRQ�� KRZHYHU�� IRU� XQPDQQHG� PLVVLRQV�� ZKHUHE\�

SHQHWUDWLRQV�RI�WKH�VSDFHFUDIW�H[WHULRU�GR�QRW�QHFHVVDULO\�

FRQVWLWXWH� VDWHOOLWH� RU� PLVVLRQ� IDLOXUH�� WKHVH� YDOXHV� DUH�

RYHUO\�FRQVHUYDWLYH��

7KH� QHZO\� GHYHORSHG� VRIWZDUH� WRRO� 3,5$7� �3DUWLFOH�

,PSDFW�5LVN�DQG�9XOQHUDELOLW\�$QDO\VLV�7RRO��KDV�EHHQ�

GHYHORSHG� EDVHG� RQ� WKH� 6FKlIHU�5\DQ�/DPEHUW� �65/��

WULSOH�ZDOO�EDOOLVWLF�OLPLW�HTXDWLRQ��%/(���DSSOLFDEOH�IRU�

YDULRXV�VDWHOOLWH�FRPSRQHQWV��$V�D�UHVXOW��LW�KDV�EHFRPH�

SRVVLEOH�WR�DVVHVV�WKH�LQGLYLGXDO�IDLOXUH�UDWHV�RI�VDWHOOLWH�

FRPSRQHQWV��

7KLV� SDSHU� GHPRQVWUDWHV� WKH� PRGHOLQJ� RI� DQ� H[DPSOH�

VDWHOOLWH�� WKH� SHUIRUPDQFH� RI� D� 3,5$7� DQDO\VLV� DQG� WKH�

SRWHQWLDO� IRU� VXEVHTXHQW� GHVLJQ� RSWLPL]DWLRQV� ZLWK�

UHVSHFW� RI� PLFURPHWHRURLG� DQG� VSDFH� GHEULV� �00�6'��

LPSDFW�ULVN��

1 I NTRODUCTI ON 

7KH� H[SDQVLRQ� RI� WKH� VSDFH� GHEULV� SRSXODWLRQ� DQG� LWV�

WKUHDW� WR� VDWHOOLWHV� LV� QRZ� D� ZHOO�NQRZQ� DQG� PXFK�

GLVFXVVHG�WRSLF�LQ�VSDFH�WHFKQRORJ\�UHVHDUFK��(VSHFLDOO\�

LQ� WKH� /(2� UHJLPH�� WKH� JURZWK� RI� VSDFH� GHEULV� GXH� WR�

FRQWLQXHG�ODXQFKHV�DV�ZHOO�DV�WKH�FUHDWLRQ�RI�QHZ�GHEULV�

WKURXJK� FDVFDGLQJ� FROOLVLRQV� SRVHV� D� VHULRXV� WKUHDW� WR�

VDWHOOLWHV��7KH�0(2�DQG�*(2�UHJLPHV��DOWKRXJK�QRW�DV�

GHQVHO\�SRSXODWHG�ZLWK�VSDFH�GHEULV��UHPDLQ�GDQJHURXV��

SDUWLFXODUO\�GXH�WR�KLJKHU�YHORFLW\�PLFURPHWHRURLGV��

,Q� RUGHU� WR� XQGHUVWDQG� WKH� GDQJHUV� DQG� HIIHFWV� RI�

PLFURPHWHRURLGV� DQG� VSDFH� GHEULV� �00�6'���

HQYLURQPHQWDO� GHEULV�PRGHOV� VXFK� DV�(6$¶V�0$67(5�

RU�1$6$¶V�25'(0����� KDYH� EHHQ� GHYHORSHG��7KHVH�

SURYLGH� GHEULV� IOX[� LQIRUPDWLRQ� VXFK� DV� VL]H�� LPSDFW�

GLUHFWLRQ�DQG�GHEULV�YHORFLW\�ZLWK�UHVSHFW�WR�D�VSDFHFUDIW�

VXUIDFH��ZLWK�ZKLFK�LQIRUPDWLRQ�GHEULV�VKLHOGLQJ�DQG�RU�

FRPSRQHQW�UHGXQGDQF\�FDQ�EH�DSSOLHG�DQG�GHYHORSHG�DV�

D�PHDQV�RI�SDVVLYH�SURWHFWLRQ�RI�WKH�VSDFHFUDIW��%DOOLVWLF�

OLPLW�HTXDWLRQV��%/(V��KDYH�EHHQ�GHYHORSHG�WR�SURYLGH�

IDLOXUH�FULWHULD�IRU�VDWHOOLWH�H[WHUQDO�VXUIDFHV��

([LVWLQJ� ULVN� DQDO\VLV� WRROV� DSSO\� WKH� DERYH�PHQWLRQHG�

GHEULV� PRGHOV� LQ� RUGHU� WR� HVWLPDWH� VDWHOOLWH� VWUXFWXUH�

SHQHWUDWLRQ� UDWHV�� 7KH� SUREDELOLW\� RI� QR� SHQHWUDWLRQ�

�313��LV�SDUWLFXODUO\�UHOHYDQW�WR�WKH�DQDO\VLV�RI�PDQQHG�

PLVVLRQV�� VXFK� DV� WKH� ,66�� 3HQHWUDWLRQ� LQ� WKH� FDVH� RI�

XQPDQQHG� PLVVLRQV�� KRZHYHU�� GRHV� QRW� DXWRPDWLFDOO\�

FRQVWLWXWH� IDLOXUH� RI� WKH� VDWHOOLWH�� QRU� GRHV� LW�

DXWRPDWLFDOO\� FRQVWLWXWH� WKH� IDLOXUH� RI� DQ\� VSHFLILF�

FRPSRQHQW��7KH�&KULVWLDQVHQ�:KLSSOH�DQG�&RXU�3DODLV�

%/(V�� DV� ZHOO� DV� WKH� H[LVWLQJ� VRIWZDUH� WRROV�� DUH� QRW�

VXIILFLHQW� WR� SURYLGH� DFFXUDWH� FRPSRQHQW�OHYHO� IDLOXUH�

UDWHV� IRU� LQWHUQDO� FRPSRQHQWV� >�@�� )RU� WKLV� UHDVRQ�� WKH�

6FKlIHU�5\DQ�/DPEHUW� �65/�� %/(� ZDV� GHYHORSHG�

GXULQJ�DQ�HDUOLHU�(6$�VWXG\�>�@��

2 PI RAT M ETHODOL OGY 

7KH�3DUWLFOH�,PSDFW�5LVN�DQG�9XOQHUDELOLW\�$VVHVVPHQW�

7RRO� �3,5$7�� ZDV� GHVLJQHG� IRU� WKH� )3�� SURMHFW� 3��

527(&7�IRU�WKH�SXUSRVH�RI�FDOFXODWLQJ�WKH�VWDWLVWLFDOO\�

LQGHSHQGHQW�IDLOXUH�UDWHV�RI�LQWHUQDO�FRPSRQHQWV��ZKLFK�

DUH� VKLHOGHG�E\� VWUXFWXUH�SDQHOV��7KH� VRIWZDUH� LV�EDVHG�

RQ� WKH� PHWKRGRORJ\� GHYHORSHG� LQ� >�@� DQG� DSSOLHV�

SULPDULO\�WKH�65/�%/(��

2.1 SRL  balli st ic li mi t  equat ion 

3,5$7�XVHV�WKH�65/�WULSOH�ZDOO�%/(�IRU�WKH�DQDO\VLV�RI�

WKH�YXOQHUDELOLW\�RI�LQWHUQDO�VDWHOOLWH�FRPSRQHQWV�SODFHG�

EHKLQG� GRXEOH� SDQHO� VWUXFWXUH� ZDOOV� WR� 00�6'�� 7KH�

DSSOLFDELOLW\� WR� LQWHUQDO� VDWHOOLWH� FRPSRQHQWV� IRU�

XQPDQQHG�PLVVLRQV� LV�GXH� WR� WKH� LQFOXVLRQ�RI� WKH� WKLUG�

ZDOO�� ZKLFK� UHSUHVHQWV� WKH� HTXLSPHQW� FRYHU� SODWH�

ORFDWHG� EHKLQG� WKH� VDWHOOLWH¶V� RXWHU� VWUXFWXUH� DQG�

DFFRXQWV� IRU� WKH� LQKHUHQW� VKLHOGLQJ� FDSDELOLW\� RI� WKH�

LQWHUQDO� FRPSRQHQWV�� 7KH� ILUVW� WZR� ZDOOV� UHSUHVHQW� WKH�
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VDWHOOLWH¶V� RXWHU� VWUXFWXUH�� W\SLFDOO\� DV� DOXPLQXP�

KRQH\FRPE� VDQGZLFK� SDQHOV� �+�&� 63�� RU� :KLSSOH�

VKLHOGV�� %DVHG� RQ� WKH� &KULVWLDQVHQ�:KLSSOH� %/(� >�@��

WKH�65/�%/(�GHILQHV�EDOOLVWLF��VKDWWHU�DQG�K\SHUYHORFLW\�

UHJLPHV� ����� DQG� ���� NP�V� WKUHVKROG� YHORFLWLHV� IRU�

DOXPLQXP���$V�ZLWK�WKH�&KULVWLDQVHQ�:KLSSOH�%/(��WKH�

65/�%/(�FDOFXODWHV�WKH�FULWLFDO�GLDPHWHU�dc�QHFHVVDU\�WR�

SURGXFH� D� FRPSRQHQW� IDLOXUH� �YLD� SHQHWUDWLRQ� RU�

GHWDFKHG� VSDOO� IURP� WKH� LQQHU� VLGH� RI� WKH� FRPSRQHQW�

FRYHU� SODWH�� EDVHG� RQ� WKH� PDWHULDO� FKDUDFWHULVWLFV� DQG�

VSDFLQJ�RI�WKH�VWUXFWXUH�SDQHO�DQG�FRYHU�SODWH��DV�ZHOO�DV�

WKH� FKDUDFWHULVWLFV� RI� WKH� LPSDFWLQJ� SDUWLFOH�� 7KH�

PDWHULDO� FKDUDFWHULVWLFV� DUH� JLYHQ� DV� WKH� 0/,� DUHDO�

GHQVLW\��AD,MLI�� RXWHU� EXPSHU� WKLFNQHVV� tob�� DQG�GHQVLW\�

�ob�� LQQHU� EXPSHU� WKLFNQHVV� tb�� DQG� LQWHUQDO� FRPSRQHQW�
FRYHU� SODWH� WKLFNQHVV� tw� DQG� \LHOG� VWUHQJWK� �y,ksi�� 7KH�

VSDFLQJ�LV�JLYHQ�EHWZHHQ�WKH�RXWHU�DQG�LQQHU�EXPSHUV�s1�

DV�ZHOO�DV�EHWZHHQ�WKH�LQQHU�EXPSHU�DQG�WKH�FRPSRQHQW�

FRYHU� SODWH� s2�� 7KH� LPSDFWLQJ� SDUWLFOH� FKDUDFWHULVWLFV�

LQFOXGH� WKH� LPSDFW� YHORFLW\� v� DQG� DQJOH� ��� DQG� WKH�
SDUWLFOH�GHQVLW\��p���

�

Figure 1. Typical SRL configuration [1] . 

%HFDXVH�WKH�65/�%/(�LV�GHVLJQHG�WR�EH�DSSOLFDEOH�IRU�D�

YDULHW\� RI� LQWHUQDO� FRPSRQHQW� W\SHV�� WKH� UHVXOWV� DUH�

PRGHUDWHO\�FRQVHUYDWLYH�DQG�DVVXPH�WKDW�WKH�JHQHUDWLRQ�

RI� VSDOO� RU� SHQHWUDWLRQ�GHILQLWLYHO\� UHVXOW� LQ� FRPSRQHQW�

IDLOXUH�� 7KH� W\SLFDO� 65/� FRQILJXUDWLRQ� LV� GHPRQVWUDWHG�

LQ� )LJ�� ��� $GGLWLRQDOO\�� IRU� WKH� DSSOLFDWLRQ� RI� LQWHUQDO�

FRPSRQHQWV� EHKLQG� YDU\LQJ� VWUXFWXUH� SDQHOV� IURP� WKH�

GHVFULEHG�KRQH\FRPE�SDQHO�RU�:KLSSOH�VKLHOG��WKH�65/�

SURYLGHV�VSHFLDO�FDVHV��VSHFLILFDOO\�IRU�VWDQG�DORQH�0/,�

�ZLWK�RU�ZLWKRXW�VWDQG�RII�WR�HTXLSPHQW��DQG�VLQJOH�ZDOO�

VKLHOGLQJ��

7KH�65/�%/(�ZDV�GHYHORSHG��FDOLEUDWHG�DQG�YDOLGDWHG�

YLD�D�VHULHV�RI�WHVW�FDPSDLJQV�ERWK�GXULQJ�DQG�SUHFHGLQJ�

WKH�EHIRUH�QRWHG�(6$�SURMHFW�>�@>�@>�@>�@��

)RU� WKH�SXUSRVHV�RI� WKH�DSSOLFDWLRQ�RI� WKH�65/�%/(�LQ�

WKH� 3,5$7� VRIWZDUH�� FHUWDLQ� DVVXPSWLRQV� RU�

VLPSOLILFDWLRQV�ZHUH�PDGH��%HFDXVH�FRPSRQHQW�GDPDJH�

PXVW�EH�DVVHVVHG�DV�VWDWLVWLFDOO\�LQGHSHQGHQW�HYHQWV��WKH�

DSSOLFDWLRQ� RI� FDVFDGLQJ� HIIHFWV� RYHU� PXOWLSOH� LPSDFWV�

RU�WKH�LQIOXHQFH�RI�GDPDJH�RQ�RQH�FRPSRQHQW�WR�DQRWKHU�

DUH� QRW� FRQVLGHUHG�� 'XH� WR� WKH� YDULHW\� RI� SRVVLEOH�

HTXLSPHQW� W\SHV�� WKH� FRYHU� SODWHV� IRU� LQGLYLGXDO�

FRPSRQHQWV� DUH� JHQHUDOL]HG� WR� WKH� WZR� PDWHULDO�

FKDUDFWHULVWLFV� OLVWHG� SUHYLRXVO\� �WKLFNQHVV� DQG� \LHOG�

VWUHQJWK���)RU�QRQ�IODW�RU�DQJOHG�VXUIDFHV�ZLWK�UHVSHFW�WR�

WKH� LQQHU� ZDOO� RI� WKH� VWUXFWXUH� SDQHO�� WKH� PLQLPXP�

GLVWDQFH� EHWZHHQ� WKH� FRYHU� SODWH� DQG� LQQHU� EXPSHU� LV�

DSSOLHG�IRU�s2�>�@��

2.2 Computat ion methodology 

7KH� DQDO\VLV� RI� FRPSRQHQW�OHYHO� YXOQHUDELOLW\� LV� EDVHG�

RQ� WKH�RXWSXW� RI� WKH�(6$�0$67(5�GHEULV� IOX[�PRGHO�

�0$67(5������ DQG�0$67(5�������� 7KH� GLVFUHWL]HG�

RXWSXW�RI� WKH� VWRFKDVWLF�PRGHO�FDQ�EH�DVVHVVHG�GLUHFWO\�

LQ� WKH� YXOQHUDELOLW\� DQDO\VLV�� WKHUHE\� DYRLGLQJ� WKH�

QHFHVVLW\� RI� JHQHUDWLQJ� VHFRQGDU\� SUREDELOLW\�

GLVWULEXWLRQV�� )RU� WKLV� UHDVRQ�� WKH� 3,5$7�PHWKRGRORJ\�

LV�FRQVLGHUHG�VHPL�GHWHUPLQLVWLF��

7KH� ILUVW� VWHS� LQ� FRPSOHWLQJ� WKH� YXOQHUDELOLW\� DQDO\VLV�

DQG� HQDEOLQJ� WKH� FRPSXWDWLRQ� RI� VWDWLVWLFDOO\�

LQGHSHQGHQW� FRPSRQHQW�OHYHO� IDLOXUH� UDWHV� LV� WKH�

GHYHORSPHQW� RI� D� VDWHOOLWH�PRGHO� DQG� WKH� GHILQLWLRQ� RI�

WKH� PLVVLRQ� DQG� RUELW� SDUDPHWHUV� DQG� WKH� GHEULV�

HQYLURQPHQW�� 7KH� PLVVLRQ� DQG� RUELW� SDUDPHWHUV� DQG�

GHEULV� HQYLURQPHQW� VHWWLQJV� DUH� DSSOLHG� WR� WKH� VHOHFWHG�

GHEULV� PRGHO� �0$67(5������� 0$67(5������ RU�

25'(0�������

)ROORZLQJ�WKH�FDOFXODWLRQ�RI�UHOHYDQW�GHEULV�IOX[HV�XVLQJ�

WKH�VHOHFWHG�GHEULV�IOX[�PRGHO��WKH�JHRPHWULF�DQDO\VLV�RI�

WKH� VDWHOOLWH� SK\VLFDO� DUFKLWHFWXUH� LV� SHUIRUPHG�� %\�

GLVFUHWL]LQJ� SRWHQWLDO� WKUHDW� GLUHFWLRQV� EDVHG� RQ� D�

JHRGHVLF� VSKHUH�� D� GDWDEDVH� RI� LPSDFW� DQJOH� EDVHG�

YXOQHUDEOH� SURMHFWHG� DUHDV� IRU� LQGLYLGXDO� FRPSRQHQWV�

DQG� VWUXFWXUH� SDQHOV� LV� FUHDWHG�� ³9LVLEOH´� FRPSRQHQWV�

DUH�WKRVH�ZKLFK�DUH�H[SRVHG�WR�WKH�JLYHQ�WKUHDW�GLUHFWLRQ�

�YXOQHUDEOH� SURMHFWHG� DUHD� Av� !� ��� HLWKHU� GLUHFWO\�� RU�

WKURXJK�D�VLQJOH�VWUXFWXUH�SDQHO��

8VLQJ� WKH�RXWSXW� RI� RQH�RI� WKH�GHEULV� IOX[�PRGHOV� DQG�

WKH� JHRPHWULF� DQDO\VLV� RI� WKH� VDWHOOLWH� SK\VLFDO�

DUFKLWHFWXUHV�� WKH� LQGLYLGXDO� LQFRPLQJ� IOX[HV� DUH�

PDSSHG� WR� WKUHDW� GLUHFWLRQV�� ZKHUHE\� SHQHWUDWLRQ� DQG�

IDLOXUH� RI� YLVLEOH� VWUXFWXUH� SDQHOV� DQG� FRPSRQHQWV� DUH�

FDOFXODWHG� XVLQJ� WKH� 65/� RU� VLPLODU� %/(�� )DLOXUH� DQG�

SHQHWUDWLRQ� FRXQWV� DUH� DJJUHJDWHG� EDVHG� RQ� IOX[�

���P
�
�\U��� SURMHFWHG� YXOQHUDEOH� DUHD� �P

�
�� DQG� PLVVLRQ�

GXUDWLRQ� �\U��� )DLOXUH� DQG� SHQHWUDWLRQ� SUREDELOLWLHV� DUH�

GHWHUPLQHG� EDVHG� RQ� IDLOXUH� UDWHV� XVLQJ� WKH� HTXDWLRQ�

GHULYHG�IURP�WKH�GLVFUHWH�SUREDELOLW\�IXQFWLRQ�LQ�>�@��

�

�

��� � �� � � 	 
��� ����



�
�

ZKHUH� ��  � H[SHFWHG� QXPEHU� RI� HYHQWV��

)LJ����GHPRQVWUDWHV�WKH�PHWKRGRORJ\�SURFHVV�IORZ��

�

Figure 2. Interaction between PIRAT as a GUI, PIRAT 
as a computation core, the debris model and the I/O 
files. 

,Q�RUGHU�WR�PDLQWDLQ�VWDWLVWLFDO�LQGHSHQGHQFH��GXULQJ�WKH�

VXUYLYDELOLW\� DVVHVVPHQW� SKDVH�� WKH� GHEULV� IOX[HV�

JHQHUDWHG� E\� WKH� GHEULV� IOX[� PRGHOV� DUH� HYDOXDWHG�

LQGLYLGXDOO\�� ,W� LV� SRVVLEOH�� ZLWKLQ� WKH� GHILQLWLRQ� RI� WKH�

VDWHOOLWH�SK\VLFDO�DUFKLWHFWXUH�DQG�PLVVLRQ�SDUDPHWHUV��WR�

GHILQH� WKH�PDVV� RI� WKH� VDWHOOLWH� �NJ�� DQG� D� FDWDVWURSKLF�

WKUHVKROG� �-�J���&DWDVWURSKLF� LPSDFWV� FDQ�EH�GHILQHG� DV�

IOX[HV�OHDGLQJ�WR�EUHDNXS��W\SLFDOO\����-�J��>�@�RU�VLPSO\�

WRWDO� VDWHOOLWH� IDLOXUH��)OX[HV� H[FHHGLQJ� WKH� FDWDVWURSKLF�

WKUHVKROG� DUH� ODEHOHG� DV� VXFK� DQG� DUH� DGGHG� WR� WKH�

RYHUDOO� FDWDVWURSKLF� IDLOXUH� UDWH�� 7KH� NLQHWLF� HQHUJLHV�

��� �RI�WKH�IOX[HV�DUH�FDOFXODWHG�XVLQJ�WKH�NLQHWLF�HQHUJ\�
IRUPXOD��

�

�

��� � ��� � �� � ��
�� ����

ZLWK�WKH�SURMHFWLOH�PDVV����DQG�YHORFLW\�����

:KHQ�LPSOHPHQWHG��FDWDVWURSKLF�LPSDFWV�DUH�FDOFXODWHG�

EDVHG� RQ� WKH� VDWHOOLWH� VWUXFWXUH� SURMHFWHG� DUHD�

�GLVFRXQWLQJ�H[WUXGLQJ�SDQHOV�DQG�H[WHUQDO�FRPSRQHQWV��

DQG� DGGHG� WR� WKH� WRWDO� FDWDVWURSKLF� IOX[� UDWH� IRU� WKH�

VDWHOOLWH��6KDGRZLQJ�HIIHFWV�RI�H[WHUQDO�FRPSRQHQWV�DUH�

LJQRUHG�LQ�WKH�FDWDVWURSKLF�DQDO\VLV��

)OX[HV� GHWHUPLQHG� WR� EH� QRQ�FDWDVWURSKLF� DUH� IXUWKHU�

DVVHVVHG� IRU� VWUXFWXUH� SDQHO� SHQHWUDWLRQ� DQG� H[WHUQDO�

FRPSRQHQW� IDLOXUH�� 3HQHWUDWLQJ� IOX[HV� DUH� IXUWKHU�

DVVHVVHG�IRU�LQWHUQDO�FRPSRQHQW�IDLOXUH��

)RU� HDFK� FRPSRQHQW�� LW� LV� SRVVLEOH� WR� VSHFLI\� ZKHWKHU�

WKH� FRPSRQHQW� VKRXOG� EH� DQDO\]HG� IRU� SHQHWUDWLRQ��

FUDWHULQJ� �H[WHUQDO� FRPSRQHQWV� RQO\��� QRQH� RU� ERWK��

1RQ�DQDO\]HG� FRPSRQHQWV� DUH� LJQRUHG� GXULQJ� WKH�

VXUYLYDELOLW\� DVVHVVPHQW�� H[FHSW� ZLWK� UHJDUG� WR�

VKDGRZLQJ� HIIHFWV� RQ� RWKHU� DFWLYH� FRPSRQHQWV��

&UDWHULQJ� IDLOXUHV� DUH� GHILQHG� DV� LQGLYLGXDO� LPSDFWV�

UHVXOWLQJ� LQ� D� SURSRUWLRQ� RI� GDPDJHG� WR� WRWDO� VXUIDFH�

DUHDV�JUHDWHU�WKDQ�D�FRQILJXUDEOH�WKUHVKROG��&UDWHULQJ�LV�

RQO\�DVVHVVHG� LI�QR�SHQHWUDWLRQ� IDLOXUH�KDV�RFFXUUHG��RU�

LI� SHQHWUDWLRQ� KDV� EHHQ� GLVDEOHG�� $V� GHVFULEHG�

SUHYLRXVO\�� FDVFDGLQJ� FRQGLWLRQV� �VXFK� DV� PXOWLSOH�

FUDWHUV� UHVXOWLQJ� LQ� FRPSRQHQW� IDLOXUH�� DUH� SUHFOXGHG�

IURP�WKH�PHWKRGRORJ\���

�

Figure 3. Flow diagram for debris processing 
(survivabilit y assessment of individual components 
based on debris fluxes) in the computation core of 
PIRAT. 

Table 1. Applied BLEs for configurable structure panel 
types, with regard to internal components. 

�
6WUXFWXUH�3DQHO�

3HQHWUDWLRQ��

&RPSRQHQW�

6XUYLYDELOLW\�

'RXEOH�%XPSHU�

�$O��

&KULVWLDQVHQ�

:KLSSOH�>�@�

65/��case S5/S6��
>�@�

'RXEOH�%XPSHU�

�&)53��
0RGLILHG�65/�>�@� 0RGLILHG�65/�>�@�

6LQJOH�%XPSHU�

�$O��
&RXU�3DODLV�>�@� 65/��case S4��>�@�

6WDQGDORQH�0/,� 1�$�
65/��case S1/S2��
>�@�

1RQH� 1�$� 65/��case S3��>�@�
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)LJ�� �� GHPRQVWUDWHV� WKH� VXUYLYDELOLW\� DVVHVVPHQW� IORZ�

DQG�7DE����DQG�7DE����OLVW�WKH�DSSOLFDEOH�%/(V��EDVHG�RQ�

VWUXFWXUH�SDQHO�W\SH��

Table 2. Applied BLEs for external component failure 
analysis. 

�
&RPSRQHQW�

3HQHWUDWLRQ�
6XUIDFH�&UDWHULQJ�

([WHUQDO�

&RPSRQHQWV�
&RXU�3DODLV�>�@�

6FKlIHU�&UDWHULQJ�

>�@�

�

)ROORZLQJ� WKH�FRPSOHWHG�DJJUHJDWLRQ�RI�DOO� IDLOXUHV� IRU�

LQGLYLGXDO�FRPSRQHQWV��WKH�UHVXOWLQJ�SUREDELOLWLHV�FDQ�EH�

DSSOLHG� WR� WKH� DVVHVVPHQW� RI� V\VWHP� RU� IXQFWLRQ�

YXOQHUDELOLW\��XVLQJ�D�%RROHDQ�ORJLF�PRGHO�UHSUHVHQWLQJ�

WKH�VDWHOOLWH�IXQFWLRQDO�DUFKLWHFWXUH�>�@��

3 M ODEL I NG THE SATELL I TE 

7KH� GHPRQVWUDWLRQ� VDWHOOLWH� ZDV� GHILQHG� DV� D�

JHRVWDWLRQDU\� HDUWK� REVHUYDWLRQ� VDWHOOLWH�� ,Q� DGGLWLRQ� WR�

WKH� VDWHOOLWH� VWUXFWXUH�� LW� LV� HTXLSSHG� ZLWK� DQ� DYLRQLFV�

V\VWHP��D�FRPPXQLFDWLRQV�V\VWHP��D�SURSXOVLRQ�V\VWHP��

D�SRZHU�V\VWHP�DQG�SD\ORDGV��

3.1 Satelli te str ucture 

7KH�VWUXFWXUH�LV�UHSUHVHQWHG�DV�D�FXEH�ZLWK�D�FHQWUDO�WXEH�

�IRU� PDLQ� SURSXOVLRQ� WDQNV�� DQG� LQWHUQDO� VKHOYHV� IRU�

PRXQWLQJ� FRPSRQHQWV�� 7KH� RXWZDUG�IDFLQJ� �=��� DQG�

HDUWK�IDFLQJ��=���VLGHV�RI�WKH�VWUXFWXUH�DUH�FRPSRVHG�RI�

FDUERQ�ILEHU�UHLQIRUFHG�SODVWLF��&)53��VDQGZLFK�SDQHOV�

�63V���ZLWK�DQ�RSHQLQJ�LQ�WKH�=��GLUHFWLRQ�IRU�WKH�PDLQ�

HQJLQH�� 7KH� OHDGLQJ� �;��� DQG� WUDLOLQJ� �;��� SDQHOV� DUH�

VROLG� GRXEOH� SDQHO� &)53�� 7KH� OHIW� DQG� ULJKW� IDFLQJ�

VWUXFWXUH�VLGHV� �<��DQG�<��� UHVSHFWLYHO\��DUH�FRPSRVHG�

RI� D� FRPELQDWLRQ� RI� DOXPLQXP� GRXEOH� SDQHO� UDGLDWRUV�

�XSSHU�� DQG�&)53�GRXEOH� VWUXFWXUH� SDQHOV� �ORZHU���2Q�

WKH� OHIW� �IURP� WKH� GLUHFWLRQ� RI� WUDYHO�� VLGH�� DQ� RSHQLQJ�

KDV� EHHQ� OHIW� LQ� WKH� &)53� IRU� WKH� H[SRVXUH� RI� VWDU�

WUDFNHUV�� ,Q� DGGLWLRQ�� VHYHUDO� H[WUXVLRQV� SURYLGH�

SURWHFWLRQ� IRU� FHUWDLQ� H[WHUQDO� FRPSRQHQWV� OLNH� WKH�

EDWWHULHV�IRU�WKH�SRZHU�V\VWHP��

7KH� PRGHOLQJ� RI� WKH� VWUXFWXUH� LV� DFFRPSOLVKHG� E\�

LQLWLDOO\� FUHDWLQJ� WKH� VDWHOOLWH� VWUXFWXUH� ERG\�� DQG�

PHVKLQJ� WKH� VLGH� WR� D� VSHFLILF� OHYHO� WKDW� EHVW�

DSSUR[LPDWHV� WKH� ERUGHUV� RI� WKH� LQGLYLGXDO� SDQHOV��

)ROORZLQJ�VWUXFWXUH�FUHDWLRQ��LQGLYLGXDO�VWUXFWXUH�SDQHOV�

FDQ� EH� PRGLILHG� EDVHG� RQ� WKHLU� LQGLYLGXDO�

FKDUDFWHULVWLFV��

,Q�WKLV�FDVH��WKH�PHVKLQJ�IRU�WKH�VWUXFWXUH�VHOHFWHG�ZDV���

LQ�WKH�[��DQG�\�GLUHFWLRQV�DQG���LQ�WKH�]�GLUHFWLRQ��7KLV�

DOORZV� IRU� WKH� DSSUR[LPDWLRQ� RI� WKH� PDLQ� HQJLQH�

H[SRVXUH� LQ� WKH� =��GLUHFWLRQ�� WKH� GLYLVLRQ� EHWZHHQ�

DOXPLQXP� UDGLDWRUV� DQG� &)53� VWUXFWXUH� SDQHOV� LQ� WKH�

<��DQG�<��GLUHFWLRQV�DQG�WKH�VWUXFWXUH�SDQHO�RSHQLQJ�LQ�

WKH� <�� GLUHFWLRQ� IRU� WKH� VWDU�WUDFNHU� H[SRVXUH�� )LJ�� ��

GHPRQVWUDWHV�WKH�VWUXFWXUH�FUHDWLRQ�VHWWLQJV��

�

Figure 4. Satellit e structure creation dialog with 
general SP characteristics. 

7KH�HVWDEOLVKPHQW�RI�D�FDWDVWURSKLF�LPSDFW�WKUHVKROG�LV�

UHODWHG�WR�WKH�VDWHOOLWH�ERG\�LWVHOI��QRW�DSSOLHG�WR�H[WHUQDO�

FRPSRQHQWV�� DQG� LW� LV� DOVR� FRQILJXUHG� LQ� WKH� VDWHOOLWH�

VWUXFWXUH�FUHDWLRQ�PRGLILFDWLRQ�GLDORJ��

�

Figure 5. Example structure panel modification, for 
beta-cloth panels. 

7KH�LQGLYLGXDO�VWUXFWXUH�SDQHOV��ZKLFK�GHYLDWH�IURP�WKH�

JHQHUDO� 63� FKDUDFWHULVWLFV� GHILQHG� LQ� WKH� VWUXFWXUH�

FUHDWLRQ��FDQ�EH�PRGLILHG��7KH�FHQWUDO�IRXU�SDQHOV�LQ�WKH�

=��GLUHFWLRQ� DUH� PRGLILHG� WR� ³6WDQGDORQH� 0/,´� W\SH�

VWUXFWXUH� SDQHOV�� ZLWK� WKH� EHWD�FORWK� FKDUDFWHULVWLFV�

FRQVLGHUHG� LQ� WKH� LQFUHDVH� 0/,� DUHDO� GHQVLW\�� 7KH�

PLVVLQJ� WZR� VWUXFWXUH� SDQHOV� LQ� WKH� <�� GLUHFWLRQ� DUH�

PRGLILHG� WR� ³1RQH´� DQG� WKH� DOXPLQXP� SDQHOV� DUH�

OLNHZLVH� PRGLILHG�� 7KLV� LV� LOOXVWUDWHG� LQ� WKH� VWUXFWXUH�

SDQHO�PRGLILFDWLRQ�GLDORJ�LQ�)LJ������



�

7KH� LQWHUQDO� DQG� H[WHUQDO� VKHOYHV� DQG� H[WUXVLRQV� DUH�

FUHDWHG� DV� LQGLYLGXDO� FRPSRQHQWV�� )RU� VKDGRZLQJ�

DQDO\VLV��D�GLIIHUHQWLDWLRQ�EHWZHHQ�LQWHUQDO�DQG�H[WHUQDO�

FRPSRQHQWV� PXVW� EH� PDGH�� 7KH� FHQWUDO� WXEH�� IRU�

LQVWDQFH�� LV� GLYLGHG� LQWR� LQWHUQDO� DQG� H[WHUQDO�

VXEFRPSRQHQWV��6LQFH�WKH�VWUXFWXUDO�FRPSRQHQWV�DUH�QRW�

DQDO\]HG�IRU�IDLOXUH��WKHLU�PDWHULDO�FKDUDFWHULVWLFV�DUH�QRW�

UHOHYDQW��

�

Figure 6. Internal view of the demonstration satellit e 
structure from the left-leading direction. 

�

Figure 7. External view of the demonstration satellit e 
structure from the left-leading direction. 

,W� VKRXOG�EH� FRQVLGHUHG� WKDW� LQGLYLGXDO� FRPSRQHQWV� DUH�

FRQVLGHUHG� ³EXOOHW�SURRI´� UHJDUGOHVV� RI� ZKHWKHU� RU� QRW�

WKH\�DUH�DFWLYH��&RPSRQHQWV� UHSUHVHQWLQJ�LQWHUQDO�ZDOOV�

DOUHDG\� FRQVWLWXWH� WKH� WKLUG� ZDOO� LQ� WKH� WKUHH�ZDOO�

HTXDWLRQ��%/(V� KDYH� QRW� EHHQ�GHYHORSHG� WR� FRQVLGHU� D�

IRXUWK�RU�ILIWK�ZDOO��

)LJ�� �� DQG�)LJ�� �� GHPRQVWUDWH� WKH� FRPSOHWHG� VWUXFWXUH��

DV�GLVSOD\HG�LQ�3,5$7��

3.2 Example components system: power 
system 

7KH� SRZHU� V\VWHP� LV� VHOHFWHG� DV� DQ� H[DPSOH� V\VWHP�

EHFDXVH� LW� FRQWDLQV� ERWK� LQWHUQDO� DQG� H[WHUQDO�

FRPSRQHQWV�� DV� ZHOO� DV� FRPSRQHQWV� DQDO\]HG� IRU�

SHQHWUDWLRQ�DQG�IRU�FUDWHULQJ�IDLOXUHV��

7KH� FRPSRQHQWV� RI� WKH� SRZHU� V\VWHP� FRQVLVW� RI�

HOHFWURQLF� ER[HV� PRXQWHG� RQ� WKH� LQQHU� ZDOOV� RI� WKH�

VWUXFWXUH� SDQHOV� �<��GLUHFWLRQ��� VRODU� DUUD\� GULYH�

PHFKDQLVPV� �6$'0V�� PRXQWHG� IOXVK� ZLWK� WKH� RXWHU�

ZDOO� DQG� H[WHQGLQJ� LQZDUG�� H[WHUQDOO\� ORFDWHG�EDWWHULHV�

DQG�VRODU�SDQHOV��7KH�H�ER[HV��6$'0V�DQG�EDWWHULHV�DUH�

FRPSRVHG� RI� DOXPLQXP�� DQG� WKH� DSSOLFDEOH� PDWHULDO�

FKDUDFWHULVWLFV�DUH�DSSOLHG��7KH�H�ER[HV�DQG�EDWWHULHV�DUH�

PRGHOHG�ZLWK�FXEHV��ZKLOH�WKH�6$'0V�DUH�PRGHOHG�DV�

F\OLQGHUV��7KH�6$'0V�DUH�PRGHOHG�XVLQJ� WZR�GLVWLQFW�

F\OLQGHUV�� $Q� LQWHUQDO� �'� F\OLQGHU� H[WHQGV� IURP� WKH�

LQQHU� ZDOO� RI� WKH� VWUXFWXUH� SDQHO�� $Q� H[WHUQDO� F\OLQGHU�

ZLWK� QHJOLJLEOH� GHSWK� LV�PRGHOHG� RQ� WKH� H[WHUQDO� IDFH��

%\� DJJUHJDWLQJ� WKH� ILQDO� IDLOXUH� FRXQWV� RI� WKH� WZR�

GLVWLQFW� FRPSRQHQWV�� D� WRWDO� IDLOXUH� UDWH� RI� WKH�

FRPSRQHQW�FDQ�EH�DVVHVVHG��7KH�XVH�RI�PXOWLSOH�PRGHO�

FRPSRQHQWV� IRU� WKH� UHSUHVHQWDWLRQ� RI� VLQJOH� UHDO�

FRPSRQHQWV� LV� QHFHVVDU\� IRU� PRGHOLQJ� FRPSRQHQWV�

VSDQQLQJ� WKH� VWUXFWXUH� SDQHO� RU� IRU� FRPSRQHQWV�ZLWK� D�

PRUH�FRPSOH[�IRUP��

�

Figure 8. Internal components of the power system from 
the left-leading view. 

7KH� WZR� H[WHUQDO� VRODU� SDQHOV� DUH� PRGHOHG� DV� FXEHV��

3HQHWUDWLRQ� RI� VRODU� DUUD\V� GRHV� QRW� QHFHVVDULO\�

FRQVWLWXWH� IDLOXUH�� ,Q� WKLV� FDVH�� FUDWHULQJ� SUHVHQWV� D�

JUHDWHU� WKUHDW� WR� VRODU�SDQHOV��)RU� WKLV� UHDVRQ�� WKH� VRODU�

SDQHOV� DUH� DQDO\]HG� IRU� FUDWHULQJ� RQO\�� 7KH� FUDWHULQJ�
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WKUHVKROG�VHOHFWHG�ZDV�����WR�UHSUHVHQW�WRWDO�FUDWHULQJ�RI�

WKH�VRODU�DUUD\��

7KH�EDWWHULHV�DUH�ORFDWHG�EHKLQG�D�VWUXFWXUH�SDQHO�LQ�WKH�

ULJKW��LQ�GLUHFWLRQ�RI�IOLJKW��GLUHFWLRQ�DQG�H[SRVHG�WR�WKH�

IURQW�� OHIW� DQG� UHDU�GLUHFWLRQV��6LQFH� WKH� VWUXFWXUH�SDQHO�

KHUH�LV�PRGHOHG�DV�D�³EXOOHW�SURRI´�H[WHUQDO�FRPSRQHQW��

WKH� UHVXOWV� KHUH� FDQ� EH� FRQVLGHUHG� OLEHUDO�� )LJ�� �� DQG�

)LJ����GLVSOD\�WKH�H[DPSOH�SRZHU�V\VWHP��

�

Figure 9. External components of the power system 
from the left-traili ng view. 

7KH� VDPH� SURFHGXUH� LV� SHUIRUPHG� IRU� WKH� PRGHOLQJ� RI�

WKH�RWKHU�VDWHOOLWH�VXE�V\VWHPV��3D\ORDGV�FDQ�EH�FUHDWHG�

E\� FRQVWUXFWLQJ� DQ� DGGLWLRQDO� VWUXFWXUH� IURP� LQDFWLYH�

FRPSRQHQWV� DQG� PRXQWLQJ� VHOHFWHG� DFWLYH� FRPSRQHQWV�

DURXQG�WKH�VWUXFWXUH��7KH�LQDFWLYH�FRPSRQHQWV�SHUIRUP�D�

VKDGRZLQJ�HIIHFW�RQ�WKH�FRPSRQHQWV�WR�EH�DQDO\]HG��

4 DEBRI S ENVI RONM ENT 

7KH� RUELW� GHILQHG� IRU� WKH� GHPRQVWUDWLRQ� VDWHOOLWH� ZDV� D�

JHR�VWDWLRQDU\�RUELW��7KH�PLVVLRQ�GXUDWLRQ�ZDV�VSHFLILHG�

IRU������7KH�GHEULV�VL]H�LQWHUYDO�UDQJHV�IURP������P�WR�

���FP��ORZHU�WUDFNDEOH�WKUHVKROG���ZLWK�D�GHEULV�GHQVLW\�

RI� ����� NJ�P
�
�� $OO� DYDLODEOH� GHEULV� DQG� PHWHRURLG�

SRSXODWLRQV�DYDLODEOH�WR�PDVWHU�ZHUH�DSSOLHG��

)LJ�� ��� WR� )LJ�� ��� VKRZ� WKH�00�6'� IOX[� GLVWULEXWLRQV�

IROORZLQJ� WKH� FRPSOHWLRQ� RI� WKH� 0$67(5������ UXQ��

)LJ�� ��� GHPRQVWUDWHV� WKH� VLJQLILFDQFH� RI� WKH�PHWHRURLG�

SRSXODWLRQ� LQ� WKH�JHRVWDWLRQDU\�RUELW��ZLWK� WKH�PDMRULW\�

RI�00�6'�LQ�WKH����NP�V�WR����NP�V�UHJLPH��)URP�)LJ��

��� DQG� )LJ�� ���� LW� FDQ� EH� REVHUYHG� WKDW� WKH� 00�6'�

SRSXODWLRQ� LV� IDLUO\�HYHQO\�GLVWULEXWHG�RYHU� WKH�SRVVLEOH�

LPSDFW�GLUHFWLRQV��

�

Figure 10. Debris flux (1/m2/yr) distribution over 
velocity (km/s). 

�

Figure 11. Debris flux (1/m2/yr) distribution over 
azimuth (deg). 

�

Figure 12. Debris flux (1/m2/yr) distribution over 
elevation (deg). 

�
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5 RESULT S 

%\�OLPLWLQJ�WKH�XSSHU�GHEULV�VL]H�WR����FP��FDWDVWURSKLF�

LPSDFWV� KDYH� EHHQ� H[FOXGHG�� 7KH� QRQ�FDWDVWURSKLF�

LPSDFW�UHVXOWV�FDQ�EH�YLVXDOL]HG�LQ�VHYHUDO�ZD\V��

�

Figure 13. Incident flux (1/m2/yr) from the left-leading 
(l.) and right-traili ng (r.) perspectives on a linear scale. 

7KH� LQFLGHQW� IOX[� FDQ� EH� YLVXDOL]HG� RQ� H[WHUQDO�

FRPSRQHQWV� DQG� VWUXFWXUH� SDQHOV� RQ� D� IDFH�E\�IDFH�

EDVLV��

,W� FDQ�EH�REVHUYHG� LQ�)LJ�� ��� DQG�)LJ�� ��� WKDW� LQFLGHQW�

IOX[�LV�VLJQLILFDQWO\�JUHDWHU�LQ��D��OHDGLQJ�GLUHFWLRQV�DQG�

�E��LQ�ORFDWLRQV�ZLWK�IHZHU�VKLHOGLQJ�FRPSRQHQWV��

,Q�DGGLWLRQ�WR�LPSDFW�IOX[��WKH�UHVXOWV�RI�WKH�DQDO\VLV�FDQ�

EH� YLHZHG� E\� WRWDO� LPSDFWV� SHU� IDFH�� SHQHWUDWLRQV� �63�

RQO\�� DQG� FRPSRQHQW� IDLOXUHV�� 7KH� FRORU� VFDOH� FDQ� EH�

DXWRPDWLFDOO\� JHQHUDWHG� RU� PDQXDOO\� VSHFLILHG� DQG� WKH�

UHVXOWV�DUH�YLHZDEOH�RQ�D�ORJDULWKPLF�RU�OLQHDU�VFDOH��)LJ��

��� DQG� )LJ�� ��� GHPRQVWUDWH� WKH� FRPSDULVRQ� RI�

SHQHWUDWLRQ�IDLOXUHV�RI�LQWHUQDO�DQG�H[WHUQDO�FRPSRQHQWV�

RQ�D�OLQHDU�DQG�ORJDULWKPLF�VFDOH��UHVSHFWLYHO\��

�

Figure 14. Penetration-only failures on linear (l.) and 
logarithmic (r.) scales. 

�

Figure 15. Internal component failures over mission 
time on a logarithmic scale. 

)LJ�� ��� GHPRQVWUDWHV� WKH� LQGLYLGXDO� FRPSRQHQW� IDLOXUH�

UDWHV�� %HFDXVH� WKH� H[SRVHG� VWDU�WUDFNHUV� VKRZHG�

GUDVWLFDOO\� KLJKHU� IDLOXUH� UDWHV� �GXH� WR� H[SRVXUH��� WKH�

UHVXOWV� DUH� GLVSOD\HG� RQ� D� ORJDULWKPLF� VFDOH�� 7KH�

LPSOHPHQWDWLRQ�RI�H[WHUQDO�FRPSRQHQW�DQDO\VLV�FDQ�DOVR�

EH� YLHZHG�� WKLV� WLPH� RQ� D� OLQHDU� VFDOH�� LQ� )LJ�� ����7KH�

UHVXOWV�DUH�JLYHQ�ERWK�LQ�H[SHFWHG�IDLOXUH�FRXQWV�DQG�LQ�

IDLOXUH�SUREDELOLW\�RYHU�PLVVLRQ�WLPH��

�

Figure 16. External component failures over mission 
time on a linear scale. 

)ROORZLQJ� WKH� LQLWLDO� DQDO\VLV� RI� WKH� VDWHOOLWH�� IXUWKHU�

LWHUDWLYH� DQDO\VHV� FDQ� EH� SHUIRUPHG� E\� PRGLI\LQJ�

PDWHULDO� FKDUDFWHULVWLFV�� WKLFNQHVVHV�� FRPSRQHQW�

SODFHPHQW��HWF��3,5$7�RQO\�FRQVLGHUV�YXOQHUDELOLW\�GXH�

WR�00�6'� DQG� PXVW� EH� WKHUHIRUH� XVHG� LQ� FRQMXQFWLRQ�

ZLWK�RWKHU�DQDO\VHV��LQ�ZKLFK�WKH�HIIHFWV�RI�WKH�FKDQJHV�

RQ�WKHUPDO�RU�SRZHU�EXGJHWV��HWF��FDQ�EH�DVVHVVHG��7KH�

ILQDO� FRPSRQHQW�OHYHO� UHVXOWV� FDQ� EH� DSSOLHG� WR� WRROV�

VXFK� DV�6$9(63$&(��ZKLFK�KDV� DOVR�EHHQ�GHYHORSHG�

LQ�WKH�IUDPHZRUN�RI�WKH�3��527(&7�SURMHFW��RU�GLUHFWO\�

WR�H[LVWLQJ�IDLOXUH�WUHH�DQDO\VHV�SURFHVVHV��

:LWKLQ� WKH� 3��527(&7� SURMHFW�� WKLV� WRRO� ZDV� XVHG� WR�

DQDO\]H� WKH�VDWHOOLWHV�6HQWLQHO����/(2���*DOLOHR��0(2��

DQG�0HWHRVDW�7KLUG�*HQHUDWLRQ��*(2���)LJ�����GLVSOD\V�

WKH�YLVXDOL]DWLRQ�RI�WKH�VDWHOOLWH�GHVLJQV�LQ�3,5$7��

 
Figure 17. Screenshot of the Sentinel-1 satellit e design 
in PIRAT. 



�
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Figure 18. Screenshot of the Galil eo satellit e design in 
PIRAT. 

��

Figure 19. Screenshot of the MTG satellit e design in 
PIRAT. 

6 CONCL USI ONS 

7KH� 3,5$7� WRRO� KDV� EHHQ� GHYHORSHG� DQG� DSSOLHV� WKH�

65/�%/(�DQG�WKH�PHWKRGRORJ\�GHYHORSHG�LQ�>�@��ZKLFK�

UHSUHVHQW� WKHPVHOYHV� D� VLJQLILFDQW� VWHS� ZLWK� UHVSHFW� WR�

YXOQHUDELOLW\� DQDO\VHV� RI� LQGLYLGXDO� FRPSRQHQWV� LQ�

XQPDQQHG� VDWHOOLWHV� GXH� WR� 00�6'�� ,Q� DGYDQWDJH� WR�

SUHYLRXV�WRROV��3,5$7�SURYLGHV�FRPSRQHQW�OHYHO�IDLOXUH�

UDWHV��EDVHG�RQ�SHQHWUDWLRQ�RU�FUDWHULQJ��RI� LQWHUQDO�DQG�

H[WHUQDO�FRPSRQHQWV��

$�VLPSOH�GHPRQVWUDWLRQ�VDWHOOLWH�KDV�EHHQ�PRGHOHG�DQG�

DQDO\]HG� XVLQJ� WKH� WRRO�� IRU� ZKLFK� D� VHOHFWLRQ� RI� WKH�

SURFHVV�DQG� UHVXOWV�KDYH�EHHQ�GLVSOD\HG�DQG�GLVFXVVHG��

3,5$7�SURYLGHV�D�VLPSOH�LQWHUIDFH�IRU�WKH�GHILQLWLRQ�RI�

VDWHOOLWH�JHRPHWU\��PDWHULDO�FKDUDFWHULVWLFV�DQG�RUELW�DQG�

GHEULV� HQYLURQPHQW� VSHFLILFDWLRQV�� %\� DSSO\LQJ� WKH�

UHVXOWV�GHULYHG�IURP�D�3,5$7�DQDO\VLV�GXULQJ�WKH�LQLWLDO�

GHVLJQ� SKDVHV� RI� D� VDWHOOLWH�� WKH� XVHU� FDQ� TXLFNO\�

JHQHUDWH� IHHGEDFN� LQ� WHUPV� RI� IDLOXUH� UDWHV� DQG�

SUREDELOLW\�� WKXV� HQDEOLQJ� HDUO\�PRGLILFDWLRQV� WR� ORZHU�

VDWHOOLWH�YXOQHUDELOLW\��

7 ACK NOWLE DGEM ENTS 

7KLV�ZRUN�ZDV�IXQGHG�E\�WKH�(XURSHDQ�&RPPLVLRQ�YLD�

WKH� )UDPHZRUN� 3URJUDPPH� �� XQGHU� FRQWUDFW� QXPEHU�

��������LQ�WKH�SURMHFW�3��527(&7��
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