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\  Mission Statement
'~ "S‘rudy the i-n‘r'er.r“iéhllmégﬁe‘ri; fiel.d"c.)]‘ ’rhé».‘.f. e

. Earth’s core on a global scale in orderto -
better understand ifs fine structure dynamics™ . .
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WHY ORPH EUS?

i e Long ierm solu’non for a Iong-’rerm sqen’nflc goal -

o Conhnumg the hlsiorlcal record for Ear’rhs o
magneilcfleld S - |

o 0, An innovative formailon enabllng sophlshcated ;
N measurements in an underexplored aimospherlc f.
- reglon | ~ :

'Alp-b:ach Summer Schdol'2‘019_-Tfeam‘ Orange - ORPHEUS - - .- 5 3 _'



MISSION Q . PROJECT

PROFILE & » Frosct
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MISSION & y, PROJECT

PROFILE % 4 ¢ ENVELOPE

© SPEAKER: L
ELENA L. CONTRERAS
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 Importanice of the Magnetic Field

° Measurements of the core dynamlcs of Earth are |mperat|ve to understand

oy the magnetlc freld of Earth

o Constant update of physical models -

° 'The magnetrc freld IS vrtaI for Ilte on Earth and modern sometv depends :
2 heavrly on ts stablllty e | e

.. Alpbach Summer School 2019 - Team Orange - ORPHEUS



—— MANTLE

—e INNER CORE

~ OUTER CORE |



Solid inner core

Liquid outer core

B Crust
1 Mantle
1 Core

‘ Core?

MERCURY VENUS EARTH MOON MARS

W) s S e | GEE M e . . . (ETH Zirich. Planetary Science (2019))
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 Time Varying Magnetic Field

Magnetic Declination

1590

o Time varylng representatlon
based on data from 1590 1990 |

o Earth S magnetlc fleld varies
over Ionq tlmescales Ry

. -Colirtesy of Andrew Jackson - Alpbach Summer School 2019 - Team Orange - ORPHEUS © =~ .~ :« =~ .9



" Mipsete Fickd Doty Reversal .~

s ~~ NormalField =~ - ° -Reversal Process - ' Reversed Field . - .
- A three-dimensional self-consistent computer simulation of a geomagnetic field reversal (Glatzmaier and Roberts.
ey L - Alpbach Summer School 2019 - Team Orange - ORPHEUS - -~ . ==+« " 10



Sqenilflc Objec’rlves

SOI

Drowde state of ’rhe art measuremen’rs of ’rhe ]‘lne s’rrudure and
dynamlcs of ’rhe Ear’rh s core (long ime scale) T

.. Alpbach Summer School 2019 - Team Orange - ORPHEUS
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B | Sqenilflc Objec’rlves

- SO-»]_ ‘. Provide state of ’rhe arf measuremen’rs of ’rhe ]‘lne S’II‘UC’IUI‘Q and
St dynamlcs of ’rhe Ear’rh s core (Iong ’nme scale) Sl

.SO-2. | S.e'p'alfa’re”rhe cbhiribu’rions from ’rhé Varrious o‘rhermégne‘ric’ field

sources . =

.. Alpbach Summer School 2019 - Team Orange - ORPHEUS
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e Sqenilflc Objec’rlves
- SO—'I. ‘_ Provide state of ’rhe art measuremen’rs of ’rhe ]‘lne s’rrudure and
S dynamlcs of ’rhe Ear’rh s core (long ime scale) -

.SO-2. | S.e'p'alfa’re”rhe cbhiribu’rions from ’rhé Varrious o‘rhermégne‘ric field

sources .

SQ—.B. ~ Study the i(jﬁosph'er-ic curren’r system con’rribu’_rion ’ro}’rhé total .

‘magnefic field -

.. Alpbach Summer School 2019 - Team Orange - ORPHEUS
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-.SC|ent|f|c Objec’rlves |

- SO-1.

' SQ—3. |

504

Prowde NEIE of ’rhe ar’r measuremen’rs of the ]‘lne s’rruc’rure and

| dynamlcs of ’rhe Ear’rh s core (Iong ’nme scale)

Separaie,the Con’rribu’rions ]‘rom_frhe Various othef magnetic field
sources i | e e .

Study ’rhe |onospher|c curren’r sys’rem con’rrlbuhon ’ro ’rhe ’ro’ral -

magnehc field

' Charac’rerlze and I|nk dynamlc even‘rs of ’rhe geomagnehc ]‘leld
fo core processes (shorter time scale) |

. Alpbach Summer School 2019 - Team Orange - ORPHEUS Gl T "14



Timescales

Centuries

GeomagneticJerks -~ -~ . South Atlantic Anomaly (SAA
Geomagnetic field i Simulation '
America Vi
22.5° 5, 67.5° W ;,—-’

K.ourou
h.2° N, 52.7° W

Secular variation (nT 'g.fr"‘ )
Secular variation (nT 'g.fr"‘ )

Tamanrasset 4
228°N,5.5°E Africa
/ 0° M, 45° E . . Jerk : r (nT)

2000 2004 200 201: 2016 20 15 10 -5 0 o 20000 40000 60000

Time (yr)

Observed and S|mulated geomagnetlc Jerks at Earths surface e e |
Lef: observed data. nght modeldata .. .- ;oo ~ Intensity geomagnetic field map at 2015.0

(Aubert CFlnIey 2019) R - il ' ik (F. Javier Pavon-Carrasco and A. De Santis: 2016) -



Sqenilflc Reqmrements
SO 1 o

SR-l B | Measure aII ‘rhree componen’rs of ‘rhe magnehc ]‘leld

Vec’ror e e e

. Alpbach Summer School 2019 - Team Orange - ORPHEUS =
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Sqenilflc Reqmrements
SO 1 o

SR-l B | Measure aII ‘rhree componen’rs of ‘rhe magnehc ]‘leld

Vec’ror e e e

o SR—Z; | . ' 'M.e.ésure the mqgn‘efic field magnitude -

. Alpbach Summer School 2019 - Team Orange - ORPHEUS =
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o ;Saentlflc Reqmrements

o SO 1

- SR-2.

Measure aII ‘rhree componen’rs of ‘rhe magnehc ]‘leld
Vec’ror e R

| Il\"le.asu‘re the mqgné"ric field magni"rud_e e

| Ear‘rh's magne’ric ]‘ieldshall be Con‘rihuoﬂsly monifored

. Alpbach Summer School 2019 - Team Orange - ORPHEUS = - = i e e ».18



Sqenilflc Reqmrements
SO 2 (1

SR-4 | | " 'Rem‘ove COI’I’[I‘_ibL.IT.i.C-)nS of n.on—'c.ore i.nfernalf_ielhd.s_

. Alpbach Summer School 2019 - Team Orange - ORPHEUS -
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Sqenilflc Reqmrements
SO 2 (1

SR—4 | | " '_Rem'ove COI’I’[I“ibL.I’[.i.C-)nS of n.on—'c'ore iﬁnfern‘alfiel.d.si

SR-5. | RemO\'/e'cont[ibu’rions']‘rom external fields

. Alpbach Summer School 2019 - Team Orange - ORPHEUS =
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B ;Saentlflc Reqmrements
-‘"-‘Soz e

- SR-4. | " '_Rem_ove COI’I’[I“ibL.IT.i.C-)nS O]‘ n.on—'c'ore i'nfernalf_ield.si

SR-5. | RemO\'/e'con’r[ibu’rions']‘rom external fields

- SR_(,_ . | Mééﬁuremenf .cl'ura’rion of 25 yeai‘s

. Alpbach Summer School 2019 - Team Orange - ORPHEUS =
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Sqenilflc Reqmrements
SO 3 (1

SR-7 | | | .‘Es’rima’re the iQndﬁpherit c.urre'n.’r de.ns.i’ry

. Alpbach Summer School 2019 - Team Orange - ORPHEUS -
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B ;Saentlflc Reqmrements
S0 L3

504

3 SR—S. | | N 'G;I().'bal coyeragé i

. Alpbach Summer School 2019 - Team Orange - ORPHEUS =

. SR-7. | | .‘Es’rima’re the iQndﬁpherit c.urre'n"r de.ns.i’ry
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- ;Saentlflc Reqmrements

= SO 3

S04

SR8,

SR

--;fsp._z

| ._Es’rima’re the iQndﬁpherit c.urre'n"r de.ns.i‘ry

Global coverage ..

' | 4Q‘rbi’ra| reViSi’l‘PeFiOd shall be Shoriér than 2 weeks e

. Alpbach Summer School 2019 - Team Orange - ORPHEUS =
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 Souhy dove needsatllies?

bma v _ ".~-'f'.ALT|‘TU'DE o T
. >400km

e - o s L CRUSTAL MAGNETICH
' GLOBAL COVERAGE 71% of EARTH’S SURFACE IS WATER -~ FIELDS & ONE OF THE -
Lo e R * MAJOR CURRENT SYSTEMS

Al‘pba(::h Summer School 2019 - Team Orange - ORPHEU_S | 25



o

- Manti»_e. |

Core

—

* Magnetosphere -
_lonosphere_©

%6



_Magngiospnere - Ext. Data

__‘oriosphere

o Crust. .'Tide.S. e

o

Mantle

Core

4.

Alpbach Summer School 2019 - Team Orange - ORPHEUS - - = . " ::s a2



el e T e et ETe - i Data
e 'lnr"‘\,p.lure "~ - Measure

- Crust. Tides

Core

—

Alpbach Summer School 2019 - Team Orange - ORPHEUS -~ .~ +« = 28



SR e L MaeeetosNETe -+ -+ Ex. Dafs

e 'lnr‘“gp.lcre ‘Measure’

Ext. Data.

(“r'.::t Tiaes

’ Q7 > . alig
& : ®

Core

Alpbach Summer School 2019 - Team Orange - ORPHEUS -~ .~ ++ =~ 29



2 InﬁnuHIIC'e
(“ru:t “Tiues . -
T

j .‘-.- - .‘ : - . v\.llLlC
S0 e ® -

Core

pach Surﬁﬁier SchOoI '2019 - Team Orange - ORPHEUS - - .

. Mﬁ“:‘.;Luapnere

Ext. Data

‘Measure’

. Ext. Data-

- 1Hz

g



. Mission Drivers "

L4 1
~

. 'Meas'u‘re.‘rhe maéjne’ric field magn'i’r"ud'e' :

'- De’rerminé the nﬁagne’ric ﬁ

Id gra'clie'h’rs e

. Estimate the iénospheric 'cLlrren’r density close to the satellite

.. Alpbach Summer School 2019 - Team Orange - ORPHEUS

~Measure éjll three componénis of the magnetic ]‘ievld.vec’ror |

]31'



© Past. Present & Future Missions

POGO
scalar only
MAGSAT
vector and scalar only
vector and scalar only
3-sat Constellation
SWARM FOLLOW - ON

@RSTED, CHAMP, SAC — C
ORPHEUS MISSION
vector and scalar only

SWARM preparation SWARM FO ORPHEUS
MISSION

| | | preparatlonl preparation

11965 1970 |1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2060 s




 Historical Missions

Previous missions have used the following constraints to study the core dynamics: -

B .. f———*<70DEGREES,

- ———a - GEOI\/IAGNETIC STORI\/I
| QUIET TIME | '

— oNIGHT TIME DATA

We mtend to estlmate |onospher|c currents for the purpose of usmg day tlme data s

Alpbach Summer School 2019 Team Orange - ORPHEUS A e P s 33



 Historical Missions

Previous missions have used the following constraints to study the core dynamics: -

B .. f———*<70DEGREES,

- p——— - GEOI\/IAGNETIC STORI\/I
| QUIET TIME | '

——o NIGHT TIME DATA

We mtend to estlmate |onospher|c currents for the purpose of usmg day tlme data s

Alpbach Summer School 2019 Team Orange - ORPHEUS A e o 3



~ Spherical Harmonics

expansion. . . e

- fleld data

'(Qni\/ersify of Texas. Teaching: Spﬁeric_al Harrhdnics (2019)) |

Alpbach Summer School 2019 - Team Orange - ORPHEUS

. 'il.Earths magnetlc fleld can
~ be described in terms ofa "
7 Spherlcal harmonlc series -

 0 Retneval of the magnetlc

"35'



 Satelite Confguraion

e SWARI\/I retrieves '.core fiéldi{up to order‘ m=
. OR'PI'—'IEUS"sénsitiv'.e to co're'field»or'de'r " | m =
: —> Satéllité se,paration of 7 + 05°

= 860 + 60 km separation =

.. Alpbach Summer School 2019 - Team Orange - ORPHEUS

25 o

horizontally . .~~~
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Satelllte Conflguratlon N

g o » Current densrty at 700 km estrmatron from SWARM daté: o
5B_

/LL.OJ

e From |onospherrc current densrty | 20 100 km -

L~

o satelllte separatron of 50 km for good srgnal -to- norse ratro -

.. Alpbach Summer School 2019 - Team Orange - ORPHEUS
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Satellite Configuration =~ . 70s050
e e R L (BUA B0

-+ TOTAL OF5+1 SATELLITES . wwy FORMATlON e

Alpbach SummerSchooI 2019 Team Orange - ORPHEUS
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PROJECT

ENVELOPE

W SPEAKER:: . .
 TRYM ERIK NIELSEN

Alpbach Summer School 2019 - Team Orange - ORPHEUS =~~~ . =+ =~ 39



 ORBIT&LAUNCH
—* - SELECTION . -

- SYSTEMDRIVERS

i SMISSION ' N
~ REQUIREMENTS - e——

, MISSION PHASE
ﬁ"c &TII\/IELINE ]

Alpbach Summer School 2019 - Team Orange - ORPHEUS © -~ . '+ =~ 40



.' " SYsie_.nj. D'riVérs .

ORBITAL SO
01 CHARACTERISTICS Htetime
Radiation density
02 CONSTELLATION Quality of measurements
CHARACTERISTICS Formation stability

Size

Magnetic cleanliness
Mechanical & thermal needs

Alpbach Summer School 2019 - Team Orange - ORPHEUS =~~~ . "=+« " 41



i I , e 'Alpb:ach Summer Schdo|'2'019‘-Tfeam'Orange-QRPHEUS i i a2 ;



Tradeoffs

. 0%

~ Selection Criteria:
[ Magnetic field accuracy =

- [ Formation stability (n
- Active control e

a DeItaVbudgetfor |nject|on |

[ Total Ol’blta| lifetime - Alpbach Summer School 2019

TETRAHEDRAL
CARTWHEEL
HELIX

HELIX WITH CHASER

T,éam Orange - ORPHEUS - -

F R



TETRAHEDRAL

CARTWHEEL

HELIX WITH CHASER

. Selectlon Crlterla
[ Magnetic field accuracy
- [ Formation stablllty
- Active control -

1 Delta V budget {o]§ Injectlon - . o L o B
- Total Ol‘_blta| lifetime - Alpbach Summer School 2019 T_'eam Orange - ORPHEUS e . o e 44




Perturbations and constraints

Drag
SRP
Drag variation (Solar Cycle)
| Hall-currents
| Crustal field
Radiation hazard
— — — — Orpheus

N'_I
7]
=
=
-
9
]
1y
_
o
1))
Q
Q
<

200 400 600 800 1000 1200 1400
Target altitude [km]




- Selection Criteria;

.0 Global earth coverage =~
1 Ground station coverage -

3 Variation of local time

-*[0 Perturbation strength

[ Frequency of launches

: J Revisit period .~ -

.Alpb:ach Suﬁifﬁer-SchOol 2019 - Team Orange - ORPHEUS - - =




DODDOO0 -

Sun Synchronous orbit

Polar
Near Polar at 95°

. i Near Polar at 70°
Selection Criteria:
Global earth coverage
Ground station coverage.
‘Variation of local time

Perturbation strength

Frequency of launches e e =
Revisit period -~ -~ - Alpbach Summer School?OlQ_-Tfeam Orange - ORPHEUS - - °

AT



.. " Selection Criteria: =
© [ Orbital inclination - =~~~
O Flexibility -

© . 0 Reliabilty -+~

bt SR Costil s
- Altitude

Alpbach Summer School 2019 - Team Orange - ORPHEUS ~ -~ . =+ = 48



b. A' .

ROCKET CRAFTERS

.. - .Selection Criteria: =
" [ Orbital inclination -~~~
O Flexibility -

O Reliability ~+
. O Altitude

Alpbach Summer School 2019 - Team Orange - ORPHEUS =~ . i+« 7 49
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- Mission Profile Overview. =

e

ORBIT

MISSION TARGET ORBIT FORMATION ORBIT DETERMINATION

SIZE: 12U (3X2X2) 95 DEGREE INCLINATION CARTWHEEL HELIX ACCURACY: 1cm approx.

25 years lifetime 5 years lifetime

Alpbach Summer School 2019 - Team Orange - ORPHEUS = - - = S bt  51



¢ Llaunch
' Orbit insertion

R ¢ - Commissioning . -

MISSION PHASES - SINGLE e

CONSTELLATION

' ‘ "",.Orb_it maintenance .

" Constellation hand_over g

e b iDispoﬁsaI |
- ®  Data analysislv.

.. Alpbach Summer School 2019 - Team Orange - ORPHEUS

- B2



MISSION PHASES - SINGLE CONSTELLATION

o
& 7
3y ¢ Ny 4
x __________ qégy___ ‘(/‘?
NNt g T
. _SATELLITE -
DEPLOYMENT FORMATION
COMMISSIONING ACQUISITION
ORBIT
INSERTION

===
—
—
—
—
-—
—
-
~ -
-

DISPOSAL



Launch Start of Constellation Constellation Constellation Constellation Disposal
Operations  Refurbishment Refurbishment Refurbishment Refurbishment

Solar Cycle

\/\/—\_ A

"i} u—J.—} 2nd il/;'}' 3rd {-—l.—u 4th {: ,  5th

const. & @& const. & @& const. & & const.

const




‘Spacecraft Deployment and Constelation Formation

o

0 6 SATELLITES SINGLE
DEDICATED LAUNCHER

REDUCE MEAN ECCENTRICITY =

" OF ALL SATELLITES
" TEMPORARY - -

~INCLINATION CHANGES
- TO CREATE RAAN DRIFT *

'INTRODUCE OFFSETS TO

- “ARGUMENT OF PERIGEE

. FINALIZE ORBIT BY .
- PERFORMING PHASE
 MANEUVERS

. ACQUISITION DELTA E 68 m/s |

Alpbach Summer School 2019 Team Orange - ORPHEUS
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For_Evaluation_Purposes_only b> bing

Vega ICR Axes
21 Jul 201




~ DeltaV Budget

Delta V (m/s) Fuel Mass (grams)
Injection 54-68 (per satellite) 1188.77
Collision Avoidance ~1 ~17.48

g Formation + station keeping ~40 (per satellite per year) ~3500

d Deorbit ~51.33 (per satellite) ~897.35
Total ~320.33 m/s (5 year lifetime) ~5600

Alpbach Summier School 2019 - Team Orange - ORPHEUS =~ .+« 58



. Lauﬁ;h&.Tramfer

Requirements and Constraints

No of spacecraft per launch 6 satellites (12U each) -> 72U
Satellite mass 20kg per satellite
Satellite dimensions 30 cm x 20 cm x 20 cm per satellite '

Mission orbit

: 315 He

8 L auncher C3 -0.00051234 ,

59

Alpbach Summer School 2019 - Team Orange - ORPHEUS - - -




Mission Profile Advantages

e Schedule flexibility in handover between deployments
e Incorporation of lessons learned in subseqguent deployments
e (Cost savings in mass production of identical spacecraft




MISSION
PROFILE

PROJECT

ENVELOPE

. . e 1V
B .- B
& - . . & v .
& . . <
o - . : .
fant™ .o -
N .
- -

T ey SPEAKER: i
. ALEXANDER PUTZ

Alpbach Summer School 2019 - Team Orange - ORPHEUS =~~~ . "=+« " 61



~ Scientific Payload Identification

STATE OF THE ART
MAGNETOMETERS

ACCURATE VECTOR &
SCALAR MEASUREMENTS
OF THE GEOMAGNETIC
FIELD

VECTOR FIELD PAYLOAD
MAGNETOMETERS
ACCURATE DETERMINATION SUITABLE MASS & VOLUME
OF ATTITUDE & FOR A MICRO-/CUBESAT

MECHANICAL STABILITY

Alpbach Summer School 2019 - Team Orange - ORPHEUS - -

MAGNETIC
CLEANLINESS &
PHYSICAL ISOLATION '

ALLOWS FOR MORE
ACCURATE READINGS

6ol



ID number
INSTR-01
" INSTR-02
INSTR-03

INSTR-04

INSTR-05

INSTR-06

Short Descriptive Text

Scalar magnetometers
accuracy

Measuring vector field

Vector magnetometers
accuracy

Attitude accuracy

VFM and star trackers
alignment

EM interferences level

Source of Requirement

S0-02

S0O-01

S0O-01

S0O-01

SO-02

Object text

The scalar magnetometers shall measure the magnitude of magnetic field
with an accuracy of 0.3nT.

Spacecraft shall use an instrument capable of measuring magnetic vector
field.

The vector magnetometers shall measure all three components of the
magnetic field vector with an accuracy of 1 nT.

Spacecraft shall be able to determine its attitude with an accuracy of 0.1
degree to precisely determine magnetic vector field.

Vector field magnetometer and star trackers responsible for determining
the VFM attitude shall be aligned to 1 arcsec.

Electromagnetic interferences measured by magnetometers shall be lower B

than 1nT.

Alpbach Summer School 2019 - Team Orange - ORPHEUS - - -



~ Miniaturised Vector Field Magnetometer

Vector Field Magnetometer Performance

.. ) a) Pickup X
Miniaturized fluxgate sensor / .
(-~ 4 gy  Feedback Z

. : . i ) ] Vo W Ring Core Y,Z
Used in conjunction with star trackers (precise attitude RigCon R /

measurement)

Achievable 1nT absolute accuracy w/ independant sensor
calibration

\ _
| Resolution: 3 pT (24bit) Noise: 10 pT/VHz # Blep A

\ Feedback Y
Pickup Y

Alpbach Summer School 2019 - Team Orange - ORPHEUS =~~~ . ==+ = " 64



 Miniafurised Scalar Magnetometer -

LC Rotator

SWARM sensor

= ! WO
g o — % { ﬁ‘”

l

l J I

Alpbach Sumirier School 2019 - Team Orange - ORPHEUS = = = . =« w85



~ Miniaturised Scalar Magnefomefer

Scalar Magnetometer Performance

Optically pumped He magnetometer LC Rotator

Miniaturization of SWARM Isotropic Helium-4 Atomic Scale
magnetometer

Volume two orders of magnitude smaller than SWARM

High accuracy and stability to calibrate against the vector field

1 magnetometer
4He cell

100mm?3
Sensitivity: 10 pT/YHz Bandwidth: DC to 100 Hz

Alpbach Summer School 2019 - Team Orange - ORPHEUS - -



W M,égnéthméiér B'(;)o,nii 5

Boom Performance

Vector field magnetometer is placed on a deployable 1.2 meter
boom with two star trackers

Scalar magnetometer is placed on a separate 1.2m boom

Magnetic cleanliness programme and data cleaning allow for for
further improvements and can compensate for a shorter boom

} Expecting to require a dedicated development programme to
adapt boom for our specific usage needs

L. sk e Mt Nipbach Sumier School 2019 - Team Orange - ORPHEUS - © ., il " 7 g7



=

L Oxford Space Systems-A om SRoccor- Cubesat ROC Boom (1.5m

4 IRt O ._ e 'Alpb:ach Summer School 2019 - Team Orange - ORPHEUS - - =



Star Tracker Performance

CubeSat compatible star trackers are used for precise attitude
determination

The star trackers are arranged with the boresights at 90° from

each other to improve the accuracy

| Accuracy: 6 arcsec Dimensions: 30x30x38mm

* « " " . Alpbach Summer School 2019 - Team Orange - ORPHEUS - - -
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¢ Strlictlne

- Power .~ . il

. Propulsion

.. Overview df Sk

s | ¥ Abesy
0w Subsystems | et L

.~ Communications

o '..Ground. Segmeht' e

. Alpbach Summer School 2019 - Team Orange - ORPHEUS - - =
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- Spacecraft Design & Configuration

- . scientific payload |
| . ’ o o —t="" .. - \onbooms |
(Scientific payload ) 3 . . Gt L e j '_ 4 ~’] |

| .Fro.nt

\ on booms

Alpbach Summer School 2019 - Team Orange - ORPHEUS =~~~ .~ =« * .71



~ Boftom .

Fuel Tanks
(s-Band Transceiver
- ( S-Band Antenna

Voltage Regulated )
Controllers |

Onboard Computer) :

. (UHF Antennas J———

. Alpbach Sumfrier School 2019 - Team Orange - ORPHEUS - = =

| (Thrustef) . 0"



- (GrF Antennas ) - - - i ppe

- ( s-Band Transceiver

Reaction Wheel.
Torques.
Star Camera

Voltage Regulated )
Controllers -

' UHF Recelver

Fuel Tanks

’—”'.‘—: (Béttery).j .,""_ P | B

S-Band Antenna ‘= = {Onboard Computer ) -

'Alpb,'c':lch Sum er School 2019 - Team Orange - ORPHEUS - - =



Top

Vector Magnetometer)

Scalar Magnetometer Star Camgras) s

S0
3 5
S
. . «a
.., .
.
‘
: 5 e .
, .
o -
’ 3
. ; .,
‘ 5
. - °. 3 . .
b .
‘ 4

Reaction Wheel. Y
Torquers.
Star Camera

Boom Boxes

N “UHF Receiver

Voltage Regulated )
Controllers -

Fuel Tanks

- ( s-Band Transceiver

"—“'.—: (Béttery),f f.; e | -

" — '—.' (anoard Computer)' -.i

(UHF Antennas),— - —— _ _ _ __
TRl ..74__.

S-Band Antenna

Alpbach Sumfrier School 2019 - Team Orange - ORPHEUS - -



' - | 3: Solar Panel .
-\ deployment | -

. -. - [ 4:Boom S
i deployment S

2: Antenna 5
deployment :~ ',

1: Undeployed ."A} &
State O \



- f‘




' System - Overview

Antenna(s)

{

Command
= <~}
Data Handling

Magneto torquers

i

i
: I Main Thruster
Mass memory

Alpbach Summer School 2019 - Téam Orange - ORPHEUS



 System - Power 'B""~ge'f :

Power Usage [W]

Thermal Control Total w/
Operatlonal mode ADCS | Electrical PropuIS|on Telecomms TOTAL
SC|ence System margln

Safe mode 2. 03 2. 95 6 05 O 15 11. 18 12. 66

b comons o [ mm T o | o e | o faiss| oo |

e [ w25 0 | o | 0w || s
B oo mamenance | 330 | 1395 | 0 | 5 | o | o | 2240 | 2568

Alpbach Summer School 2019 - Team Orange - ORPHEUS ~ ~ -~ . =« P s T8



System - Power = -

1 e ~.Battery sii_e 40‘V'\/h.'

. 4% Y ; ’quer COnt'roI U"n'it :

o 'Voltager:egljl.éte.d bUS?S L

~Active attitude control provides a stable

sun-facing spacecraft panel (0.18 m?)

~generating 51 W of usable electrical
" power.

.. Al'p'ba(:h Summer School 2019 - Team Orange - ORPHEUS
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SySfem' p"O PU|Sl°n

“Propulsion systems considered: -
o ._'Resistojét
_ o ~ o Coldgas .
@) o8 T o Electiospray - -

&
D

- o.Drivers:

Total delta-v |
Magnetic cleanliness "~ .
o Total burntime over 5 years |
o Propellant mass -

0}
SELECTED SYSTEM: @

: O
| 5.6 kg propellant based on =
~12.08 kg ceiling for total satellite dry mass

i Tank volume sizing:
~0.69 m?3
~ 0.32 MP4}

- * .- - Alpbach Summer School 2019 - Team Orange - ORPHEUS = - = i Lo - ‘.80



-, SYSf:em-At’liiildfe.A De_términa-iioh & Control '

o

: 5 Solar Incidence &
' Power Budget

Orbit Maintenance &
Formation Keeping

DESIGN DRIVERS i e

Structural Vibrations
(Boom)

Magnetic Cleanliness
(Science Operations)

Alpbach Summer School 2019 - Team Orange - ORPHEUS - - -
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‘System- Atfitide Defermination & Control

> . .
- ' ’ .. .
: x 3 : .
- =Y Cl: 4 e &
3 . Va L < . Fe . . -
2 M £ . { ’ . A 3 o
S B . \ X { .
' z . . . 3 .
. « e . . . .
. 5 v oy Ot e
S . ) . . . . .
X .0 S - g . C . . o .
: X . e b . S
o o« e . ‘ Q . . e - .
‘. - . - 2
-
.
.
.
.
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 System- Attitude Determination & Control

o

ADACS Control Board

Attitude determination:
22 Sun sensors (Coarse pointing + Safe mode)
| -2 Star trackers (Fine pointing)

3-axis attitude control:
-4 Reaction wheels (Redundancy)
=>4 Magnetorquers
- Desaturation of wheels - Detumbling & safe mode

Desaturation
= ~ 2 days (duration <1 min)
= Coordination with science operations for reduced impact

MAI-400 Maryland Aerospace. Inc

3 IR "~ . Alpbach Summer School 2019 - Team Orange - ORPHEUS - - . g . .83



~ Thermal Control Analysis

Single node analysis Worst Case Scenario
ldentify hardware made for worst case Hot conditions ~308K e
temperature limit scenarios for a 700 km Cold conditions ~242K
orbit.

¢ Spacecraft Operating Temperature Ranges/Limits §

®* Nominal operations +20 to +40 °C

Worst case envelope Oto +50 °C

- * + " . Alpbach Summer School 2019 - Team Orange - ORPHEUS - -

Spacecraft will need heating
system and extra insulation

for critical subsystems

.84



 Syen TremolConrol

Thermal Control Procedures TRL 8/9

Active attitude control ensures a “cold side” of the

spacecraft

A radiative surface for thermal control is not needed —
Electrical heaters are included for emergency heating in ===
case of safe-mode

Monitoring temperatures of critical components using
temperature sensors

Extra MultiLayer Insulation (MLI) will be included for
the battery, onboard computer, electronics and propellant
tank.

- * « " " . Kpbach Summer School 2019 - Team Orange - ORPHEUS -~ . ~:» - 85



 Communications - Overview
. | On-board storage (4GB) is not a limiting factor

- Scientific payload: 128 bit/s @ 1Hz
 TT&C: 60bit/s 10Hz for sensors & 1 Hz GPS
23 Mbit /satellite/day |
140 Mbit /constellation/day T s
G 20% T
~ MARGIN

3 years until storage saturation _ |

Alpbach Summer School 2019 - Team Orange - ORPHEUS - -~ .~ ==« 86



 Communications- Link Budget

S-BAND ULTRA HIGH-FREQUENCY
(Omnidirecti()/\al)

o gt v
g

Eb/En around 38.5 dB Eb/En around 35.3 dB

UPLINK Data Rate up to 50kb/s Data Rate up to 2.4kb/s

Final Eb/En around 46.5 dB Final Eb/En around 15.8 dB

DOWNLINK Data Rate up to 1Mb/s Data Rate up to 24Kb/s

-+« " . Kpbach Summer School 2019 - Team Orange - ORPHEUS - -
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Communications - Ground Segment . »
1 ot 1 205,"\ | i |

7

L bhs W -

Specially designed for small
sat missions

Control center integrated

4 Usable passes/Day >12 min
Existing Ground link to KIR_2

©NEACKUP-KIR 2

1 Existing Ground link to ESOC
1 10 Usable passes/Day >11 min

South Point

. 5
Santiago
Troll 5 11
Svalbard
Dongara
el Norcia |

88



~ Communications - Ground station transit timeline” -~

Single pass Uplink & Downlink .~ . SN o
. S-Band tlecom Iink |
| Reuvisit time (days) 4 |
Downlink S Band (Min) 7.0 20%

Uplink S Band (Min) 1.7 20%
Com Gap 0.03 20%

| Time/const (min) 8.8 20% e

6x Times

/!

. . ¢ L . . ! .
Sat 1 connected \ Sat 2 connected . time

’ \

)

Com Gap Com Gap

Alpbach Summer School 2019 - Team Orange - ORPHEUS -~ . "+« = 89



3 e Outline =

MISSION

PROFILE

Alpbach Summer School 2019 - Team Orange - ORPHEUS - - -
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~ Development Schedule for Orpheus.

T T Constellation
= o R and Formation
all = GG Analysis Boom and _ =
RN A e Phase C: Detailed Definition
Development Produce , | Phase D: Production

Programme Baseline Magnetic & Qualification
Instrument Signature

Assembly Analysis for Magnetic

Components Cleanliness and
1 YEAR P Operational

Preparation
1 YEAR

 1YEAR
AR 0.5 YEAR

1 IRt Lo -. AN 'Alp-b:ach Summer School '2'019, - Team Orange - ORPHEUS - - °

ol



Risk Call Sign Mission Risk Likelihood Impact Mitigation

Failure to keep launch schedule due to 3 3 Allow for sufficient launcher development time and

Schedule SCH-1 - :
launcher unavailability overlap between constellation deployments

Low TRL boom concept causes delay of Allow for sufficient development time when

hedul H-2
Schedule |  SC schedule selecting boom provider

Constellation approach allows for degraded
Payload Structural / deployment failure of boom performance when one or two satellites are
compromised

Spacecraft Being unable to communicate with spacecraft Test campaign and backup communication scheme

Failure to meet Cubesat launch standards
Spacecraft results in delayed launch and additional
dispenser and component costs

Conformance to Cubesat standards is to be
paramount at every stage of the design process

Adherence to Cubesat standards will increase
likelihood of compatibility with functionally
equivalent successor components

COTS parts no longer available for later
satellite generations

Faster than anticipated degradation of
formation degrades data and shortens Allow for schedule flexibility for early replacement
spacecratft lifetime due to propellant of constellation
consumption

Alpbach Summer School 2019 - Team Orange - ORPHEUS - - °

Mission




Risk Assessment

* Very
Likely

Likely - :

Quite
Possible .

Likelihood

Possible

Not Like

~ Trivial - ; i‘,Tkivi.aI i .Sig-nific'ant.", P _I\/Ia‘jo'_rv,

Im pact

. AIp.b’ach S"u.m:mer School 2019 - T:eaml Orange - ORPHEUS |
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Cosi Breakdown Eshmahon

COST BREAKDOWN ESTIMATION

SPACECRAFT ELEMENTS

Price per

Spacecraft Recuring Spacecraft

Million €

Structure

0,48

Thermal Control

0,22

ADCS

0,56

Electrical Power supply

0,30 0,40

Propulsion(Reaction Control)

0,15 0,12

Telemetry Tracking and Command

0,60 0,48

CD&H

0,75 0,60

Payload

1,20 0,96

I1A&T

0,20 0,16

Engineering, Software

0,30 0,40

TOTAL

5,98 4,78

Total §/C including payload+20% Margin

IR | Program management

3 person for 5 years 1.5 for 20 years

Mission Operation (incl GS)

1 h G5 per day+1 person

Science Operation(incl archiving)

3 persons for 5 and 1.5 for 20 years

Launch

5.4/launch-for 200 Kg total launch mass

. Contigency (20%)

TOTAL COST

Alpbach Summer School 2019 - Team Orange - ORPHEUS -

Contribution per ESA
Member State Citizen

0.54 €




o D.escoping O»PtiOnsf '
o '. Reducrng number of satellrtes per formatron by 1 e
| (strII be abIe to gather data Wrth the heIp of exrstrng models)

SO Reduce handover between Iaunches / accept gaps N data to extend
. . .mission duratron wrthout compromrsrng Iong term goals ‘

. Cut down total mission duratron Would save on cost
o (manufacturrng and operatron) ‘

s Cutdown to Qne bccm with a single magnetcrneter In vector / scalar mode -

Alpbach Summer School 2019 - Team Orange - ORPHEUS =~~~ . "=+ = 95



| ""Outreach Educatlonl

“"Magnetometers are a common payload on student payloads ESA Educatlon i
programs (CanSat. REXUS/BEXUS. Student Cubesats)

_EIStudents can compare data W|th ORPHEUS
DORPHEUS experts can serve as mentors - - . _ A S
: DPromlsmg students can |ntern Wlth the ORPHEUS smence and m|SS|on operat|ons team E-

Alpbach Summer SchOoI'2'019,-T,'eam Orange-ORPHEUS - ' . . “::o w7 96



. *oun-_.eachf-f Education!

Orrenteerrng competrtrons organrzed on unrversrty campuses wrth promrnent
geomagnetrc research to shrne a Irght on recent developments -

Alpbach Summer School 2019 - Team Orange - ORPHEUS =~~~ . "=+ =~ 97



 Outreach - Social Medial

Somal medla presence for general publlc Wlth emphaS|s on C|t|zen smence
(we aII live in the magnetlc f|eId let's go out and measure |t') 3

Alpbach Sumimer School 2019 - Team Orange - ORPHEUS - - -



~Summary

e

| o -"Scientists have .tol'd.us “W'e Want 'Swarm' tc c.ontinue""" -
o Eng|neers respcnded We can make it cheaper Ionger and better"’“
Orpheus is the solutlon . | - “
“Magnetlc measurements |n an orblt formatlon de5|gned to focus on |
the Earth s core Thls W|II enable for sophlstlcated measurements |n
" ;_an aII new reglon W|th a mlssmn conflguratlcn to dellver contlnuous

world class data for years to come” ' ORPHEUS 2019

Alpbach Sumirier School 2019 - Team Orange - ORPHEUS = = = . =« T 99



Special Thanks!
- To our tutors. lecturers.
organizers. and the whole
- summer school for this .
fabulous learning opportunity
- and for all the new knowledge.

“techniques. and friendships
~ we've gained along the way.




~Summary

e

| o -"Scientists have .tol'd.us “W'e Want 'Swarm' tc c.ontinue""" -
o Eng|neers respcnded We can make it cheaper Ionger and better"’“
Orpheus is the solutlon . | - “
“Magnetlc measurements |n an orblt formatlon de5|gned to focus on |
the Earth s core Thls W|II enable for sophlstlcated measurements |n
" ;_an aII new reglon W|th a mlssmn conflguratlcn to dellver contlnuous

world class data for years to come” ' ORPHEUS 2019
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| ;Backup Sllde Pasi MlSSlons
::'.@rs‘red | = "-‘ & Swarm

. o1 sé’rell'ite. e 3 Sé’rélli’rgsﬂz k

e mapplng of internal K mappmg of m’rernal

dnd’.'external field | and ex’rernal ]‘leld

: 'AlpbachSu'n'imer School 2019 - Team Orange —.,ORPI—!EUS'.' % o . 2 AR T 103



| BackupShde - p(?wél'"SUbsysi . m s

. Deployable solar panels prov1de 18U of surface area Wthh translates
. “|nto ~O 134 m2 of solar panel area. (40mm X 80mm panels) | | _

% K "Assumlng a solar constant of 1361 W/m2 and ! hrgh TRL multrjunctron

'z'solar panel effrcrency of 30 %. we obtarn 5. 25 W | e

e .- ConS|der|ng a degradatlon of 0. 5 % per year the avarlable power at the
:""end of-life |s51VV| o | —

T e Source https //sst -soa. arc. nasa gov/03 power =



- Bﬁct.ubslid'ei- P@wérst'bsvstém g3

. Eclrpses up to 35 mlnutes on our 99 mlnute perlod W|I| requrre a battery |
i S|ze 40 Wh to aCcount for a worst-case power consumptlon of 32 W

assumlng a 50%: depth of dlscharge as best practlcel

3 o Source https //sst _soa.arc. nasa gov/03 power ; % B



* Bacup Side- Power ADCS subytem

-Pert’urba't-iorrs_ . _|Type: -~ Maximum torque - | with 20% margin

. Drag R ",",‘Var‘iable'f*_" '_ 2546x 108 Nm. 655x108Nm

. 'Gravrty gradlent R, delie*_; £e  1. 3.45 x 10'_6Nm ._i : 414 X 106 Nm -

.'?Solar pressure*.'_'-_' Secular* . 4ﬁ37'x 10"8'N'm.- e 536x 10'8 Nm

' ‘ -
i *Sun porntrng (x- axrs) : e : 3 _ '
- - | 1 Assuming uniform density for.12U cubord + 2 booms + optrcal payload I = [2 163. 0.195. 0.120] kg/m2 1

; '. 2 Assumrng center of gravrty to center of pressure (SRP & Drag) distance ~ 10 cm




Backup Sllde Power ADCS subsystem

'.11 076 mNms

o _'AT between

| .'~ 40 hours |

- I\'/Iom_entum storage |
Max'im'um'.Toque' 0635 mNm. ’
'Magnetlc dlpole 10.108 Am2 "

'_ moment | -1 (0.15 @72% Duty
e , Cycle)

i desaturat|on5* (24h target for operatlons),
Desat time. -~ |~ 10 sec

* Includtng aIIocated 4 mNms momentum storage for
: GG’ compensatlon and slew manoeuvenng

| *Integrated ADACS Stock #:
| Maryland Aerospace. Inc.

MAI 400 31130200




Backip side - propulsion

« 10 Total burn time vs Thrust (no injection m/s) propellant fraction vs | _p
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Backup Slide - Hall Current

e Pedersen and Birkeland
currents are still contributing
however

e Hall currents are of minor
Importance

=
—
@
o
=
<

Conductivity (mho/m)

With courtesy of M. Kelly
109



Backup Slide - Spherical Harmonics 1

o Spherical harmonics are a series of special functions defined on the
surface of a sphere
e Solution to the Laplace equation:

VXxB=0>B=-V U,
where U 1s the scalar potential.

V-B=0-V’U=0 (Laplace equation)

There are two types of solutions:
- potential U, due to sources internal to the Earth (r<R )

- potential U, due to sources external to the Earth (>R )
such that U=U ,+U,.

110



Backup Slide - Spherical Harmonics 2

1E+010 e Power of Earth’s 1995 field as a
JEvo0s i function of harmonic degree.

shown for surface field (blue)
and CMB field (orange)

1E+008

nT?

“1E+007

[
o
=
5]
o

1E+006

1E+005
In(Y) = 19.74 - 1.2161 * X
N=9 R=-09914
1E+004

1E+003

4 5 6
Degree of Harmonic

With courtesy of C. Harrison
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‘Backup Slides - Spherical Harmonics3 =
Relative Sensitivity of the Gradient Method vs. Spatial Scales | : | .
Measure core dynamics

‘todegree m=25
_ Sateliite fs,,epé_'rétioh' |
- “of 7° horizontally -

5
£
I3
ot
wn
I
=l

20 30
Spherical Harmonic {m)

- Alpbach Summer School 2019 - Team Orange - ORPHEUS 2



‘Backup Slides - Spherical Harmonics 4

Measure core dynamlcs
1o degree mz=25

—> Sa.tellite .s,ep.a‘ratioh' o
of 70 h"or'izontally -

3
£
a
o
[1F]
[
=

=860 km (time
. separatlon ~2 mrn)

20 30
Spherical Harmonic (m)

- Alpbach Summer School 2019 - Team Orange - ORPHEUS i LR 113



Backup Slide - Mass Budget

Subsystem Element Units Mass (kg) Total Mass (kg) Margin  Final Mass (kg)
Magnetorquer 4 0,176

On-board computer I 0,010
Reaction wheel 4 0,192 0,464 5% 0,487
Star tracker 2 0,080
Sun sensor 0,006
Battery 0,335
PCU 0,074
Solar cell 40 0,792
Voltage regulated buses ~ NA 0,344
Boom 2, 000
Payload Scalar Magnetometer 0,300
VFEM 0,375
Propellant 244
Propulsion Tank 0,456 7,500
Thruster 5,600
Structure Frame 2,000 2,000 2.400
S-BAND Antenna 0,064
S-BAND Transceiver 0,075
UHF Antenna 0,090

Heater

0,005
MLI

0,153
Thermistors 0.024
Total Mass 16,80 kg

System margin 20%
Final mass Al%ﬁ%q{(?ummer coI 2019 - Team Orange - 114

Electrical

Telecommunications 0,253 0,278

—_ = = = = =] =] = = =] = o

Z
o=

Thermal

2| b9




Backup Slide - TRL

Subsystem

Eletrical

Payload

Propulsion

Structure

Telecommunications

Thermal

Alpbach Summer S

Element
Magnetorquer
On-board computer
Reaction wheel
Star tracker
Sun sensor
Battery
PCU
Solar cell
Voltage regulated buses
Boom
Scalar Magnetometer
VEM
Propellant
Tank
Thruster
Frame
S-BAND Antenna
S-BAND Transciever
UHF Antenna
UHF Transceiver
Heater
MLI
Temperature sensors
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Orbit -Backup Slide

|[For_Evaluation_Purposes_only

Coverage for Orbit at 675 Km




| Commumcahons Backup Sllde

~"' ‘Data Productlon .

il Data Generation Packet Size Mes Rate (Hz)

i Scalar Mag. 1 (bit/s) e e ol )
Mag. 2 (bit/s) e
TT&C (bit/s) D R |

M Total (bit/s) 225.6 20% Margin

Bl \bit/Day/Sat

B \\bit/Day Const 117 ‘

UHF
Antenna B

AT

Bl Days to Mem Sat 1140



| Communlcahons (Backup Conflgurahon)

UHF Statum (TT&C) g i | B S — BAND (__Scz.em?e & TT&C._)

~ 12 min ; . S ~ 11 min

10 min > 1,5 'rr'l.i."fy > 0,1 min . = Zgat 10 min > 1 min > 0,

Alpbach Summer School 2019 - Team Orange et S -_118
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SPE,',..C@;CI‘aftOOPéraiiehal Modes- B?'Ck-hp' o

S Measurements requnre magnetlc cleanllness not pOSSIble durlng
~ o orbit maintenance (monthly) - S
e reactlon Wheel desaturatlon (Weekly)

o AII measurement downtlmes WI|| be coordlnated W|th the P} and SC|ent|f|c
plannlng team to minimize impact on Iong -term science goals |
g el g reactlon wheel desaturatlon over: poles ‘

Alpbach Summer School 2019 - Team Orange - ORPHEUS - - = i R 119 '



