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1 INTRODUCTION

1.1 PURPOSE AND SCOPE

This document describes the activities of the Mission Analysis team eb&®?/satellite project during phase B.

Main activity of phase B mission analysis team were analyses performedifter@nt candidate orbits for PW

Sat2 which were selected from theailable launch opportunitiek should be noted that this document serves

both as technical documentation and the general description of organizational and supporting activities

performed by Mission Analysis team during phase B.

Attention Phase B documentation may be outdated in many points. Ple:
aware of that and do not depend on Phase B or Phase A documents onl)

recent documentation is available on project website

ase be

y. More

1.2 DOCUMENT OUTLINE

The document is structured as follows:

=A =4 =4 -4 -4 A -4 -

Chapter 1 contains an introduction to the document
Chapter 2 provides the applicable and reference documents
Chapter 3 provides the revision of phase A activities

Chapter 4 provides the update of the phasaua¢h opportunities search for PS@t2

Chapter Mescribes theperators interrigps inBRITE-PL ground station

Chapter 8 provides planned activities for phase C

1.3 DOCUMENT CONTRIBUTION S

Chapter 6 provides the results of the analyses conducted for candidate orbits $atZPW

Chapter 5 provides the description of the software tools used and the progress in license acquisition

This documentand any results describedere prepared solely by P¥8at2 project tearmembers. As of this

revision this documenis planned to be delivered to external entities for review, particular entities are yet TBD.

pw-sat.pl
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2.1 PROJECT DOCUMENTS
Table 2-1 List of applicable project documents

Ref. Title Code Version | Date

PW-Sat2— Prelimi R . ts ReviewMissi PW.Sat2 10 PRR_MA_EN
[PD. 1] -Sat2—Preliminary Requirements Revi ission PW.Sat2A-000LPRRMA 1.0.1EN 201407-02

Analysis
[PD. 2] PW-Sat2— Preliminary Design ReviewOverview PW-Sat2B-00-PDROVerview 20 201611-22
2.2 REFERENCE DOCUMENTS

Table 2-2 List of applicable reference documents
Ref. Title Version Date
[RD. 1] ECSSM-ST10C-' Space project management .’ Rev.1 2009.03.06
[RD. 2] Website:https://logiciels.cnes.fr/content/stela?language=en 2015.04.06
[RD. 3] Website:http://www.stoff.pl/ 2015.04.06
[RD. 4] Website:http://help.agi.com/stk/index.html 2015.04.06
[RD. 5] Lyle R., Stabekis PSpacecraft Aerodynamic Torqu&sASA SFB058 NASA Electronics
' Research Center, Jan 1971

[RD. 6] Lamy et al. Resonanc&ffects on lifetime of Low Earth Orbit Satellit@8rd ISSFD, 2012
[RD. 7] Montenbruck, Gill,Satellite Orbits Springer, Germany, 2001

GMAT User GuiddR2014a NASA GSFC, 2014
[RD- 8] Access from websitédittp://gmat.sourceforge.net/docs/R2014a/kedppdf R2014A 2015.05.18
[RD. 9] IADC-02-01, Space Debris Mitigation Guideling2007 Rev. 1 Sep. 2007
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3 REVISION OFPREVIOUS WORK

3.1 TeEAM OBJECTIVES
During Phase Ahe following tasks were defined for the Mission Analysis T¢RDh 1]:
1. Finding a way to launch the satellite into orbit
2. Mission and orbit analysis Mission Analysis software
2.1. Contact with software distributors
2.2. Organization of training mission analysis software
2.3. Missionmodeling
2.3.1.Modelingof solar panels' exposure to light
2.3.2.Modelingof communication session with ground station
2.3.3.Calculation of suitabl&me to test sun sensor
3. Implementation a of detailed mission plan
4. Preparation of the satellite operators' team (OPER)
4.1. Radio amateur training organization
4.2. Obtaining of radio amateur licenses
4.3. Process mission plan to a set of telecommands
4.4. Develop contgency plans for emergency response of individualsyisbems
4.5. Risk analysis for satellite mission
3.2 PHASE A ACTIVITIES
As described iiPD. 1] Phase A activities included:

1 Looking for launch opportunity
1 Looking for educational licenses of mission analysis software.

1 Risk Analysis for PWSat2 mission

3.3 REVISION

pw-sat.pl
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For clarity the tasksvere provided by theewunique code which was not the case in Phask@umentation.

The order of tasks was preserved from the lishiapter 3.1 of this document.

Table 3-1 Team Objectives Task cod

es, description and comments

Task code Description Comment
Tasks derived from the phase A
First search for launch opportunities was conducted during
the phase A activitiesand he updated information are
PRR_MA_1 Finding a way to launch the satellite into orbit presgnted in this documen.t. _Next activity in scope of this
task is planned for phase, it is planned to find new launch
opportunities and update previous results taking into
account changes in project schedule.
PRR_MA 2 Mission and orbit analysis in Mission Analysis This is a general task divided into a smaller sutasks
software
Contact with software distributors was made during phase
PRR_MA_2.1 Contact with software distributors A and continued in phase B the detailed update is presente
in the chapter5.1 of this doaument.
PRR_MA_2.2 Organization of training mission analysis softwar{ This task is scheduled for phase C.
PRR_MA_2.3 Missionmodeling This is a general task divided into a smaller sutasks
. . This taskd &gtivities are presented in the chapte of this
PRR_MA_2.3.1 | Modelingof solar panels' exposure to light P P
document.
Modelingof communication session with ground | This taskd &tivities are presented in the chaptef of this
PRR_MA 2.3.2 )
- = station document.
This task is scheduled for phase C whehe mission plan
PRR_MA_2.3.3 | Calculation of suitable time to test sun sensor . ) P P
will be available.
. . This taskd &etivities are presented in the chapte6.5 of this
PRR_MA_2.3.4 | (New)Orbital decay analysis P P
document.
PRR_MA_3 Implementation a of detailed mission plan This task is scheduled for phase C.
. . This task is scheduled for phase C, however some activities
PRR_MA_4 Preparation of the satellite operators' team (OPE - P .
were presented in chapter7 of this document.
PRR_MA_4.1 Radio amateur training organization This taskis scheduled for phase C
PRR_MA_4.2 Obtaining of radio amateur licenses This task is scheduled for phase C.
This task is scheduled for phase C when the mission plan
PRR_MA_4.3 Process mission plan to a set of telecommands .I I. Y P W Ission p
== will be available.
Develop contingency plans for emergency respol This task is scheduled for phase C when the mission plan
PRR_MA_4.4 L . .
- = of individual subsystems will be available.
This task activities were started in Phase A and are
described in [PD.1]. Further activities and their schedule
PRR_MA_4.5 Risk analysis for satellite mission are still TBDdue to lack of manpowerand lower priority.

However, ongoing risk management is performetly the
project management in a norformalized matter.
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4 LAUNCH OPPORTUNITIESUPDATE

Initial search for the launch opportunities was conducted in a sdfq@®se A activities as described RD. 1],
chapter 3. Since the time of the search preparation some of the offers became outdated as th&Rtagescts
been postponed too earlier thanFebruary 2016During phase B, contact witthé launch providers was
maintained and updated accordingly as shown in the table lf€ldve4-1). The more comprehensive update is
planned 6r the beginning of phage whenthe new request for offers according to the updatehedule will be

issued to launch providers.

For the purpose of making the choice of the most suitable offer the priorities were set in phasevéye

revised and updated during phase B:

1. Orbit higher than 40@m - for lower orbits CubeSatsrbits naturally decayery fast so there will be no

possibility to examine #lanfluence on orbital decay.
2. Cost
3. Additional services included in the price (such as tests, legal assistance)
4. Reliability of therocket

It is also worth noting that as the project progresses and become more technically mature the main driving factor
for the launch date choice is no longer the project schedule, but the ability to seancéaf resources for
launch.Launch provides that PWSat2 team contactedtated that on average the time from the beginning of
negotiation to the launch takesl15 years Althoughmuch workhas been put into search for such resources, as

of the date of this revision being issued, no such ressuveee secured whatsoever.
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Table 4-1 Launch providers' offers
Company Rocket Country Possible orbits Possible launch dateg P-Pod Tests Included in price Price
ISILaunch Dnepr, Netherlang | Various, some SSO 20152016 ISIPOD Qualification tests f Documentation 120
PSLV, LM, included in | included "l nterface mee|145000,
Soyuz price customs/ export
Spaceflight Falcon 9, |USA ¥ S S 0550/4666830 | 2016: Included in | Notincluded inprice |+ Hel p with pass|< 185
services Soyuz / 500-600) Qr400km 52A] price t Certification
t HEO (1500|Q2500km 98. 1 and safety tests.
t LEO (400 |Q3400km 52A] f Integration on
27000) Mid-6 20k m 98. t -PRd
+ From deci |@500km 44A t Vhelp a

0 Russian 2L.5yrs.
o Falcon 9: 21.5yrs.
0 ISS—1yr.

2017:

Q1-500km 98. ]
Q3400km5 2 A| |
Q3550km 98. ]
Q3550km 31A
2018:

QL-475km 28. "%
Q3550km 98. ]
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United Start | Startl USA SSO 500 km (10:30am) /| 20162018 ? Not included tf Documentation 900005,
Launch 400500 i=7090 ° t customs/ export|(Upto2kg)
Arianespace |Vega/ France ] ]
No details at the moment (last contacMarch 2014)
Soyuz
JAMSS H-2 Japan Do not have a schedule for 2015 yet (last contact in March 2014) 20000 0 »
cGwicC LM-2D China SSO 600 km 30Q 2015 Not included in| Cosmodrome tests f I'nterface meet|150 00O
price laboratory: f I ntegration wi
¥ cosmodronff Ejection tests
¥ integratif Visa assistanc
P-Pod and rocket f Travel and acc
EADS No details | ESA ISS Orbit No details Standard service 180 00
Astrium
Kosmotras Dnepr Russia No offer for CubeSats
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5 SOFTWARE TOOLS FOR MSSION ANALYSIS

To complete task PRR_MA_2Mission and orbit analysis in mission analysis softwée defined in chapter
3.1) the PWSat2 Mission Analysis team required specialized softwark such software was not available on
WUT. Team performed a study of available software solutions and contacted two companies providing this kind

of solutions to acquire student licenses:

1 Sydems Tool Kit(STK), Analytical Graphics Inc
1 FreeFlyer, A.l. Solutions

Because othe problems in acquisition of free licenses and high gradenormal licensg, MA team studied also

the possibility to use free/opesource software available in the intetn

General Mission Analysis ToOgGMAT), NASA

Semianalytic Tool for End of Life Analysi6STELA), CNES

Orbitron, Sebastian Stoff

OpenrSESSAME Framework, Space Systems Simulation Laboratory (SSSL), Virginia Tech
SPUTNIX Satellite Simulator, S. O. Karpenko

=A =4 =4 =4 =4

Some of these tools which were used by the team are described in more detail in the following chapters.

5.1 ACQUISITION OF ANALYS IS TOOLS LICENSES

5.1.1 SysTemMS TooL KIT, ANALYTICAL GRAPHICS INC

Student s’ Space Association hadnaluséady Anadysiomal pGy
Systems Tool Kit (AGI STK) software during ESEO and SSEXpress projects As PW-Sat2 team remained
in touch with SKA‘'s alumni who took part in these pr

STK. Tean contacted the representatives of AGI in Poland in January t0dgk for student licenses for the

STK package with all additional features Var i ous f or mal and organizational
virtually impossible for the Team tolfill ther e qui r ement s of AGI ' s .Bihuhelgat i onal
of Polish representatives of AGI, some effort has been done to bypass the Educational Alliance program

requirements, however with little success, as of the date of this revision.

1SKA took part in both SSETEXxX pr ess and ESEO projects wunder ESA‘ s
teams were responsible, among other, for operations.
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By the March 62015theAGI * s policy regarding free version of STK
available for norcommercial uséor unlimited time. The free version of STK was used to perform analyses for
PW-Sat2 phase B which resultant data are desdrib chapte®6.

5.1.2 FREEFLYER, A.l. SOLUTIONS

In March 2014, PWSat2 team contacted A.l. Solutions asking for student licenses for FresBijware
However due tdTAR regulations it company was not able to offer student licenses for students outside the
USA.

In February 2015 the ITAR regulations were loosened and A.l. Solutions reach out$at2Weam to confirm
if the team is still interested in using FreeFlgerit might be possible to provide the student licenses outside the

USA. As for this day team remains in touch with A.l Solutions representatives.

5.2 SWTOOLS USED FORPHASE B ANALYSES

5.21 STK

STK is a comprehensive towaith capabilities greatly exceedimyV-Sat2 needdViA team used STK to perform

several analyses:

1 Communication Sessions duration and frequency analysis

91 Eclipses duration and frequency analysis

Although STK can utilize advanced perturbations models including atmospheric drag this feadtigevalable

in a free license.

5.2.2 GMAT

GMAT is a NASA tool in a development phagebecometheir main versatiletool for mission analysidt is
licensed oNASA Open Source Agreement vIGMAT in a current version (2014a) already includes advanced
pertubationsmodelingwhich made it useful foMA team for early orbital decay predictions. However, GMAT
uses direct numerical integration of equations of motion and because of that is slower thamadginal tools

and as such less feasible for long temital decay simulations. Sample simulation of orbital decay took approx.
40min to completeon a personal computer available for MA téand the amount of generated dat@s huge

and required further timeonsuming processing.

2 Simulationduration is given rather to justify decisions made by the team choosing the most suitable software,
taking into account available hardware, than to give any indication of SW performance as such. To give a
reliable information on GMAT performance compreheagests should be performed which is out of the scope

of this project.
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5.2.3 STELA

Semianalytic Toolfor End of Life Analysishas been designed by CNES to support the French Space Operations
Act [RD. 2]. Its interface and functionality is focused amalyzing if the given satellite breaches the EOL
requirements imposed by the French Space @une of the possible analysesbe performed by STELAS the

LEO orbit degradatiomnalysis. Tool allows, als@erformingstatistical analysis for the unstablbits running

the simulation multiple times with a uséefined spread of the selected parameters. STELA is aa@hjtic

tool which means that it can run much faster than tools which numerically integrates the equhtsongmkes
STELA especially used for longterm orbital decay analyses. P8#2 MA team used BELA for orbital decay
analyses described in sectiém.

5.2.4 ORBITRON

Orbitron is a satellite tracking system for radio amateur and observing pufpsed. It features SGP4/SDP4
propagator and allowisputtingdata in TLE format. One of the Orbitron functionalities is estimation of the time
and duration of the communication sessions for the-dséned ground station with a given mineetion

angle. This featured became very useful for preliminary communication sessions predictions.
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6 SELECTED ORBITS ANALYSIS

From the very beginning of the R®Bat2 project it was clear that the destination orbit is not defined and the
satellite wasdesigned to perform universally well on any LEThis also imposed @equirement that all the
analyses should be performed for different possible orbits. Representative orbits were selected, based on the

most frequently occurring orbit types in the laungportunities offers (see chap@r

6.1 SELECTED ORBITS DESCRIPTION

7 different orbits were selected as representatives for detailed analyses:

575km 65de@rbit

600km52degorbit

SS0400km, LTAN: 1@0h
SS0500km, LTAN: 10:0h
SSO600km, LTAN: 10:0h
SSO700km, LTAN: 10:0h
SSO780km, LTAN: 10:0h

=A =4 =4 4 4 -4 -4

Details of selected orbits orbital parameters are presented in a table below:

Table 6-10rbital parameters of the selected representative orbits

Orbit SMA [km] ECC [] | NC [| RAAN [| AP [ { Period[s]
575km65deg 6953.14 0.00 65.00 111.74 0.00 5770.00
600km52deg 6978.14 0.00 52.00 111.74 0.00 5801.23
SS0400km 6778.14 0.00 97.12 111.74) 0.00 5553.62
SS0500km 6878.14 0.00 97.49 111.74 0.00 5676.98
SS0600km 6978.14 0.00 97.88 111.74) 0.00 5801.23
SS0O700km 7078.14 0.00 98.28 111.74 0.00 5926.38
SS0780km 7158.14 0.00 98.61 111.74) 0.00 6027.14

Starting epoch foall analyses was 12 Feb 2016, 11:00:00 UTC and for communication and eclipse analyses
ending date was 12 Feb 2017, 11:00:00 UTC. The same starting epoch was chosen for the orbital decay analyses.
All the diagrams shown iparagraphselow are also availddin bigger formatn AppendixA: Diagramsclose

ups

6.2 STK ANALYSES PARAMETERS
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Even though P\WBat2 mission is designed to last 2 monthBD), longer simulation time of one year was

chosen to cover different possible configurations of the S@. &arth and Sur.ongersimulationtime allowed

to get moe general results dsoththe final destination orbiénd launch epoch aget TBD. For communication

and eclipse analyses J4Perturbation model was used which does not take aerodynamic drag into account and thus

orbit does not decay with tim8imulation parametemsereas follows:

i Starting epoch: 12 Feb 2016 11:00:00.000 UTCG
1 End epob: 12 Feb 2017 11:00:00.000 UTCG
1 Step size: 60 sec

1 Propagator: J4Perturbatioh

6.3 COMMUNICATION SESSIONS ANALYSIS

In STK communication sessions amnewdeledas accesses between the SC and Gro

will be used here interchangeablyw h _communi cati on session’

For all the simulations GS on the Faculty of Electronics and Information Technology of WUT was defined as

PW-Sat2 GS with parameters as follows:

Location: Warsaw, Latitude: 52.218Bast, Longitude: 21.010North
Altitude above sea level: T8n

1
1
1 Minimum elevation angle for satellite visibility: 30
1 Omnidirectional antenna

Communication sessions analyses were divided into two parts:

1 Communication sessions duration, average duration, duration spread

1 Communication sessionsefjuency, max time without communication

6.3.1 COMMUNICATION SESSION S DURATION ANALYSIS

Simulation results were the Modified Julian Dates of the access start and end. From these data admess durat
was calculatedAccesses with duration shorter tha® where omitted in further analysis becausé $was

considered as too short time for communication with theSS@mary of theasultsis shown in the following

3 Quoting STK Online Help for STK 10.1.3 [RD. 4The J4 Perturbation (secormtder) propagator accounts

for secular variations in the orbit elements due to Earth oblations. Thisagaipr does not model atmospheric

drag or solar or lunar gravitational forces. The J4 propagator includes the furstl seconerder effects of J2

and the firstorder effects of J4. The J3 coefficient, which produces long period periodic effects,risluded

in either propagator. J4 is approximately 1000 times smaller than J2 and is a result of Earth oblations. Since the
secondorder J2 and the firsbrder J4 secular effects are very small, there is little difference between the orbits
generated by th&wvo propagators
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table, with the total access time (for accesses longer thanas a fraction of whole simulationte and mean
access time (taking into account also only accdssgger than 6 s). Additional datas shown in the following

paragraphs.

Table 6-2 Communication sessions duration analysis.

Orbit TotaI'AccessTime Mean Accessliuration
(Duration>60 s) [%] >60s) [s]
575km65deg 0.636 % 199
600knb2deg 0.919 % 231
SS0O400km 0.248 % 141
SSO500km 0.371 % 168
SSO600km 0.496 % 201
SSO700km 0.639 % 231
SSO780km 0.763 % 254
pw-sat.pl
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6.3.1.1 575km 65degorbit

Histogram below shows access duration distribution fob#km 65deg@rhbit:

575km65deg Access Histogram

300 62— 120,00%

g 250 100,00%
g 200 80,00%
B 150 60,00%
2 100 40,00%
Z 50 - 20,00%
0 - 0,00%

Access Duration [s]

mmm No. of samples —#=Cumulative Distribution Function %

Figure 6-1 575km65degAccess Histogram

Data on the histograrshow all accessedncluding those shorter tharD 6. 38.47 % of accesses are between

230 sand 2® slong and only 314 % is shorter than ®s.
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6.3.1.2 600km 52degorbit

Histogram below shows access duration distribution fo6@@km52degorbit:

600km52deg Access Histogram

500 120,00%
o 400 - 100,00%
()
S 80,00%
£ 300 -
& 60,00%
S 200 -
S 40,00%
=z

100 1 20,00%

0 - 0,00%

Access Duration [s]

mmm No. of samples == Cumulative Distribution Function %

Figure 6-2 600km52degAccess Histogram

Data on the histograrshow all accessedncluding those shorter thar® 6. 53.50 % of accesses are between

250 sand 2D slong and only 41 % is shorter than ®s.
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6.3.1.3 SSO 400km orbit

Histogram below shows access duration distribution foSHB® 400km orbit

SS0O400km Access Duration Histogram

160 120,00%

140 1 - 100,00%
8 120 -
- 0,
£ 100 - / 80,00%
3 80 - 60,00%
o
s 907 ~ 40,00%
Z 40 -

20 - - 20,00%

0 - - 0,00%

60 70 80 90 100 110 120 130 140 150 160 170 180 180+
Access Duration [s]

mmm No. of samples == Cumulative Distribution Function [%]

Figure 6-3 SSO400km Access Duration Histogram

Data on the histograrshow all accessesncluding those shorter thard 6. 48.06 % of accesses are between

160 sand180 slong and only6.07 % is shorter than ®s.
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6.3.1.4 SSO 500km orbit

Histogram below shows access duration distribution foSHB©® 500km orbit

SSO500km Access Histogram
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o 120 - 100,00%
@ |

o 100 80,00%
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0 60,00%
S 60 -

. 40,00%
S 40 -

20 - 20,00%

0 - 0,00%

Access Duration [s]

mmm No. of samples —#=Cumulative Distribution Function %

Figure 6-4 SSO500km Access Histogram

Data on the histograrshow all accessesncluding those shorter thar® 6. 53.16 % of accesses are between

180 sand 20 slong and only.12 % is shorter than ®s.
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6.3.1.5 SSO 600km orbit

Histogram below shows access duration distribution foStHB©® 600km orbit

SSO600km Access Histogram
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Figure 6-5 SSO600km Access Histogram

Data on the histograrshow all accessesncluding those shorter thard 6. 55.10 % of accesses are between

210 sand 2® slong and only2.99 % is shorter than ®s.
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6.3.1.6 SSO 700km orbit

Histogram below shows access duration distribution foSHB©® 700km orbit

SSO700km Access Histogram
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Figure 6-6 SSO700km Access Histogram

Data on the histograrshow all accessesncluding those shorter tharD 6. 50.06 % of accesses are between

250 sand 29 slong and only2.35 % is shorter than ®s.
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6.3.1.7 SSO 780km orbit

Histogram below shows access duration distion for theSSO 780km orbit

SSO780km Access Duration Histogram
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Figure 6-7 SSO780km Access Duration Histogram

Data on the histograrshow all accessesncluding those shorter thard 6. 53.17 % of accesses are between

270 sand 3® slong and onlyl.66 % is shorter than ®s.
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6.3.2 COMMUNICATION SESSION S FREQUENCY AND GAPS

Second part of the communication sessions analysis focused on the frequency of the communication sessions and
duration of gaps between accesse$a p i s u raslatims betweed twb ®ulbsequent communication
sessions, that is the time with no communicat®imilarly to the previous chapter, accesses shorter tBan 6
where omitted and the gap durations before and after such omitted adoere summed. Summary of the

results is shown in the table beloAdditional datds shown in the following paragraphs.

Table 6-3 Communication sessions gaps duration analysis

3lof 124

Orbit Max Access Gap Mean_ Access Gap
(Duration>60 s) [s] (Duration >® s) [s]
575km65deg 62391 31096
600knb2deg 74694 24890
SS0O400km 134446 56660
SSO500km 85164 45077
SSO600km 53256 40347
SSO700km 48453 36031
SSO780km 49213 33139
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6.3.2.1 575km 65degorbit

Histogram below shows accegapsdurationdistribution for the575km 65deg@rbit:

575km65deg Access Gap Histogram
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Figure 6-8 575km65degAccess Gap Histogram

Access gap durations are grouped around avBdues, however never exceed 264 s).
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6.3.2.2 600km 52degorbit

Histogram below shows access gaps duration distribution f@OBlem52degorbit;

600km52deg Access Gap Histogram
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Figure 6-9 600kmb52degAccess Gap Histogram

Access gap durations are grouped around asfdues, however never exceed2864® s).
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6.3.2.3 SSO 400km orbit

Histogram below shows access gaps duration distribution f@3400km orbit

SS0O400km Access Gap Duration Histogram
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Figure 6-10 SSO400km Access Gap Duration Histogram

Access gamlurations are grouped around a few val@gkstimes exceeding 24 (864® s) and lasting between
1340® sand 13450 s (over 3 h).
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6.3.2.4 SSO 500km orbit

Histogram below shows access gaps duration distribution f@$500km orbit

SSO500km Access Gap Histogram
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Figure 6-11 SSO500km Access Gap Histogram

Access gap durations are grouped around a few values, however never ekh884D0 s) and 9527 % are
shorter than 529Ds (less than 3 h).
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6.3.2.5 SSO 600km orbit
Histogram below shows access gaps duration distribution f@3600km orbit
SSO600km Access Gap Histogram
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Figure 6-12 SSO600km Access Gap Histogram

Access gap durations are grouped around a few valuegvieo never exceedd2 (8640 s) and 9178 % of

samples are between 3¥8and 4800 s.
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6.3.2.6 SSO 700km orbit
Histogram below shows access gaps duration distribution f@3$k 700km orbit
SSO700km Access Gap Histogram
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Figure 6-13SSO700km Access Gap Histogram

Access gap durations are grouped around a few value®vio never exceed4dh (8640 s) and 83.93 % of

samples are betweed500 sand 4%00 s.
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6.3.2.7 SSO 780km orbit

Histogram below shows access gaps duration distribution f@3$k 780km orbit
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Figure 6-14 SSO780km Access Gap Duration Histogram

Access gap durations are grouped around a few valuegyieo neveexceed 2 h (8640 s).
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6.4 ECLIPSES AND SUNLIGHT EXPOSURE ANALYSIS

STK has a functionality to calculate the eclipse time and duration for thell8€data will be taken into

consideration in the desigf SC Electrical Power System and Thermal Control Systa this chapter eclipse

s penumbr a

Ti me"

isunderstoodh s t he sum of SC time in Earth'
umbra time was considered as _eclipse’
6.4.1 ECLIPSE DURATION ANAL YSIS

The table below presents the summary of theresullse r e _Ecl i pse

a fraction of the whole time of simulatioDetailed data for each orbit is presented in the following paragraphs.

Table 6-4 Eclipse duration analysis results

i s

a

Orbit Eclipse Max Eclipse | MeanEclipse
Time [%] [s] [s]
575km65deg 28.68 % 2134 1858
600knb2deg 3130% 2131 1908
SS0O400km 37.60 % 2113 2089
SS0O500km 36.24 % 2086 2058
SSO600km 35.01 % 2064 2032
SSO700km 33.90 % 2047 2010
SSO780km 33.07 % 2035 1993
pw-sat.pl
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6.4.1.1 575km 65degorbit

Histogram below shows eclipsdaration distribution for th&75km 65degrbit:

575km65deg Umbra+Penumbra HistogL,nram
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O OO IO IO TO T OTOTO IO T O T O I
O OO0 dd N NMOMMHMSETWLLW O© ONMNMNMNMNOGOOGWOOOO <
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%oAs N R yeaOK o612aleéelvo

mmm No. of samples =i=Cumulative Distribution Function %

Figure 6-15575km65degUmbra+Penumbra histogram

Eclipse duration never exceeds325 (35 min36 s) andover 3 % of samples is between 194 and 2B4 s.
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6.4.1.2 600km 52degorbit

Histogram below shows eclipsdaration distribution for th€00km52degorbit:

600km52deg Umbra+Penumbra Histoggam

1600 = 120,00%
100,00%
80,00%
60,00%
40,00%
20,00%
0,00%

No. of samples

Access Duration [s]

mmm No. of samples == Cumulative Distribution Function %

Figure 6-16 600km52degUmbra+Penumbra Histogram

Eclipse duration never excee?t3l s (35 min33 s) and over B % of samples is between 20sand 2B1 s.
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6.4.1.3 SSO 400km orbit

Histogram below shows eclipsdaration distribution for th&SO 400km orbit

SS0400km Penumbra + Umbra Duration Histogram
120,00%
100,00%
80,00%
60,00%
40,00%
20,00%
0,00%

No. of samples

mmm No. of samples == Cumulative Distribution Function [%]

Figure 6-17 SSO400km Penumbra + Umbra Duration Histogram

Eclipse duration never exceels13 s (35 min13 s) and over B % of samplesarebetweer20% sand 213 s.
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6.4.1.4 SSO 500km orbit

Histogram below shows eclipsdaration distribubn for theSSO 500km orbit

SSO500km Penumbra+Umbra Duration Histogram
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mmm No. of samples == Cumulative Distribution Function %

Figure 6-18 SSO500km Penumbra+Umbra Duration Histogram

Eclipse duration never exceed388 s (34 min 46 s) and over 3 % of samplesrebetweer2065 sand D86 s.
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6.4.1.5 SSO 600kmorbit

Histogram below shows eclipsdaration distribution for th&SO 600km orbit

SSO600km Penumbra+Umbra Duration Histogram
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mmm No. of samples == Cumulative Distribution Function [%]

Figure 6-19 SSO600km Panumbra+Umbra Duration Histogram

Eclipse duration never exceed362 s (34 min 24 s) and over 3 % of samples is betwee2040 sand20&4 s.
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6.4.1.6 SSO 700km orbit

Histogram below shows eclipsdaration distribution for th&SO 700km orbit

SSO700km Penumbra+Umbra Duration Histogram
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- 0,
: 80,00%
& - 60,00%
5
S - 40,00%
P
- 20,00%
5
- 0,00%
O O O 0O 0 0O 0O OO0 0O 000000 O 0O O o o +
S 0D O N0 O dNMILW O~ 0DOoO dNM T 1 O
00 00 0 00 0 0 O O O OO0 O O O O O O O O O O O O W
A A A A A A A A A A A A Hd NN NN NN 8

Penumbra+Umbra Duration [s]

mmm No. of samples == Cumulative Distribution Function %

Figure 6-20 SSO700km Penumbra+Umbra Duration Histogram

Eclipse duration never excee2347s (34 min 7 s) and over B % of samples is betwee2020 sand2047 s.
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6.4.1.7 SSO 780km orbit

Histogram below shows eclipsdaration distribution for th&SO 780km orbit

Istogram
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K 1
g 500 80,00%
£ 400 -
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[

Penumbra +

mbra Duration [s]

mmm No of samples == Cumulative Distribution Function [%]

Figure 6-21 SSO780km Penumbra + Umbra Duration Histogram

Eclipse duration never excee2l33b s (33 min 55 s) and ove64 % of samples is betwee2000 sand2035 s.
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6.4.2 SUN EXPOSURE DURATION ANALYSIS
Table below presents the resultstloé sun exposure analysis wher e _No. of
parameter indicating if there are orbital cycles

is interesting from the thermal control point of view. Thisgmaeter is @imple count of Sun exposure periods

which are longer than.1times orbital period.

Table 6-5 Sun exposure duration analysis results

470f 124

Orbit Max Exposure tim¢ No.of Sun exposures >
[s] 1.1 Period
575km65deg 1047315 4
600knb2deg 680071 3
SS0O400km 3534 0
SS0O500km 3698 0
SSO600km 3858 0
SSO700km 4014 0
SSO780km 4139 0
pw-sat.pl
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6.4.2.1 575km 65degorbit

Histogram below shows eclipsdaration distribution for th&75km 65degrbit:

575k@65deg Sunlight Exposure Duration Histogram
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$ 1200 - )
% 1000 - 80,00%
o 800 - 60,00%
o ]
5 600 40,00%
S 400 - .
200 1o BYHEBRIAR Y I g g 00%
0 A T —— T T T T T T 0,00%
O O O O O O 0O 0O O O O 0O O O O O O o o o o +*
O O O O O O OO O O O 0O O o0 O o O o o o o 9
N O N 0 0O O N M T WO © ™~ 0 O O d NN M I 1 O
MmO O 0O 0O o0 J§ 7 7F F 7 5 8 8 000D wnwnwn g

Sunlight Exposure Duration [s]
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Figure 6-22 575km65degSunlight Exposure Duration Histogram

Maximum exposure duration is 104834 (over 12day9, however 9 % of samples are below 44G.
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6.4.2.2 600km 52degorbit

Histogram below shows eclipsdaration distribution for th€00km52degorbit:

600km52deg Sun exposure Histogram
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Figure 6-23600kmb2degSun exposure Histogram

Maximum exposure duration 83007 s (almost8 day3, however 8 % of samples are below 4@8.
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6.4.2.3 SSO 400kmorbit

Histogram below shows eclipsdaration distribution for th&SO 400km orbit

SS0O400km Sunlight Exposure Duration
Histogram
6000 - 5019
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Sunlight Duration [s]
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Figure 6-24 SSO400km Sunlight Exposure Duration Histogram

Maximum exposure duration B534 s (less thanl h), and 99.91 % of samples are belowetween 340s and

3543 s.
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6.4.2.4 SSO 500km orbit

Histogram below shows eclipsdaration distribution for th&SO 500km orbit

No. of samples

SSO500km Sunlight Exposure Duration Histogram

5170

390

400
2500
2600
2700
2800
2900
3000
3100
3200
3300
3400
3500
3600
3700

3700+

1
o
S
o
—

1000
1100 | »
1200
1300 | +
1400
1500 | +
1600
1800
2000
2100
2200
2300

N
Sunlight Exposure Duration [s]
m No. of samples

Figure 6-25 SSO500km Sunlight Exposure Duration Histogram

Maximum exposure duration 8698 s (1 h 1min 3 s), and99.89 % of samples arbetween 350 sand 368 s.
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6.4.2.5 SSO 600km orbit

Histogram below shows eclipsdaration distribution for th&SO 600km orbit
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Figure 6-26 SSO600km Sunlight Exposure Duration Histogram

Maximum exposure duration 8353 s (over D h), however 9.89 % of samples are betweed® sand3853 s.
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6.4.2.6 SSO 700km orbit

Histogram below shows eclipsdaration distribution for th&SO 700km orbit

SSO700km Sunlight Exposure Duration Histogram
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Figure 6-27 SSO700km Sunlight Exposure Duration Histogram

Maximum exposure duration #014 s (1 h 6 min 54 s), however88.09 % of samples are betwee8&® s and

3960 s.
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6.4.2.7 SSO 780km orbit

Histogram below shows eclipsdaration distribution for th&SO 780km orbit

No. of samples

SSO780km Sunlight Exposure Duration Histogram
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Figure 6-28 SSO780km Sunlight Exposure Duration Histogram

Maximum exposure duration 4139 s (1 h 8 min 59 s), and99.9 % of samples are betweeA® sand41 s.
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6.5 ORBIT DECAY ANALYSIS

PW-Sat 2 main mission is the test of the dr agSmeei l

Debris Mitigation Guideline§RD. 9].

t

A spacecraft or orbital stage should be left in an orbit in which, using an accepted nominal projection

for solar activity, atmoderic drag will limit the orbital lifetime after completion of operations. A study

on the effect of posmission orbital lifetime limitation on collision rate and debris population growth

has been performed by the IADC. This IADC and some other studies amehber of existing national
guidelines have found 25 years to be a reasonable and appropriate lifetimgé&naigraph 5.3)2

Orbit decay analyses are performed to estimate the performance of the drag sail on different considered orbits.

Theseanalysse where conducted using STELA software introduced in sebt@@ Detailed information about

the satellite parameters (ma8sal sail area), orbit parameters and launch date are yet TBD hence the statistical

analyses where conducted instead of shpgimt analysesSTELA allows user to choose which parameter will
be fixed and which will have some magnitude of distributiorirdustatistical analysis. tandomizesll non
fixed parametersirf userdefined boundsand calculates orbit lifetime fatandomizedinitial conditions. It
continues to do so until the predefined number of executions is reached. The end result afytiis iarorbit
lifetime distribution.

This paragraph is divided into the following sections:

1 In Section0 STELA Mean Area Tool calculations of P8&at2 mean arda different SC configurations
are described.

1 Section0 presentshe singleparameter variation analys@$ese analyses were conducted for one of
the possible oiits (780km SSO) to determine how orbit lifetime depends on every single parameter.
SectionO is a description of the analysis of drag area influence on theliéekiine for different orbits.

Section6.5.4demonstratethe results of thenulti-parameterariation analyses for all considered orbits

Section6.5.50utlines the iterative analyses aiming to find the maximum SMA for SSO orbits, keeping

the orbit lifetimeshorter than 25 years for 2U CubeSat without any drag augmentation device,

considering worst and best case scenarios w.r.t. sdlgityic
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6.5.1 DRAG AREA CALCULATIONS

Obviously, oneof the most influential parametein orbital lifetime analyses for LEO is drag aréa.case of
satellites with big, flat structures (as in case of -B¥#2) the drag area is strongly dependant on the SC
orientation w.r.t the velocity vector. For SCs with very low mass to area ratio orotf, like PWSat2 the

main orientation perturbation is drag torq(eee Figure 6-29). Precise analysis of drag torque is very
complicated and requires detailed arrhation on SC surface properties which are not available without
comprehensive material properties research, espediadigg the SC design phaleD. 5]. Therefore mean drag

area was calculated for a set of different orientations of SC w.r.t. velocity vector and further analyses where
conducted for different values of mean ai88ELA Mean Area Tool allows to build a simple 3D model of the

satellte and to decide on the SC attitude w.r.t velocity vector in one of the three modes:

1 Random Tumbling
1 Spin (with userefined spin axis)

1 Fixed Orientation

3D model of PWSat2 with sail deployed is presenteuFigure6-30, Figure6-31 andFigure6-32.
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Figure 6-29 Relative magnitudes of the enviornmental torques on an Earth satellitdRD. 5]
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Figure 6-30 PW-Sat2 3D model created in STELA Mean Area Tool, XYiew

Figure 6-31 PW-Sat2 3D model created in STELA Mean Area Tool, ZWiew

Figure 6-32 PW-Sat2 3D model created in STELA Mean Area Tool, ZXview

Calculations were conducted for 3 configurations (CubeSat 2U, CubeSat 2depithyed solar arrays, PW

Sat2 with deployed sail and solar arrays) for several orientations:
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a) Random tumbling

b) Fixed orientation, velocity aligned with-xis

c) Fixed orientation, velocity aligned with-&xis

d) Fixed orientation, velocity aligned with-&xis

e) Spin around axis at angle®(5L0 15 30° ,5 60" 90 -rotation around Xaxis)to Z-axis, velocity

aligned with Zaxis, (only for deployed sail configuratiqreeeFigure6-33.

f)  Spin around axis at angle (2.0 Z-axis, velocity aligned with axis.

Note that spin around axis at°45 t-axis vidth velocity aligned with Zaxis means that the satellite oscillate

between positions in which sail is perpendicular and parallel to the velocity v€zeef) is the oscillation of

sail plane w.r.t velocity vector froml 0 ( saaniel

Spin axis orientatioin casee) is showed orrigure6-33:

Z

pralr al | el

A

t o

vel

oci

ty

vector)

Results of the mean drag area are present€dhie6-6.

Spin axis

G Velocity vector

Figure 6-33 XZ-view of the 3D model with spin axis and velocity vector depictegasee))

Table 6-6 Mean drag area for different configurations and orientations of PWSat2

b) c) d) e) Rotation aroundixis at angle to Axis (obs: Zaxis)

Fixed. | Fixed. | Fixed. f)
Mean Area | a)Random| Obs: | Obs: | Obs: X s X i s :

[m? Tumbling | X-axis | Y-axis | Z-axis| 5 10 15 30 45 60 90

2U CubeSat| 00267 | 00216 | 00216 | 0.0100 - 00256 | - | 00201
+Solar 00411 | 00617 | 0.0215 | 0.0102 - 00397| - | 00201
Arrays
+Sail 2.0150 0.0775| 0.0321 | 40763 | 3.9708 | 3.8804 | 3.7325 | 3.0007 | 2.0256 | 2.0294 | 2.5742 | 0.2266

For the further analyses) case (random tumbling) was considered as the nominal case afjdctse was

considered as the worst case.

6.5.2 SINGLE -PARAMETER VARIATION
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To determine the influence of every single parameter on a decay time 8 analyses were conducted for the
SSO780km orbit takensaan example. The highest of the considered orbits was chosen so that the possible

effects with longer periods might be visible. Further analyses for the rest of the orbits will be conducted in phase

C, if these orbits will remain considered as applicableminal simulation parameters for singlarameter

variation analyses are presented ifiadle6-7 (for each simulatiomnalyzedparameter varies from the nominal

valueby the dispersion valje

Table 6-7 Single-parameter variation analyses nominal configuration

Parameter

Nominal alue

Dispersiort

Launch date

2016/13/02, 09:00:00UT

Uniform (2016/13/02 2017/13/02)

RAAN 111738 Uni f o-3600°0°
Mean anomaly (M) 0 Uni f o3607D°
Mass 3.2kg Uniform 2.63.2kg

Coefficient of drag (Cd)

STELA Default file

Uniform +/- 20 %

Reflectivity coefficient (Cr) 15 Uniform +/- 20 %

Drag area 2.01495686 m N.A.

Reflectivity Area 2.01495686 m N.A.

Solar activity, F10.7 index 140| Gaussiah, v @& XpI p g8 X
Geomagnetic activity, AP index 15 Gaussian, p & ppf p @ o

Influence of drag area on orbit lifetime is discussed in a separate par@graph

Drag coefficient variation with altitude from STELA default file is presente@ignre 6-34. In drag coefficient

variation analysis the whole file is multiplied by a random number (in this case a humbe30féérm 120 %

range seeTable6-7).

4 Dispersion is applicablenly in asimulation of a particular parameter influence, for other parameters there is

no dispersion then.

5, - standard deviatiorgi= mean value
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Figure 6-34 Drag coefficient variation with altitude, from STELA default file [RD. 2]
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6.5.2.1 Launch Date

Orbit lifetime variation with launch date is presented dtigare6-35.

Days from initial date (2016/02/13)

2,2
= 2,1
5, LN
= ¥ /
o \ 4
;.jé 1,8
g L7 AN \/
©16

1,5 : : : : : : : .

0 50 100 150 200 250 300 350 400
Days from initial date

Figure 6-35Orbit lifetime vs launch date

For nominal analysis parameters and launch disigersiorbetween 2016/02/13 and 2017/02/b8vit lifetime
oscillates between 2.0747 and 1.6636 yetherefore the relative differerfois 19.81 %

6 Relative differencesY of valueswandwis defined as follows: 3"Y e ws
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6.5.2.2 Right Ascension of the Ascending Node

Orbit lifetime variation withRAAN is presented onRigure6-36.

2,2

Orbit lifetime vs RAAN

‘/\ //\

7
i

1,6

Orbit lifetime [years]

1,5 T T T T T T T 1
0 50 100 150 200 250 300 350 400

RAAN [deg]

Figure 6-36 Orbit lifetime vs RAAN

For nominal analysis parameters dRAAN dispersionbetween0® and 360, orbit lifetime oscillates between
2.0890 and 1.6556 years, therefore the relative difference iS 20.7

pw-sat.pl
630f 124



PW-Sat2 Preliminary Design Review
201611-22
Phase B

Mission Analysis ' PW+SAT2

6.5.2.3 Mean Anomaly

Orbit lifetime variation withmean anomalis presented on Rigure6-37.

1,9498 e
© oa07 Orbit lifetime vs Mean Anomaly
1,949 o
g o oo /
S 1,9495 & °
5 MAN 7
@ 1,494 /
£ .
B 1,9493 *2e .
51,9492 ?
S
1,9491
1,949 ¢
| k3
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Mean anomaly [deq]

Figure 6-37 Orbit lifetime vs mean anomaly

For nominal analysis parameters and mean anoriapersionbetween 0 and 360 orbit lifetime oscillates
between 1.9497 and 1.9949€ars, therefore the relative difference isA00
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6.5.2.4 Mass

Orbit lifetime variation with mean anomaly is presented &igare6-38.

1,9 S
Orbit lifetime vsSC mass
1,8 ®
g y = 0,5723%0,0257
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Figure 6-38 Orbit lifetime vs SC mass

For nominal analysis parameters and SC mlégsersiorbetween 2.6 and 3.2 it can be seerFmure6-38 that

orbit lifetime is linearly dependent on SC mass:

. QW | e )
Y n&})xcﬁﬁ a TICLRQWI

Where:

1 Y s orbit lifetime

1 & is spacecraft mass

Foranalyzedistribution range, the relative differencel®.3 %
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6.5.2.5 Coefficient of drag

Orbit lifetime variation withcoefficient of drag (Cdis presented onRigure6-39
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Figure 6-39 Orbit lifetime vs Cd

For nominal analysis parameters andc®€fficient of draglispersiorbetweer0.8096and1.1745it can be seen

on Figure6-39 that orbit lifetime is powefunction dependent ocoefficient of drag

Y pRTLY & OQOI | 2

Where:
1 Y s orbit lifetime
1 o iscoefficient of drag

Foranalyzedistribution range, the relative difference3is. 2 %
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6.5.2.6 Reflectivity Coefficient

Orbit lifetime variation wih reflectivity coefficientis presented oRigure6-40:

1,82 N
Orbit lifetime vs @
1,818
o~ .
T 1,816 -
(0]
>
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£ e
2 1,812
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o
1,808
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1,2 1,3 1,4 1,5 1,6 1,7 1,8
Cr

Figure 6-40 Orbit lifetime vs Cr

For nominal analysis parameters andr8fectivity coefficientdispersiorbetweenl.2144and1.7617it can be

seen orFigure6-40that orbit lifetime is linearly dependent &C reflectivity coefficient

Y e @QOId pATTOQDI | (3)

Where:

T °Y s orbit lifetime

1 & isSC reflectivity coefficient

For analyzedlistribution range, the relative differencedi$4 %

pw-sat.pl
67 of 124



PW-Sat2 Preliminary Design Review
201611-22
Phase B

Mission Analysis ' PW+SAT2

6.5.2.7 Solar Activity, F10.7 index

Orbit lifetime variation withF10.7 indexs presented oRigure6-41
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Figure 6-41 Orbit lifetime variation with F10.7 index

For nominal analysis parameters and F10.7 indisgersionbetweenl7.0793 and 296.779t can be seen on

Figure6-41that orbit lifetime isexponentiallydependent on F10.7 index:

Y VXA@DmBIc 0y wWQMI i (4)

Where:

T Y s orbitlifetime
f 'O g4 isF10.7 index

For analyzedlistribution range, the relative difference is 3%
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6.5.2.8 Geomagnetic Activity, AP index

Orbit lifetime variation withAP indexis presented oRigure6-42
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Figure 6-42 Orbit lifetime variation with AP index

For nominal analysis parameters akid index dipersionbetween0 and63.0196it can be seen oRigure6-41

that orbit lifetime is exponentially dependentAiR index:

Y & AGPDBIT b p& OQOI i (5)

Where:

T °Y s orbit lifetime

T 0O isAPindex

Foranalyzedistribution range, the relative differencesiz. 4 %
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6.5.2.9 Summary of singleparameter variation analysis

Table6-8 summarizeshe singleparameter variations results:

Table 6-8 Summary of the singleparameter variation analyses

Distributed parameter

Dispersio range

Orbit lifetime dependency

Launch date

Uniform:
(2016/13/02 2017/13/02)

Oscillaion with relative difference of

19.81 %

RAAN

Uniform: 03 6 0 °

Oscillaion with relative difference of

20.5%

Mean anomaly (M)

Uniform:0-3 6 0 °

Oscillation with elative difference of
0.4 %

Mass

Uniform: 2.63.2kg

Linear with relative difference of 18%%6

Coefficient of drag (Cd)

Uniform: +/- 20 %

Power function, with relative difference
31.2%

Reflectivity coefficient (Cr)

Uniform: +/- 20 %

Linear withrelative difference of 046%

Solar activity, F10.7 index Gaussian: Exponential with relative difference ¢
Geomagnetic activity, AP Gaussian: Exponential with relative difference ¢
index ., P ® M o p@o 53.4 %

6.5.3 DRAG AREA VARIATION ANALYS ES

Similarly to the previous paragraph an analysis of drag area influence on orbital lifetime was conducted for every
considered orbit. Nominal parameters other than drag area are the same as in previous analyses. Drag area
dispesion is uniform from the range 6f22657169 2.01495686 rh(worst case- nominal case)Results for all

considered orbits are presentedragure6-43 Maximal simulation duration was set toQlyears.
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Figure 6-43 Orbit lifetime vs drag area

From the conducted analyses it can be seendtiagt area together with solar and geomagnetic activity indices

has the strongest influence on orbit lifetime. Orbit lifetime dependency on drag area is very complex. For drag
area lower than 0.6¥ and orbits higher than 5%&m t her e i s aible| vehiledopthe'lowerorbits c t v
and drag area higher thén75m>t he *saw" effect can be noticed on

effects is beyond the scope of this analysis, however.

6.5.4 MULTI -PARAMETER VARIATION

For the inclinationsoutside of he range: mJlt mJ Y mp p m'J p o AP Y mthle resonance effects
between thdifferentperturbation forces may have a strong effect on orbit lifetime. Results are not stable in this
range and depend strongly even on small variations of initial parameters. For these orbits it is advisable to use
statistical analysifRD. 2], [RD. 6]. Also many of thePW-Sat2design featuresalinch date or orbit parameters

are still not precisely defined. For these two reasons statistical analysis was chosen as a way to compare results

for all considered orbitg:or every orbit there were two cases considered:
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1 Nominal case with drag area = 2.01495686 A
1 Worst case with drag area0.22657169

Every analysis was performed with the same parameters and distribution configuration, differing only in nominal
orbit parameters as shown Trable 6-9. It should be noted that mass was fixed for every simulation at 3.2 kg
value. Contrary to other simulation parameters, mass will be precisely known prior to launch. Final SC mass
range is already weknown and theorbit lifetime dependency on mass is clearly linear, so the worst cases

scenario of 3.Xg SC mass was taken and fixed to reduce the numhgranigingparameters and simplify the

analysis.
Table 6-9 Multi -parameter variation analyses configuration
Parameter Nominal \alue Dispersion
Launch date 2016/13/02, 09:00:00UT({  Uniform (2016/13/02 2017/13/02)
Semi Major Axis (SMA) differs for every orbi Uniform +/- 20km
RAAN 111738 Uni fo3607D°
Mean anomalyM) 0 Uni f o360 0°
Inclination (INC) differs for every orbi Uniform +/-1 °
Mass 3.2 kg Fixed
Coefficient of drag (Cd) STELA Default file Uniform +/- 20 %
Reflectivity coefficient (Cr) 15 Uniform +/- 20 %
] two cases
Drag area two cases were consider (0.22657169 712.01495686 m2)
Reflectivity Area Same as for drag ar Same as for drag area
Solar activity, F10.7 index In each executiorandom cycle from STELA default
Solar Activity file (se€6.5.5.))
Geomagnetic activity, AP index
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6.5.4.1 Nominal case analyses
Following figures Figure6-44 to Figure6-57) show the orbit lifetime distribution and cumulative lifetime distribution functiongdmducted analyses for the nominal case

for all considered orbits.

SC1 - Lifetime distribution

CNES - STELA version: 2.6.1
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. o L . ) Figure 6-45 SSO780km orbit lifetime cumulative distribution for
Figure 6-44 SSO780km orbit lifetime distribution for multi -parameter analysis multi -parameter analysis
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