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« CubeSats -
* Mlega Constellations
~ « Debris T

.+ International dependence
-on space | |
« Communication .
« Weather |
« National Security

®

. Project Overview Baseline Design

Feasibility

Summary

Backup



2 'The Solutlon GHOST

Optlcal space object
‘tracklng system

» Low-cost o
-Small
= Easy to setup

~ « Built using COTS |
‘hardware -

World-wvide deploymé_nt e
possible for increased.
observation frequency
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- Concept of Operations

*
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‘ .

B E \ . GHOST tasks imaging e
. N \ P 7
b \ . system to image objects i il N .
N R . as they pass overhead. = i . .
~ N N N ‘ \ : 5 Ve . > b . o . .
— E - Stregks and stars are e
3 .. 9 kY .~ processed on-board . .
Operatorinpiits S{EROf ~ .~ GHOST and angular 1 .
NORAD I_DS for ObJeCtS‘OI e N e observations are
GHOST is transported to and interest. V. \ g e reported.
unloaded at observation site. SR \ Y il
. S
‘ | Inertial angle and rate
Operator completes a provide orbit information
prompted calibration for target objects.
Concept of Operations
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Critical Project ElemEnts

CPE

Scheduler
Software

Actuation
Hardware

Imaging
Hardware

Image
Processing

Orbit
Determination

Description Slide

The scheduler will task the system based on visibility of space objects and associated priority. The system
cannot operate without accurate tasking as the space object will not be in the field of view.

The actuation hardware will point the imaging hardware as tasked by the scheduler software. Accurate
pointing is required in order to capture the space object entirely within the field of view.

The imaging hardware will capture the light signature of a space object. The hardware must be selected and
adjusted such that objects of varying brightness can be captured with manual adjustment.

The image processing will analyze an image and provide data points containing right ascension, declination,
and time for the start and end of each space object capture streak.

The orbit determination will provide the final output of the system. This element is required to ultimately
provide a valid result.
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H ' d | *  COTS Sidereal Stationary MouBSLR and Camera Lens
a r Ware ? « Lowvrisk » Readily available

. Capabilities documented and Large pixel size

- known « ANPls available for most bl
Precise Point Positioning (PPP) GPS N ot bt bIE Wit < hio==n
‘Receiver ' | - imaging method$y,

« GPS unit simplifies tlmlng and
calibration
« PPP units have comparatlvely high
~ positional accuracy
Geﬁasdvamwsmﬂbmpbmgﬂmed
. paitkagesbe bought with .
Saiﬁéleﬂmlalﬁ Baited tBFpﬂ:ﬁect
- Easy to use
« Capable of running Linux OS

Power Distribution S B
- 120V Source Power \
« Onboard distribution to |

su.bsysterns
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Softwa reand W =f'~ﬁ""—;.

Sldereal -Stationary Image

Capture

 Stars will be stationary for easy
registration with Tycho?2 catalog
' Space objects will appearas
- streaks providing up to 2 data

points per captu

Project Overview

Baseline Design

| Feasibility mngWrEmeﬁlts :

St‘ar

Non-Linear Batch Least

Squares Filter for OD

* High accuracy

« Legacy method with prior
SSN\ implementations

* Requires 6 discrete anqular

17



Possible Image Cases

Case 1 - Full Streak (2 points) - o . Case 2 — Missed Entire Streak

Case 3 — Missed Beginning of Streak (1 point) | - Case 4 — Missed End of Strea.k (1 point)

Project Overview Baseline Design Feasibility Summary Backup 13
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SchedUIer

Requirement Slide

The system scheduling software shall be able to schedule imaging tasks
given a list of NORAD IDs.

The system shall be able to download TLE files from Space-Track.org

The system shall propagate a space object’s orbit from a TLE.

Project Overview Baseline Design Feasibility Summary Backup 15



2 Scheduler Nlo_tlvatlon

Condensed version of
‘'Scheduler pipeline: - £ TR
f .  Schedulingcannot
Receive NORAD IDs | ' v pl"OC_EEd \NithO‘Ut
B Retrieve most recent TLEs . e ' aCCUI_'a‘te Orblt
*roonl §  propagation and
,____-__L____.____‘ _________ lqcal.sk\( p05|t|on

Determine location of
Propagate orbit from TLE |SEEEE i space object relative to
Data S Observation site at given
time.

Schedule observations
(location in sky and
epoch)

WBaSEineDesign- Summar\I/ — éac - _ : :
e w0 Actuation



Scheduler
Orbit Propagatlon

s MINATLAB odell3 vs |
GMAT 2BP w/ J2 TN
- Perturbation =
- +0.21960 deg error in =3
N2imuth

* 0.09160 deqg error in
Elevatlon |

Future Plans =
o Explor e SGrPaﬂerview | Baseline Desig.n -Feasibility Summar y | T 17



Scheduler

~*N2/€l Plot - Evidence oA on AR
that ECI position data |
can be convertedto
- N\2imuth and |
. Elevation.
* These N2 /€l
-predictions allow
schedule generation.
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SchedUIer
Y
=
R

)

Project Overview

Baseline Design

DR 4.1: Provide

‘Na2imuth, Elevation,
and Time

predictions for

scheduling

DR 4.1.3: Propagate a

TLE

Feasibility Summar y Backup .
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_ Evidénce of
Feasibility:
I\ctuatlon Hardware



N\ctuation Hargware

o

FR 2 The actuation system shall be capable of imaging space objects in GEO, 22
MEO, and LEO orbits.

The mounting subsystem shall be capable of slewing at >= 2 deg/s 23

The mounting subsystem shall mechanically interface with the imaging 24
subsystem hardware.

The system shall autonomously slew between scheduled pointing
locations

The system shall use commercial-off-the-shelf (COTS) imaging hardware.

Project Overview Baseline Design Feasibility Summary




N\ctuation g
'Hardwvare Viotivatior
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~N\ctuation Hardware '

. - . -
. . - % . i
. & =
._.-

Max Slew Rate - 3.4 5.8
Pointing Precision 7 arcseconds . . . ~0.09 arcseconds
Hardware Mount . Vixén-Ster Saddle Dual Dovetail Saddle

Data Protocol i’y - ASCOM - ASCOM

Price $750 = S

Project Overview Baseline Design Feasibility Summary
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Nctuation Hardware

Requirements met: . =
FR2 - Track LEC, I'\IIEO cte ObJECtS YES

" DR2.1- slew rate >=2 deg/s YES =
| DRE 2 - dovetail to screw mount adapter YES

DRCI 2 - /\SCOI\I] cornrnunlcatlon
protocol YES i

'FRS - all tra-cklng' co-mponents are COTS YES -

Project Overview Baseline Design Feasibility Summar y Backup .

25



~ €vidence of
_ Feasibility:
~ Imaging Haroware



Imaging Hardware

Requirement

The system shall be capable of imaging space objects in Earth orbits
with apparent magnitudes equal to or brighter than 10 under ideal
conditions.

The optical system shall have a field of view (FOV) of at least 6 degrees
diagonally.

The camera sensor selected shall have a pixel size greater than or equal
to 2um

The system shall use commercial-off-the-shelf (COTS) imaging hardware

The lens and sensor shall be available within 4 weeks from a U.S.
retailer.

Project Overview Baseline Design Feasibility Summary Backup
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Faintest naked. -

Venus eye star Y it Telescope Limit
b AN e
l I 1T T E |
5 A 07 " 45 \ 10 15 208 75
| Very dim
Target
-value

Summary » | Backup 28




Imaglng Hardware

Limiting Stellar Magnltude (LSM) N |
D - aperture diameter
10mm -100mm
p - pixel size
2.4um - 8.3um square
N - f-number:
14-56

- from MU/ti-ob]ecti ve dﬁ’sign of opt)'ca/ systerns for space situational awareness
J

Physics—based model
'says system can be
designed based on 3

parameters-

]1/2-

SNRalg [\/ iwND (qp sky + p,dark)]
| - (mD?\ ;
cI)O’L-at,“m.Topt ( ) QE\/_

Project Overview Baseline Design Feasibility Summary Backup
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- Imaging Hardware (Viot

Best Relative Magnitude with Canon EOS 6D |
Physics-based model
show 2 relevant trends
. for increasing LSM :

- 8 -

- -
|
1| Decreasii g T-
22 s “‘:: :‘ SN X \ s
- number
e i .

2)Increasing focal
[=]pleldp _

-
o

=
v
=
QO
©
-
=
=
(o)}
)
=
| .
8
[
e}
7p)

iting

Lim
o ]

200

focal length [mm] .
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Imaging Hardware:

Cost of Camera & Lens vs. LSM

\ ® Camera + Lens Combination

“—Larger focal IenE]t
. (85-a00m

Smaller focal length
. (15-50mm]

12

N
—_

Q@
o
©
>
Q
<
G
<
=
9p]
-

Meets LSV
 IPhonerkquirement

2500 3000
Cost of Subsystem [USD]
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Imaging Hardware nce

Cost of Camera & Lens vs. LSM

LSM Achievak
)
»

Images 1400
Cost of Subsystem [USD]

courtesy of
Nikon, Canon,

Rokinon, and
Zwo é Project Overview

32
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Imaging Hardware

Canon EF 200mm /2.8

: $153 ' §i=" |
_COSt : S Example: Nikon DS600 an

Canon EF 400mm /5.6
Cost: 51800

Example: 2wo
Nsi183tV1 and NIKKOR
SO0mmdék1ga25

Project Overview Baseline Design Feasibility Summary Backup . 33



Imaging Hardware r

Example: Canon £0S'M50 and’ \

- Canon EF.200mm f/2.8"
| &

Requirements met:

FR1,m,>10. YES
DR, FOV>6° YES

Limiting Stell . bl N : |
grergubr | az | ez & DR12, pz2um  YES
Bl S of Vigw 12° | DR | . : .

| iyo — . FrR5, COTS YES

b s DR 5.1, Avail. within 4
| 4 NAvail [+ DRBY
COTsT e diet B / ~ weeks YES
Toda FRS
y * : | 34
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~ Evidence of
_ Feasibility:
- Image Processing



Image

Processmg

Requirement

The system shall provide > 6 angular measurements from a single orbit
pass.

The system shall be capable of processing an image containing a space
object brighter than or equal to an
apparent magnitude of 10.

The system shall be capable of identifying and rejecting images that
cannot be processed for boresight or space object inertial position.

The GHOST module will perform image processing on-board and
without operator input.

Project Overview Baseline Design Feasibility Summary Backup
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Image Processmg Motlvatlon

Receive image

e -_;_;__;_'___'___;_-__'__________Q.b.secy.a\tlon

. I'\I'Iust happen to .
- perform orbit

Calculate RA/Dec of
begmnmg/end of streak

Process with
Astrometry.net

Identify and remove
streak

ﬁ

Output RA/Dec
measurements of streak
ends for OD

B —

Summary Backup

determination from

37



Image ”Processin_g

1. Streak Identification:

+ ‘N\STRIDE python package Ilcense'
for commercial and private use
posted on GitHub

+ "Boundary Tracing"

- Handleslong, short, and curved
- streaks -

+ "Circularity" parameter can be
adjusted - |

Image from Dr. Holzinger’s PhD
students. Processed using ASTRiDE

Project Overview Baseline Design Feasibility Summar y Backup ' 38



Image Processmg

2. \strometry.net

o Corhpares’ images to a cétalo’gUe
of stars using a reglstratlon
algorithm

« Robust means of identifying
- rRN/Dec of image center

Walim

cornputer A

Calibration

Pixel scale:

Orientation:
of N

Project Overview

Center (RA, Dec): (308.110, 60.507)

g Center (RA, hms): 20" 32™ 26.374°
e Center (Dec, dms): +60° 30' 26.277"

Size: 64.3 x 42.9 arcmin
Radius: 0.644 deg

0.74 arcsec/pixel
Up is 125 degrees E

Baseline Design Feasibility

3. I\Igorlthm for oy
converting x,vy pixel

coorrlin:i"n‘: A DA Inec

PIXEL
COORDINATES

linear transformation: CRPIXja
translation, rotation, <PC1_Ja_\
skewness, scale CDELTia

PROJECTION PLANE
COORDINATES

I
I
|
. I . .
spherical CTYPEia !| (40,6,
projection PVi_ma || Table 13
I
I
|
I

|

NATIVE SPHERICAL
COURDINATES

]

spherical CRVALia 1| (ag.68p)
coordinate LONPOLEa |
rotation LATPOLEa|

Algorithm from Calabretta and Greisen [1]

Summary Backup 39



- Image Processing Proof of
Feasibilitx SR T s (A
;o lopels "\~ 'Requirements Met: =
| DR3.,26angular measurements YES

DR 3.3, process streak \}uith visual mégnitude-
- of S10'YES ' .

N S
_ (?é
e D

ASTRIiDE

1

Astrometry.net

-

- DR 3.3, reject unfit images, YES

Get RA/Dec of

. DR 4.3, run éutonornously on-board YES
Streak Ends s

- Backu . 40




_ Evidénce of
Feasibility:
- Orbit Determlnatlon



Oorboit Determlnatlon
Reqmrements

The system shall provide an orbit estimate if there are
sufficient observations available

47
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o]g=]} Determlnatlon

‘IIIIIIIII.

Image 3 - as b
ag bg
sE S0

L Y
i .
Image 1 - 6, “‘

. Industry Standard:
} 15° Satelllte can be imaged 15° above local

horizon to account for atmospherlc effects

Assuming ideal

‘conditions: | 5
w3 Images Captured I | )
for each satellite

Observation data to be used:
Minimum of 6 observations needed to fully
determine an orbital state |

Project Overview  Baseline Design Feasibility Summary Backup . 43



Orbit Determination

Exarnples Ip industry pertaining to
optical data processed with non-

Rev 24
5 Aug 2010

OPEN SOURCE SOFTWARE SUITE FOR SPACE SITUATIONAL AWARENESS AND
SPACE OBJECT CATALOG WORK

EUROPEAN SPACE ASTRONOMY CENTRE (ESA/ESAC), MADRID, SPAIN
3-6 MAY 2010

Paul J. Cefola'", Brian Weeden '™, Creon Levit™

"' Consultant, 59 Hamness Lane, Sudbury Massachusetts 01776, USA, (also Adjunct Faculty, University at Buffalo,
SUNY), Email: paulcefoubuffalo.edu

@ Technical Advisor on Space Security and Sustainability Issues. Secure World Foundation, 5610 Place Bayard,
Brossard, Quebec, J4Z 2AS5, Canada, Email: bweeden(swiound.org

') Chief Scientist for Projects and Programs, NASA Ames Rescarch Center, Moffet Ficld, California 94035, USA,
Email: creon.levitinasa.gov

ABSTRACT capabilities forward via an open source paradigm, so
that all spacecraft operators have access to the basic

“siently in space.

The accuracy of the nrhital data nrodoete aesd for
space situational &
of the sensors

""The orbit determination...based on
control of .
knowledge the batch weighted least squares

computing . .
. adapted to non-linear dynamical
While the

significantly}
quantity of

ace situational
ible knowledge
orbit. A key
: - determining
1d the ability to
zd requirements
3 4 the detection of
available to i :
3 ction of when one
kept pace. Furi ;
RFETIR = another space object.

models"

Desp Space | Technology Validation Faport—dwonomous Opical Navigarion (duoNmg)

Orbit Determination anging is capable of delivering a macinvam of about 011t

One important advantage of an all-optical-data orbit
determination system iz the meansitiviny of the data fype to
high-freguency velocity perturbations. This iz aspecially
true for D5] which for the first time will employ 2 low-
continweus-thrust propulsion swategy. Such systems are
preswmed to b

thrust, but on average will only be capable of half of that
during the miszion due to power restrictions, M5! has 2
mazs of about 420kgz, and therefore a tvpical nflight
acceleration is about 120 nwn'ssc?, The IPS engine et is
halianed 10 ha nradiceahla tn shant one narcant or ghoat 1.2

nares in

"The OD filtering strategy is an epoch- i

1el will

state, batch sequential stochastic filter." s

the madelad representation of the spacecraft fligktpath, This
reprezentation defines the nawre and extent of the
paramaterization and accuracy possible in the system, The
Mavigator models the spacecraft motion with 2 numerical n-
body integration, uwsing major solar-system bodiss as
perturbing forces. Mon-gravitational permarbations to the
spacecraft wajectory included i the model includs a simpls
spherical body solar-prassure model, 3 scalar paramester
describing TIPS engine thrust efficiency, and small
accelerations in thres spacecraft ames, A spherical-body
solar-pressure mode] is sufficient because for the majority
of the time, the spacecraft will have itx olar panel: arientsd
toward the sun, Even though the spacecraft can maintain
this orientation with any orientation of the bus-body about
the panel yoke axiz, the panel orientztion by-far dominstas
the solar pressure effect

elocity
s itivity
| I
in the flight

OD alzoritmms.
The OD filtering swategy i an epochk-state, batwch saguantial
stochastic fikter. With the tme-constant of the sensitivity to
the expected engine performance arvors on the order of a
weak, data barche: of 2 maxirnm of a waek are used. Thiz
iz espacially zenzible since for much of the cruize pariods,
thare will likely ba only ona Opilav cheerving pariod per
week. The lattar limitation is to reduce the on-off cyvcling of
tha enzine, The data arc will typically be composad of 4
one-week data batches. The spacecraft state at the beginning
of the first batch is the principal estimable parameter. Over
gach batch a random varistion in the thrust magnitads iz
estimated, as well az small random accelerations. A term
proportional to the selar-pressure 15 also an estimabls

paramster,

& Flight

Xty X(t2)
X(to) et
Fipurs 10, Schematic of Orbit Determinatian Data-arc Sructurs

Fig. 10 shows the subdivizion of the data arc into batches
over which an estimate parameter st 1o constant, N(tg) i
the snacecraft state at the start of the data arc. XY at tha

" Paper courtesy of the ESA |

Project Overview Baseline Design Feasibility Summary
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Orblt Determlnatlon

NON- LINEAR BATCH FILTERING:

" Non- Linear: dynamlcal model of an orblt

'LINEARIZE model through a Taylor series

« TLE's provide initial gLuess
« Minimize differenqe between TLE initial

guess and known observations

+* ITERATE until a threshold is met "

Project Overview Baseline Design

Feasibility

WEIGHTED MEASUREMENTS

%ﬁ e 84

e  WEIGH more.confident measurements
* SOLVE for weighted solution state:

X =PATWbD

Summary Backup 45



Orbit Determination &

N fully _'defined orbit requires 6.vari_ab|és:

- Cartesian
- elements:

- Keplerian
elements:

a e
o Q.
w - g

- . '_'\:' F .‘.h e o b . .
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) 3 Ao $TT Rt s SN
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Oroit Determination

R e e o0 oo O O O O e 0 o e o ey e o e ) S R
1 [}

Output to GHOST

| | Global Network
/ ~ and Traffic
o Management

____________________________________________

Longitude of ascending node

—————————————————————————————————————————

Non-linear batch

p -
lane of reference

filtering on i | oS . | .
observations .~ | L At SN : requirements
met:
" ProjectOverview  Baseline Desi Feasibility s FR 38 I!-Eturn Orblt

Pl Y P VL anl ax
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<>Scheduler S . F§\§§_L—bi"t\/

0 Orbit propagation of a TLE can lead toan /\e/El of the space objectin observer S
local sky as a function of time.

0 Scheduler will prioritize where i imaging hardwvare points based on whlch space
abject appears first in observer’s local sky chronologically.

o Actuation Hardware FENSIBLE -

¢ Nvailable COTS options within the glven budget have the reqU|red slew rate
and pointing accuracy :

¢ Mechanical interfacing can be done with an adapter and.data transmission is
standardized with the ASCOM protocol

¢0lmaging Hardware  FENSIBLE

¢ Nvailable options meeting FRI1 fall within budget constraints
¢ Nl options considered are COTS and available from U.S. retailers in 4 weeks.

¢0lmageProcessing FENSIBLE

0 Nvailable software for detectlng streaks and calculating RA/Dec
0 Knowun algorithms for converting pixel locations to RN/Dec

- 00rbit Determination FENSIBLE | |
0 The non-linear Batél algBFitiiTH is ufgEfstood BY the GHOST team.

49



Project Logistics:
- Power & Budget



PoWer”

rowver Consurnlng Dewces

. Camera
! | & 1\
: /\ctuatlon Mount
' s : e \/\I bet
-« Computer N bogell

100 W 42000
“mAh

Satisfies povver req’U*irernent FR G

Project Overview  Baseline Design Feasibility Summary Backup ’ 51



Example Minimum Capable m

Camera and Lens Nikon D5600 $1050 $2000 S950 (48%)
Rokinon 35mm f/1.4

Actuation System Sky-Watcher EQM-35 S725 S1500 S775 (52%)

Chassis and Actuation system incl. tripod $100 S500 S400 (80%)
Mounting Hardware

Processing System ODROID-XU4 S75 $300 $225 (75%)

| Power and 120v Portable Power Pack S150 S200 S50 (25%)
Distribution Basic Wiring
Network

GPS SIM868 GMR GPRS GPS S200 S500 S300 (60%)
Module

Total $2300  $5000 $2700 (54%)

Project Overview Baseline Design Feasibility Summary




: 6 Sl Critical Path
s h d ‘ I : _ § Software
cneaouie - ey | e
. - - _ . | i e _ Documentatio
n .

GHOST - Fall

Critical Design
Actuation Hardware Selection
Module Hardware Design

Camera and Lens Selection
Power Hardware Selection
Tasking Software Design
Processing Software Design
CDR Content Collection
CDR Presentation Creation
Critical Design Review

FFR Composition

Fall Final Report

Project Overview Baseline Design Feasibility Summary




-

Schedule

GHOST - Spring

Manufacturing
Component Purchase
Component Receiving
Chassis Manufacturing
MSR Composition
Manufacturing Status Review

Integration
Imaging and Actuation Assembly
Processing Assembly
Chassis Integration
Software Development
Software Installation
TRR Composition
Test Readiness Review

Test
Initial Field Testing
End-to-End Field Test
Operational Testing
5FR Composition
Spring Final Review

Project Overview

Baseline Design

Feasibility

Summary

Critical Path
Software
Hardware
Documentatio
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Questions?



Sources

-Slide Background Links: =

Project Overview

Baseline Design

Feasibility

mmmmm
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https://www.reddit.com/r/dankmemes/comments/9gn4qq/picture_is_irrelevant_bring_back_the_stefan_karl/
http://audiosoundclips.com/wp-content/uploads/2015/03/Stars-Space-Effect-Background-HD.mp4

-

I\cronyms

Azimuth and Elevation
Concepts of Operations
Commercial Off The Shelf
Derived Requirement
Digital Single Lens Reflex
Extended Kalman Filter
Functional Block Diagram
Field of View

Functional Requirement

Geosynchronous Orbit

Project Overview

IGHOST

GPS
I0D
LEO

LKF

iIMEO

Baseline Design

Ground Hardware for

Optical Space Trackin
P P g SSA

Global Positioning System
STK

Initial Orbit Determination
STM

Low Earth Orbit
ow Ear rbi TBD
Linearized Kalman Filter
Middle Earth Orbit
Network Time Protocol

Orbit Determination

Precise Point Positioning

Feasibility Summary

Real-Time Kinematics

Space Situational Awareness
Systems Tool Kit

Space Traffic Management
To Be Determined

Two-line Element

Right Ascension

Resident Space Object
Real-Time Kinematic

Coordinated Universal Time




retrieving TLEs |

. Remotely accessing & SPACE-TRALCK
space-track.org TLE B ORG
catalog T4 N

- Interfacing with space—
track.org N\PI

 « Request-most recent, or
possibly the S most recent,
TLEs for each space object

h Project Overview Baseline Design Feasibility Summar y Backup



Orbit Propagation

« “odell3 is a multi- step'solver and is preferred over odeds if
the function is expensive to evaluate, or for smooth
problems where high precision is requwed For

example, odell3 excels with orbltal dynarnlcs and celestial
-rnechanlcs P GemuBRv -

Stats for oded5s: Stats for odell3:

75 successful steps 159 successful steps
@ failed attempts 3 failed attempts
451 function evaluations 322 function evaluations
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J2' rerturbation

E[:>Iementat|on
ody Equatlon Of) ¢

| Motlon

Motlon

61



SGP4 Dynamics Model
Slrnpllfled General Perturbatlons Model

* INcorporates resonances, third- -body forces,
atrnosph_erlc draqg, and other perturbations.

'Legacy . |
» Developed by the Nir Force |n|t|ally

~ «Widely used by amateurs satellite trackers and
researchers alike -

* Mlost common practlce for propagatlng TLEs
. Open source' |
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/\2/E| Tentatlve Valldatlon

 When compared to data frorn | /\2|rnuth and
- Elevation predlctlons hold up reasonably well.

* It's not clear how satflare collects data, and does not prowde
data files for comparison - -

Iridium 7 Sky Track

0 S|de by S| 08-0ct-201813:22:35thrc[;]ugh08-0ct-201813:37:15 d|Cate atst Correct Shape and
timing T A 5
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http://www.satflare.com/

N2

Iridium 7 Sky Track
08-Oct-2018 13:22:35 through 08-Oct-2018 13:37:15
0

' Project Overview Baseline Design Feasibility Summary

'€l Tentative Validation

Backup
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Site Position
Topocentric R/\/Dec calculatlons reqwre YeiteECI the p05|t|on

of the observation site in €Cl coordinates. [L/l gb ]DO alt =

,, |
siteECI) Ty = (JDO. 2451545)/36525

HGMST |
= 100 4606148° + 36000 77OO4TO + 0. OOO387933TO — 2. 8 X 1078T;

LST — HGMST +/1

iy " cos¢ cos LST
Tsiteeci = (Rg + alt) | cos¢ sin LST
: sing
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Topocentrlc R/\/Dec

» Calculating N2/El requires Topocentrlc R/\/Dec Usmg |
- Modified NAlgorithm 26, Vallado at™"'€d. (Yzcp, Tsitercr = At 0¢)

- ¥ 5 - 50 .
Pect = VEct — TsiteECl

PEcCI
Py
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Converting Topocentric
RN\/Dec to Nz2/€l -

* From an example on EZS of Vallado qth £d. (0, ,_at, 5, @ = B,el),
- using RabDec2Nz€l.m by Darin C. Koblick GEIEEEREE

LHA = Op5p —aty T . (Local Hour Angle)
. sinel = sin ¢ sin 6; + cos ¢ Cos O COS LHA .

— sin LHA cos Ot

o # cos el
tan f =— : .
B, sin 0; — sin el sin ¢

-cosel cos @
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Scheduling Plan pemmEs

_ 4 08-Oct-2018 13:22:35 through 08-Oct-2018 13:37:15 §
Fore each requested object: -
» Propagate orbit from TLE
- Determine times and
locations of possible
- observations |
- Is itin the Nz/€l plot?
. Plan observations to
encourage many unique

measurements (driven by
oD) |

* Resolve conflicts as they.
OoCCuUr |
° Cancel .ObseTo'\eltaltri'anBaseline Desig.n -Feasibility Summary - Backup
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- Orbit Determination

* Non-Linear Batch _
filtering in this context is
an estimation method
that uses the.probability -

-distributions of the -

. different sources of error
to estimate the state of
the space object being
observed.

« N\s an initial study, spline
curve fitting vwas used Y
to approximate howv - , PO R e e T B
results vary with ey |
differe nt R/\ /Fae@@view Baseline Desig.n Feasibility Summary Backup e

Right Ascension v Declination
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Position and Timing

* PrPP GPS receiver

Requireme | Description Met
nt

The system shall provide timing with a precision of 5 milliseconds YES

The system shall know its own geodetic latitude, longitude, and YES
altitude (wrt WGS84 ellipsoid) to an accuracy of 10 meters

SIM868 GSM GPRS GPS
| ‘Receiver
$36.99

Project Overview Baseline Design Feasibility Summary Backup
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Electron rflux computatlon
(from Shell) '

Assume background apparent magmtude Mb = 20

2 - L .
8T 180 ¥ g :
Ly =56x% QR <T> - 3600% [ph/sec/m?/sr] = 2.3825e13

Background photon incident rate on a pixel of leg length x

T -0t Ly iy -
Py = - “x“ [ph/sec] " ,

L [1 +4(f/d_)]

And PN = ql),-sky
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Limiting Stellar Magnitude

Making assumptions  sNR,, =6

and choosing values: Tatm = 0.69
| .mi' ~ 50pixels ~ ‘topt. T 0'90.
Tl ' ‘ o= QE=0.5 -
: CIp,Sky ~ 120 s /pixel . w = 727. X 10_51‘ad'/S
~02 & o photons
qp,‘dark 02 s/pixel - CDO = 5.6X 1010 S/T

S"NRalg [\/minD (Qp,sky T Qp,d_ark)]

]1/2-

my,(N;D,p) = —=2.51081, D2

| CI)O’L-atmT(')pt ( 4 )QE\/ﬁ

Project Overview Baseline Design Feasibility Summar y Backup
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Image Processing
Streak Identification: 0 |
- Fast Radon Transforrn [FRT]

- . Robust |
« Handles low |ntenS|ty streaks
L EfflClent

Example streak recognition
by FRT program

| ProjectOverview  BaselineDesign  Feasbity  summary  Bakwp 7




n . n n :
Linearization
. Understand dynamical nature of an orblt to create

mathematical model
e Fit measurements to model

Solve matrix: |
* Goalis to make "best
_ guess" .
~*  Find minimal error
X =(ATA)1ATL between observations
and expected
S ; _measurements
Estimation of State, X * * Solve the dynamic
| eguations using the initial
guess-from TLEs

[Initial orbital state guess]

Initial gueSs from TLEs

Partial-derivative -
matrix minimizing difference
between dynamic model and

observations -
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Non-Linear Dynamics

Known dynanical orbital model:

%, = - * Touse least squares, must linearize
g o model using a Taylor series -
" * ITERATE through multiple solutions

o* ‘to meet an error threshold

Taylor Series used for Derivatives:

3 aYni aJ/ni

~ When ignoring second order terms (and higher):
Aa = a— ay -

A= f —pBn
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Covariance

Differences in Measurement Accuracy

@) ©) @)
o - ? X
@) : .
o o
: @)
O
~ O

Observations near zenith weighted'more:
heavily than observations near horizon
(more chance of atmospheric distortion) |

Project Overview Baseline Design Feasibility

- Weighted ,Leas't Squares:
. Expecting different residuals at
different observations

" ' Create Covariance
matrix to apply weights
on all six observations:

covariance matrix P:

P= (ATwa)?

Weighted Solution State: |

Summary Backup
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N\ctuation

Angular Error Bound vs Satillite Altitude

Exposure Time = 0.0 s
Exposure Time = 4.05s
Exposure Time = 8.0 s
Exposure Time = 12.0 5

=
[u%]

Direction of Increasing
Imager Exposure Time

Sc
]
=73
T o
Cm
=3
=
D&
=
oc
| -
w2
T >
52
o<
2=
<

1500 2000 -
Satellite Altitude [km]

Requirement FR2 : h

-
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N\ctuation

]
T
>
@]
©
| .
3
V]
J
<
o
=
e
=
o
a
-
c
3
o
=

—— Exposure Time

Exposure Time
—— Exposure Time
—— Exposure Time

Project Overview

Mount Pointing Accuracy vs FOV

=00s
=4.0s
=8.0s

=12.0s

Direction of Increasing
Imager Exposure Time

80 100
Field of View [deqg]

Baseline Design Feasibility Summary
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' Nctuation Hardware.

iIOptron iIEQA5 Pro

Type: German &quatorial Mount

Max Slew Rate: 5.8°/s | |
Pointing Precision: 0.09 arcseconds"

HardU\_Jare Mount: Duél Dovétail Saddle
Data Interface: RJ9/RS232

' Data Protocol: ASCOM
Price: $1700

Feasibility Summar y Backup . 80



N\ctuation Hardware

Baseline Design

| _Sky-Wath_'\.er EQM-35

Type: Gerrnan Equatorlal I\I]ount

-Max Slew Rate: 3. a°/s
-Pomtlng PrEC|5|on V4 arcseconds

Hardwvare Mount: Vixen- Style_SaddIe
Data Interface: RS232/RJ9

Data Protocol: ASCOM
Price: $725

Feasibility Summar y Backup . 81



N\ctuation Hardware

‘Mechanical Interfacing (Tracker to Camera]:

‘Dovetail to %" UNC Screw Mount
' Adapter needed

* https://www.highpointscientific.com/
v Project Overview Baseline Design Feasibility Summar y Backup
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Nctuation Hardware

Data/Software Interfacing:

* N\SCOM protocol -
2 I\Stronorny Cornrnon Object Model

 Collection of properties and methods that allow for user control
of the actuation system |

. Standard USB =als USEBE/RJS data connections

* https://www.highpointscientific.com/
4 Project Overview Baseline Design Feasibility Summar y Backup . 83



- Calabretta, V. R., Greisen, €. W, I’Repreée-ntations of cel_estiél'_
coordinates in FITS", 2002, Nstronomy and Nstrophysics.

« Cefola, Paul "Open Source Software Suite for Space Situational
Nwareness and Space Object Catalog Work", 2010. European
Space Nstronomy Centre, Spain. - |

« Coder, Ryan and Holzinger, Marcus. "MUIti-bbje‘ctive design of ,
- optical systems for space situational avwareness”, 2016. Georgia

Institute of Technology, Ntlanta. - |
- Limiting Stellar Magnitude Cons'tants/Equations

« Kim, Dae-Won, "NSTRIDE"

J

2016, https://github.com/dwkim78/ASTRIDE

- Reidel, J. "\utonomous Optical Navigation: DS1 Technology
VValidation rReport", 2001. Jet PropulSion Laboratory, CA.

'« Shell, James. “Optimizing orbital debris monitoring with optical
-~ telescopes”, 2010. US ANir Force, Schriever NFB, Colorado.
« Electron flux computation, Limiting stellar magnitude |
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