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The latest space debris related research and technology
activities in the European Space Agency

Holger Krag, ESA
This talk will address ESA’s progress in space debris research and technology in 4 domains:

1. ESA operates a conjunction analysis system and currently monitors 10 satellites. The system uses
the JSpOC CDM data. A number of novel techniques have been developed including automation in
the processing of the data, new algorithms for low delta-v approaches and independent manoeuvre
screening. ESA’s conjunction assessment system and related statistics and highlights will be
presented.

2. Since many years, ESA develops object databases, as well as risk assessment and mitigation
analysis software. Methods for the verification of the compliance to on-ground risk and orbital
lifetime assessment have been developed. ESA, as an operator of objects in very unusual orbits
such as high-eccentric and Lagrange Point orbits has developed novel disposal options which have
been validated with these new means. The means and related technology will be presented along
with recent examples.

3. Further, ESA runs an ambitious SSA program, for which a system architecture has been designed
and a demonstrator phased-array radar has been developed. In addition to this, it operates its own
Im-telescope on Tenerife which has discovered a population of high area/mass objects. Recent
radar and optical as well as laser ranging measurements concentrate on the identification of the
attitude motion of uncontrolled objects, like Envisat. An overview over the current measurement
systems and recent results will be presented.

4. Finally, ESA has been investing in the technology for rendez-vous and capture of uncontrolled
objects. Various solutions have been scrutinized in system studies. In parallel, the effect of active
removal and the criticality of a given objects in LEO orbit has been studied. This presentation will
show ESA’s analysis results and the recent plans for the e.Deorbit mission for the controlled
removal of an uncontrolled target in LEO.

ESA’s e.Deorbit mission ESA’s SSA demonstrator radar

This document is provided by JAXA.
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Biography

Dr. Holger Krag

Title: Head of Space Debris Office

Division: Ground Segment Engineering Department
Company: ESA/ESOC

Email: holger.krag@esa.int

Dr. Holger Krag has been a Space Debris Analyst in the Space Debris

Office of ESA/ESOC located in Darmstadt, Germany, since 2006. He

has worked on the operational conjunction event analysis for various

ESA missions, debris risk assessment, mitigation analysis and the

Surveillance and Tracking Segment of the European SSA system.

Since 2014, he is head of the Space Debris Office. He represents ESA in the IADC (Inter Agency Debris
Coordination Committee) and is involved in the development of an ESA mission for the active removal of a
non-cooperative space objects from orbit.

From 2002 — 2006 Dr. Holger Krag has served as a System Engineer in the Navigation Business Unit of
Thales ATM, responsible for development of a test bed for the ground mission segment of Galileo with
permanent collocation in Toulouse, France.

From 1998 — 2002 Dr. Holger Krag was a project scientist at the Technical University of Braunschweig,

Germany and conducted more than 4 years of detailed research in the area of space debris environment and
observation modeling.
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Outline

Collision Avoidance
DISCOS Database
Compliance Analysis
Mitigation Technology and Re-entry Assessment
Space Situational Awareness and Measurements
Space Debris Modelling

+ Attitude Measurements of uncontrolled objects

« Active Removal (e.Deorbit)
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Monitored Missions
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Collision Avoidance System (2004-2013)
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Dynamics
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Orbit Refinement by Tracking

Track 1: 20LOY10,05 19:53

Track 4: 2010710707 cﬁ.zq‘J\ | Trock 2: 20007L0/06 05:38 |
I

Track 3: 2010V10/06 07:17 |

Tracking and Imaging Radar

f =] Trmck 3 2000V10006 05:20

Monge tracking ship

Track 1: 2010/10/05 20-01 |-

i L
[ Track 3: 2010/20706 6706 | | Track 4: 2mans10007 08134 |
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Impact of Orbit Accuracy on Conjunction Analysis

— Establish new Collision Avoidance Procedures based on the CSM:
- New threshold collision probability
- Additional minimum (geometry-dependent?) fly-by distance
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Collision Avoidance System (since 2014)

Automated .
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Target
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Features:
*Several Collision Probability Algorithms:
- Alfriend Akella
e Maximum Probability
« Algorithms for low delta-v approaches
e Monte-Carlo

*Cross-sectional projections

*Manoeuvre planning:

« Sampling of several desired radial fly-by distance
«Covariance scaling

Space Debris in ESA | Krag | 17.12.2014 | Pag. 8 ESA UNCLASSIFIED -
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Statistics for ESA Satellites
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Envisat Conjunction Jan. 21st, 2010
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Catalogued objects in orbit

- December 2014: ca. 40000 Objects have been catalogued, of which about 17000

are in orbit
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Distribution of drifters

(TLE only)

Objects in drift orbit
Statna: 10-JAN-14
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EoL statistics

« Average of 16 annual disposals

90%
B80%
F0%
60%
50%
A40%
20%
20%
10%

insufficient

— compliant no attempt

Space Debris in ESA | Krag | 17.12.2014 | Pag. 17 ESA UNCLASSIFIED - For Official Use

Manoeuvre Detection from TLEs

METOP-A between 21/1/2011 and 9/8/2011
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Orbital Lifetime Prediction from TLEs

m/4 too large

F(m/A)

m/& too small
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Destination orbits of spacecraft
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Destination orbits of upper-stages

Upperstage orhits
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SPADES

Solid Propellant Autonomous De-orbit System

. Accomodation on LEO Satellite

Accomodation on Ariane 5
GTO state
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V2.0 Graphical User Interface

- Windows, Linux, Setatis; Mac-0S

ESA-DRAMA

Space Debris in ESA | Krag | 17.12.2014 | Pag. 23 ESA UNCLASSIFIED - For Official Use

The DRAMA 2.0 software suite

\ ’ ARES: Assessment of Risk Event Statistics:
.‘*." To consider the possible requirements for collision
avoidance manoeuvres during a mission.

MIDAS: MASTER (-based) Impact Flux and Damage Assessment Software: To model the
collision flux and damage statistics for a mission.

OSCAR: Orbital Spacecraft Active Removal: To analyse the disposal manoeuvre
performed by a space system at the end of its useful lifetime.

CROC: Compute projected cross-sectional areas of complex bodies

2 SARA: Spacecraft Entry Survival Analysis Module (SESAM):

‘ To model the re-entry of a space system into the Earth’s atmosphere.
T : Spacecraft Entry Risk Analysis Module (SERAM):

SARA s neassasstheorigkonrground of ebjentsLsaswiEDng Ferortdyl Use
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New Presentation of Results
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Task #2: Solar Flux Prediction Methods

Nominal and Confidence interval
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Removal Options Analysed by OSCAR

Removal Options

Chemical Electric Electrodynamic

Drag

Propulsion Propulsion Tether Augmentation

Direct Delayed Delayed
De-Orbit De-Orbit De-Orbit

Delayed

De-Orbit Re-Orbit Re-Orbit

Re-Orbit

[ modified
I new
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Cross-Section Computation

Delayed
De-Orbit

[ same as in DRAMA v 1.0

European space Agency
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Cluster-1II Re-entry

Perigee height [km]

Re-entry event estimates for Cluster using ‘orbgen’ fra

49
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Cluster-II1S/C 1
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Cluster-II1 S/C 2
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Cluster-II Line of Apsides and On-ground Risk

Cluster-1 in 2038
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Determining Break-Up process and Survivability

S/C modeling
- simplified model

Aerodynamic analysis
-> forces and torques

Dynamic analysis
-> trajectory and attitude motion

Aerothermal analysis
- heating and melting

Fragmentation analysis
-> structural fracture and
separation due to melting

European space Agency
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Modelling
Cluster-ll - SCARAB Model
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Simulation for Cluster-ll Spacecraft 1

Time Lapse Animation (2x real-time)
[fight direction towards the observer; zenit at top]

Voo 1106E b

Space  CLLHNT - Cluster-1l - Spin axis pointing anfiys{s ~S/C #1, case 8, perigee pass 2

Observations of the ATV-5 Shallow Re-entry

- Re-entry Trajectory: 190km x 75km (normal trajectory: 400km x Okm)

Observation results of ATV-1

Modal led Fragments = Lkg

Fod zlled
Ty laled
MNASA rianculazen

-42.-.. .\. . - ".\'-.\_:\-
A L L]
Lattude [deq {36 . S e e T 10
A6 e
G4 A et angitade [deg)

Space Debris in ESA | Krag | 17.12.2014 | Pag. 36 ES.

This document is provided by JAXA.



H6m [AN—=RAF TNV =gy | HEEEEHE 53

ATV: Re-entry observations (1/3)

NASA DC-8 Research Aircraft

Surveillance and Tracking Services (as
per ESA program)

General Science State
Operators public specialists authorities
Expected
A S
Community
N T = e N T
Data policy
control filters
Warning Searchand Attitude Warning  Orbits and TIP Debris Mass, Man- Internat. ID,
euvers classification

Products bulletins initialisation motion  bulletins covariances messages detections ~ area

/4 \

6. Mission 7. Small
Support objects

|/

5. Mission

Segment 2. Collision 3. Fragmen- 4. Re-entry
Services Avoi . - Maneu .
voidance tations predictions vers_, Qharacterisatio

O:itsh %nd

covariances

1. Catalogue of man -
made objects

covariances
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Surveillance Performance (LEO)

Collision Manoeuvre Collision
Avoidance detection Avoidance

Cataloguing

'E (Low false (High false
= alert levels) alert levels)
5 Intacts
.4: -
§ Plfeedii?igs Intelligence
8 Large
F tati
ragé?:(;igr:on Fragments
Collision MROs,

Avoidance Debris catastrophic

Research collisions
ESA Syste

Position error
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Required System Sensitivity (2/2)

- 98% coverage correspond to the follow radar performance envelope:
- 32cm @2000km altitude, 8cm @1000km altitude

le-04
1e-06
le-08
le-10
le-12

le-14

Mo. of impacts per m? and year

le-16

le-18

1000 10000
Perigee altitude [km]
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Loss due to Selected Sensor Latitude

— Loss of another at least 5% due to selection of a site on European mainland

0.9 [
0.8 |
0.7 |
0.6 |
05 |
04 |
03 |
0.2 |
0.1

Cumulative share of catastrophic collision flux [-]

0 10 20 30 40 50 60 70 80 90

Latitude deg] Eurcgean space Agency
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Demonstrator radar in Santorcaz (Spain)

|
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- Zeiss telescope of 1m aperture and 0.79° field-of-view, Tenerife (lat = 28.17° N,
long = 16.30° W)

- Detection threshold: mag 19 - 21 ( ~ 15 cm objects in GEO), 120° of GEO ring
visible

Eurogean Space Agency
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Beampark experiments

FY-1C ASAT (2/2)

EISCAT Svalbard radar (lon: 16.029° , lat: 78.153° )
(42m and 32m UHF antennas)

_ 1on—
March 2006, 2
=
th_o 1 st - a0
18th-21s =
0 |
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Impact of Jan. 11 ASAT test
June 2007,
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Comparison to measurements (2/2)

M heeur {25 ke bin

EISCAT Svalbard Radar

'il-_ f 1-1 i:
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T T
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MASTER-2009 Application
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Target orbits

business mitigation
as usual implemented

Environment Projections

e DELTA
- Debris Environment Long-Term
Analysis 350000 ' : v 1
— 3-D time dependant semi-
o 300000 +
deterministic model :
- Traffic models (launch cycle of th ;_ 280000 | !
A
past 8 years) o
= 200000
— Debris mitigation measures g
- Simulation of environment - 180000
response to active debris remova
100000
[ L i L i
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DELTA results: Future evolution of the

environment
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No fragmentations, 25 years lifetime - 90% success
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Analysis of different historical populations
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Stability of historical populations
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Branch 4 Space Debris Remediation
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Orbital regions of interest (1/2)

perigee
altitude
2000

} 1 inclination
100 105

Attitude Measurements

[Volkssternwarte
Munchen]

[CNES]
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Identification of attitude motion from ground (TIRA
imaging radar)

Laser Ranging for Attitude Measurements w“ esa

2

T=2502525021Y" - 1007618184 + 1014271204 [5], RMS =103 %

2

Spin periad, T [s]
2

8

[Kucharski, Kirchner]

120 4 r
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Capture (controlled re-entry): Robotic Arm

Capture (controlled re-entry): Tentacles
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Capture (controlled re-entry): Net

Back-Up Slides
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Collision Probability Algorithm

1. Determination of combined e
target+chaser cross section

2. Combination of the two error
covariance matrices into a
single one (3D ellipsoid)

3. Projection of ellipsoid onto
the B-plane

a. |distance vector

b. - relative velocity
vector
4. Integration of projected
probability over cross-
section = collision probability

ombined position
error ellipsoid

EUroeean space Agency
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Approaches to describe criticality

ESA approach considers:
the risk of this object to collide with other objects,
«the impact a fragmentation of this object would have on the overall population

Covic = Crisk * Cimpact

e RisK
[ «— IMPACT
nd=Les
% Corit = Ze2tl elCriske * S, "(Ap) 1]
time
Other approaches: Figure-Of-Merit: FOM = flux * A * m%75*

. flux [1/m2fyr]: Debris flux in the target's orbit
1grn?] Geometrical cross-section area
75 [kg]: Mass of target raiged to the power of 0.75
. RGL [yrs]: Remaining orbital lifetime of the target object

European space Agency
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Envisat Break-Up Consequences

Reference scenario
Fragmentation in year 2020

Fragmentation in year 2045

Fragmentation in year 2070

Mumber of objects = 10 cm

1 1 1 1 1 1 1 1 1 1
! 20020 Bl 2120 140 180 e £
Time frears]
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Envisat Break-Up Consequences
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Zenith Break-Up Consequences

NN = 9000 b, B T N, u0O

e ! - ! .

. R

mn ma 2] 2080 ll?_ nm nem ] ] =
Eu! TaAN Space A [4
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Technology Required for Remediation
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Re-entry Removal List
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Situation before CSM

- Example: Envisat: 26m span, 8t mass, initial covariance ca. 10m x 56m x 14m

— TLE screening (initial chaser covariance ca. 225m x 750m x 195m)
0.0035 . C :

|gII'|DI'El:| Risk
Syoicled Risk
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0.0a15
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Accepted Collision Prababilicy [-] Eurogean space Agency
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Situation with the new CSM

- Example: Envisat: 26m span, 8t mass, initial covariance ca. 10m x 56m x 14m

- JSPOC screening (CSM chaser initial covariance ca. 23m x 75m x 20m)
0.0035 ,
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Analyses with DISCOS

Number of events per year

Mass (Kgi

M. Breakugs (Tobsl of 250 bieakupa)

European space Agency
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SCARAB modelling principles

- Model built from “primitive
shapes”

- Modelling approachare subject to
a shadow analysis based on
geometric area projections in flow
direction.

- No flow expansion behind

shadowing panels (Maco, Sco —
)

Shadow

- Tank bursting analysis
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Understanding catastrophic break-up
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No further release scenario
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ATV-1 DC-8: different fragmentation model

DC8 airplane, Camera mounting: AZ=100deg, EI=0deg.
Camera properties: FOV=40deg, Lpix=0.02mm, D=0.3m, Npix=125
Solar panel break-off altitude = 95km. Explosion altitude = 78km.

Evolve Model ACTA Model

This document is provided by JAXA.



H6E [RAN—2F TNV —r a7 ) MEERME 73

Latest Envisat ISAR observation

buiddew Jepey

Zenith
VYV X SO
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