USC '
Viterbi 10th JAASS Conference

El Segundo, CA
May 15-17, 2019

USC Space Engineering Research Center (SERC)

Design-Based Safe Operable Metrics for Earth Regime RPO

David Barnhart, Rahul Rughani, Jeremy Allam, and Kyle Clarke
http://serc.usc.edu



http://serc.usc.edu/

ey The (Good) Problem:

“2Z3 “Non-traditional” Space Applications are here!

Rapid expansion in the number & types of commercial space
applications is creating new opportunities for advanced space missions

Image Source:
Orbital ATK

Image Source: UNOOSA / Sierra Nevada Corp

Challenge? How can governments/private sector
work together to avoid more risk to the “global
commons of space” for these emerging applications?
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Viterbi How iIs it done today? Through “Norms”

Sciences Institute

Much of the existing space governance framework
IS based on norms

« Example: Freedom of overflight
for satellite reconnaissance
e Launch of Sputnik in 1957 helped
set the norm that satellite overflight

did not breach territorial
sovereignty

By mid-1960s, freedom of overflight
was a generally accepted norm

 Was not codified into “hard law”
until Outer Space Treaty of 1967
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Quick example of Economic Impact analysis on loss
of space assets that affect people/every day life...

« Economic loss of GNSS for 5 days from any cause...

“Economic Impact of the loss of GNSS to the UK”, Andy Proctor, UK
Impact of Loss of GNSS (for o days) Government PNT Group, Delegate to ESA Board of Navigation, Nov 2017

»  The economic impact to the UK of a five day disruption to GNSS has been estimated at EFI’[I C Hl Appl | C E|t| ons
£5.Zbn.

GNSS LOSS

LBS, 0% Loss of GVA
Surveying, 7% — Other, 0% Infrastructure Aspect RAG (direct+secondary)
(five days)

Loss of utility benefits
(five days)

Other infrastructure, 0%

See Maritime
£22.5m transport
infrastructure

Space Satellite communications

Emergency and

Transport See Maritime usage

]

justice . Maritime transport infrastructure £1,069.3m L
309 infrastructure applications
Loss of GVA
. . Loss of utility benefits
Application Aspect RAG (direct+secondary) i} v
X (five days)
(five days)
Surveying All applications - £344.8m £-
Automatic train doors - £2.8m
Food, 3% Rail, 22 Rail
Train cancellations - £77.7m £12.7m
Consider ths a LOWER EOUND Road Navigation | B £1,859.7m
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Proposed Solution:

Consortium for Execution of Rendezvous
and Servicing Operations (CONFERS)

Goal: Develop and introduce industry-consensus standards for
new emerging applications for cooperative rendezvous and
proximity operations and on-orbit servicing (RPO & OOS)
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1.

2.

USC Charter: Survey current RPO & OOS Operations
& Recommend Changes/Inputs

“Rendezvous and Proximity “*On-Orbit Servicing (O0S)”:
Operations (RPO)”: Timelines, Timelines, actions, maneuvers, interactions,
actions, maneuvers between two manipulations, between two different space
different space platforms from distance platforms within several meters to
(>100km) to within several meters contact/dock/grapple/connect etc.
First year tech focus: Complete Second year tech focus: In Progress

Database survey of past RPO missions revealed no specific “standard” on rendezvous schema
(distance, velocity, gates, phases, etc)

1. No concurrence on use of specific nomenclature or lexicon to describe rendezvous
2. No concurrence on graphical representation or depiction of “rendezvous”

First set of RPO safety metrics created to begin discussions with industry

Initial survey with first industry members candidates

RPO survey results and metrics presented in Bremen Germany at IAC
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CEeM Results of 1t year: Three initial RPO Metrics created for

N discussion

#1: Contact Velocity #2: Remote Influence #3: Control Accuracy

VUprojected MCO

Metric value x = D

Wprojected

Metric value x = Metric value x =

Vmax Dmax

e Inputs: Physical values of Servicer and Client Spacecraft, desired performance
e Qutputs: Unitless ratios; <1 :safe, >1:risky

Metrics applied to past (and current) missions appear to follow ratio of “low riskiness” ...

Mission Details

Metrics

Name Primary Organization |Target Date Contact Velocity |Remote Influence |Control Accuracy
STS-41C NASA Solar Max 4/9/84 0.1523 0.154 0.245
Dragon SpaceX ISS 5/22/12 0.0295 0.00585 0.0198
Apollo 11 (LEM) [NASA CSM 7/21/69 0.8119 0) 6.45
MEV-1 Northrop Grumman [Intelsat-901 2020 0.3221

RESTORE-L SSL Landsat-7 2022 0.2909

O.CUBED Airbus TBD (GEO) 2023 0.393




Second Year Initiative

Develop background on OOS “ Safety” and
“Interfaces”

 Develop OOS Topology of
Functions/Attributes from the initial Mission
architecture

 Assess existing Standards (domain agnostic)
against Topology

* Initially Populate Quantitative values for
topology attributes

* Develop process to Identify most relevant : e  uE
Functions:Attributes suitable for Standards On-Orbit Servicing Example

« Initial look at transit orbit optimization for Credit: Astrium Services
RPO missions from projected spatial density
plots
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Pl Initial OOS Safety Posture drivers

OQOS Safety
Posture

|
| |

Mission

(Service) Non-
Completion

Servicer/Client Debris
Operation Mitigation
Anomaly

| |

RPO Remote
Metrics Influence/lnterference

Contact Actions



CONFERS draft initial architecture describes various OOS
mission “elements”

Depart

‘ %:arking Orbit <& ‘
¢ Quiescent Ops Return to ‘%

parking orbit
-
Ascent to ' Rendezvous
Parking Orbit ~

Non-Docking Option

Prox Ops
Inspection Dock . A
eparation

<&
Orbital . ’% & ' & | ¥ and Backout . L Client conti
Servicing | cten s PN o > oo

o) ps Life extension

' Orbit reposition
‘ Refueling
Self refueling at Depot
Manipulation A

Early Orbit Checkout Refueling B
ORU add/replace
Debris collection
Disposal of debris andior client
) isposal of used parts and/or servicer
D | & . Di | of d d/ i
ISposa (descent in LEOS graveyard on GEQ)
Launch Ascent Obs ' A-stack with client ’
1 Ops P A B-servicer alone B

Each of the Mission Elements translates to more detailed “Execution Functions”
that translate into hardware or software to enable the Mission Element to succeed



Decomposition of OV-1 Mission Element into Initial
“*O0S Topology”

An initial Topology was created to attempt to capture the various functions and attributes that
could contribute to a Mission Element

The elements of the Topology were defined as “functions” and “attributes”
“Function” defined as an activity required to affect a particular OV-1 OOS element
« There can be multiple functions required for each element

 Functions are defined as actions that are either primary or secondary activities that
correspond to a particular event in the OV-1 for a particular Service

“Attribute” defined as the quantitative metric or characteristic to enable a function to be
executed or satisfied

* Depicted as “Function:Attribute” in our internal nomenclature
Finding Attributes in many cases are straightforward

« Many have measurable value metrics that can be logically assigned or estimated or
calculated

What is not straightforward is identifying attributes that affect “ Safety” as defined in our OOS
analysis context at the beginning...

» Subject of next 6 months of analysis
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Initial OOS

opology

A 4

Ascent to Parking Orbit Standard Spacecraft Operations

= Depart Parking

Standard Spacecraft Attributes

Pre-Service Preparations

Minimum Fuel Remaining at Client Orbit

Transit Conjunction Analysis

Rendezvous

Minimize Conjunctions

Far Field (10's km to 100's m)

Far Field Range Aoquisition

Mid-Field { 100m to 5m)

Mid-Field Range Acquisition

Close Field (50-5m)

- Proximity Operations

Close Field Range acquisition

Point Cloud Acauracy for Tracking

Pre-Contact

Near Field Tradking

Validation of Client

RF Energy to Client

Max digital timing error between Servicer /Client

Amplitude-Brightness for Action(s)

g vinum el Remaining o Cent orbit_
T
 For i Romoe ncaustion |
 i-Fiok Range Acquision |
E ciose el Ronoe acauition |
E™ o cloud Accuracy or Trackng |
E veor vt rocing |
B obatonof chent |
e coey o cient |
T —————
E ™ soiuce-orightnss or Acton(s) |

Non-Interference

Plume impingement to client

Thermal impingement upon client
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Inspirations to Draw From

« Automotive Industry - 225 million licensed
drivers in US with 268.8 million registered cars
[4,5]

* Nuclear Industry - Activities not just local
impact but global in reach [1]




Terrestrial Servicing Platforms and their “safety protocols” may provide
valid communicable analogies for OOS industry to consider...

Hum3D

FREIGHTLINER #035

Resilient operation of engine (“propulsion”) system to avoid collision

Clear control for “Robotic arm” to avoid service failure
Clear View for arriving (*Rendezvousing”) at servicing location

Clear communication for locating servicing item



Mining of initial Space standards list for
guantitative information*

Quantitative | Applicableto |Applicable

Viterbi

Type Standard Idenftifier Intended Use Values? |RPO in Space?| to 00S§?
Spacecraft |dentification Feild Code
Prusical 2 Procadim C~renS 290 MW7 Banuastinn acsioning and CI0 fiald cad
Quantitative | Appil Applicable
Tw e Standard Iden tifier Intended Use Walues R PO to OO ST
Spacecaft Idemtification Feilld Code
Py sical Assignment Procedures COSDS 320.0-M-F Reguesting, assigning, and relinguishing SCID fisld codes ' e '
Mitigation of Impacts I1SO 11227 2012 Sizing surface Mmaterials under debrisimicrometercid inpacts ' e e
Protomn Fliee at S EO 1SO 12202 2015 Solar cell de gradation s T v
Electromagnetic Commpatibility 1SO 14302 2002 EmM compatibility e N
1S5S0 246527 2009 Emn imerferano=s (sy stem lewvel ) s s
IS0 24637 2009 Er imerfersncs (squiprment lewvel} e '
ANAS S-1214-201F Design practices for EM compatibility ' e N
Launch Wwehide Interface to Spaocecraft 1SO 1432032 2002 Forrmat fTor specifying interface (does not lirmit design)
Structural De sign IS0 14622 2000 Determine loads during launch and operations
Launch Wehide Loading Test 1S5S0 1495 3= 2000 LCIEICirIg level gualification test of LW
Exchange of Mathematical Models for e ge of models between contractors and launch providers. Standard modeling behavior. DOES
Dyvnamic and Static Analy sis 1SO 14954 2005 SR T i e T S A o
Pressurized Structures 1SO 14522 2002 Dest practices fTor metallic and COPW vessels s
IS0 24638 2003 All pressure cormponents other than pressure vessels (lines, fittings, valves, etc) '
ARSHALAA S-05168- baseline reguirements for COPY
AMSIALAS S-0S05- baseline reguirerments for components other than Pvs
Compatibility of Materials IS0 1462 Testing for safety of materials (lammability, outgassing, permeability, etc)
Surface Cleanliness of Fluid Sy sterms 1S5S0 1Tags2 cleanliness of Tluid sy stermms Tor GSE, LW, and S s
Contamination and Cleanliness Control IS0 15385 2012 Baseline preferred program elements recommeded for contamination contral
D etermination of stress/strain distribution and margins under loading. Static failures: rupture,
Stress Aanalysis 1SO 165454 2007 colapse, yvield. DOES MNOT COVER FATIGUE
Guidance for sy sterm engineers on what to simulate and how to iNncorporate results. Minimum set of
Sirmul ati on IS0 16781 2012 regs. WVERY CEMERAL
Technical info on developrment of spacecraft utility connectors (power, dataa, fluid, etcy. Divided into
Connectors for Serviceakbility AlAs G-OF2-1995 3 classes (Manuall/EWV A, Robotic, and Autormatic) e N
Technical info on design of 3 mMmechanical interfaces reguired for servicing: grapshing by
Srasping., Berthing, Docking Intermaces AlLs ©S-0S56-1992  telercbolic/visual manipulation, berthing of pavicads or spacecraft, and docking of spacecraft ' v
Servicing
Comrmunications O n-board Communication CcosDEsE Sols Sharing of iNnstrurments between two spacecraf while docke d e ha
M essage format for transferring oroit information betwe 2N space agendes and commercial or
Information Cirbit Data Messages COoSDS S02 0-B-2 governmental spacecraft operators '
Tracking Data Message CCSEDS S032 0-B-1 Message format Tor use in exchanging spacecraft tracking data between space agencies '
Attitude Data Messages COSDS 504 0-B-1 Message format for use in transferring spacecraft attitude data bebween space agencies '
M essage format for use in exchanging spacecraft conjunction information behween originators of
Cojunction Data M essage 2 asssssment and satellite owneroperators
Exchange of Orbit | iformation ISO/TR 11233 201 How to describe orbit determination and estimation technigues
Standard Mmessage formats Tor use in transfering spacecraf oroit iNformation betweaen space
1SO 26900 2012 agencies and corrmercial or govemmeaental SC operators (OP R, OB, OERM ) s
Waocabulary for space automation and robotics 1o aid in mutual understanding of robotic automation
Telerobotics Lexicon Alas, S-066-1995 systens (—200 terms) ha
Suidelines of areas to address and product s to be generated to develop a space systerns mission
O perations Concept of Operations 1SO 14711 2003 operations concept.
Define essential properties of operation of unmanned S, guidelines for S functions in order to
O perability IS0 14950 2001 enable aground segment to cperate in Nnoeminal situations
Define guidelines to minimize duplication of effort betwe en cooperating parties. Documentation,
Docurmentation 1S5S0 220417 2012 support, and Nnforrmration sharing
Minirmize creation of debris by ensuring SC and LW stages are desgned, operated, and disposed of
Space Debris Mitigation ISOSTR 18146 201E in safe rmanner e N
ISOrTR 20590 2017 Reduce the growth of space debris by ensuring that Lw orbital stages are disposed of safely R
ISONCD 20893 N DEVELOPMERT. Detailed debris mitigation reguirements for LW orbital stages e
primarns space debris mitigation requirements applicable to all elements of unmManned sy sterms
1SO 241132 2011 launched iNto or passing through Nnear-Earth space (LW stages included) 'S W '
Sround Testing (Seneral) IS0 15864 2001 baseline on testing of systerm and subsy sterms. Docurmentation reguirements '
Sround Testing (F luids) 1SO 152859 2004 Sarmpling requ:rernentsﬂ:-rﬂuicl entering Lw or SC (check limits) w
Requirements Tor safety liabi of countries undenak:ng sSpace activities on or frorm their territony
Safety of Launch Site Operations IS0 14620 2011 et the LI Goter Spate Tre oty Define s oot et sponsibilities of operators
Minimum reguirements for flight safety sy stems: ﬂight termination sy sterms, tracking sy stems, and
Flight Safety During Launch ISC 14620-3:2005 telermetry data transmitting systerms
Launch Integration Practices AlAs R-099-2001 Recommmended practices for LW integration
Early Operations 1SO 1072412011 Cormmon language and form to docurment early operations (SC startup after LW ssparation)
Crualification and characterization testing for plasma interacticns and electrostatic discharges on
Space Solar Panels - ESD testing 1SO 12212014 solar array panels in space
Preverntion of Break-p of Unmanned Reduce risk of in-obnt breakup of uNnMmanned SC, during and after operational lite (deplete energy
Debris Avoidance |Wehicles IS0 16127 2011 sources safely. shutdown sy ste s e
1S 21 347 2005 SGenaeral reguirements for fracture control technolo gy s N hs
technigues for perce close approaches, estirmnating collision probaoility, probability of survival,
Aovoiding Collisions ISOVTR 16158 20712 maneuvers to avaoid collision e ol v
[ST=¥=" Measuring Residual Fuel IS0 2533539 2010 Estirmate the mass of remaining usuable propellant (LEG or SEO) K3
Requirements to safely dispose of GEO satellites st they will not re—emer op. region for 100 yrs,
Disposal of GEC satellites I1SO 26872 2010 deplste snergy sources ' N
Telerobotics COSDS 540 0-G-1  PRO PO SED STAMNDARD v
Early Operations 150 10784-1:2011 Commen language and form to document early operations (SC startup after LV separation)
Qualification and characterization testing for plasma interactions and electrostatic discharges on
Space Solar Panels - ESD testing 150 11221:2011  solar array panels in space
Prevention of Break-Up of Unmanned Reduce risk of in-obrit breakup of unmanned SC, during and after operational life (deplete energy
Debris Avoidance |Vehicles 150 16127:2014  sources safely, shutdown systems) Y
150 21347:2005  General requirements for fracdure control technology Y Y Y
techniques for perceiving close approaches, estinmating collision probabilty, probability of survival,
Avoiding Colisions ISOITR 16158 2012 manewers to avoid collision \ Y \
008 Measuring Residual Fuel 150 23333:2010  Estimate the mass of remaining usuable propellant (LEO or GEQ) Y
Requirements to safely dispose of GEO satelltes st. they will not re-enter op. region for 100 yrs,
Disposal of GEOQ satellites 150 268722010  deplete energy sources Y Y
Telerabotics CCSDS 540.0-G-1 PROPOSED STANDARD \

* List from CONFERS TWG March 2019



[\%fgbi Proposed process to identify most relevant attributes for OOS
- uses data decision trees for sensitivity analysis
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e Pick single [ o o

e attribute, .. B Ll R
lm Create Distribution (start of interval)

ey analysis Run monte carlo
= based on analysis based on the T
Sm— quantitative bounds, with worst case :
— metric with inputs that create a
% bounds database of results
|ﬂm
— Apply the data base to a dynamic

data decision tree to uncover
sensitivity to the performance of the
attribute based on the bounds
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et Increasing Spatial Density in Orbit

Sciences Institute

« Upcoming space servicing companies
are proposing first operations outside
of high value and heavy spatial
density orbits

« An unprecedented surge in new
constellations with not just hundreds
but thousands of new satellites are In
progress.

* As servicing satellites transit high E ey
density zones, the risk of collisions Satellites & Debris in Orbit (2013)
becomeS greater Credit: Michael Najjar

™ L

© Michael Najjar
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Historical/Projected Spacecraft Numbers/Altitude

Space Object Counts vs Altitude in Year: 2032
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Summary

15t Year RPO metrics proposed appear to
still hold up to contemporary missions

Initial creation of topology out of OOS “OV-
1” completed

Creation of “function:attribute” mapping
provides for first look at quantitative values

Looking at standards from multiple domains
provides informed approach to “space
standard” analysis

Initial consideration for determining what is
critical “safety” attribute will continue

Initial data for transit orbit
optimization/consideration for RPO
missions created

Possible functional tests of defined metrics
on hardware testbeds in the future
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