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AIRBUS

« eDeorbit  ExoMars Rover « JUICE

« Bremen, Germany - Stevenage, UK « Toulouse, France

« Autonomous fail-safe « Communication of « Science data allocation
reaction requirements

eDeorbit is the largest effort so far — methodology and model template developed
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Airbus Space Interviews

Questions:
« Where are the issues with Systems Engineering?
* Where might models help?

Response Categories

Response Themes:
* Process

e QOrganisation

* Tools

49%

26%

Topics of interest:
¢ Eal'|y FUﬂCtIOna| Valldatlon (COnOpS) Process Organisation ® Tools
 Template Model Framework
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Airbus Interviews Publication

The Journal of Systems and Software 160 (2020) 110453

Contents lists available at ScienceDirect

SOFTWARE

The Journal of Systems and Software

-

journal homepage: www.elsevier.com/locate/jss

The long and winding road: MBSE adoption for functional avionics of )
spacecraft e

Joe Gregory®*, Lucy Berthoud? Theo Tryfonas®, Alain Rossignol¢, Ludovic Faured

DOI: 10.1016/j.jss.2019.110453
J. Gregory, L. Berthoud, T. Tryfonas, A. Rossignol, and L. Faure, “The long and winding road: MBSE adoption for functional avionics of spacecraft,” Journal of
Systems and Software, vol. 160 (110453), 2019.
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Biomass — Mass Memory Sizing

Stored Data vs Mission Time
. . 200 A R L L T s Aaiaas o XL Aahadusan Azdsasassansiana
1. Simulation Demo: 850
We demonstrated possibility | s
of model execution i
e00
550
2. Memory allocation: 8 s00
e 450 -
We showed that the E 40
requirement was met 7]
250
200
3. Optimise directory sizes: il
We proposed a suitable 50 | h“._ |" ’ hll._
. . e 0
d|reCt0ry division 25000 50000 75000 100000 125000 150,000 175000 200,000 225000 250000 275000 300,000
time(s)
|—sp.mem.DirectoryTotal == gp.mem.MemoryLimit == sp.mem.Directory1 sp.mem.Directory2 sp.mem.Directory3|
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Biomass — Mass Memory Sizing

Early Validation of the Data Handling Unit of a Spacecraft
Using MBSE

Joe Gregory Lucy Berthoud Theo Tryfonas Antonio Prezzavento
Department of Aerospace Department of Aerospace Department of Civil Airbus Defence and Space
Engineering Engineering Engineering Gunnels Wood Road
Queens Building Queens Building Queens Building Stevenage, UK
University Walk University Walk University Walk SGI2AS
University of Bristol, UK University of Bristol, UK University of Bristol, UK antonio.prezzavento@airbus.
BSS8ITR BSS8ITR BSSITR com
joe.gregoryv@bristol.ac.uk lucy.berthoud@bristol.ac.uk theo.tryfonas@bristoLac.uk

DOI: 10.1109/AER0Q.2019.8741767
J. Gregory, L. Berthoud, T. Tryfonas, and A. Prezzavento, “Early Validation of the Data Handling Unit of a Spacecraft Using MBSE,” in IEEE Aerospace Conference,
Big Sky, MT, 2019.
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Biomass — Mass Memory Sizing

Data (Gb)

How flexible / adaptable is the model to:

1. Changes to the requirements?

0 25,000 50,000 75,000 100,000 125,000 150,000 175,000 200,000 225,000 250,000

2. Changes to the functional behaviour? N ' | ' | dmete

\ I— sp.pdhu.DirectoryTotal == sp.pdhu.MemoryLimit sp.pdhu.Directory1 sp.pdhu.Directory2 - sp.pdhu.Directory3

3. Change to the logical architecture? \
4. Contingency Analysis . o II
g 500 Il l ~4
5. Mission Updated i it 2
200 / o
The model introduces flexibility into the o WAL ' | HHU, ¥
System deflnltlon_ 0 25,000 50,000 75,000 100,000 125.00tci>me(s;50.000 175,000 200,000 225,000 250,000

B ut WO rk I S n e e d e d to Stre am I I n e th e p ro CeSS | == gp.mem.DirectoryTotal == sp.mem.MemoryLimit sp.mem.Directory1 sp.mem.Directory?2 - sp.mem.Directory3 |
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Biomass — Mass Memory Sizing

IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS: SYSTEMS 1

Investigating the Flexibility of the MBSE
Approach to the Biomass Mission

Joe Gregory ~, Lucy Berthoud, Theo Tryfonas, Antonio Prezzavento, and Ludovic Faure

DOI: 10.1109/TSMC.2019.295875
J. Gregory, L. Berthoud, T. Tryfonas, A. Prezzavento, and L. Faure, “Investigating the Flexibility of the MBSE Approach to the Biomass Mission,” IEEE Transactions
on Systems, Man, and Cybernetics: Systems, 2019.
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. Stored Data vs Mission Time
Response Categories

200
850
800
750

700
650
600
550
500
450
<00

49%
26% -

200
150
100
50
0

Data (Gb)

0 25,000 50,000 75000 100,000 125000 150,000 175000 200.000 225,000 250,000 275000 300,000

Process » Organisation = Tools thmet)

== sp.mem.DirectoryTotal = sp.mem.MemoryLimit == sp.mem.Directory1 sp.mem.Directory2 sp.mem.Directory3|

* Develop a template (the SEAM) to be used for early functional definition and analysis of spacecraft.

* Demonstrate the flexibility of the SEAM by applying it to real space-based missions.
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Current phase
P Phase transition External entities
Comms windows Comms windows
Phase transition
Telemetry
. Decision criteria
Operations -

Mode requests
Function requests

v

bristol.ac.uk



BAKE University of Spacecraft Early Analysis Model -

BRISTOL  Structure AIRBUS

Simulation

1
1
1
1
1
1
1
| |
1
1
] 1
I \ 4 \ 4 4
4—
I - - - -
1
1
1
1
1
1
1
1
1
1
1
1
1

E Mission External Entities: .| Operational |
— MATLAB Profile Environment, Mission Entities Phases :
(Bridge) 3 i

_ “ X Functional Architecture : || External Entities: i

«—1— (Sub)system Modes, Functions Ground i

MATLAB |
(Calculations) 1 |

i Logical Architecture i

i Equipment States Key i

iCameo Systems Modeler Mission || Operations || System i
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Spacecraft Early Analysis Model — Interim Report

There’s no ‘I’ in SEAM —
An Interim Report on the
‘Spacecraft Early Analysis Model’

Joe Gregory Lucy Berthoud Theo Tryfonas Ludovic Faure
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Engineering Engineering Engineering Gunnels Wood Road
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J. Gregory, L. Berthoud, T. Tryfonas, and L. Faure, “There’s no ‘I’ in ‘SEAM’: An Interim Report on the ‘Spacecraft Early Analysis Model”, in IEEE Aerospace
Conference, Big Sky, MT, 2020.
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Biomass Model — Logical Architecture

AIRBUS

bdd [Block] Spacecraft| SpacecraftJJ

«block»
Spacecraft

SpacecraftMode : String
SpacecraftActivity : String

values

«State

Machine : System Function Modes»Spacecraft Modes

classifier behavior

aocs

AOCSMode : String
AOCSA ctivity - String

ConmsMode : String

CommsA ctivity : String

OBCMode : String
OBCActivity : String

PayloadMode : String

PayloadA ctivity - String

PDHUMode : String
PDHUA ctivity - String

Pow erMode : String
Pow erActivity : String

comms obc payload pdhu pow er thermal
«block» «block» «block» «block» «block» «block» «block»
AOCS Comms OBC Payload PDHU Power Therm al
values values vaiues values values values values

ThermalMode : String
ThermalA ctivity - String

classifier behavior
«statemachine»AQCS Modes

classifier behavior
«statemachine»Comms Modes

classifier behavior
«statemachine»OBC Modes

classifier behavior
«statemachine»Payload Modes

classifier behavior
«statemachine»PDHU Modes

classifier behavior
«statemachine»Pow er Modes

classifier behavior
«statemachine» Thermal Modes

{5
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=
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Biomass Model — Functional Definition

stm [State Machine : System Eunction Modes] Spacecraft Modes[ Spacecraft ModesJJ

No =SM.1 OFF Mode
‘ entry / SpacecraftMode ="OFF"

"‘ «System WMode» &

Standby OFF
On
( «System Mode» sm )
NAM No = SM.2 : Spacecraft Standby Safe
( entry / SpacecraftMode = "Standby"
Standby
l
POM p J/ \ !
«System Mode» ™ «SystemMode» M
No = SM.3 : Spacecraft Launch No = SM.7 SAFE
NAM A1 entry / SpacecraftMode ="Launch" Safe entry / SystemiMode = "Safe"
oo
«System Mode» sm ] «System Mode» «System Mode» sm i
No = SM.4 : Spacecraft Nom inal No = SM.5 : Spacecraft Pre- NOM No = SM.6 Nom inal
Acquisition Operational entry / SpacecraftiMode = "Nominal"
entry / SpacecraftMode = "Nominal Acquisition" PO entry / SpacecraftMode ="Pre-Operational" POM
oo oo
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Biomass Model — Functional Definition

stm [State Machine : System Eunction Modes] Spacecraft Modes [ Spacecraft ModesJJ

stm [State Machine] Spacecraft Pre-Operational [ Spacecraft Pre-OperationaIJJ

{ «System Mode»

No = SM.1 OFF Mode

‘ entry / SpacecraftMode ="OFF" ’

(

Entering Mode

]

‘ entry / SpacecraftActivity = "Entering Mode" ’

Standby OFF
On [ Reconfiguring Lower Level ]
entry / SpacecraftActivity = "Reconfiguring Low er Level"
cmiaemliads v do / Reconfigure L2 (POM)
NAM No = SM.2 : Spacecraft Standby
( entry / SpacecraftMode = "Standby"
\ -0 ( IDLE
o J/ entry / SpacecraftActivity = "IDLE"
«System Mode» M -
No = SM.3 : Spacecraft Launch
NAM A entry / SpacecraftMode ="Launch"
Deploy LDR Part 1 Deploy LDR Part 2 Deploy LDR Part 3 Deploy LDR Part 4 Deploy LDR Part 5
‘ Deploy LDR Part 1 | \ Deploy LDR Part 3 [ ( Deploy LDR Part 5
«Systemlode» M «System lMode» entry / SpacecraftActivity = "Deploying LDR Part1" entry / SpacecraftActivity = "Deploying LDR Part3" entry / SpacecraftActivity = "Deploying LDR Part5"
No = SM.4 : Spacecraft Nom inal No = SM.5 : Spacecraft Pre- do / LDR Dep1 (Preparation) do / LDR Dep3 (Pre-Deployment Checks) do / LDR Dep5 (Subsystem Transitions)
Acquisition Operational | {
entry / SpacecraftMode = "Nominal Acquisition" PO entry / SpacecraftMode ="Pre-Operational" " De ploy LDR Part 2 ] ‘ Depioy Partd |
e \\ oo entry / SpacecraftActivity = "Deploying LDR Part2" entry / SpacecraftActivity = "Deploying LDR Part4"
\/ do / LDR Dep2 (Pinpuller Release) do / LDR Dep4 (Complete Deployment)
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Biomass Model

Operations

stm [State Machine] OperationalFhases [ OperationalFhases JJ

ase Launch
| Launch

entry / OperationalPhaseValue = "Launch"
do / Launch Operations

(act [Activity] LEOP Operations [ LEQEOperationsJJ

\]/Ehasg LEOP
( LEOP
entry / OperationalPhaseValue = "LEOP"
do / LEOP Operations

J,Phase Commissioning
Commissioning

entry / OperationalPhaseValue ="Commissioning”
do / Commissioning Operations

Phase_Tomographic

Tomographic

entry / OperationalPhaseValue = "Tomographic™
do / Tomographic Operations

Phase_Interferometric

Interferometric

entry / OperationalPhaseValue = "Interferometric”
do / Interferometric Operations

EoL

[ EOL
entry / OperationalPhaseValue = "EOL"
do / EQL Operations

OperationsComplete

v

o

|
\

LDR
Deployment
Sequence

rh

A 4

GROUND
PASS X

- Automated tasks
[ Mission Scheduler TC
B LveTC

<> On-board surveillance
Q> Ground checks
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Biomass Model — Results

(‘act [Activity] Simulation [ Simulation }J )
[ Initialise State " Set Simulation RunSTK ‘\ Execute MISSIOI‘I " save Simulation |
‘ Machines Parameters Results
@ A thi- — == j - T O
\ J

Mission Timeline

| B N N M 1

0.00 200.00 400.00 600.00 800.00 1000.00 1200.00 1400.00 1600.00
Mission Time (min)
Waiting == Transmission Decision Function
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Biomass Simulation

SIMULATION

Filename

BiomassDeploymentModel

MISSION TIMES (min)

Waiting Time
Transmission Time
Function Time
Decision Time

Mission Time

175.4800
27.6000
52.2000
480.0000
735.2800

EXTERNAL ENTITIES

Launcher Separated

Sun InView

GROUND STATIONS TC ™
Svalbard IDLE 0 2
Kiruna IDLE 1 2
Troll IDLE 2 0
ESOC Routing TC

SPACECRAFT

Operational Phase  |LEOP

Spacecraft Mode

Spacecraft Activity

Pre-Operational
IDLE

SUBSYSTEMS
AOCS Mode NM - GAP
AOCS Activity IDLE

Comms Mode

Comms Activity

OBC Mode
OBC Activity

Payload Mode
Payload Activity

PDHU Mode
PDHU Activity

Power Mode

Power Activity

Thermal Mode
Thermal Activity

Operational

IDLE

Operational

IDLE

Standby
IDLE

Operational
IDLE

Operational

IDLE

Operational

IDLE

ASSEMBLIES

RCS Mode
RCS Activity

GNSS Maode
GNSS Activity

SSN Mode
SSN Activity

MTQ Mode
MTQ Activity

S-Band TT&C Mode

S-Band TT&C Activity

RDIU Mode

RDIU Activity
Processor Mode
Processor Activity
LDR Boom Mode
LDR Boom Activity
LDR Reflector Mode

LDR Reflector Activity

Directoryl Mode
Directoryl Activity
Directory2 Mode
Directory2 Activity
Battery Mode
Battery Activity
SAA Maode

SAA Activity

Therm. Assy Mode
Therm. Assy Activity

Operational

IDLE

Operational
IDLE

OFF
IDLE

OFF
IDLE

Operational

IDLE

Operational
IDLE
Operational

IDLE

Operational

IDLE
OFF

Operational
IDLE
Operational

IDLE
Operational
IDLE
Operational
IDLE

OFF
IDLE

STRA Made Operational
STRA Activity IDLE

RWA Mode Operational
RWA Activity IDLE

MTO Mode OFF

MTO Activity IDLE
Clock Mode Operational
Clock Activity

SAR Mode O

SAR Activity

MCA Mode Operational
MCA Activity IDLE

Directory3 Mode  |Operational

Directory3 Activity |IDLE

XDA Mode Operational
XDA Activity IDLE
PCDU Mode Operational
PCDU Activity IDLE

Heater Assy Mode |Operational
Heater Assy Activity IDLE
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ExoMars Model - Results

(‘act [Activity] Simulation [ Simulation ]J A
Initialise State Set Simulation RunSTK ‘ Execute Mission Save Simulation
Machines Parameters th th Results
°- al - - - - . Wb - @

_ J

Mission Timeline
0.00 1000.00 2000.00 3000.00 4000.00 5000.00 6000.00 7000.00
Mission Time (min)
mm Waiting = Transmission ww Decision Function
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ExoMars Model - Results

(‘act [Activity] Simulation [ Simulation ]J

Initialise State
Machines

@ hl -

Set Simulation
Parameters

(]

0.00 1000.00

mm Waiting

2000.00 30(

SIMULATION

Filename \ExomarsEgressModel
MISSION TIMES (min)
Waiting Time 4690.4660 |
Transmission Time |300.8040
Function Time 1453.3500 ‘
Decision Time 1720.0000
Mission Time 6164.6200 |
EXTERNAL ENTITIES
Lander |Separated
COMMUNICATIONS
Estrack IDLE

TCle | ™
Orbiter \IDLE
ESOC \IDLE
SPACECRAFT
Operational Phase 'PLTE
Spacecraft Mode 'Nominal
Spacecraft Activity 'Egressing from Lander

Distance Travelled (m) [1.1055 |
Power Generation (W) [1180.0000

SUBSYSTEMS oL ,
'Operational | IDLE

Mechanisms Payload

‘Operational | Switching on Equipment ‘Operational | IDLE

Mability Power

‘Standby | IDLE Operational | IDLE

Comms Thermal

‘Operational | IDLE 'Operational | IDLE
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Lessons Learned

Separation between Descriptive and Analytical aspects of
the model is crucial

/ Separation between Mission, Operations and System
introduces flexibility in definition and analysis

— does not prescribe system behaviour

/ Application to multiple missions and use cases can
demonstrate flexibility
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Summary

/Interviews within Airbus indicated:
we should focus on ‘Early Functional Validation” against ‘Concept of Operations’

we should develop a ‘Model Template’
/I\/IBSE techniques have been applied to three case studies:
1. Biomass, Mass Memory Sizing (previous work)
2. Biomass, Payload Deployment Sequence
3. ExoMars, Egress from Lander Sequence
/A model-based framework, the ‘Spacecraft Early Analysis Model’ has been developed
This links CSM, MATLAB, Excel, STK to define and simulate system behaviour
x Development of the SEAM Guide and SEAM Ontology is ongoing

bristol.ac.uk



Elic University of

BRISTOL AlRBUS

Thank you for listening

Questions / Feedback
gratefully received!

joe.gregory@bristol.ac.uk
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