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Can a lightweight MBSE workflow boost robotic-

system reliability versus documents?
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// Test Cases
- Subtest 4: Science Sampling & Robotic Arm Manipulation — verify arm/drill collects, weighs (+1 g), and delivers samples

// Test Cases
- Subtest 4: Maintenance — validate toggling switches and plugging/unplugging under video-feed guidance

e
// Risks g l@}&-ﬁid

- R.15 Sensor failure: sensors drop out mid-task @ K Sample Materia
“Measurement
i :

.
I8, Panel Interface

8y Sample Material

// Risks pa¥ o
= Sample Materia
- R.02 Component test failure: part breaks under load /

ESEE

///)

// Risks

// Requirements
- R.02 Component test failure: switch/connector mechanism breaks under load
// Requirements

- REQ-FUN-190 Switch actuation

_ - R.06 Comm loss: control link drops during panel operation - REQ-FUN-210 Plug connector handl
- REQ-FUN-080 Surface sample collection
- REQ-FUN-090 Sample mass > 100 g

- REQ-FUN-220 Electromagnetic lock
- REQ-FUN-100 Regolith weighing accuracy +1g
- REQ-FUN-150 Sample delivery to storage bay

// Test Cases // Test Cases
- Mobility & Navigation Test: mixed-terrain autonomous run; no collisions; maintain < 1 m/s speed

- Subtest 5: Drone Functionality Test — manual & autonomous flight, imagery return, safe auto-land on E-stop

0¥ pilot Flight Cmds

UliPhysica\Contact ’ h % J‘?

nual Fly Drone
N

// Risks // Requirements

- R.18 Localization failure: rover loses positional lock - REQ-FUN-180 Drone imagery quality
- R.27 Rover wheel deformation under load // Requirements - REQ-FUN-230 Drone localization

- R.12 Insufficient battery life: power runs out mid-traverse - REQ-FUN-020 Terrain handling capability

ning - REQ-OPS-060 Emergency auto-land on comm loss
- REQ-FUN-230 Localization accuracy
- REQ-FUN-250 Collision avoidance

// Risks

- R.06 Comm drop: drone loses connection during flight
- R.28 Drone crash due to wind gust instability

- R.12 Insufficient battery life: flight cut-short

Early Risk Management with a Model based Approach: Rover and Drone Case Study 12



0 oy
5y
’1/”; 1;’ ’
[ | A ?
] . - . S /d
Institut Supérieur de 'Aéronautique et de I'Espace s e m n a s I s 7Kl 1
( L/
vy
SUPAERO oyl
4 4 Py
Judge Mars Yard Terrain Safety Enforcer
® Enforce mission rules & 5 Record completions, ® Provide environment model & -
time limits scores & logs &) obstacleidata ® Monitor safety @ Issue emergency-
indicators stop
M v v
D=3l Start/Stop Mission D=l Terrain & Obstacle Data D=3l Emergehcy-Stop Signal
|A4] A4 &4
@ SupaeroMoon ERC System
D=1 Emergency-Stop Signal
Drone Operator - ’
i 5 Position & Status Updates
D=2l Manual Flight Command ]——l ) P
! Manual Flight Comman 45A] Rover Operator
>) @D Mobility Control @& Autonomy Control @D Communication Management
4 AT A
D=2 Navigation Commands D=l Remote Operator Commands < [
D=l Manual Drive Command :i
Send manual flight & 5 s
5] camératcontrol cognmand D=l Sampling Initiatipn Command
Drill Start/Stop Command
@& Send manual drive & arm-
control commands
@D Surface Sampling @D Deep Drilling
Dl Live UAV Video Stream
f v v L D= Rover Camera Live Stream |
i D= Raw Sample Data {~ Bt f
(5 \
Switch modes ] D=3 Core Drill Datg
D= Delivery Task Assfgnment
= X @ Receiv_e telemetry &
imagery
S - . ~ Sample Mass
Sample Handover Notification ) &)
[#=]] p ver ificati @D Sample Delivery & Measurement
D=2 Measured Sample & Mass Info
Receive aerial telemetry &
() video y D=1 Drone Image Stream
2 ] €
D=3l Emergency-Stop Signal D=1 Rover Image Stream D=l Mode Switch Command
55 D=1 Remote Operator i
D=1 Remote Operator
L A @ Switch
c N - “ manual/autonomous modg
&) Issue emergency-stop S s s ~ Drone Imagery Capture & g Rover Imagery Capture & ~ Safety Monitoring &
€ YAl @ Maintenance Operations ® Transmission € Transmission ® Enforcement
D=l Safety Interlock Command
aintenance Status Repor
D= Maint Status Report
im! Al

D=l Operatof Commands
D= Live Video Stream

v A
Ground Station

@& Relay operator @ Relay telemetry &
“ commands to system “ imagery to operators

Early Risk Management with a Model based Approach: Rover and Drone Case Study 13



15d6 = -
T Logical Architecture

S rogten ymm Ll Perception & Navigation illSupport Services
_ Power Management System Thermal Management System C on S
: Perception System Navigation System L Commhcation ystent
e -
_ 5 @ Process Sensor Data ) : fF]P@ Compute SLAM Map @ Distribute P 'rop 2
D Distribute Power
_ . 1 @ Monitor Temperature AL] @ Transmit Telemetry
] FOP 1
i 2Fp 1 e T ~ropd :
@ Detect Markers & Objects ; @ Avoid Obstacles
Ly @ Receive Commands
I D=1 Obstacle Locations D= Map ) FC FIP 2
D= Telemetry Packet i} DSITh IS _ el -
FOPT L Ian @ Monitor Battery Level ErmaliSils @ Activate Cooling @ Execute Emergency Stop
@ Estimate Position ’ @ Update Localization HEZ .
—————3cin 4 F) Dictri
D4l Trajectory Command = S L @ Distribute Data Internally
v.is “FIP 1 ) Sloop 1
= R : b# 1 ] B " A o
@ Classify Terrain @ Generate Path FOP 3 @ Protect from Overload @ Report Thermal Alerts o foralistat
i ] ) ) Indicate Operational State
! Pt aa @ Monitor Link Health
D=1 Terrain Type Info ' Meip1
urrent Position D3 Battery Status S ") T f
™\ D=1 Marker Coordinates f*\_\ ’ L |;
D= Telecommand ™ . P
A \ e N - Bhr |
D= Telecommand ] J ] . ] : 2
™ / D=l Telemetry Packet / /jr{ / /T D= Telemetry Packet
= S
D=l Sample Collection Trigger
R 7 i O i W i I By WD /T
. J = R R =)
ilCdommand & Control Mobility & Manipulation
Mission Control System 'Ll Ground Station System Drone Interface Module LT ™ D Trajectory Command ™ Robotic Arm System = Mobility System 5 Science Payload System
LFp 1 FOP 1
) D=1 Arm Position Command ' @ Execute Motion Commands @ Trigger Samplin
i - Send Operator @ Send Drone Command — } N UEp 1 9 = Ll
@ Manage Task Schedule ~  Commands = e
| A e FOP1 @ Move Arm to Position
; " | D2 Drone Tank Status
D2 Operptor Commang v = -
. eRE — .,‘1;”-”’ L @ Control Steering @ Measure pH
- o FIP 2 | 2L P T D31 positjon Achieved I
@ Issue Task Commands ! | s 5 % = —— 30 ¢
FI By Display Rover FIP 3 1 Pl Receive Drone Data % FIP 1 D=1 Motion Feedback
FOP-t A iz S Tel e TN : L :
elemetry [ @ Grasp or Release Object
@ Supervise Autonomy Mode DS Probe Info . M D31 Speed Command N i | i T\ L @ Adjust Speed R
o | Sample Weight 7T FIP 1 +
E ) i .7 540
e S @ Send Emergency StopfFOP T @ Monitor Drone Status N 7] N EFIP 1 UF[P ! @ Store Sample
&i} Interpret Operator Input e e @ Follow Visual Target @ Report Motion Feedback
2 ~ gency Stop Sig ™ i
: 2 ; r FOP1

Early Risk Management with a Model based Approach: Rover and Drone Case Study 14



346 - -
AT Physical Architecture

Dl CANBusCable
RELink
_ N B Dedl RFLin r ) B -
D=#l EthernetCable L
1 71 T \J
%, D=l PowerCable ~ km' ~
De#l EthernetCable [) l 3 PowerCable
—Ethernet_IN LJCANBYis_Port 5
b Powerln_AC E]Gnlmd Stathn | @Rover Houstng Defl CANBusCable JBaner\/\n,LiPo @ Hedwig Drone System
e IBatterylnput el Ipowerout 5V
=l IRE Link IN §P] Operator PC $P] GS PC for Telemetry & Status Surveillance WG g et ‘ L3 . s
& OBC & Comms HLE S Ll §P] Power & Robotic Arm | -fnpu §P] Computg & Autopilot Dol DataCable £P] Power
f W : 4 d LG DataCabl
L_IHDMI_Out > Ether et,@ Data Logging Service PowerBus_12 . Telemetry_RF T ‘ P —
——1USB_Port ﬁl Video/Telemetry Display App El Battery Pack + Power Distribution PCB | VA (Etherr T - ‘ . E’ Battery Pack + Power Distribution Board
- §P] NVIDIA Jetson Orin Nano vio IR §F] Pixhawk Flight Controller 318 panion Raspberry Pi
E C @ @Arm Mounted Raspberry Pi Camera [JUSB3 Port J @ EI
@ e ® Log incoming telemetry Autonomy Daemon Power Management Service : : D8] po - [} Power Management Service Battery Monitor Daemon
@ Displaylive g('\ /drone =~ & status to database %—f%wersus sy ] §B] Visual Servo Daemon §P] PX4 Autopilot Daemon 4§P] Vision Landing Detector
video & data &
& te SLAM o itor . Measure voltage &
@ drive & arm S ate pa ? Distribute 12 V/5 V rail ) Stream close-up V*‘dw for \ Stabilize attitude & Detect landing marker & FC, ESCs, companion Pi e E‘P"H W
QINANG> precise manipulation ) - o D i
Deil PowlerChble commands 4F] Alert Manager i altitude (D pute m.‘fh‘
Render status @ Report low-power ICameraVideo_Out £oO5es
dashboards & KPIs LS @ &
£ = Wi-Fi USB Stick + Mast Antenna N
—_Ethernet_Port e iaaa
nerate alerts on out p = ® Mea “(‘:r\r’:v’,[,\“ge & = = ¥ "
of bounds readings 4P Wi Fi Modem Controller y . §F] MAVLink Radio Bridge §P] Marker Visual Tracker
§F] Servo-Driver Board (PCA9685)
—iJEStop_In e e E’ Comm & Telemetry
® Modulate/demodulate 2.4 @ArmMon‘on Controller = Identity ArUco
4] Playback & Analysis Tool /5 GHz frames mEEE Send/receive MAVLink @ markers/probes in 7] SiK Telemetry Radio | 48] wi-Fi UsB stick + Antenna
N T §F] Thermal commands and telemetry frame O
! r - e b-DoF servos i i
—{TEthernet_IN ¥E] GSRoUter ARt RaMazE @ Drive 6-DoF servos for 4F] Sik Modem Controller IR0 Batth Monitor
| L P = sample handling
LIAntenna RF A Replay stored §P] Thermal-Monitor Sensors F Y
o0 = @ video/telemetry for post-run rJPawerln & €8] MAVProxy Client
frrowetln, 2y 4P| RF Modem Controller review Maintain link 4P Thermal-Monitor Daemon i @ Modulate/demodulate ®
! A Power] . 12V _ Execute flight-mode ~ telemetry & commands Health
§P] Packet Router Daemon I 4F]Fans & Heatsink Assemblies @ transitions (hapiialiss @ Relay high-bandwidth
® Modulate/demodulate e @ FV = “' . auto) video & telemetry
=~ command & telemetry 47 = Poll temperature an Controller S 3 )
Drone Controller @ R | @Dnve&Monon
sensors L
Roule Ethernet = RF [JManualCmd_Ou j,JMomrComrol,CAN EncoderFeefiback_CA
paskets §F] Mode-Switch §F] Raspberry Pi 5 ® Provide active cooling to £7] Roboclaw M b §F] Propulsion
D e < oboclaw Motor Driver
Dol UsBlable @ Manage network ClestopSignal.ou §F] Low-Level Control Driver D bRbOAIG> D=l UspCable €F] ESCs & Brushless DC Motors (x4)
I = health - s @ T9e ( T —
— & Switch drone between over-temp WA : 4B ESC PWM Driver Module
& =~ manual/autonomous Defl SifyrlalCable ® Send motor & servo §P]Bensing JPWM Out
CIModeSwitch_OL 5 commands L ¥
£ @ Control six- & Pgwerin_12v
WEEeidivG RLidacUART {E] Lidar Module Luse? port 4P) Downward-Facing USB Camera (1080p) ® C””V“’L; ”l"m”‘t\
o ——CL ) commands to motor
E E-Stop Signal Generator WA @ Lidar Interface Node
Read encoder & @ .
sensor data _ Report traction & @ Video Capture Service ﬁ Image Pre-Processor
® Jullcs [
ergency §P) ZED 2 Stereo Camera §7] Scale + ADC Board EIECHEE LS g  San Report obstacle ) CloB R Pnast Report motor RPM &
L——{TUsB_out r RF link surroundings ances Lo flight @ Provide video frames for opj/scale frames to p Report motor ¢
o E\Joyst\(k Controller S 2 . E‘Smle-/?eader Daemon ontroller precision landing marker ROI thermal status
rgiww( able ﬁl Stereo Vision Node
- Powerln_12V @ Measure sample v
. fgad Provide depth & RGB LNIEASUTE SAMPIC.thas
3 i i D P BC4ble 9685
@Joyzuck Driver Service @Manuu( Command Mixer @Sal’cly D ) e tar o et SBC4bl @ PCA9685 PWM Driver
Mg avoidance
L — _ Report weight §P] Steering Servo Controller
- Aggregate @
@ Sample joystick oo LUl §F] E-Stop Button + LED Indicator Board | ? readings
+G
axes & bullons ) i o
commands for
drone ESafetylntsrlo(k Daemon @;)H—Sensm + ADC Control steering
N E——— Servos
Vlonitor E-stop §B] pH-Reader Daemon ~ §F] Drill-Driver Board
input §P] Drill-Control Daemo
S o —. Report position
4P Status LED Controller o ity ® feedback
Report acidity
= Cut power rails & e = Report depth &
® update LED status {ERCINGS iy ® torque
B I
[ThermatBus—TWir "EDCOntrol-SPH
Dwil Status LED Gontroller

Early Risk Management with a Model based Approach: Rover and Drone Case Study 15



13305

Institut Supérieur de I'Adronautique et de I'Espace

SUPAERO

Time Savings & Lessons Learned

Time Savings

Lessons Learned
* Early Gap Detection

*Tight Schedules
* Shorter Decision Cycles

e Curriculum Gap
* Fewer Interface Defects

e Tooling # Adoption
* Unmatching Alerts

e Repeatable Practice Needs
* Rapid Onboarding

* Minutes-not-Evenings
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Conclusions

 Lean Capella workflow boosts early risk + trace visibility

* One “living” reliability model replaces scattered
spreadsheets

* Closed-loop tracing catches issues before hardware
freeze

e Sustainable adoption needs curated installs,
mentoring, incentives

Contributions
* Practical Capella recipe for small, time-pressed student
teams

* Measured time savings + earlier defect detection |
* Identified plug-in friction + MBSE curriculum gaps SRR AR T e BRI
 Reusable MBSE template for educators and project

teams
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Thank you for your time
and attention!
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