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Need of an MBSE approach for space industry

Qesa Assessed benefits of MBSE

—

@ eudid || AeroCube-10 Repulsion by engineers who feel comfortable with text-based procedures

NEED OF IMPROVING MODEL-BASED SYSTEMS ENGINEERING (MBSE) MATURITY THROUGH PRACTICAL
APPLICATIONS, TO BETTER RIDE THE NEW SPACE ECONOMY WAVE

INCOSE MBSE Roadmapl!

| MBSE Capability

Reduced cycle times System of systems Design optimization across broad trade space
i il main eff nalysi

Institutionalized
MBSE across
Academia/Industry

Low maturity of MBSE in the context of small satellites design

Document Centric

Minternational Council on Systems Engineering. Systems Engineering Vision 2020. INCOSE Technical Operations, Seattle, WA, 2007
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Extending Maturity and Capability /

Distributed & secure model repositories
crossing multiple domains

v

Defined MBSE theory, ontology, and formalisms

/ / PR .
Architecture model integrated Refer to activities in
with Simulation, Analysis, and Visualization the following areas:

~ *Planning & Support
Matured MBSE methods and metrics, ‘Research
Integrated System/HW/SW models
/ / +Standards Development
*Processes, Practices, & Methods
Emerging MBSE standards

*Tools & Technology Enhancements
N aqy

«Outreach, Training & Education

2010 2020 2025
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Introduction: Space Systems Engineering practices

SPACE SYSTEMS ENGINEERING

Clear o o Improved access
Stakeholders —_— T D E— % to Information
CUSTOMER Needs Definition I:ETP - across Domains

NEEDS/OBJECTIVES
Enhanced
i Unambiguous
REQUIREMENTS vanagementand [E= ~ system Model "\ System
o ==
ANALYSIS Traceability 4= 1 Development
(minimized % (prevented errors)
_ drudge work) 00
> FUNCTIONAL o
ANALYSIS Improved Team
Communication (saved time)
TRADE-OFF SYS;LES'\T"HDEES?'SGN METHODOLOGY TOOL LANGUAGE
STUDIES Logical sequence of Instrument that facilitates ~ Communication rules with
tasks defining “what” is the accomplishment of precise syntax and
to be done and “how”. tasks. semantics.

DEVELOPMENT
AND TEST PLAN

(COSEM)

Object Oriented Systems W $
il SYSTSSMLA'.EOC:)ELFR' OPCAT “ST.I=§ OPL
e

== Capella

Open Source MBSE Selution

Increased awareness of MBSE potential in the last years ACaDiA
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Why ARCADIA and Capella

Language

Method

(to be defined!)

i
TERPRISE QO

.
(K

Language

.23

s ' ARCADIA
== Capella

Tool Method

“Classic” MBSE with SysML

SysML is just a language — Needs a tool and a methodology that implement it

Difficult to understand by non-software background

Object-oriented nature — .
engineers

No distinction between
functions and components

»  Semantically confusing

ARCADIA (ARChitecture Analysis & Design Integrated Approach)

« Embeds methodology and language

« DomainSpecific Modeling Language (DSML)
« Does not requires modelling experts

« Less steep learning curve

Intuitive
Customizable

N . — « Open-source
£ 4  perfectly integrated by the tool == Capella .

Open Source MBSE Solution
ARCADIA d
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Space projects lifecycle: ESA standards ECSS-E-ST-10C Rev.1

Phases

Activities
Phase 0 Phase A Phase B Phase C Phase D Phase E Phase F
uMDR JLPRR
Mission/Function
lSRR "PDR
Requirements
CDR
Definition |
JlQR
Verification [ ]
AR
FORR
Production |
FRR
§ gorr JELR
Utilization |
1 LRR
MCR
Disposal
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* Phase 0 - Mission analysis/needs identification:
understand customer needs, propose mission/system
concepts

* Phase A - Feasibility: propose system solutions to mee
the customer expectations

* Phase B - Preliminary Definition: preliminary define the
system solution

Phase C - Detailed Definition: establish the system
detailed definition

Phase D - Qualification and Production: finalizes the
development of the system, prepare for operations

Phase E - Utilization: operate the system, support to
anomaly investigations and resolutions

Phase F - Disposal: safely dispose all products launched
into space as well as ground segment
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Getting started: CubeSat mission framework

&40 Q

Advanced Space Technologies 4
Robotics & Astrodynamics

-

12U CubeSat

High Level Mission Goal:
Carry out a close-up visual
inspection of a European
space debris.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, PEOES. . s sumssonsrmasseRsee fewi]
. @ - F-0001 v — @ - M-0011
1 U n d e rsta n d th e d e b rl S fi I R I TS —S — - The e.Inspector mission refines 0 | 3 o i spac'ecraft shal! iti
P! erform disposal activities
. . S e e e e e ?| shall carry outaclosewp |~~~ T TN ;::ﬁ::’::h:‘llls::nexceed I :::e'sm:hi; f,‘:ff,’f,"’.';ed gnd manoeu’:/res in order
status at the time of flight L | T R e ? deal pctonof Skl Bt ey
i A e ~—-~—*———~v*—v~*zeﬂge~s —————————— ! Esausfie | satisfies

Launcher Space Segment

2) Validate GNC sensors to | — _ :
TR Launch the Space pg Performed relative | Acquire VIS and !
g @ Segment to the activated reached favoaton IR Images of ~
€ use Or a next ca p ure g Parking Orbit DI space operative the Target Perform
. R 9 Perform Space segment Perform Thrusting to |  orbital state Aobroach 9 Thetitato
of the debris L Dl reached barking orbit ®  Segment Operative Orbital ® Targst Fia D8 collected data ® mspo"i i
P g — Activation State & - O'l‘bital State
parate Space - Process Image Files
@ Segment from o @ for Navigation and b I

segment :
satisfies Storage D3¢ leted target i

3) Reduce risks of future the Launcher BT | satiies ____________ """""""""""
Active Debris Removal ! —

¥
(ADR) missions 1 oy S— _— E ‘(
5 E onned c::\:;;’:;evf:t:’l;t e The inspection target The obtained images - _: / DISPOSE
T launcher specifications shall be a European shall be used to validate
; i s B owned debris. an ADR concept mission. e
T T

from Cubesats D...
refines 1 refines ' 2w 6/12m 2m 2Zm

ok
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Review of ARCADIA

METHOD-EMBEDDED DEVELOPED TASKS

=

Operational Analysis v" High Level Objectives
What the users of v" Involved Stakeholders (Entities)
the system need to T ey
sceompiish and Responsibilities (Capabilities)
:‘unc;ionatl& _— v' System Capabilities
on Functional Nee E— . .
What thie cystien has té v' External Functional Analysis
accomplish for the users v Requirements

: v" Ph nd M
v Subsystems Modeling - Cofwizssogo Oeorlgsions
Logical Architecture =~ ——> v" Internal Functional Analysis P P
N s v’ Functional Interfaces
to fulfill expectations
v" Physical Components
—_— v i
Physical Architecture PhyS|ca| Interfaces
How the system will be v" Mass and Cost Budgets
developed and built v Product Tree

+ dedicated AIV/AIT plan development diagrams
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From Functional Analysis to Requirements

i Perform Relative
GNC [F-SPC-GNC-
0010]
= : /
stimate
@ Relative State [F- > _ _satisfies _ Q Y -EHow
SPC-GNC-0024] - F-GNC-0079 The GNC subsystem shall
Euarantee 3-axis relative position and velo...
~  On-board e - -
Image Estimate ERst:n;iate
Processing [F- @ Relative Sfate [ Stat: aDuvreing
SPC-G?C-OO... Out of Eclipse Eclipse [F-S...
‘ J !
. =) = = Estimate

= B e [ o o

Processi Files [F- in from GNC Relative Relative ol @ Relatve ©@ Relit

ng Op... SPC-O... Image... Image... Execut... Po;e s State ... tate . State...
Perform Relative GNC EStImate REIatlve State F'GNC'0079:

. . [ ] 1 .
* Estimate Relative State » On Board In?age Processing Ecli ‘ The GNC subsystem shall guarantee 3-axis
H ° . oy . . .

« Execute Relative Maneuvers Est!mate Re at!ve State Out.o Ec Ipse relative position and velocity states estimation
° Perform Attrtude Ta rget Tracking * Estimate Relatlve State Dunng EC|IpS€

* Sensor Fusion for Enhanced Estimation

Capella Days 2021, November 15-18, 2021, Online - Paolo Minacapilli POLITECNICO MILANO 1863




Requirements traceability

Traceability between requirements and model elements is managed through the Capella Requirements Viewpoint
which provides a graphical output too

~ ## [Capella Types Folder]
~ & Importance

= Mandatory (Requirement)
Editing of the properties of a Requirement

== Nice to Have

£ Progress Status

W ., ﬁ [Capella Types Folder] Requirements VP | Requirements Allocation . Internal RequirementsAllocatiDn}
=~ Rework Necessary
To Be Reviewed ~ [®] [Capella Module]
=~ To Be Reviewe
=~ To Be Discussed ~ & GLOBAL MISSION Incoming links L Outgoing links £
” > @ F-0001 The elnspector mission shall carry out a close-up visual inspection of a.. Source element Relation ype Target element Relation type
=~ Reviewed OK > @ M-0005 The inspection target shall be a European owned debris. @ Perform Thrusting to Disposal Orbital State [F-S... satisfies
== Draft > @ M-0006 The obtained images shall be used to validate an ADR concept mission,
= |Under Rework > @ M-0007 The total mission cost shall not exceed 5 MEuro, excluding margins.
+ B¥ Verification Method 1 > @ M-0008 The image acquisition phases shall be completed by 2025.
- Test ~ @ M-0011 The spacecraft shall perform disposal activities and manoeuvres in orde < 5
) & [Importance] Mandatory
= Analysis

& [Verification 1] Review of Design

=~ Review of Design @ [Verification 2] Analysis

=~ Inspection "% [refines] F-0001 The elnspector mission shall carry out a close-up visual insp

» & Verification Method 2 » @ M-0012 The total mission duration shall not exceed 2 years.
» B Verification Method 3 > @ F-0122 A radio-frequency communication shall be established between the spa
> BF Functional > @ 1-0134 The system shall be compliant with the launcher specifications from Cube e
. OP Mission > @ M-0135 The reliability of the subsystems participating to disposal manoeuvres sj LI S
. B Interface > @ F-0136 The system shall be capable of surviving space exposure for the duration| DIMain Engine © - F-GNC-0086
’ i > @ M-0297 The spacecraft shall be safely passivated after the disposal manoeuvres| - F-GNC-0086 The GNC subsystem shall be
> W Environmental : satisfies | __ _»_able to autonomously compute collision a... |

@ > @ F-0306 The system shall be able to acquire data that are useful for a future act... Perform _— Pesiean - !
3 Operational « @& EPS Thrusting to Coicior IR :

.- Disposal 2 L | refines
> Logistic > G D-EPS-0013 The EPS shall be sized to meet all requirements at the EoL. Orbital State ... M:::fvae'::e[’: ___________ | &
> B Physical > (@ D-EPS-0014 The solar arrays shall be sized at the EoL. ii-i2 = satisfies @ - F-GNC-0087
s

> BF Product Assurance > @ D-EPS5-0015 The solar arrays shall be sized considering a 0.26 degraded cell effi, i - F-GNC-0087 The GNC subsystem shall be
) - ; > @ D-EPS-0016 The batteries shall be sized at the EoL. ' AT eEbieoesale ool la AvolddOcc Ao T
> B Configuration R
> B Design » @ D-EPS-0017 The batteries shall be sized for a \SI{30H\percent} maximum Depth s
? satisfies %o
> B Verification - M-(‘;OH

¥ satisfies - M-0011 The spacecraft shall perform disposal activities and

OE refines manoeuvres in orde...
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Internal Requirements allocation

Requirements trees are generated once internal relations are defined

(Requirement)

Editing of the properties of a Requirement

Requirements VP fRequirements Allocation ﬁnternal Requirements Allocation

Internal links
Target element Relation type
@ F-0001 The e.Inspector mission shall carry out a close-up visual i... refines

\

Example: Requirement M-0011 Internal Link

Customization of Operational
Architecture Blank diagrams

refines - -~

@ -F-0001

“ -7~ F-0001 The e.Inspector mission shall carry out <.
\a close-up visual inspection of...

refinés

T v

refines | . s s ~
refiles refines RS
: refines refines__
@ - M-0006 @ - M-0007 ® - M-0008 ® - M-0011 @ - M-0012 ®-F-0122
- M-0006 The - M-0007 The total - M-0008 The - M-0011 The - M-0012 The total | - F-0122 A radio-
obtained images mission cost shall image acquisition spacecraft shall mission duration frequency
shall be used to not exceed 5 phases shall be perform disposal | shall not exceed 2 | communication

refines

system shall be
able to acquire

s ‘-"“urefiqe\s
refines - TR
@ - F-0306 @-1-0134
- F-0306 The -1-0134 The

system shall be
compliant with the

O - PA-0365
- PA-0365 All the | i1
service module
components shall '
have flight heritage | | |

validate an ADR MEuro, excluding completed by 2025.| = activities and years. shall be established | data that are useful | | launcher
concept mission. margins. manoeuvres in between the space | for a future a... specifications from at the da... i
orde... Cub... b
____________________________ 2% 3 0 . o S N i G . o o S v T G 1 0w
"""""" ) L refined” refinqg h e
@ - M-MA-0009 @ - M-0005 b = ® - M-0360 @ - M-0361 Q- M-0364
~M-MA-0009 The | - M-0005 The OENE01> skis02 - M-0360 The ~M-0361 The - M-0364 The
spacecraft shall inspection target - M-0135 The reliability of - M-0297 The spacecraft system shall avoid system shall casualty risk of the
maintain passively | shall be a European the subsystems shall be safely passivated the release of guarantee that the | | mission disposal
safe trajectories owned debris. participating to disposal after the disposal mission-related integrated shall be below of
during the... manoeuvres ... Mmanoeuvres... objects. probability of 10-4.
v break-up ..
refines
©-F-0136

- F-0136 The system shall be capable of

surviving space exposure for the duratio...
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Operational Analysis

Outputs: High Level Objectives, Involved Stakeholders and Responsibilities Example: Operational Architecture Blank
diagram @Operational Analysis

Analyze data

B ———
a

@ - M-0007 &
- M-0007 The total ‘
mission cost shall not | _
exceed 5 MEuro,
excluding margins.

Provide Space Debris Support

TAS| _

% Space Debris Expert

Provide Mission Funding Keep Space Segment Safe Erauide Enviranmenta) Conditons

Environment <—
— . 2

&

Develop Payload Manage Payload

|
@ Payload Provider .
T Y

Diliiies Payload 6 e taiget deiis Execute Close-up Visual Inspection of the Space Debris

L)
& | auncher @ POLIMI —) @ Target Debris
& SN
e — satfsfies "

2 ‘ satisfies
Establish Frequency Availability © - M-0008 . Y

&ITU . S
_— - M-0008 The satiies @ - M-0005
) .ﬁ ‘oo y

) image acquisition s - M-0005 Th.
‘ ‘ o Perform Space Segment EOL disposal phases shall be e pecion ta?get
Ground Segment Design : Establish radio-frequency communicatipn completed by 2025. & Shlben
@ Ground Segment PI’OVIdeI’<—— o European owned
a ‘ satisfies @ © - M-0006 debris.
£

©-F-0122 Space Segment Design - M-0006 The obtained images
shall be used to validate an

ADR concept mission.

- F-0122 A radio-frequency communication shall
be established between the space ... MOC
&

Mission Operations Commands Management

Capella Days 2021, November 15-18, 2021, Online - Paolo Minacapilli POLITECNICO MILANO 1863




System Analysis

Environment

Outputs: System Capabilities, External Functional Analysis

@,
idé protection against Mechanical Loa;

Keep Siﬁé%’“er_‘t o _’A--/P;;:/;d’e:)rotection 3;@1 Examp Ie:
"M ) S - - ege . -
_— © L: Mission Capabilities Blank diagram
\ mae\pﬂal@-agains(li fomagneticifterfefence
S

9,/// R: OBDH Data Flow Diagram @System Analysis

top against Collisions

5, @ Provide On-board Data Handling
POLIMI v
Provide Power Supp =8
i roviae Wer Su|
medesupp?d @ = L —— @® System |Initialization and Maintenance [F-SPC-OBDH-0032]
\\g\g@f"b@ua’d Duatnding | @ Initialize Systeml bainitialized system &P Perform Test on All the Subsystems [F-SPC-OBDH-oosgﬂ
™ - Ground Segment Provider [Nyly! T
rovitde Communication Services _-———_‘-_'_—-_'@ P su bS)’STemS OPefatiVe
b DAinitialized system

A IiD LY
Process Image Files [F-SPC-OBDH-0071]

\

@ Guarantee Platform Health Status [F-SPC-OBDH-0031]
DEfirst image prodessing executed

Approach Target Debris “
g EP Read Telemetry [F-SPC-OBDH-0061]
Execute Close-up Visual Inspection of the §_pgc&Debris'"_‘—" - iﬁ“"‘N\& Target Debris E Execute ImageuProcessing
— S N \
@ <’~»\‘\\_— , ____—~—~-""": & Operations and Algorithms [F-SPC-
“<ollect Data of the Targe_tAD_e_b’_rls_,_'—"" Dl teleém etry OB Dl;.l,-0070]
a

"0 rommnonn | L
-F-OBDH-0120The | onitor Components

Avoid Creation of New Space Debris OBDH shall monitor |~ ¢5iisfies © Parameters [F-SPC-OBDH-

EaE @ - F-0BDH-0114
W th ft
Provide Passivation EOL _.!__'____4——*‘_'- @ s;ﬂsj:ace:ra 00621 Guarantee Large <atisfies | - F-OBDH-0114 The
@ === ® Data Storage [F- [~~~ > 0BDH subsystem
TS ) SPC-OBDH-0026] shall be capable of
— Deorbit at EOL

— storing data.

DEprocessed images
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Logical Architecture

Outputs: Subsystems Modeling, Internal Functional Analysis, Functional Interfaces

28pCOL computation
% Space Debris Expert @ Environment . . .
omputed PCOL ! Example: TT&C s\s Diagram @Logical Architecture
Provide Space _ ; Provide
Debris Support collidirig|deH risColliding Debris
7
»
PAprovided spacg debris support] @ Ground Segment Provider OTT&C SS
L5 o : = B TT&C SS - Telecommands Uplink Line
GPOLIMI B2 colliding debris :
< @ Design Ground Segment
T = 9 2
2 Mission ; cancheonsighal AT B TT&C SS - Telemetry Downlink Line
2 : Compute
Operations . . - I . - s = 5
Commands PC@Emistign gperations definition Receive Beacon Signal |[; g:zz:r:t [ TT&C SS - Acquired Target Images Downlink Line
Definition from Space Segment 2
beacon sigrial Signal to
— - - Ground
—Zmissian operations commands defined) __p8commangs MQC - G %mgend Telecommands to DOBDH SS
@moC = Space Segment [F-GND-G.., Deploy VHF p
= " va'_ e 1 Je Foldable
Flight dynamics for maneuver and Orbit b8 commanddfrom MOC Antenna [F-SP - 2 JOBC-MAIN
© guidance planning for transfer and Determinatio ; EVHF Transceiver saviiE 5 »
CAM wrt resident objects [F-GND ... n [F-GND-M.., m/ Ceive Commands from It 04 deploy v%%%%d BIE SAter e E'_mnscel imoperatlve e e
b8 mission operafions commands e issign’operations ¢ nds generated Moc telecommgnds | Datelgcommands from Ggound Process ‘ Send | ands tofBbH Read Execute
orbit eféterming R = @Telecommancills i@]{;elecomma: 2 ; 2 [ Telecomma @ Telecorim
d from... " e TS ands
Generate bAtelemetryland data dpwnRective Tele from i B Daprocessed felecol '“Ea"
@ Telecommands " 4 Ty "
© Telecomma . Space Segmggt [F GND G..| pate| OAread y
ds [F-GND-... 2nd OFbit Deter:. E 2 Aifhid sl it |Igg?processed telemet:;y Process telemetry data
bate d for Image Target Phase initializatio o2 ds8itelemNNEERL o, 1=lomety Data o
PIassesse eé% g‘tae'?emetrrymag -2 At Patelemetry frofn space 599’%%0"‘? ands&utelem S o Ground [FS..| %?processed telemetry Telemetry &5 Transceiver Bemetylf
2 4 - telemfet
Analyse the ‘]_— P am
Housekeepin| Receive s 4 L lemory
telemetry to MOC Telemetry DA dataldownload SE Groun ¥ "
© g Telemetry elemetTy T o to MOC . £15-band Antenna S’b:"d Trlanzczwer Guarantee Large. ; ;
F-GND- . D4 data file : 5 read payload data Data St ¢ sforedl data fansfer
. DAreceived telemetry —— Frocess{: payl::a(: ta —] T Beyjoad ohid ata Storage [F-S.0 |
e , - processed payload dat:
Target Image @ Data Files to 5 2 Payload Tored d dat
i ehr ayload Data stored payload data
Processiong [ Receive Payload Data from CioindiEHRG _
F-GND-MOC Space Segment [F GND G. ] I Tra'nsfer
| 00—t ——"TA5cqured dats TNes % of Imaging
. o ~ o Data Tovs{ards
P9 mission funding @ T
baprocessed target images 51
HHESA
PAprocessed data 1=
B3 mission funding © Analyze data
@
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Physical Architecture

Outputs: Physical Components, Physical Interfaces, Mass and Cost Budgets, Product Tree

e~ }
. £ Main Engine > CABLE DOCK-MAIN - ENGINE Example: OBDH
{EIGNSS Receiver_1 .
e RS Power 08 CABLE DOCK-GNC - REACTION WHEEES ~ @IReaction Wheels Assembly | - GNC interfaces
= € Conditioning b4 reaction wheels actuation commands_ghain Reaction Wheels
Unit . Functionalities ]

GNS 1 absolute positioning

D8 CONNECTION D+CK GNC - 28 CABLE DOCK-GNC - MAGNETORQUER
1
o

D= CABLE DOCK GNC - ENGINE €] Magnetorquers

=3 =}

=)
H MCONNECTION%C?COKC NC - OBC-GRIEh ds_mpi Magnetorauers
H = ruster actyilation commands_mpin ' ;,F!J_!'..Cﬁoﬂgl,iﬂ?s A
B {FJOBC-GNC MCU DOCK-GNC mmmé rquers actuation co !
P 5 _OBC-GNC  |Bapower to OBC-GNC D8 CABLE DOCK-GNC - iU
FunctionalitiesS | ¢ ————H i EIMU_1
o gn‘alsmaduamrsg?m @ @IMU_T Functionalities

GNSS absolyte positioning_1

MU_1 measurementg

BAthruster actuation|dommand

D€ CABLE DOCK-GNC - [MG['M .
D& CABLE DOCK G C kSTAR TRACKERtQ‘“CABLE SOCkCNE. SURTSENSORS DAreaction wheels actuation commandg
CABLE GINSS ANTENNA_1 - DOCK-GNC DAmain magnhetdmeter measurementsar el n;zawi;igrs measufements
u = b9 magnetorquers actuation command
fl fFJGNSS Antenna_1 GNSS Antenna T Main Maghetometer €E] Star Tracker ElSun Sensors a2 S
E . % &
Magnetome: Star Tracker Sun Sensors
GBS er Functio... Functional... Functionalities
Functionalitie... < —w e —m
L ] ] I
D& CABLE GNSS ANTENNA_2 - DOCK-GNC
D CONNECTION DOCK-MAIN - DOCK-GNC ]
DEGNSS absolute posi]ﬁ]oning_Z F1DOCK-MAIN 2
|5}
i: S % L et signals tolactuators 1 DOCK-MAIN - pei #IMU_2
G ionaliti .. 8_ GNC Algorithms and ionalitie PAIMU_2 measurements ~
GNSS_2 Functionalitigg SS_Zfabsolute positionid g Functionaliti IMU._2 Functionalities

ey DAsensor readings

26 CONNECTION DOCK-MAIN { GNSS=2 T
DECONNECTION DOCK-MAIN - OBC-MAIN

D CABLE DOCK-MAIN - MAGNETORQUER

Dl CABIE DOCK-MAIN - REACTION WHEELS
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Modes modeling

Modes are characterized by several functions already modeled in the previous analysis.

= ’ :
deployed solar arrays, deployed UHF GNC -~ DetiiSEE

antenna, (WHEN) deployed appendages Terminate Detumbling

-

Choice GNC Mode ™ GNC - Desaturation ] Terminate Desaturation
/ N2
[ ” esaturation com pleteg]\
Initial GNC desaturation commands,

(WHEN) saturated reaction

wheels
Fork|GNC Modes [entire mission duration]

[entire mission duration]

T“GNC - Absolute

Navigation ™ GNC - Absolute Attitude

(WHEN) distance from target < 20 km

Example: GNC Subsystem Modes

[M] GNC - Detumbling

do / Measure Angular Velocity Related Quantity IMU_1 [F-SPC-GMNC-0067]
do / Measure Angular Velocity Related Quantity IMU_2 [F-SPC-GNC-0067]_2
do / Gather Angular Velecities Readings

do / Dissipate Angular Velocity [F-SPC-GNC-0066]

do / Execute 3-Axis Attitude Control [FFSPC-GNC-0048]

do / Moniter GNC Components Parameters [

F-SPC-OBDH-00386]

do / Magnetometers Data Acquisition

do / select magneterquers functionality

do / Route Sensor Readings to OBC-GNC

do / Route Sensor Readings to OBC-MAIN

do / Route Commands from OBC-GNC to Actuators

do / Route Commands from OBC-Main to Actuators

do / Split Actuators Commands

do / Activate Magnetometer

do / Activate Magnetorquers

do / Provide Magnetic Field Components_IMU_MGTM

do / Provide Magnetic Field Components_IMU_MGTM_2

do / Provide Magnetic Field Components MGTM

do / Generate Magnetorquers Commands

[region]

Choice Relatiye Navigation (WHEN) distance from target < 200 m,
(WHEN) distance from Match Key Points to 3D Points Cloud
target > 900 m, Compute| (WHEN) 100 m < distance [F-SPC-GN(C-0080]
LOS from Images [ from target < 900 m, Detect
F-SPC-GNC-0074] IKey Points in Images [F-SPC... )
s GNC - Relative - ONC - Relative ™ GNC - Relative Attitude
Navigation Far Navigation Close
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Modes modeling

" =SYSTEM - BOOT S | SYSTEM- executed [ svsem Example:
space segment separated fromizeparation DETUMBLING detumbling, DEPLOYMENT LEOP Phase — System Modes
< GNC - l (WHEN) angular
Initial LEOP (=2 DetumbBli velocities < value
r | 'g deployed solar | J

arrays, deployed
UHF antenna

Perform Test on (AETER) 455D Subsystems Modes are
@ SYSTEM - BEACON All the @ SYSTEM - TELECOMMUNICATION {om separation , SYSTEM - epr oited to easi |y define

Subsystems [F-S... . ~ COMMISSIONING

®TT2C B ) TT&C - Receiving Commands (WHEN) Syste m ones
l established L
™ TT&C - Data Downlink communication ‘

T‘“W&C = Telemetfy Downlink desaturation com mands - SYSTEM =
~ DESATURATION

GNC -
:.m -
Desaturation

Terminate COLLISION AVOIDANCE

3
7N\

[communication with ground NOT ESTABLISHED]

Final LEOP Saved time in developing
State Machine Diagrams

“ MODE telecommand execute collision avoidance maneuver

_ SYSTEM - SAFE ] )

solved griticalities

I SYSTEM - COLLISION AVOIDANCi

™ PROP - Collision Avoidanc
Terminate SAFE MODE

] performed thrusting
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Concept of Operations

\ ¥ :
{ESPACE SEGMENT  FLauncher | xilf Switch Mechanism +Battery_1 £DOCK-MAIN £IMU_1 FoLElG D0k T Magnetorquers 2EpSDOCK  FReleaseM.. 5  VHF SVHFAntenna %, GTound
T T Transceiver Segment Pr...
‘ ‘ ; ;

(MCU) GNC

Separate Spaée Segment
from the launcher
5|

Kill Switching

i
Batteries Discharging

s System | | I . .
| e,  Example: Satellites are operated relying on
| LEOP Phase - ConOps detailed Concept of Operations

which are part of the system design.

:
[pae] 1

7T Measure Angular
Velocity Related Quan... )
measured angular velagity
' IMU_1 Data Acquisition

30 min | Generate Magnetorque nds

s s D00 Scenario Diagrams are exploited for

Route Commands from OBC-GNC to Actuators
! magnetorquers actuation_main

i |
| |
| |
| | | ‘ .
i | | | |
1 : | : ! Dissipate Angular Velocity [F-.. ! t h I S p u r p O S e .
: ! : : !

> 45mjn | ! ! !
! ! oet| 1 ' !
' ) [amgul3r velocities < TBD rad/s | Trigger Arrays Deployer |
' ! ! ! Mechanisms [ i
| | 1 ' F-SPC-OBDH-0076] | !
: : : | triggcrcdﬂmﬁ.ﬁplﬂmLuTET
i i i i
i i

hanism

Deploy Solar Panels [F-SPC-FPS-00...|

e T « Describe logic structures in a very
‘ ‘ compact and concise manner

Deploy VHF Foldable Antenna [F-SPC-TT...

| Transmit Beacon Signal to Ground

s * - Rely on already modeled elements

‘
| [perform Test on Al the Subsystams| |
‘

_—
[ el . [F-SPC-OBDH-0069]
*COMMISSIONING -~ ;

3 « Force to think about system
i | utilization solutions

1 [Process Housekeeping Telemet...

processed

Tl:fansmit Telemetry Data to Ground [F-SP...

4Lel.emg.uy_tk

Receive Telemetry from Space Segment [F-GND...
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Assembly, Integration, Verification and Testing (AIV/AIT) plan 19

AIV/AIT plan definition is at a different level of modeling with respect to the system design. However, it is inherently connected
with system functioning and architecture.

Example: EPS testing activities

« Ad-hoc functionalities define
AIV/AIT activities

POLIMI
-
EEPS PFM - Solar Arrays B EPS testing activities (invalid) @ Exploit Functional Chain to conduct "Functional Tests of SA" B H d H h d | I
° rrage wit moael elements
® Functional Tests of S, - w v . . .
“Solar Arrays Functional Test [+] o= Functic = h h d d t th
e P which provide guidance to the
e ) SA thsted This is actually an invalid chain, however we
T DISA tested e T e lan development
o - - - @ £ EPS DOCK : chains here. I he use of this diagram allows to
E EPS PFM - EPS DOCK Exploit Functional Chain to ; ! have expandable windows ithe other chains)
{0} conduct "Performance Tests of = EpS DOCK tested ! which report the activities to be done in order
Functional Tests of EPS DOCK and ACUs Interface" — ! to camplete each Lest block of the main
st oot | r : functional chain. They are nol lest procedures,
EPS DOCK i | efuntonalTet of 65 Dock : but eferences. 5o we ignore the fact that
i# STEPS DOCK § SEPS DOCK - ACUs Interface Test [+] and Software Interface according to Capella the chain is invalid.
teste =3
TIEPS DOCK ~ SW tested
Functional Tests ¢ EPS DOCK ; iR i :
® tim_ DUEPSinte Y t | = EPS interfaces tested
and Software Inteégace Interface Exploit Functional Chain to conduct . Performance Tests of EPS DOCK Interface Tests EPS.
B i} "Performance Tests of EPS DOCK and and ACUs Interface v . EPS PFM * 5
EACUs PFM EPS DOCK - SW tested DOEK ~ - PDUs Interface" - — BDOCK l;:ncncs """ 7 & System 7 ¥ EPS DOCK - Batteries Interface Test
o . ™EPS DOCK| ACUs tested - Integration 5 imand decharge cament »
Eetformance fests of s ¥ EPS DOCK - PDUs Interface Test [+ 1 Performance Tests of EPS DOCK Overcurrent | Batte el e
< ' - - e
DOCK and ACUs Intgrface bainterface EPS DOCK - batteries tested © and PDUs Interface b : © Frotackon | Loy ] |
) i ! Ny
B9 EPS DOCK - EUs tested ‘ =EPS DOGK tesfed | <A
FPDUSs PFM K - ACUs tested P — { | sinterface EPS DOCK - batteries tested = 15 et s poner
, o iy o unctional L '
K tested rface Tests EPS ¥ Batteries Functional Tests [1] ! : - % recharged batteries
® Performance Tests of EPS DDCK - Batteries ' : =
— toat " " : ;o 5 rechmrging power o Rechage e
DOCK and PDUs Interface - | ‘S halleries fumllunally:le.\le : Exploil Furicional Chain P | s .,._"’ Store Lnuy,|
= A N _ - = Exploit Functional Chain @,,Performance‘Tests of E H ) to conduct "Interface oOversaltnge | | ,g::?,.j:h!:x ek
DB Rftaratiteciad 055 ehdbe SRiiona) Batterics ' : Tests EPS DOCK - L — " Charging .. ek b2
ElEPS PFM - Batteries Tests of Batteries" ! ; H % Batleries” W Togulated {echarging pomer
AR H w 3 e « Rechar x Stol
DApatterfes tested O e Interface || e =, winimum chirge vokage Lot }—~ & F_; 2
z % batterics tes . Tests EPS e "
RuieitarE] Te“s of ® bock- 7 ¥EPS DOCK - Batteries Interface Test [+]
Batteries Batteries
batteries functionally tested
® Performance Tests
Batteries
J
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AIV/AIT procedures

20

Each activity is further described by a set of procedures which can be assigned to team members, monitoring the progress status.

FHpPOoLUMI

Example:
Functional tests
of Solar Arrays -

Procedures

Progress Status :

Review :

REWORK_MNECESSARY
TO_BE_REVIEWED
TO_BE_DISCUSSED
REVIEWED_OK

DRAFT
UNDER_REWORK

4] EPS PFM - Solar Arrays

-% EPS testing activities (invalid)

I-lomncrionaf Tests of 54 b
MNew
De Open

1 % Show In Search

I
> |
> &

PDFB] AIV/AIT Procedure - Functional Tests of SA

Il

[
I

4

Ensure
@ Panels
Cleanliness

DHlleads connectey
b panels cleaned
2

Connect Lead

@ to Panels
Terminals

M panels Voc checked  payjtmeter

Configure the Turn the Voltmeter to
D o voltmeter set up
@ Circuit Voltage in ®Voltmeter to ® Value Greater than the

the Manufacturer Read Voltage Panels Voltage Rating I

Check the Open

Specification

bAjeads connecte

Check the Short

Circuit Current in
the Manufacturer
Specification

bHyoltmeter and panels connected

B panels Isc cheg<ed PAyoltmeter configured to read current

3 5 Configure the

@ Voltmeter to
Read Current

configured to read voltage

Connect
Voltmeterand 3
A Panels Negative

Turn the Voltmeter to a and Positive Leads|
@ Value Greater than the

Panels Current Ratingmf

joltmeter set up

Radiation

.
Expose Solar Panels
® Perpendicular to Sun

D2Voc read

® Read Open Circuit 3
Vltage

Dpanels exposed to sun

b panels exposed to sun

Read Short Circuit 3
Current

Dl|sc read

Incline the Panels
®and Check the
Voltage Drop

Incline the Panels
®@and Check the
Current Drop

Bavoltage drop checked

Disconnect the
Leads

"LEJ

DA current drop checked
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Logical and temporal
sequence of procedures can
be used in the operational
context

Design changes are easily
traced and related AIV/AIT
activities and procedures
promptly updated

Improved standardization of
AIV/AIT concepts

Some ARCADIA rules have
been violated, need of a
formalization of the approach
and its integration with
Capella
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Conclusions and Steps Forward

« Solid, Effective and Efficient approach to
S NIBeE WORTH I FOR ( RSSECETLISCEQSV\E I?'q'S:I'IIEE)[\(I'IC'S. K manage satellites complexity
SMALL SATELLITES? ' P :
L OB A RO « System lifecycle further enhanced by

dedicated AIV/AIT plan modeling

FUTURE STEPS

N

Class diagrams ARCADIA

Risk analysis

Formalization of AIV/AIT syntax and semantics

== Capell
Overall model refinement toward Phase B design M— d pe d
Open Source MBSE Solution
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Questions?
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