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Llenb n obnactb NPUMEHMMOCTM CNPAaBOYHMKA

* Onpenenntb, byayT M B N1aHUPYEMOW
MUCCMM cObNOAATLCA PEKOMEHAALMMN NO
npeaoTBpalleHnto obpasoBaHna KM, u
KaKne MHXeHepHOo-TexHoornyeckue
cnocobbl yTnamnsaumm KA goctynHbl

* N1na cnyTHMKoB maccon meHee 100 Kr

* HanuncaH 1 oTpeueH3npoBaH sKCnepTamm
B 06/1aCTM NPOEKTUPOBAHUA Manbix KA 1
npeaynpexaeHma obpasoBaHUA mycopa
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SMALLSATS 500 kg and smaller
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MICROSATS 100 kg and smaller

NANQSATS 10 kg and smaller

1U cubesat: 1.5 kg 2 3U cubesat: 5 kg 2 6U cubesat: 10 kg

PICOSATS 1 kg and smaller
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CTpyKTYypa CNpaBOYHUKA

Questions Posed by Reader

Are you ‘
designing and

fielding a
microsatellite?

ill satellite stay
in orbit > 25 yrs ‘
after
operations?

Will satellite
survive reentry
to pose impact
risk? ‘

Handbook Chapters

Chapter 1
Overview

Process to identify best
debris mitigation solutions

Chapter 2
Explain Debris Mitigation
Guidelines (and relevant

international/national
standards and laws)

Chapter 3

Determine orbital lifetime of a satellite

Chapter 4

Determine if satellite will survive reentry

If post-mission orbital lifetime < 25 yrs and no debris survives to the ground = DONE
Otherwise = Continue

What best PMD
options reduce
lifetime to

< 25 yrs?

Chapter 5
Propulsion system and drag

augmentation

Chapter 6
Solar sail and electrodynamic

tether

Chapter 7

Trade study: examine tradeoffs of PMD options outlined in Chapters 5

and 6




(Hag)HaumoHanbHblE peKOMEeHAAUMN M CTaHAAPTHI
No NpeaoTBpaLLeHnto obpa3oBaHMa 0b6bekTos KMV

* Bce pekomeHaaUUM M CTaHAAPTbI NO NPeAoTBPALLEHNIO 0OPAa30BaAHMUA
KM ﬁADC Guidelines, ISO 24113, ESA/ADMIN/IPOL(2008)2, NASA-STD
8719.14, TOCT P 52925-2018) otHocATcA K KA ntoboro pasmepa.

* TUNWYHbIEe peKkomeHaauun/cTaHaapTbl 3aBepLUeHna OpPOUTa/IbHOIO
cywecrtsoBaHMA KA:

1. Passivate energetic sources, such as batteries, and vent excess propellant.

2. Eliminate creation of debris, this includes avoiding explosions and
collisions.

3. Ensure that all objects left on-orbit are reentered within 25 years after the
end of oEerationaI life (EOL) or moved to an acceptable graveyard orbit;
both with a probability of 90%.

4. Suggest re-entry casualty risk to humans be less than 104.

° CI'IpaBO‘-IHl/lK MaBHbIM o6pa30N\ ocBeWwaeT nocnegHmne ABa NyHKTa. 6




PacyeT cpoKka opbuTanbHOro cyLlecTBoBaHUA

Empirical — Simple, Intuitive Analytical — Complete, Accurate
= i i i W « STELA
g e a=ae . . . .
i | A A A 47 v'Semi-analytic Tool for End of Life
?;’F V87 4 Analysis
2 B A v'Procured by CNES to support the
= o T IV 777 )
$ /I I FF // French Space Operations Act
< 19 /: / // s 7 e i 2 v'STELA is available for download
% s II 1’111 I] l[I VI/'I ’ég/ ,@S : . i
: 3 A ‘q\;\[ ol : I O https://logiciels.cnes.fr/en/content/stela
E I T o s | . .
= VNIV Sy 7 12 | * Provides flexibility and accuracy in
sl ErIT I F A =1 . . .
SN T e dealing with varying spacecraft
Uz | [ o orientations, solar activity levels,
: \° 002 004 006 008 04| =0.01m/ke . .
OSOOI 400 8!0 800 1010?1210? i(ﬁmrﬁyoezbt;_200f and aItItUdeS/OrbltS
Perigee height (km)

v' Meet 25-year threshold in LEO: circular below ~625km or perigee below ~400km
v’ Effect of increased area increasing drag is evident...


https://logiciels.cnes.fr/en/content/stela

CyllecTBylollee nporpammHoe obecrnevyeHue

HassaHue NO
Debris Assessment Software (DAS)

Orbital Debris Engineering Model
(ORDEM)

Object Re-entry Survival Analysis Tool
(ORSAT)

Debris Risk Assessment and
Mitigation Analysis (DRAMA)
Meteoroid and Space Debris Terrestrial
Environment Reference (MASTER)
Semi-analytic Tool for End of Life Analysis
(STELA)

Spacecraft Atmospheric Re-Entry and
Aerothermal Break-Up (SCARAB)

HasHaueHue NO
[lpoBepKa COOTBETCTBUA MUCCUM
ctaHaapty NASA 8719.14
MopaennposaHMe NOTOKA YacTul,
KOCMMYECKOro mycopa Ha opbuTte

[MPOrHoO3 pMCcKa AOCTUNKEHNA 3EMNU
dparmeHTamm KA npu pacnage

KomnnekcHoe moaenmpoBaHue 3Tana
3aBepLleHnAa mmccmmn

MopenupoBaHne meTeopouaHo-
MYCOPHOrO NOTOKAa Ha opbuTe
MopgennpoBaHue asuxeHma KA nocne
3aBepLIeHnA MUCCUm
MopgennposaHue Bxoga KA
B aTMmochepy 1 ero paspyLueHus

Paspabotumk

NASA

NASA

NASA
ESA
ESA

CNES

HTG Gmbh
(fepmanus)
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BepoATHOCTb BbIXXMBAHUA 0610MKOB KA

* YeTbipe rMaBHbIX XapaKTepPUCTUKMK, onpeaenatolinxX BepoATHOCTb
BbI)XUBAHWA 06/1IOMKOB:
v MaTtepuan: 06bl4HO aNFOMUHWUI U NeYaTHbIE NAaTbl
v’ Macca: o 100 Kr

v  KOHCTpYKUMA: n3beratb KOMMNOHEHT C MOBbILLEHHOW MPOYHOCTbIO U
0COHEHHO C NNOTHOWM YNaKOBKOWM Construction

v’ TpaekTopua BXxoaa B aTMmocdepy Trajectory

Re-entry

- MUKpPO- 1 HAHOCNYTHUKN
NOYTM He NPeaCTaBAAOT PUCK
011 06bEeKToB Ha 3em/ie Unu
B BO34yXxe

- Hy>KHO 6bITb aKKypaTHbIM C
_ _ ‘ NJOTHbIMM 3/1EMEHTaMM TUMA
== - ' - a2 rMpoCKomnoB 1 baTapeit

lustration, not to scale . ~ o . 9




YcTpounctsa yeoaa KA ¢ opbuThbl
M MCNOSIb3YEMBbIE MPU STOM CUJIbI

XNMUYECKMN nnu Pa3BepTbiBaemble ConiHeYHbIN Nnapyc dneKTpoANHAMM-
3/1EKTPOPAKETHbIN Topmo3Aalme 4YeCKUM TpocC
ABuraTenb KOHCTPYKLUMK
PeakTnBHasa cmna Cuna atmocdepHoro Cuna cBETOBOro AaB/NEHUA Cnna Amnepa
ConpoTMBAEHUA

10



YBOA c OpbUTbI TOPMO3HLIM MMMY/TIbCOM

Jlydwas cTpaTerns 3aBUCUT OT BbICOTbl HU3KOM OpbUTbI U TpebyeT OT AeCATKOB A0 COTeH M/C
XapaKTePUCTUYECKOMN CKOPOCTH, YTODbI 06ecneynTb CPOK OPOUTANIBHOTO CyWEecTBOBaHMA 25 net

700

Circularize to 600 km Perigee Dropped to 400 km

AV Requirement (m/s)
8]
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Bpema cxona KA ¢ opbunTbl Kak QYHKLMA ee BbICOTb
M OTHOLLEeHMA NaoLaab-macca
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Mcnonb3oBaHWMe APYrMX BHELHWUX CUN

Solar Radiation Pressure Electrodynamic Tether (EDT)
\)‘] gfé‘f.‘;téﬁé‘n
N
Electric -7 T -
Flight current _- ” _ ,:/ _-"
direction  ____ - ...: _____ ————
&--""""" — -—--
,;Drag force

—)
Geomagnetic l '
field

/I \ Electron

e © emission

©

¢

v’ Solar - simple, slow; deal with stability, durability, & collision cross-section issues

v EDT - flexible, fast; deal with stability, durability, & collision cross-section issues
13



CBeToBOe AaBneHue npeobnanaet Hag CUI0M

aTMOCHEPHOIO TOPMOXKEHMA Ha BblcoTax >700 Km

107

atmospheric drag (low solar activity level) | ]
atmospheric drag (mean solar activity level) 1
atmospheric drag (high solar activity level)
= = solar radiation pressure force

Perturbing force, N

600 650 700 750 800 850 900 950 1000
Orbit altitude, km
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CnorkHoe BpallatenbHoe asukeHmne KA ¢ napycom

Ha BblcoTax >/00 KM: MOMEHTb!

Environmental torque, Nm
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aerodynamic (low solar activity level) | 1
aerodynamic (mean solar activity level) 1
aerodynamic (high solar activity level)
gravity-gradient
—=—=solar
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— 0/1HOro NOPAAKa
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SOPEKTUBHOCTb Napyca

Deorbit Time
Satellite mass
Orbital
k 100 k
altitude 3kg 00 kg
high SA ~1 week high SA ~8-9 week high SA ~6-7 month
700 km mean SA ~3-4 week mean SA ~7-9 month mean SA ~2-2.5yr
low SA ~2-3 month low SA ~2.5-3 yr low SA ~11-11.5yr
high SA ~8 week high SA ~1.5-2yr high SA ~5-6 yr
mean SA ~4-6 month mean SA ~3-4 yr mean SA ~14-15 yr
900 km
low SA ~5-14 month low SA ~4-6 yr low SA >25 yr
high SA ~5-13 month high SA ~4-6 yr
1200 km >25 yr
mean SA ~0.5-1.5yr mean SA ~6.5-7 yr
low SA ~0.6-1.8 yr low SA ~9-13 yr
high SA ~1-1.8 yr high SA ~20-28 yr
2000 km mean SA ~1.2-2yr mean SA ~23-31yr >25yr
low SA ~1.7-2yr low SA >25 yr

25 M? 1151 pa3HbIX cLeHapues

16



Muccum ¢ conHevyHbiM/aTMOCHEPHbBIM Mapycom

* IKAROS (JAXA, 2010) — muccumsa K BeHepe; napyc 200 m?

* NanoSail-D2 (NASA, 2011) — oTpaboTKa TeEXHO/I0TMKN YBOAA C HN3KOW OpbUTbI;
napyc 10 m?

 LightSail 1 (Planetary Society, 2015) — oTpaboTKa TEXHONOMMMN MAaHEBPUPOBAHUA U
yBOAa AN HU3KOOPOMTANbHbIX ManbIX CMYTHUKOB; Napyc 32 m?

* InflateSail (University of Surrey, 2017) — otpaboTKa TexHONOrMM yBoaa ¢ HU3KOMU
opbuTbl; Nnapyc 10 m?

« FREEDOM (Nakashimada Engineering Works, Tohoku University, 2017) —
OTPaboTKa TEXHONOTMKM YBOAaA C HU3KOM opbuTbl; napyc 1.5 m?

 LightSail 2 (Planetary Society, 2019) — oTpaboTKa TEXHONOTMN MAHEBPUPOBAHUA U
yBOAa A1 HN3KOOPOMTaNIbHbIX MabIX CMYTHUKOB; Napyc 32 m?

* NEA Scout (NASA, 2020) — muccua K actepomnay 1991VG; napyc 86 m?
17



OCHOBHble BblBOAbl CIMMTPadBOYHWNKA

e 1nAa cnyTHUKOB Ha opbuTax HMxe 800 KM npobnema 3aBepLleHNA MUCCUM
npoue: MaHEBpP YBOAA AeLlleB/e, K TOMY *Ke eCTb a/ibTeEPHAaTUBHAA onuua
MCNO/Ib30BaTb TOPMOXKeHMe B aTmocdepe (pa3BepHyTb Nnapyc/6annoH)

v'PeKoMeHayeTca BbIMONHUTbL MaHEBP nepexoaa Ha Kpyrosyto opbuTy 600 Km

e lna opbut 800-1000 KM MMeeTCAa HECKOIbKO KOHKYPUPYIOLWMUX TEXHONOTNM
YBOAa, Pa3NNYaoLMNXCA CNOXKHOCTbIO, OTPAabOTAaHHOCTbIO U CTOMMOCTbIO
v'Hanbonee HagexkHaa onuma — NOHM3NTb nepurein Ao 400 Km

* Bbiwe 1000 Km yBOAUTb MOXKHO TO/IbKO C NOMOLLbIO ABUraTena Uan napyca
(3a cyeT cBETOBOrO AaB/eHUA)

v'Hy»Ho 200-300 m/c ans noHuskeHuna nepurea o 400 km namn napyc AMR=1 m2/Kr

* YpoBeHb rotoBHOCTU (TRL) Kaxa0M U3 TEXHONOTMA YBOAA KOPPENNPYET C
4aCTOTOM UX MCNOJIb30BAHMA MO CEU AeHb: ABUratenun => napyca => Tpochbl

18



3aK/JIr04YeHme

* OTBETCTBEHHOE NoBedeHne B KOCMOCe Ba*KHO A4 BCeX 3aKa34YMKOB U
onepartopoB KOCMUYECKUX CUCTEM, HE3ABUCUMO OT UX PaA3MepPd

* Bcé&, YyTo CBA3AHO C KOCMUYECKMM MYCOPOM, BbICTPO MeHsieTcH
v PUCK CTO/IKHOBEHMUA
v CTaHOapTbl M MPaBOBOE peryamposBaHue

v TexHONOMMMU

* CNpaBOYHUK NpeacTaBaaeT AnLlb TeKylee COCTOAHUE Aen B Bonpoce
3KO/1I0MMYECKM OTBETCTBEHHOrO 3aBepLlueHmna mmccum manbix KA.

19



bnaroaapHoOCTH

PaboTa yacTuyHoO noaaeprkaHa rpaHTom POON 18-31-20014-mon_a_Ben
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Trade Study — What is Best for you??

* What can you control and what will provide greatest effects?

Spacecraft Design — Deployed Orbit — Operations — Post-Mission Disposal —— Reentry

A A A

Payload

Propulsive
System

Grapple Point

Material/
Structure

21



Trade Study Results

No deorbit

Cold Gas Lower Perigee
Specific Impulse =60 s

Electric Propulsion

Specific Impulse = 1600 s
Total Thrust =
40 mN

Drag-Augmentation Device
Gossamer Device

Drag-Augmentation Device
Stabilized Drag Sail

Drag-Augmentation Device
Tumbling Drag Sail

Passive EDT

3U/5kg

SR 100 kg/1 m? 100 kg/1 m? 100 kg / 1 m?2
el @700kmSSO = @800kmSSO  @1000 km,
65° inclination
90° inclination
Lifetime 80 yr 50 yr >150 yr >800 yr
Integrated Collision Risk 1.70E-05 4.00E-04 2.30E-03 1.00E-02
Lifetime 25 yr 25 yr 25 yr 25 yr
AV [m/s] 42 28 67 133
Consumed Mass [kg] 0.35 4.7 11 20
Integrated Collision Risk 3.00E-06 1.60E-04 1.80E-04 2.20E-04
Lifetime 25 yr 25 yr 25 yr 25 yr
AV [m/s] 47 30 82 182
Thrust Duration [h] 1.63 21 56 125
Consumed Mass [kg] 0.015 0.20 0.52 1.15
Integrated Collision Risk 3.00E-06 1.60E-04 1.70E-04 2.00E-04
Lifetime 25 yr 25 yr 25 yr 25 yr
Cross sectional surface [m?] 0.1 2 6 40
Integrated Collision Risk 1.60E-05 4.00E-04 8.00E-04 1.30E-02
Lifetime 25 yr 25 yr 25 yr 25 yr
Cross sectional surface [m?] 0.1 2 6 40
Integrated Collision Risk 1.60E-05 4.00E-04 8.00E-04 1.30E-02
Lifetime 25 yr 25 yr 25 yr 25 yr
Cross sectional surface [m?2] 0.1 2 6 40
Drag sail surface [m?] 0.25 4 12 81
Integrated Collision Risk 1.60E-05 4.00E-04 8.00E-04 1.30E-02
Lifetime 25 yr 25 yr 25 yr 25 yr
Tether length [m] 12 120 320 340
Tether width [mm] 10 25 25 100
Increment of drag surface [m?] 0.12 3 8 34




Key Issues Addressed by the PMD Handbook

EFFECTIVE: Will it work?
v’ Can the change in altitude be made by the approach selected? The higher the altitude, the more change is needed.

SWAP: What size, weight, and power (SWAP) is required to implement this approach?
v’ Certain approaches have greater engineering requirements that require additional hardware, software, and controls to
be deployed. Clearly, the smaller your satellite the more likely that these requirements will be demanding.
RELIABILITY: How reliable is the PMD option?

v’ The reliability required for PMD execution is at least 90% but evolving discussions are pushing likely reliability levels to
95% and even to 99%.

v' This may limit PMD options for your use even further. This metric is even more challenging when it is likely that many of
these PMD devices will be activated after having been on-orbit for many years.

ORBITAL RISK: Did you create more risk by executing your PMD?
v’ This is examined as the area-time-product for collision risk but also includes the potential for debris generation during a
PMD deployment (e.g., tether release or deployment of a drag-augmentation device).

GROU(Ij\I?D RISK: Does your system pose a hazard above the suggested 10 probability of casualty on the
ground
v" If you have to execute a controlled re-entry due to the potential of some of your hardware posing an impact risk to

people on the ground, this will likely limit your PMD option to a propulsive system with assured attitude control until re-
entry.



