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* In April 2021, ESA has started a study on Reverse

engineering with MBSE of OPS-SAT mission and system

— First CubeSat mission designed and operated by ESA since 2019

— Low-cost, open, and flexible flying ‘laboratory’ powerful platform for in-
orbit demonstration (I0D)

— Large and diverse team mixing academic and industrial stakeholders
=» some challenges and pain points...

e 15t goal was to investigate whether an MBSE approach and tool
could help in addressing those pain points and to which extent

« 2" o003l was to build a model as a reference for use by future
%Q missions including OPS-SAT 2 (planned for 2024)

Samares Engineering was awarded as Prime on that study with the support of
Airbus DS and some consulting from TU Graz (OPS-SAT development)
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* Mission duration: 2 years + 2 optional years
e Sun Synchronous Orbit (SSO) compatible with any LTAN

* Altitude between 500 km and600km/.
e Baseline design: 6U CubeSat
— Possible alternative design: 12U CubeSat

* 5 operational modes: \

— SAFE

— STBY (Stand-by)

— OCOM (Optical communication)

— RFCOM (Radiofrequency communication)
— EXP (Secondary experiments mode)
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* Orbit period: Approx. 1h30min

* Eclipse duration: Approx. 30min every
orbit

— It is the fraction of the orbit in which the
Earth blocks the sunlight to the satellite

Latitude [deg)

t Y ;
150 -100 -50 0 50 100 150

* Communication only possible when the
satellite overflies a ground station

— Location of ground antennas important for
TC transmission, monitoring, OCOM...

— 7 ground stations identified for this
mission, with different capabilities
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An operational concept described in various fo

Nominal Operations

1000s: OCOM 600s: RFCOM

mode maode
Rest of orbit Rest of orbit:
STBY mode STBY mode

If PWR
and TC
allow

Max 1000s:
EXP mode
Rest of orbit:
STBY mode

*EXP Mode not used
for sizing of system

Figure 7-7: Concept of Operations — Mission Level
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Mode Degcri] Duration
» Attitude: Tumbling (@ssuming 1 - 50°is)
» Payload: completely switched off
Gafs Moge = Platform: Continuous
(SAFE) o SBand and UHF R aiways on up 10 3 days
o TX with 10% duty cycle (assuming regular
transmisslon of spacecran monitorng data
= Affftede:
= Nauir pointing and soiar yaw|steening
o Possbly Incluming  attitude changes for drag
Stanaoy Mode minimization In eclipsa cont
(STEY) » Paylad: GNSS and Payload OBC In standoy (see
£2ction 7.5 - Power raguction)
» Flatform:
o SBand and UHF RX aways on
o SBand and UHF TX off (Communications are
assumad to only happen during CCOM and RECOM
mades)
o ADCS equipmant always on [RW assumed 20% duty
cycle) except star tracker remaining always off
= Atfftude: Slewing of ground station pointing and salar
yaw steering
+ Fayload:
o GNSS, Cameraon
o Laser Communication Teminal (S0% duty cycie)
Optical Comms o Payload OBC on at medium dufy cycle (50%) nans [hoe
Mode (OCOM) | o piatiorm: optical nk)
o SBand and UHF RX always on
o SBand TX at 10% duty cycle, UHF TX of
o ADCS equipmant aways on Including Star rackers|
and highest power consumption on the reaction
wheels (RW assumed 30% duty cyde)
= Attitwde: Nadr pointing and soiar yaw sieering
+ Fayload:
0 GNSS, Cameraon
F Comms o Payload OBC on at medium duty cycle [40%) cone
Moge (RFCOM) | = Piatform:
o SBand and UHF RX always on
o SBand TX and XEand TX on, UHF TX off
o ADCS equipment always on Including star trackers
and reaction wheals (RW assumed 20% duty cycle)
« Attitwde: Nadir polnting and solar yaw siesring
« Payioad:
o GMNSS on at max. power, Camesa on
Maximum of
Experment o Paym.an OBC 0n 3t max. power 10308
Mode (EXP) = Piatform: cumulaiive
over 1 omit

o 5Band and UHF RX always on
o SBand TX at 10% duty cycle, UHF TX off
+ ADCS equipmant always on Inciuding star trackers and

reaction whesls (RW assumed 20% duty cycle)

Table 7-2: System Modes

Figure 4-1: Sequence of Optical Communications LEO-OGS RD[7].

-180 -120 -60 Lungm.:s deul 60 120 180
Figure 6-8: Ground Track of Sample Orbit Arc
NO
YES

REQ: slew to
within 0.5 APE to
GS terminal

REQ: GS needs to
know S/C position
with accuracy 200-
400m

REQ: Point-ahead
angle shall be 53-

54 prad

Beacon includes
information on
atmosphere quality

REQ: Min 2.5 || REQ: 3
Gsymbols/s different scheduled
GOAL: 10 datarates per

Gsymbols/s pass

REQ: deterministic data rates pre-

GOAL: dynamically through upload
information or autonomously on-board

24 Nov 2022

ESA MBSE 2022, Toulouse, France - Copyright Samares-Engineering 2022 - Rights granted for ESA MBSE 2022 presentation and web site publication — other rights reserved

Figure 7-8: Concept of Operations — Optical Communication pass

s\
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=i : OPS-SAT?2 Mission and System o Content Diagram OPS-SATZ Mission and System [ Navigation Diagram ]J

Be SwQ , OPS-SAT 2 Diagram Overview
L - Level 1 - SpaceCraft Refined definition model

E-ff=] OPS-SAT2 Mission and System

Level O - integration model (L1 system

[ Baseline components
B [8l comments
[1 OPS-SAT Acronyms and abbreviations
Ee+-[] TechnicalFlow Validation Suite
=] é LO - OPS-SAT2 EXPECTED SYSTEM (by Raphael)
B3 L0-0PS-SAT.1 REQUIREMENTS (by Raphael) | | @ = — o — o = — — — — — — —
[E3 LO-OPS-SAT.2 MISSION
L1 1L.0-0PS-SAT.3 OPERATIONAL
[ L0-OPS- SAT.7 TRACEBILITY
[=2¥aN| 0-11 - OPS-SAT2 JOINT DEFINITION (by Raphael)
Ei-|yi OPS-SAT2.2 OPERATIONAL
[y OPS-SAT2.3 FUNCTIONAL
B[ OPS-SAT2.4 LOGICAL
[ OPS-SAT2.5 TECHNICAL
~[] OPS-SAT2.8 TRACEBILITY with
L1 - Ground-Space common types LD
L1 - Launch Segment (not managed)

models connected)

System
Requirements

Simulation

1. Logical
Architecture -
150% - without
functions

@3

Realization

(> 1> >

L1 - MCS - Ground Segment (by Raphael)
~[1 L1.Ground.1 REQUIREMENTS
[0 11.Ground.2 OPERATIONAL
-1 11.Ground.3 FUNCTIONAL
[ 11 .Ground.4 LOGICAL
-~ | 1.Ground.5 TECHNICAL
L1 - SpaceCraft - Flight Segment (by Raphael)
~[ 71 L1.Flight.1 REQUIREMENTS and DESIGN DRIVERS
31 L1.Fight.2 OPERATIONAL
~[1L1.Flight.3 FUNCTIONAL
[ L1.Fight.4 LOGICAL
- [yl L1.Flight.5 TECHNICAL
71 L1.Flight.6 TRACEABILITY

M
o
> o-0-E-E-m

- - B E >

Level O - Specification model with =
Airbus RMOFLT framework allocation of operations on L1 systems - ..

mp only
e Mission Probl "
* Operations roblem
* Functional

* Logical Solution
* Technical Level 1 — Ground Segments Refined definition model

requirements
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Focus on the formalization of the operational concep

* Operational model objectives:
— Define the operational systems (Flight, Ground, Launcher) and their key properties
— Define system evolution depending on its life cycle phases and modes
— Refine the operational states by a detailed behavior with execution logics
— Define the interaction between the operational systems as signals exchanged through ports

* Trajectory state block:

° l . -
SysML translation: _ Position
— Structure =— Block definition diagram the architecture B Eg'gse state
Internal block definition diagram for communication B ata
Stat hine di * OpsCommand block:
i até macnine alagrams . .
— Behavior = T & — Unique ID, Priority
ACtIVIty dlagra ms OpSTypeID Type of command .
10 OCOM activity — Operations type ID
. . 20 RFCOM activity .
— Pa ra metrics # dlagram tO blnd the key 30 Secondary experiment (EXP) - Start tlme
parameters including time 40 Complete nominal sequence — Operation details
50 Custom operations
. 100 Enter in SAFE mode * OCOM and RFCOM
— Requirements ===p Requirements table for 200 Enter in STBY mode ground stations
traceabi“ty 300 Leave SAFE mode and restore nominal e Sub-activities
starting times ’
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act [Operational Phase Behavior] LEOP behaviour [ LEOP behaviour | J
3.3.1 LEOP alocates
Once released from inside the rocket, the spacecraft will automatically switch on all its SpaceCraft (L1) wcomments
essential loads and if spacecraft state is nominal, the deployment sequence will start s = = REVIEW:LEOP:
automatically. . _ L { : Detect separation of the launch vehicle @} - —|what is m:
Due to the agreed launch configuration, the OPS-SAT separation sequence and the I e Uol'
autosequence will most likely start and complete outside the ESOC-1 A ground station — . separation?
visibility. (: Initiate power-up sequence @)
The automatic sequence shall execute the following steps ([RD-5]): !
« automatically detect the separation from the launch vehicle Misson c;:'ﬁ:‘:;“em wy
+ initiate power-up sequence
et * 30 minutes after the (first) boot, the UHF antenna deployment will automatically

start; confirm UHF antenna deployment status is Deployed (antennas 1, 2 and 3) |

+ 5 minutes after successful UHF antenna deployment continue with: = - beacon :
o Solar panel 1 wi'ng tand 2 automatically deployment peacon
o Solar panel 2 wing 1 and 2 automatically deployment |
o Confirm solar arrays deployment status is Deployed | === = = - — — |

» bring the satellite into Safe Mode

|
| : Activate Safe Mode (g
™
stm [State llachine] OPS-SAT 2 Mission Phases and Tasks [ OPS-SAT 2 Mission Phases and Tasks | ] ’l‘

W
™ ( : Downlink stored telemetry @j

[ : Send data for orbit @} -
Author Samares

Mission Definition and Early Preparation Phase )

determination

A 11722 | B
Wodfication date|| - 1\ " 1 - - - .
$‘ Navigation Diagram
J/ Last modified by || Raphael
Pre-Launch Operations - é
Ground Stations Testing g, T T rT———
il Launch
ST Pre Launch passed -
do/ Launch \

Eor o SpaceCraft detached successfully
Campaign

ibd [Operational System] OPS-5AY2 Global System[ OPS-SATZ Global Syftem ] J

LEOP and
commissionning

«do / LEOP and Commissioning

: Launcher : PowerSuygply : ~PowerSupphy 5 : FILE
(L1
Commissioning operations successful
: ~Beacon
scomments
Operations - Should be at

= = = least 2 years...
Mission Nominal Operations @&

do / Operate the experiments /

L

/
End of Life

. Beacon
System (L
®

Mission Planning -

Hdﬂl Plan experiments and deploy experiments
«comments

we need to ensure that the mission can be
done (good orbit, enough power,avoid | _  (— — — — — — — — — — — — &7 7 7
collisions, temperature in valid ranges...) N —

— Mission Monitoringand g,
mitigation actions
‘ do / Monitor and react if needed
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From mission to op tasks allocated to L1 Systems
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We show here a first decomposition of the mission into phases, operational behaviours and op tasks allocated to Systems

®0PS-SAT2 Missio ... tions & /

2 Commissioning behavior& — =

J&. EOL Disposal
J& Launch
:‘aGLEOP and commissionning &

I “
2 LEOP behaviour® — = -

| /@ Mission Definit ... Phase

@& Mission Monitor ... tions ©

'@ Operations @

@& Mission Planning &
@ Ground Stations ... ation

"8 Pre-Launch Operations® ———__ ) )
—~ @ LEOP Campaign

@ Mission Nominal ... tions @

@) Check S/C platf ... ments &
T 0 Satellite detumbling®
@ Acquire beacon @
| -@ Deploy antenna®
/
. f/, voDepon solar arrays =
Fd
() Detect separati ... hicle =
) Downlink stored ... metry @
ry
I
N ‘OInitiate power- ... uence @
\'\ ~() Send data for o ... ation®

“@ Transmit a beacon @

s
~

%2 Run the experim ... ation® —

- spaceCraft (L1)
-] spaceCraft (L1)
-9 spaceCraft (L1)
-9 spaceCraft (L1)
-] spaceCraft (L1)
- [@] spaceCraft (L1)
-9 spaceCraft (L1)
~9] spaceCraft (L1)
~[@]Misson Control ... (L1)
~[@]Misson Control ... (L1)
’,OActivate Safe Mode

!
1 @ Analyze TM abou ... eters® -

%

Z
%2 Analyze Key Per ... react® = _
v y v \‘OMonitcr Spacecr ... eters @ —
\

\:‘0 Request Altitud __. ction &
") Send Safe Mode TC 3
,OAcknowledge the ... files=

,/",0 Perform Optical ... orbit®

< —@Perform RF COM ... orbit=

\\\‘0 Run the experim ... rbits @

“@) Upload GS locat ... tions =

/,0 Plan experiments ©

%2 Schedule the di ... ments® — = - @) store Experiment©

AY
@ Upload experiments 2

- 0] spaceCratft (L1)
- @] Missen Control ..
~[@] spaceCraft (L1)
- [@] Missen Control ..
~[0] SpaceCraft (L1)
~[@] Missen Control ..
~[@] Missen Control ..
~[@] Missen Control ..
-] spaceCraft (L1)
-] spaceCraft (L1)
-] spaceCraft (L1)

~[@] Missen Control ..
~[@] Missen Control ..

- 0] spaceCratft (L1)
~ @] Missen Control .

Legend
Allocate
mission2phases
Realization
Sub Phases
= = = = Tasks

(L1)
(L1
(L1)

(L1)
(L1)

(L1)
(L1)

)

Note: this is a simplified view of the operational concept that is next refined at L1 level by both S/C and MCS teams
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3 A L1 - SpaceCraft - Flight Segment [Operational Pmnavmr] Optical COMM pass SiC
B-[p L1 Flight.1 REQUIREMENTS and DESIGN DRIVERS [currentGSToTrack=5]

? entry / set STBY mode

-3 L1 Flight.2 OPERATIONAL e — — — ————— — — —
§-B1 L1 Flght 2.1 CONCEPTS stm [State Machine] Satelite Operational Phase [ Satelite Operational Phase ] J o ]
B 2 CAPABILITIES - , |
1L 012 ENTITES | PERATIONALSYSTENS |
[ &Rdanons Operational phase [ | |
Entities from Mission Analysis .
e satelite modes
ey . Figure 7-8
COpT:
: I toSTBY / printin("Entering STBY mode") |
& (@] SpaceCraft (L1) Optical COMmode @ EXP Mode =) ) v i |
[ entry / set initial G5 entry / Reset linkSuc cessful o | print{simtime + "s §/C:: Trying to
-/ @ power : powerfwatt] = 30.0 W do / Optical COMM pass S/C - do /' RFCOM pass S/C el N establish optical link...") |
1 @ temperature : celsusTemperaturefkevin] = 300.0 K Al do/ Run Secondary Experiment S/C |
H @ doudyWeather : Boolean = false L in this orDMpnm\r? N
I @ currentGSToTrack : Integer = 1 (ETTT E SR, ITIT2) : Try to establish optical link @ I
f- 0B current Experiment : Experiment = Camera control Experiment 2 § e . . th |
! toRFCOM / printin 1oSTBY / printin("Entering toSTBY / rintin("Entering STBY mode' .
("Entefing RFCOM mode") STBY mode") |
stm SIC LifeCycle N ;CU";“EL“‘; 1toEXP/ printin("Entering EXP mode") (" areadSells | ,
RLReiCTIECKe: B s ‘ Satellite |
|
|
|

[ aLifeCycleStages (5
1. Development

bject
Minimise drag in eclipse
" I ) [else] Impossible to
Out of scope of do / ReduceDragEc lipse | "e‘::‘sli"s‘ﬂ‘;:::fﬂ::’e” ?_ — e Shkah optical link

operational
concept. We

[ eLifeCycleStages s transition the t M/ printin(‘Entering Mmodel e
2. Testing = SIC life cyc_:le SW Experiment File ( deploying experim ents Q]
) il R g ’L do / Instaling the experiment - S/C J

aLifeCycleStages 5 l Deploy ment .

3. Transport
B

in this orbit

____________________________________________________ «COmmENts
y Could not track the GS
Satelite Ejection] Monitoring MON [
[ Analyze sic KPP and react @ | TS e
aLifeCycleStagen 5 H do / Analyze KPP and react S/C J " visual Camera =
4. Deployment - LEOP and
Commissionning H ——————————————————————— k]

| do / Satelite LEOP and Commissioning ’

= p— I Files Reception ACK TC sfroms
( Position m onitoring QT ;z:?‘%t::q;ap:t: @) Lo _ 7> optical uplink spacecraft |>
do/ GNSS Monitoring

. | | _
‘ aLifeCycleStages 54 :Downlink files

printin{simtime = "s SiC: )
Sending data files downlink...") | = |

s.0peratons B || |  |[EESEEECEENCI I m = — - - - - - = - - - - — é \ {4305 500s}
1

| do/ Satelite Operational Phase b

. T Allitude Correction IC [ attitude correction @& A

do / Change Atitude Navigation Diagram «comments
Luis: Adaptive data rate during

pass? Open question

experimentResults : Integer Data files via optical ™

downlink spacecraft ) 9®

———————,
avalueSpecifications

L]

«LifeCycleStage» g
6. ReEntry

igati
Diagram Step

e Monitoring and TC Handling is common for most satellite missions
Some tailoring for the operational states

Waiting for a given signal...

Sending a given signal...

S/C behavior is complete and consistent by construction — simulation will show if it is also correct (as expected)

J
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stm [Stste Maching] [ MCS operational pheses ])
A L1 - MCS - Ground Segment f it @
B}-[311.Ground. 1 REQUIREMENTS perstions -T2
6B L1.Ground.2 OPERATIONAL e et D N
& D‘ 1 Ground.Ground2.1 CONCEPTS H do ! Analyze S/C status and react MCS
®- B3 L1.Ground.Ground2.2 CAPABILITIES
=) E‘ W‘I sround.Ground2.3 ENTITIES / OPERATION, On-ground flajsctory model
#)- .2/ Relations
| Ql Entities from Mission Analysis Manage on-ground model =
|-~ Entities Definition
} % MCS Op Tasks stm [Life Cycle] MCS LifeCycle| MCS LifeCycle | ) [ Update current context with model [ act [Activity] Support optical communication [ Support optical communication ] J
|-~ < Experimenter .—)l do/ et current s tate from ground model ®
|- [&J Flatsat test bench I
£ &) Misson Control System (L1) v Focboe | oM | | | 4 T g - - - - - - - == e )
$ ',° MCS LifeCycle (by Raphael) ‘ Bsiorment o . Pass spaeecr_aft visibility info to ground stations (& Z )
| |~ @ SC_temperature : celsiusTemperature[ks R SE BRI LR A %ée

W@ SC_rightOrbit : Boolean = true
@ SC_power : power{watt] = 30.0 W
@ SC_rightAttitude : Boolean = true
# 18 oul teSending : ~TC
£+ 19 in tmReception : ~TM
-1 out beaconSending : Beacon

B
B
& H do/ Add TCs to queue
in filesR : ~FILE .—
% -} esReception [ 4. Deployment 53
1
1

= ALH
‘Operations Details"), "Optical GS target”)[currentGstoTrack-1];
I
Ground IC handling [ ] |
! —
[ Receive and schedule commands [ v )
P T —
optical communication link with " + as3ig)
assignedGS$ + " ground terminal");

2. Testing s

LH, LH, “currentOperation”), J

Telecommand handling

assignedGs : String

3. Transport |5

Processing platform validation bench

| assignedGs : String

®&-B@ L1.Ground.Ground2.4 PHASE BEHAVIOURS (b o &} 1| | | —m—m—— — — — — — — — — — — — —

&~ L1.Ground.Ground2.5 TASKS ® Send commands to SIC - | [

B3 L1.Ground.Ground2.6 FLOW TYPES do / Follow gueue of commands | T ignedGs : String

8- L1.Ground.Ground2.8 CONTEXTS ‘ P T \
§-0311.Ground.3 FUNCTIONAL S {mmﬁm@:s .
Q.D; 1 Ground 4 LOGICAL v ot | (GReEMY B+ 2 | | - - — - — — — — — — — — — — — — — — = - - — - — = e aneaas) e
B ﬁ L1.Ground.5 TECHNICAL Satellite cperations support - s chedule management linkEstablished : Boolean

. J Follow on-ground schedule [N

do / Call dis pateh ground commands T
[linkEstablished] pll:.t!n imtime +"s

Satellte cperations support - Ground operations execution

Common for most satellite missions

after (1000s) / ALHs

Some tailoring for the support of e -
operational states

(" printin(simtime + " s MCS:: |
Downloading files...")

|[else]
|
Data files «fromn P —
GS feedback Change optical G§
FY ‘

experimentResuts : Integer
|

. A
(linkSuccessful = true; ‘)

®

do / Support optical cormmunication

after {800s} / ALH.s endSignal "Abort ground communication”, s eff}

[

pry - 205 upportRFCOM r Support RFCOM experiment [7H] 1 N
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Ground-Space interactions

-
r«read&truch:raFeature»J

linkSuccessful
linkSuccessful : Boolean

\

| [inkSuccessful]
: J
A

"f print{simtime + “s S/Cz
: Capture image from | =

Optical link
established")
visual Camera
*

b |

[ )

E

Satellite OCOM mode

M
|
: change Current GS (w) M W )
rh "wreadStructuralFeatures [ printin(simtime + s GS=" + GSname +"
‘ links: ful — sending connection status to Mission
L MESucceasiu L Control System ")
\ linkSuccessful i
o linkEstablish X
I
Could not track the GS s .
Connection status N\ s
via toMC$ /—W——EE—]——*

fprintln{aimtime +"g

QN

Files Reception ACK TC «froms

SIC:Files reception

acknowledged”)

optical uplink spacecraft

J

:Adapt datarate
during the pass | P _
| \ W - :
\ : Downlink files o printin(simtime + "s S/C:: ‘
é {480s..500s} Sending data files downlink..") | = |
\ .
W
! experimentResults : | Data files via optical
downlink spacecraft /
) e B "avalueSpecifications
Luis: Adaptive data rate during I 0

.

pass? Open question

.

esa

SAMARES =
ENGINEERING |SaE

Accelerate Systems Design ‘SWEJMF;‘KEF{B

Ground Station OCOM support

| [inkSuccessful

W
Data files «from»
optical downlink

>
1]

4% .
printin{simtime +"s " '
+GSname + " received
datafile. Sending ACK...") ,
|
v ) | i
Files Reception ACKTC - Upload files to MCS
via optical uplink % rh

R 4
P
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Internship to enhance OPS-SAT?2 operational

Luis Garcia Mozos, MSc Aerospace Engineering — Space Systems - End of study internship project — Apr to Oct 2022

* Ground segment architecture N
* Time data using UTC times 0 O Y
* Spacecraft operations e
e Ground segment operations - =
. | g E
* Power monitoring ==
* Trade offs between 6U and 12U (not presented here) 3%
Mirna Ojeda, Samares Engineering has also contributed with the g \‘
development of simulation widgets and support on simulation tuning =2
= g\\\ &
Experimenter and Flight Control Team (FCT), User .
interface with widgets (Mission Control Centre | ";i..,
perspective), Time speed management N
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&) Simulation

w 5} Mission Control Centre
Simulation W ox i Mission Control Centre 2
(b B »loigslell ) »>_ Console x
. ’ . e P
B Lol 00:00:00,000 : Initial solving ... 3@ o amvme
00:00:00,000 : Initial solving completed. . iz
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This MBSE model developed to support early validation of OPS-SAT 2 operational concept
through simulation can certainly be reused with little tailoring for many future missions !

What about setting a community to share this model as a
“mission early analysis framework”?

SN

Thanks for your attention |

Note: | can do the demo or give more precisions on the model and
simulation today... or later...

raphael.faudou@samares-engineering.com
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