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PW-Sat2 satellite

e 4th Polish satellite, 2nd from WUT

* PW-Sat2 — student satellite build by
Students’ Space Association, WUT

e Launch 3.12.2018

* Sail deployment 29.12.2018

* Deorbit (atmosphere re-entry)
23.02.2021

* Primary payload - deorbit sail
* Reduction of orbital lifetime
* Passive deorbit system
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PW-Sat2 Sail
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Sail and container

' PW-Sat2 Sail
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International regulations

° Regu Iations introd uced by ESA. NASA For a satellite with an across-track cross-section
’ ’ | collision probability with objects of size from
CNES, suggested by UN/UNOOSA annee

the range: could be expressed as:
e 25 years or less on orbit after mission end

. . . o] e . ?1.

* |In practice collision probability decrease is AcP F (R :I:

the crucial outcome AR RS

" . =1

* Traditionally for spacecrafts with Where:

propulsion: orbit lifetime oc collision e n-numer of impactor size bins

proba b|||ty e  j—particular impactor size bin

Lo . ° ACP — annual collision probability

* No |Onger satisfied for SpaCECFaftS which e  Fj—stream of impactors from the j bin — numer of objects from

area Changes Signiﬁcanﬂy during mission size bin j intersecting the orbit of satellite in question during a

. . . single year
(deployable Sall’ baloon’ tall’ rlbbon etc.) e  Rsc— representative radius of the satellite for which the ACP
—is determined (modelled as a sphere for simplicity)

° rj— impactor radius
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Deorbit sail effectivnhess for sails - definitions

* (Regulations) Deorbit in < 25 years

* (Narrow definition) Sail effectivness in preventing the space debris
issue — collision probability decrease

* (Wider definition) Effectiveness of deorbit system in systems
engineering perspective
* |s the deorbit sail a good alternative to other deorbit systems (e.g. thrusters)

e Cost, mass, volume, reliability, attitude control, power usage, thermal aspects,
pre-launch storage, communication, operational aspects
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Experimental data used for analysis and how it was acquired

° Orbltal parameters (ephemerls) from PW-Sat2 orbit evoluti_on compared with MOVE:II (TLE dat'a)

TLE 6950 |

* TLE —=Two Line Elements, publicly
available orbital parameters shared by
NORAD

* Comparison with MOVE Il —the same
launch container, the same time of
release as PW-Sat2 — the same initial |

. 6600 | |[——SMA MOVE ——SMA PW-Sat2|
orbit O

Semi-major axis [km]
(=]
-]
&)
o

0 100 200 300 400 500 600 700 800

e Photos Of the deployed sail taken by Time elapsed from mission start [days]
the on-board camers
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' PW-Sat2 Sail deployment
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PW-Sat2 Sail deployment
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Experimental data used for analysis and how it was acquired

Percentage of damaged sail surface wrt. nominal sail area

30%

e Visual assessment of the sail surface
conditio after deployment

L ]

L ]

25%

20%

* 28% of Surface material became loose as a 1%

results of appearing tears (2 months after 1o

sail deployment) =
02996!’12/18 31/01/19 06/03/19 08/04/19 12/05/19 15/06/19
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Propagated orbit fitting to actual orbit parameters

* Actual orbit fitting to propagations with different effective

Sail effective drag area fitting to TLE data drag areas — sail area lower than expected by 42.43%
» Difference resulting from unfavourable sail attitude (no
precise AOCS)
;‘;‘:‘B%C_ Orbit propagation for sail of 0.855 m?
| compared with TLE data
6940 —— 0855
6900 [ —&—TLE Data
50 100 150 200 2&0 300
Elapsed cays [day]
. . . ‘e 6800
Orbit propagation for sail of 0.855 m? X
compared with TLE data [%)
; X
Ess:on?L o 6700
< 2,
@ 5500} c
5 £ 6600
% omoéL §
= 5600 | 6500
¢}
) 8500 |
8400 __;__-?—EES?J:‘E ' 6400 _I i i i i i
160 260 360 460 560 SlI)D 760 8ll)0 ?90 T95 BDD 805 81 0 81 5
Time elapsed from mission start [days] Time elapsed from mission start [days]
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Collision probability analysis - assumptions

DRAMA ARES (ESA) Scenario NS TN TC SN SC
* Annual collision prObablllty Propagation Actual Actual orbit Propagation Propagation
. Orbit with orbit ctual orol with with
* Constant orbit around the year 0.0267m?  (TLE) (TLE) 2.015 m? 2.015 m?
Normalized to daily collision probability onifeime g, e e . .
Ephemeris changing for each day
¢ Actual Orbit from TLE Sphere Nominal Nominal Conservative Nominal Conservative
* Propagation with nominal sail 2.015 m?
* Propagation with no sail 0.0267 m? Sphere rad[ir‘:]? 0.092 0.8 1.14 0.8 1.14
Satellite model sphere (ARES)
+ Conservative — great circle of 4 m? MaxP, 1.72E-07 1.15E-06 2.21E-06  1.16E-06  2.24E-06
* Nominal — great circle of 2.015 m?
Total P, 2.88E-04 6.52E-04 1.24E-03  5.96E-04  3.14E-04
11.10.2022 2022 Clean Space Industry Days 12



Collision probability analysis - assumptions

DRAMA ARES (ESA) Scenario NS TN TC SN SC

¢ Annual CO”|S|On prOba b|||ty orbit Pro;\);iiation Actual orbit Actual orbit Pro;‘)’:i:tion Prog‘)’:igt;tion

e Constant orbit around the year 0.0267mz  (TE) (TLE) 2.015 m? 2.015 m?
Normalized to daily collision probability Orbit.if[e;;?; oo e e . .
Ephemeris changing for each day

¢ ACtuaI Orbit from TLE Sphere Nominal Nominal Conservative Nominal Conservative

* Propagation with nominal sail 2.015 m?

* Propagation with no sail 0.0267 m? Sphere rao;in‘ﬁ 0.092 0.8 1.14 0.8 1.14
Satellite model sphere (ARES)

* Nominal — great circle of 2.015 m?

Total P, 2.88E-04 6.52E-04 1.24E-03  5.96E-04  3.14E-04
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Collision probability analysis - assumptions

DRAMA ARES (ESA) Scenario NS TN TC SN SC

* Annual collision probability L POPSENION ot Acwslonbie  POPSERton  Propagation

e Constant orbit around the year 0.0267m2  (E) (TLE) 2.015 m? 2.015 m?
Normalized to daily collision probability Orbit.ifg;r;; oot e e . .
Ephemeris changing for each day

e Actual orbit from TLE Sphere  Nominal Nominal Conservative Nominal Conservative

* Propagation with nominal sail 2.015 m?

* Propagation with no sail 0.0267 m? Sphere ra‘?ﬂ‘ﬁ 0.092 0.8 1.14 0.8 1.14
Satellite model sphere (ARES)

. Conservative — great circle of 4 m? MaxP, 1.72E-07 1.15E-06 2.21E-06  1.16E-06  2.24E-06

* Nominal — great circle of 2.015 m?

Total P, 2.88E-04 6.52E-04 1.24E-03  5.96E-04  3.14E-04
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Collision probability analysis - assumptions

« DRAMA ARES (ESA) Scenario NS TN TC SN SC
 Annual collision prOba b|||ty X Propagation .\ . Actual orbit Propagation Propagation
Orbi with with with
* Constant orbit around the year N ooserme T (TLE) ) 015 1 015 1
Normalized to daily collision probability Orb,tl,ffdt;r;; oo e e . .
* Ephemeris changing for each day
* ACtuaI Orbit from TLE Sphere Nominal Nominal Conservative Nominal Conservative
* Propagation with nominal sail 2.015 m?
* Propagation with no sail 0.0267 m? Sphere ram 0.092 08 114 0.8 114
 Satellite model sphere (ARES)
+ Conservative — great circle of 4 m? MaxP, 1.72E-07 1.156-06 2.21E-06  1.16E-06  2.24E-06

* Nominal — great circle of 2.015 m?
Total P, 2.88E-04 6.52E-04 1.24E-03  5.96E-04  3.14E-04
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Collision probability analysis - assumptions

DRAMA ARES (ESA) Scenario NS TN TC SN SC

¢ Annual CO”|S|On prOba b|||ty orbit Pro;\);iﬁtion Actual orbit Actual orbit Pro;\);iﬁtion Pror;:i%z;\ltion

e Constant orbit around the year 0.0267mz  (TE) (TLE) 2.015 m? 2.015 m?
Normalized to daily collision probability Orbit.if[e;;?; oo e e . .
Ephemeris changing for each day

¢ ACtuaI Orbit from TLE Sphere Nominal Nominal Conservative Nominal Conservative

* Propagation with nominal sail 2.015 m?

* Propagation with no sail 0.0267 m? Sphere rao;in‘ﬁ 0.092 0.8 1.14 0.8 1.14
Satellite model sphere (ARES)

* Nominal — great circle of 2.015 m?

Total P, 2.88E-04 6.52E-04 1.24E-03  5.96E-04  3.14E-04
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DRAMA ARES (ESA)

* Annual collision probability
e Constant orbit around the year

Normalized to daily collision probability

Ephemeris changing for each day
e Actual orbit from TLE
* Propagation with nominal sail 2.015 m?
* Propagation with no sail 0.0267 m?

Satellite model sphere (ARES)

* Conservative — great circle of 4 m?
* Nominal — great circle of 2.015 m?

11.10.2022

Collision probability analysis - assumptions

Scenario NS TN TC SN SC
orbit Pronc:tion I-:)crti;xiil Actual orbit ProT;\igt:tion Progxﬁztion
0.0267 m? (TLE) (TLE) 2.015 m? 2.015 m?
Orbit lifetime g9, 786 786 427 427
[days]
Sphere Nominal Nominal Conservative Nominal Conservative
Sphere raiin‘ﬁ‘ 0.092 0.8 1.14 0.8 1.14
Max P, 1.72E-07 1.15E-06  2.21E-06 1.16E-06 2.24E-06
TotalP,, 2.88E-04 6.52E-04 1.24E-03 5.96E-04 3.14E-04
17
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Collision probability analysis - assumptions

 DRAMA ARES (ESA) Scenario NS N TC SN sC
¢ Annual C0||iSi0n prOba b|||ty Propagation Actual Actual orbit Propagation Propagation
. Orbit with orbit with with
e Constant orbit around the year 0.0267m?  (TLE) (TLE) 2.015 m? 2.015 m?
Normalized to daily collision probability omieme g, e e . .
* Ephemeris changing for each day
e Actual orbit from TLE Sphere  Nominal Nominal  Conservative Nominal Conservative
* Propagation with nominal sail 2.015 m?
* Propagation with no sail 0.0267 m? Sphere rad[ir:‘;‘ 0.092 0.8 1.14 0.8 1.14
 Satellite model sphere (ARES)
+ Conservative — great circle of 4 m? MaxP, 1.72E-07 1.15E-06 2.21E-06  1.16E-06  2.24E-06

* Nominal — great circle of 2.015 m?
Total P, 2.88E-04 6.52E-04 1.24E-03  5.96E-04  3.14E-04

Results
P_m — cumulative collision probability during lifetime

11.10.2022 2022 Clean Space Industry Days 18



' Results of the collision probability analysis

Daily collision probability (Pq) and cumulated mission collision

6 robability (Pm), all scenarios x103
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| T s Scenario NS ™ TC SN sC
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' Results of the collision probability analysis

Daily collision probability (P4) and cumulated mission collision

2 2362 10 probability (Pm), all scenarios ><21cu“3 Scenario NS TN TC SN SC
. [ | | | | | | | | | ]
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1 _ pagation Actual . Propagation Propagation
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Flux (sfu)

Solar Radio Flux (10.7 cm)

240
. Observed Monthly Mean
220 7 =—— Observed 13-mon Smoothed
] —— 95 percentile
2000 — 75 percentile
180 1 — 50 percen.hle
1 — 5 percentile
160 1
140 1
120
100 1
804
N i
E | |
60 — N

T 1 T T 1 T 1 T 1 T 1 T 1 T 1 T 1 T 1 T 1 T
2018 2%]19 2020 2[]1:1 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032

D>

PW-Sat2 mission duration

Year

2022 Clean Space Industry Days

Collision probability analysis — Solar activity influence

Solar cycle 11 years

Balancing of solar maximum and
solar minimu effect over 13.4
years (no sail)

No balancing for 2.15 years on
orbit (TLE, actual orbit)

PW-Sata2 launch during the
prolonged solar minimum

Elimination of solar activity cycles
influence

* New scenario — constant solar
activity over mission lifetime
F10.7 = 140 sfu; Ap = 15 (ECSS)

1 sfu = 1022Wm=2Hz1

21



' Constant solar activity - results

Daily collision probability (P4) and cumulated mission collision probability Daily collision probability (P4d) and cumulated mission collision probability
(Pm), all scenarios (Pm), all scenarios
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' Constant solar activity - results

Daily collision probability (Pq) and cumulated mission collision probability (Pm),
all scenarios
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Collision probability analysis - conclusions

For orbit lifetimes far from integer multiple of solar cycle (11 years). Solar phase during sail deployment is a
critical factor for final collision probability.

Sail deployment near solar maximum decreases orbit lifetime and total collision probability

Proper sail sizing for 25-year orbit lifetime should minimize the influence of initial solar phase on total
collision probability (minimums and maximums would equalize)

Short orbit lifetime and sail deployment close to solar minimum could result in the increase of the total
collision probability after sail deployment

Historically, foreseen space debris population increase has been underestimated (e.g. megaconstellations) —
better to deorbit faster even with the same collision prob

Collision model used doesn't differentiate between the collision with sail surface and sail structure - collision
with sail surface is not necessarily catastrophical in effect
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PW-Sat2 sail effectiveness space

* Popular small satellite platforms up to 100 kg analysed

* Popular orbits - SSO + other examples (40° and 60°)
e PW-Sat2 exact sail size — 4 m?— the same as tested on orbit (no scalability)

Parameter Values
Platform | 2u 3U 6U 12U 24U 48U Sf;;’
Mass [ke] | 2,6 3,9 7.8 15 30 60 100
Drag area [m?] | 0,0267 | 0,0455 | 0,0667 | 0,0979 | 0,1571 | 0,2509 | 0,8376
Drag area (with
i) ] | 20157 | 20188 | 2,0210 | 2,0274 | 2,0466 | 2,0685 | 24553
Masstoarea | o) o1 | gogs | 1168 | 1526 | 1920 | 2383 | 1200
ratio[kg/m?]
Masstoarearatio | ) 59 | 194 | 386 | 739 | 146 | 2902 | 40,96

(with sail) [kg/m?]

11.10.2022

2022 Clean Space Industry Days
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' PW-Sat2 sail effectiveness space

No sail PW-Sat2 sail
SSTL- SSTL-
2U 3U 6U 120 24U 480 oo 2U 3U 6U 120 24U 48U 100
Mass to Mass to area
area ratio 129 194 38 739 14,60 29,02 40,96 atio (kg/m?) | 9761 8585 1168 1526 1920 2383 1200
[kg/m?]
800 km 160,6 1482 1799 1933 1992 1997 177,10 800 km 3100370 600 1240 2630 4960 70,70
750 km 104 93 1189 1491 173,83 1898 121,90 750 km 270 300 410 660 1450 3110 43,30
700 k 230 250 3,10 4,00 690 1670 22,40
700 km 586 49,7 642 90,5 108,4 1348 65,7 m
650 km 302 264 353 482 60,1 73,5 357 650 km 1,90 220 2,60 320 420 740 12,20
500 km 3,7 3,6 4,1 4,7 5,6 71 41 500 km 020 030 0,70 1,30 2,00 2,40 2,70
11.10.2022 2022 Clean Space Industry Days 26



' PW-Satz Sail effeCtiveneSS Space PW-Sat2 sail is insufficient to

deorbit in < 25 years

No sail PW-Sat2 sail

SSTL- SSTL-
2U 3U 6U 12U 24U 48U 100 2U 3U 6U 12U 24U 48U 100

Mass to Mass to
area ratio 1,29 1,94 3,86 7,39 14,60 29,02 40,96 area ratio 97.61 85.85 116.8 152.6 192.0 238.3 120.0

[kg/m?] [kg/m2]
800 km 160,6 1482 1799 1933 1992 1997 177,10 800 km 310 3,70 600 12,40 mueEE
750 k 2,70 3,00 4,10 6,60 14,90 31,10 43,30

750 km 104 93 1189 149,1 1738 189,8 121,90 m
700 km 2,30 2,50 3,10 4,00 6,90 16,70 22,40

700 km 58,6 49,7 64,2 90,5 1084 1348 65,7
650 km 30,2 26,4 35,3 48,2 60,1 73,5 35,7 650 km 1,90 2,20 2,60 3,20 4,20 7,40 12,20
600 km 14,7 13,4 17,7 23,2 30,1 35,6 17,6 600 km 1,40 1,70 2,20 2,60 3,10 4,30 5,30
500 km 3,7 3,6 4,1 4,7 5,6 7,1 4,1 500 km 0,20 0,30 0,70 1,30 2,00 2,40 2,70
Don’t require sail to deorbit in < 25 years PW-Sat2 sail enables deorbiting in < 25 years
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Spacecraft with thrusters — comparison with sail

Spacecraft heavier than 20 kg are usually

equipped with thrusters
* Delayed deorbit

Which is better for deorbit - adding more

propellant or deorbit sail?
* For mass minimization

Platform-orbit pairs close to 25 years lifetime

from previous analysis

* Best fit of sail size to platform/orbit

combination

2 edge cases of ISP values commonly used for

small satellites
e 320s
e 200s

11.10.2022

Propellant mass [kg] required to perform delayed deorbit for
chosen platform/orbit pair

6U 12U 24U 48U SSTL-100
lsp [s] 800 km SSO 800 km SSO 750 km SSO 700 km SSO 700 km SSO
320 0,2 0,41 0,68 1,16 1,42
[ke]
200 0,32 0,65 1,10 1,86 2,10

Mass of the whole sail subsystem— 0,6 [kg]

2022 Clean Space Industry Days 28



Spacecraft with thrusters — comparison with sail

Spacecraft heavier than 20 kg are usually
equipped with thrusters

* Delayed deorbit

Which is better for deorbit - adding more

propellant or deorbit sail?
* For mass minimization

Platform-orbit pairs close to 25 years lifetime

from previous analysis

* Best fit of sail size to platform/orbit
combination

2 edge cases of ISP values commonly used for

small satellites
e 320s
e 200s

11.10.2022

Propellant mass [kg] required to perform delayed deorbit for

6U

chosen platform/orbit pair

12U 24U 48U SSTL-100

lsp [s]

800 km SSO

800 km SSO 750 km SSO 700 km SSO 700 km SSO

320

200

0,2

0,32

0,41 0,68 1,16 1,42
kel
0,65 1,10 1,86 2,10

Mass of the whole sail subsystem — 0,6 [kg]

Even if a sattelite is equipped with thrusters, it
may save mass to add drag sail for End Of Life

2022 Clean Space Industry Days

purposes
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Other systems engineering considerations

* Other system engineering aspects: * For other aspects than mass and
e \Volume deorbit effectiveness it is impossible to

, give general comparisons. These
* Required power/energy aspects are too mission specific.
* Thermal aspects

e Space environment — energetic particles

* Some important, general points of view
Long-term pre-launch storage

will be presented to guide system

* Attitude control syststem requirments engineers through possible

« Communication considerations for drag sails when end-
« Operational aspects of-life strategy is designed.

* Reliability

Cost (finance)

11.10.2022 2022 Clean Space Industry Days 30



Other SE considerations - volume

Theoretical density [kg/m?3] of the propellant required for
delayed de-orbit to achieve the PW-Sat2 sail system volume

* Depending on the number of factors it
may be beneficial (from volume
perspective) to fit deorbit sail on a sp[s] | 800km  800km  750km  700km 700 km

. . SSO SSO SSO SSO SSO
satellite with thrusters

6U 12U 24U 48U SSTL-100

320 652.3 1337.2 2217.9 3783.4 4631.4

* Sail may be smaller than additional
tank (if needed for deorbit propellant)

200 1043.7 2120.0 3587.7 6066.5 6849.3

Mass of the whole sail subsystem—600 g,
Volume of sail subsystem — 0.306 |

Example propellant densities:
- Kerosene 810 kg/m3
- Hydrazine 1021 kg/m?3
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' Other SE considerations - power/energy

* Itis however, advisable for the spacecraft to « PW-Sat2 sail deployment system uses approx.
perform detumbling before deploying the sail 2 W of power for 60 s (for thermal knife) to
which may cost additional energy. deploy the system. Rest of the energy required

is already stored in sail springs. This is the total
energy consumption of the system during the
whole mission.

* Depending on mission design, if satellite is to
be operational after sail deployment (as PW-
Sat2 proved to be possible) sail will influence
satellite power budget as it will may cast
shadow on the solar arrays.

* For PW-Sat2 average power gathered from
solar arrays decreased, however it was still
possible to operate the satellite in more
energy-conservative mode
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Other sys eng considerations — thermal aspects

* PW- Sat2 sail deployment system * Deployed sail will impact thermal
requires 2W of power for maximum of budget of the satellite by keeping the
60 s. There is no other heat generation bus in its shadow
involved in the system operation * Thermal aspects are necessary to be

* Deorbit sail may act as a large radiator, taken into account only if the satellite
either collecting a lot of heat from the is planned to be operated after sail
Sun or radiating it away into deep deployment.

space. In PW-Sat2 case it was solved
by good thermal insulation between
the sail and satellite bus.

 PW-Sat2 didn’t have any thermal
problems after sail deploying and it
was equipped with only a rudimentary
thermal control system consisting of
battery heaters.
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' Other SE considerations — space environment

* |n case of PW-Sat2 mission there was * Potential charge accumulation either didn’t

no sign of sails influence on the
satellite’s space environment
resilience.

happen or had no impact on PW-Sat2 mission.
However, this aspect should be thoroughly
analysed for missions with sensitive electronic
instruments if they plan to use these

o Drag sail is made of an aluminized instruments after sail deployment.

Mylar foil deployed on 4 flat steel
springs (arms). It was not electrically
isolated from the container to avoid
potentially collect electric charge.

11.10.2022

2022 Clean Space Industry Days 34



Other sys eng considerations — long term storage

 PW-Sat2 sail did not have any elements * Possible problems to be analysed:
storing the electrical energy, pressurized
tanks or materials that degrade under

sunlight or in presence of Earth’s
atmosphere. « The lubricant used for sail surface

connection with the arms may migrate
with time during prolonged storage

o Springs required for sail deployment may
undergo relaxation under constant load

 Sail deployment doesn’t require
electrical motors which are susceptible

for malfunction after long term storage o Itis also unknown how the sail surface
pre-launch or on orbit. would behave after long term storage in

e Although, such effects were not folded state
observed for PW-Sat2, there were no « Dyneema wire creep
studies of the impact of long term storage
on the sail system.
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Other sys eng considerations — attitude control

* In general flat drag sails (as in PW-Sat2 * PW-Sat2 didn’t have any means of
case) do not acquire stable attitude detumbling after sail deployment and it
naturally. was tumbling slowly enough to maintain

* As was shown during a test campaign in a stable communication after sail

Drop Tower (ger. Fallturm) in Bremen, sail ~ deployment
deployment is a dynamic process taking  « Sail deployment may influence the center

approx. 0.6 s. Because of that satellite of mass and satellite moments of inertia
might start tumbling and require which may make the detumbling
detumbling again after sail deploymentif  impossible for a given AOCS system that
stable attitude is required post- was not designed accordingly

deployment. To minimize this effect there
is a bearing on connection between sail
surface and container.
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Other sys eng considerations — drop tower test

FASTCAM MC2-10K FASTCAM MC21-1
250 fps 250 fps

11250 sec 1/250 sec
512x512 512x512

Start : Start

frame . 1570 | : | frame : 1570
+00:00:06.280 = | i +00:00:06.280
Date: 201711/30 i Date: 201711/30

Timne: 11:29 : Tirme : 11:29

FASTCAM MC2.1-1.. FASTCAM MC2-10K
250 1ps 250 fps
i 1/250 sec 141250 sec
B 512x512 512x512
Start
frame : 1570

+00:00:06.280 : +00:00:06.280
| Date : 2017/11/30 Date: 2017/11/30

Time: 11:29 Time: 11:29
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Other SE considerations — communications

* Drag sail may influence satellite In case of PW-Sat2 pre-launch analyses
communication with ground in two ways: showed that 6 um of sail surface should not
. During deployment, sail (it is attached via impact communication. In reality the
conical spring to the satellite bus, this satellite maintained the stable
connection is not stiff) may collide with communication with the ground after sail
deployed antennas potentially damaging deployment till the end of the mission (2y).
them. For that reason, it is advisable to It was, however, noticable for the operators
perform the detumbling before sail that there was a slight change in antenna
deployment characteristics.

o Sail may cause the omnidirectional
antennas to become slightly directional.
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Other SE considerations — operations

* For operators a deorbit sail is a very  As mentioned previously, it is advisable
simple device, it doesn’t require to perform detumbling before
electrical motors, pyrotechnical devices deploying the sail and also to take into
or any pressurized elements. After the account possible changes in power,
telecommand for deployment the thermal and communication budgets
resistors ‘cut’ the wire holding the sail due to sail deployment. These aspects
inside the container and the springs may influence the way the sail will be
allow the structure to unfold. used from operator’s perspective
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Other SE considerations — reliability

 PW-Sat2 sail deployment system
doesn’t require any of

e Electric motors
e Pressurized elements
o Pyrotechnics

* After thermal knife cuts the dyneema
wire the deployment happens thanks
to energy stored in springs.

* Sail deployment system was equipped

with a ,,clock” which counted time
from the last communication with the
ground. In case of loss of
communication (or no communication
after launch) sail would deploy
automatically after 30 days, so a failed
mission may still deorbit in line with its
requirements. This time could be
functional without OBC and using the
power from solar arrays directly
(bypassing batteries in case of their
failure).
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Other SE considerations — finance

Estimated
Element cost [€](2019) Description
Mylar foil 200 Mylar foil double aluminized, thickness 6 um and
. 25 pum
* PW_Satz Sall deployment SyStem Wwas Flat springs 50 Sail structure arms
IOW COSt N prOdUCt|On Sail pin 100 (cost includes material, manufacturing and
coating)
* The quoted costs do not include R&D,
. . Conical spring 100
prototyping, wages, test campaign or
facilities required to assemble the Sail container 1000 Container f:md cover .(cost includes material,
. .. manufacturing and coating)
SyStem and Integrate It |nt0 the Sail release mechanism 1000 (cost includes material, manufacturing and
satellite (cleanroom etc.). coating)
] ] Other mechanical parts
* Indicated prices are from 2019 (e, bots small 100
2550 €
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Conclusions

* Deorbit sails effectiveness should be assessed based on the total collision
probability reduction instead of orbit lifetime reduction

* Sails fitted for short orbit lifetime (up to few years) require careful collision
risk assessment and optimization of the sail deployment time with respect
to solar cycle phase

* Deorbit sail may be an attractive solution even for spacecraft with on-
board propulsion

e Deorbit sail has number of advantages as a passive deorbit subsystem
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