Model-driven design and
development of an
electromechanical actuation
system

== Cape lla._D.afys

ANZIZN EES2=




| Outline

[ - Project scope ]

- Electromechanical actuation system
- MBSE tools trade-off
- Digital engineering framework

- Requirements Management

e Model Based
Mission Systems Engineering (MBSE)
. System Model 4 =
S e m O e s : Model Based
ool N
R
- ATICA4Capella
@ design %
Model Based Safety
. . . . oo Analysis
- Connection with Simulink T
Sub-system / ﬂ% ] v' Centralized source of
@ components %,  information _
« Next ste pPS Y © S nd documentaton
= nn =

Project timeline

/-\ N 7_ l: I | S ~— ANZEN & CESA PUBLIC ECapeIIaDays

v/ | J/ W J
ONLINE 2023



Project Scope

- Model Based System Engineering (MBSE) applied to an Electromechanical
actuation system

« Evaluate the advantages of Model Based Safety Analysis (MBSA) offered by ATICA

« Collaboration between CESA and ANZEN:

« CESA: Proposes system case study. Provides requirements and architecture. Builds the model.
 ANZEN: Collaborates on CESA model creation. Provides MBSA tool.
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- Project scope

[- Electromechanical actuation system ]
-  MBSE tools trade-off

- Digital engineering framework

- Requirements Management
- System Model
- ATICA4Capella

« Connection with Simulink

- Next steps
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Electromechanical actuation system

* Primary flight control actuation system

for a Turboprop Regional Aircraft RUDDER -._
* Linear electromechanical actuation for " - f)
. ELEVATOR — 4
aileron Surface o
LONGITUDINAL AXIS
 Two actuation systems per Surface AILERON -~ (ROLL)
* The actuation system is based on an /
Electromechanical Actuator (EMA) and an ﬂ ATERAL AXIS (PITCH)

Electronic Control Unit (ECU)

 Two working modes:
* Active: Responsible for aileron movement

* Backdrive: No control over the aileron 0
movement |
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Electromechanical actuation system

270 VDC
Energy Signal
|| Speed command > )

A/IC | Electronic
control <Speed, torque & temperature status || Control Unit
system 28 VDC (ECU)

>
Actuation system Ny
| Brake command A
)
A Q % 5 -cgcs 5.9
< E 5 E S G
o § =5 =g
@) O
Motion / Force
EMA Position
Converts electric energy
into linear mechanical
force
Electromechanical
Actuator (EMA)
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Electromechanical actuation system

e System Safety Aspects
 SAE-ARP4761 within the SAE-ARP4754A framework

 Development Assurance Level A — most stringent

Inability to stop a runaway

Runaway

No single failure

Inability to stop a
aaaaaa

shall lead to a
catastrophic event

/L\
e ~

_Anability to detect 3~
runaway

,l\
e ™~

_Afiability to brake the._
surface

System Safety Requirements

Failure to detect or correct runaway 1E-06/FH
Loss of control 1E-06/FH
Jamming 1E-08/FH
Runaway 1E-08/FH
Fail to brake the Surface 1E-06/FH

EMA

ECU l ‘ ;
contribution contribution

r J [ N B
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Electromechanical actuation system

e Electromechanical Actuator (EMA) — Main characteristics

] AILERON EMA

Linear Direct Drive

PMSM

270 VDC (28 VDC for brake)
+31.4mm

65 mm/s @ 13.1 kN (ret.)
Rated Speed

65 mm/s @ 5 kN (ext.)
Maximum Operational 57.5 KN
Load

Power Consumption AL
Normally closed brake

Dual LVDT

Includes Dual resolver for rotor position
feedback

PT100 for motor temperature
monitoring

ConnectorJ1:

motor 4/ Earth end

\ V ConnectorJ2:
\ 5 S brake and sensors
- a
\ O )
3

EMA

Eye end Main housing
Manual drive

access

Parallel Motor stator

spur gears

Manual drive Planetary  Brake
gearbox
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Electromechanical actuation system

e Electronic Control Unit (ECU) — Main characteristics
e CONTROL / MONITOR architecture

ECU
A
Power Subsystem Brake Subsystem
™ EDM Control Subsystem Strain Gage Subsystem
—> ARINC Subsystem Motor Drive Subsystem -
FPGA Subsystem Motor Feedback Subsystem‘\
> —~

Position loop closed by the A/C control system
Brake command is managed by the A/C control
system
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Project scope
Electromechanical actuation system
[ - MBSE tools trade-off ]

Digital engineering framework

Requirements Management

==
System Model —
ATICA4Capella -?
Connection with Simulink . ’ﬁ

Next steps @ _/
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ANZEN worldwide

AN ZIZ N

SYSTEM SAFETY AND DIGITAL ENGINEERING

System, safety and
reliability experts

v Highly experienced system-safety & reliability
engineers

v Specialization in complying with the highest quality
standards for safety/availability critical missions

\| ANZEN

Locations

ABOUT

At Anzen, we provide our services worldwide.
Our mission is not bounded and we offer
our engineering safety and reliability
services to companies around the world.

Specialization

S v' Complex electronics
v' Safety Critical Systems
v" Autonomous & software

defined systems

Digitalization of 008
systems engineering =

v' Development and extension of model-based software
tools for digitalization of the system & safety
engineering process

GLOBAL
PARTNERS

WASHINGTON > USA
MADRID » SPAIN
LUZERN

ABU DHAB
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MBSE tools trade-off

Architectures and requirements outline

. . |_h e Rolr] = ) - o o™ -
Operational Analysis 00 n Stakeholder 00| [EE=2Siz_asssas B
What the users of . Needs I — H—
the system need to ; -
accomplish & 1 pu— WHAT 01
Functional 01 = Functional g >
Functional & Requirements——_| === Architecture S
: ~> o @
Non Functional Need 01 = — = = a o
What the system has to AL AEAS RS SRS o %
accomplish for the users s | WHO 02 *2 x
. System 02| |@ = = Logical g 3
Requirements > === Architecture [ o 3
Logical Architecture 02 e ' ‘ 1 g_ S
= o}
to fulfill expectations 1d g
2
w

How the system will work l = Lt et —

. WHERE 03
Hardware 03 ; = Physical
Requirements === Architecture

Physical Architecture 03
How the system will be
developed and built

~
>

Capella (Arcadia method) System Composer (Matlab) Cameo System Modeler (SysML)

== " @
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MBSE tools trade-off

-+‘
|V ]
G

Capella

i

Q

System Composer

Cameo System Modeler

Architectures: Operational,
System, Logical, Physical

Yes

Yes, with custom extension

Yes, with custom extension

Sequence diagrams

Yes

@ Yes

Yes

Mode / States diagrams

Yes

@ Yes, with State Flow

Yes

Requirement Management

Yes, with Requirements Viewpoint

@ Yes, with Requirements Toolbox

Yes, with Requirements Plugin

SN

Functional Chains Yes ® No Yes
Simulation No @ Yes, with Simulink Yes, with Simulink
Safety model Yes, with ATICA4Capella Yes, with custom extension Yes, with custom extension

Collaborative Work

Yes, with Team for Capella

® No

@ Yes, with Cameo Collaborator

Open-Source Customization

Yes

® No

Licenses

VX QQQQ ©

Free

® No
&

Commercial

® Commercial
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| Outline

- Project scope
- Electromechanical actuation system
-  MBSE tools trade-off

[- Digital engineering framework J

. IF?}TAPSODY §CAPELLA 0 gy';r;nmEscl\)node\er g;?tzz:‘ésomposer
- Requirements Management o \w \__ >,

stems Engineering (MBSE)
.« System Model U

- ATICA4Capella “,

« Connection with Simulink

Digital
Twin

DOORS

Mathworks

Simulink
SIEMENS e /
N poLARION "°<4,
Z ANSYS
- Next steps / Sone
"a Mathworks
RequirementsToolbox P . -
.g,' windchill
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Digital engineering framework ATICA

Digital engineering for complex systems

\ [Model Based Systems Engineering\ / \
Model Based Design and

Simulation

ICH /\

[ Requirements

OWwe Al = C O

= |
T CAPELLA CAMEO RHAPSODY
DOORS POLARION  TEAM I =
- CENTER JAMA I j SIMULINK SCADE
\ I / I < \ 1
I_ _______________ I — A\ o I
Interoperability aticadcapella Interoperability

C? anzenengineering.com/atica4capella-download/ C? mbse-capella.org/webinars.html

-

Download WEBINAR

ATICA4Capella

Digitally Assisted Design
is a model based safety analysis fOI‘ Safety
(MBSA) plugin that extends functionalities

and allows to perform safety and reliability analysis

directly from the system models.

Safety & Reliability

) 3 Pablo Lopez Negro
An alyS IS B acC ke n d S Chief Innovation Officer at
& Anzen Engineering
A v

Download AticadCapella ) ( READ MORE )
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Digital engineering framework ATICA

Digital engineering for complex systems

[ A
D N - B
9 Requirement | Model-based Model-based
|
|
|
|

1 \
: . I .
c g : management I systems engineering | , safety analysis
2T M ' (Arcadia) : I (Atica)
0 = | |
> O e N I I
"5 Stakeholder | . :
. |
.V X needs Operational I :
'_m_' 1 analysis ( L )
N = e - y Certification basis ED-135 ARP-4761
I Functional / SORA
c gl | requirements Systems T
-.q_’) 9 I anaIySIS 4 ] ™\ for Electronic Systoms
2 21 ( Functional
N el System | Hazard Analysis |
= T | requirements Logical
- + I .
v architectures ( )
I v r Fault Tree Analysis,
o I = Implementatlon 5 FMEA / FMECA ) ‘ NDNELECTHONIBRTSELIASLIEDATaA
g 21 | requirements Physical INPRD- ]
o 21 :
3] architecture L
E 8! . Reliability
55 - ---—=-—=-=-—==c-= it
= = : V&V | Prediction
. W e V4 requirements Designand |, —T17  S___ _ _ _ _
= = \ simulation
- . = T O
WL R e e e e e — — — —
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| Outline

Project scope
Electromechanical actuation system
MBSE tools trade-off

Digital engineering framework

[- Requirements Management ]

Interoperability
System Model

ATICA4Capella

Connection with Simulink

Next steps
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Requirements Management
Q

Interoperability through excel

Purposes:
« Bidirectional interoperability between DOORS and Capella
ﬂ + Requirements Management in Capella with Requirements Viewpoint

-+_- -Python4Capella
Y « Import / export test case working with Python4Capella

S Rcquirements Viewpoint
» Future replacement of Python4Capella by a GUI to import / export

requirements inside the ATICA4Capella viewpoint

Interoperability through excel
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Requirements Management

A
— AR -+.
—> O Name —
—p (3 Artifact Type

- ¥ Last Modified By

by (¥ Last Modified Date

- (¥ Description

[ + IDa Name Artifact Type Modified By Modified On State (... Compliance Status is Derived Architecture Linked to model Dept Target ]— .
- o > ¥ State (Predeterminado)
22656 1. Header Luis Cardenas 23 oct. 2023 14:39:29 System
22657 11 Header Luis Cardenas 23 oct. 2023 14:39:29 System » 0 is Derived
22658 REC-AIL-1 Requirement Luis Cardenas 25 oct. 2023 16:49:40 Nuevo Understood False System Mo RMTS - Y Architecture

e ¥ Linked to model
P (¥ Dept Target

v *EM_Actuation_System.aird
w {2 EM_Actuation_System
22659 REQ-AIL-2 Requirement Luis Cardenas 25 oct. 2023 16:48:03 Nuevo Compliance False System No RMTS ~ 3 Operational Analysis
_I—b w Requirement_Set
w [ 1. GENERAL REQUIREMENTS
~ (B 1.1 SUBJECT
~ [ 1.1.1 TECHMICAL PROPOSAL INSTRUCTION
~ B 1.1.1.1 GENERAL
@ REC-AIL-1
@ REQ-AIL-2
@ REQ-AIL-3
@ REQ-AIL-3
O REQ-AIL-4
@ REQ-AIL-6
@ REQ-AIL-7
@ REC-AIL-8
~ @ 1.1.1.2 EXCEPTIONS ON REQUIREMENT CHANGE
O REQ-AIL-9
v (B 1.2 TERMS, DEFINITIONS AND ABBREVIATION
& 1.2.1 LIST OF ABBREVIATIONS
~ (B 1.3 APPLICABLE DOCUMENTS
@ REC-AIL-10
v [ 2. EQUIPMENT FUNCTIONS AND PERFORMANCES
v [ 2.1 FUNCTIONAL REQUIREMENTS
~ (B 2.1.1 AILERON SURFAE ACTUATION REQUIREMENTS
@ REQ-AIL-T
@ REC-AIL-12
@ REQ-AIL-13
@ REC-AIL-14

i
1
1
1
1
1
| —>» O Compliance Status
1
1
1
1
1

22660 REQ-AIL-3 Requirement Luis Cardenas 25 oct. 2023 16:49:06 MNuevo Compliance False System Mo RMTS

22661 RECQ-AIL-4 Requirement Luis Cardenas 25 oct. 2023 16:49:30 Nuevo Compliance False System Mo RMTS

22662 111 Header Luis Cardenas 23 oct. 2023 14:39:29 System
22663 1111 Header Luis Cardenas 23 oct. 2023 14:39:29 System

22664 REQ-AIL-5 Requirement Luis Cardenas 25 oct. 2023 16:49:55 Nuevo Compliance False System Mo RMTS

22665 REQ-AIL-G Requirement Luis Cardenas 25 oct. 2023 16:50:14 MNuevo Compliance False System Mo RMTS

22666 REQ-AIL-7 Requirement Luis Cardenas 23 oct 2023 14:38:29 Nuevo Understood False System Mo RMTS

Showing 25 of 97 Artifacis
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Requirements Management

@ = Properties | X
{Physical Component) [Behavier] 3 ph Permanent Magnet Synchronous Motor
Editing of the properties of a Physical Component i P
QREQAILS) > Status: oneoing Requirements Allocation “._Extensions "
The actuator comprises the Motor Assembly (EMA), the Electronic Control Unit (ECU) and the Energy Dissipation Module (EDM).
.c}-; Brake Aileron \mp!em;:\m; .“\-., Features Sensing
#£L] Logical System Actuation £ eom 52 Outgeoing links o=
e I Relation type Target element Relation type
< () REQ-AIL-16 Implements
| @ REQ-AIL-19 Implements
o L (D REQ-AIL-21 Implements
& Lol conol g @ REQ-AIL-23 Implements
'_l l 2R @ REQ-AIL-67 Implements
ﬂ y
< >
O] Properties & Console  F@ Mass Visualization 53
Drag columns here to group by column values
ReglFMame ReglFChapterMame ReqlFText State (Pred... Compliance Status is Derived Last Modified By | ID Dept Target
Q REC-AIL-67 2.1.3 | Actuater Design and C... Th?_mﬂt'flfﬂ_ﬁemm}f_}hﬂ” include the following major items at |east: Muevo Understood falze Luis Cardenas 22751 RMTS
R REC-AIL-23 2. | EQUIPMENT FUMCTIONS ...  The actuator is responsible for the implementation of the movement command... | Muevo Understood false Luis Cardenas 22690 RMTS
Qo RECQ-AIL-21 2. | EQUIPMENT FUNCTIONS ... Th_e E.Ct'-lﬂ_t_':'_f_\"-'fi” ‘:'\"Urk in thE_f'?"'?Wi”_Sl modes: o ) Mueva Understood false Luis Cardenas 22688 RMTS
LR REC-AIL-19 2. | EQUIPMENT FUMCTIONS ... | Two dedicated EMA position sensors shall provide to ACE with the pesition of t.. | Mueve Understood false Luis Cardenas 22686 RMTS
R REQ-AIL-18 2. | EQUIPMENT FUMCTIONS ... | The magnet brushless motor shall provide rotary motion that should be convert... | Mueve Understood false Luis Cardenas 22683 RMTS
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:=| OQOutline

- Project scope
- Electromechanical actuation system
-  MBSE tools trade-off

- Digital engineering framework

Operational Analysis
What the users of
the system need to
accomplish

Functional &

Non Functional Need
What the system has to
accomplish for the users

- Requirements Management
[- System Model J
- ATICA4Capella

« Connection with Simulink

Logical Architecture
How the system will work
to fulfill expectations

sign

chitectural de

Physical Architecture
How the system will be
developed and built

Solution ar

- Next steps
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System model

. Operational analysis
-  What the Customer expects

Permission to take-off Cruise altitude Arrival

Init
Control Chain Monitoring Chain

Engine off
= A Final
."-l.

[®) Landing

* Provide controlled linear movement compatible with

Contrel Aileron Speed

B Taerer DAL A = Control / Monitor architecture
‘o0 ~
aice * Enable to stop the movement and maintain position
* Provide status of parameters
OC
Features Sensing * Definition of modes and states
/.\ |\' z |E N F:ES.'EE ANZEN & CESA PUBLIC ==Ca peIIaDays 24
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System model

. System analysis

- What the system has to accomplish

.% Control Aileron Speed .(}; Brake Aileron .% Features Sensing ——
A/C Ctrl System §72] System Actuation £5d Aileron
1 Transmit Feedback Contro o sagiilay
@ it @ ™ P) Position/Speed/Torqu
L Sensi M
Receive CMD, Aileron Drive
[ M ® Control (M)
@D Move Aileron
[ Receive CM =
@® Aileron Drive
Control @ Positioning
< ) Transmit Stat
@D Dissipate Ener
A/C Ctrl
® Algorithm
@® Feedback — Sense Angular
Control Position/Speed/Torque
< P) Linear Position Sensin -
@ braking /
Braking
) Receive Brake CM — Open Bra
] @D Transmit Features| @D Sense Features

®¢ Move Aileron

@K Aileron Control

@" ‘Open Brake

D8 Brake Features

o
> Featires |55 Sense Features

¥ A/CCtrl " « Transmit
@ pigorithm 8} Featufes © Features

D \fonitoring Features

* Functions within the system to carry out the
operational capabilities defined at Operational
level

« Functional chains created for each operational
capability

» System failure conditions

» Linked with requirements
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System model

- Logical architecture
- How the system is going to accomplish it

« Generate 3
\ @ pnase power

<Brate Logic 4‘ «Local Control .
‘@ e I O ‘@ Local comrol

9 srake feature: B8 Monitoring Features

. [ r—

@ REQ-AIL-15 -> Status: ongoing
The actuator comprises the Motor Assembly (EMA), the Electronic Control Unit (ECU) and the Energy Dissipation Module (EDM).

9% pover
¢Provide 270 | =2 PPV g I
« &/C Cir System e -{@ ECU Sensing O Current, Volta
Agorithm I

o featyres

i
.“&E Control Aileron Speed .“i: Brake Aileron Implemants ., Features Sensing »
! %% Features
. L cTangmit | " .
£8 a/c ctrl system #0Logical System Actuation 3 Alleron & T @ Eom sensing
fEecu o e
Measure Angular
L g © Speed/Pos (M| W poveer 615 270 | ppro
JM RXStT— &) @ Transmit Status (MR} QD Close Int Loaps Ctrl (] peed/Pos (M) g P it = o @ e i
g D VDO
M) > v
@ EDM Sensin
T —i @ Receive CMDs (M) i—
b C'EI:"AE; 3 @ Local Control (M)
L) EMA
® AJC Crl
SELE y [ — Generate
Algorithi e ™ @ Receive CMDs (g @ Angular
CMDs @ Local Control M
L @ Positioning
3 easure Current
'h @ Transmit Status é— - = (Torque) S " Convert Linea
@ Close Int Loops Ctrl Torque M 1 f
n . m t t tem
aln components o e syste

Measure Lineaj
Position

LI LT

* Increased decomposition of the functional

@ Receive Brake CMD,

@ TX Brake

Not Braking
© Braking

chains defined

* Main components failure modes

@ Process Features [ @ EVA Sensing

[ | PEITE 'Lg + Linked with requirements

I @ Power Bus 270 Voch-# @ Provide 270 VDC Power
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System model

{F]ECU Control Board

- Physical architecture e p————

BV, I Sensor

WheatStone Bridge

I . I . 270 VDC (R) Conn| —‘ | @strainto Dlgal 4,"_‘ - < ® Proide Stable Strain Measure <
2 ¢ &
« Rea Implementation T

A/C Ctrl System §F] Physical System Actuation
Flecy

{Flema

‘ {EJECu Control Board // — §F] Motor Drive Subsystem
-
R - e 3 1 s : -
M D4 CMDs [ 8 Pdwer Control Signal Gate Drivers 4P] 3 Phase Inv
! i i = Drve 3P
F @ Control Main Chain g z 0 Inv Fod Motor Power
@® RXSt D270 VDL Pojver Mode, Hard Diss £F)FrPGA ® Delivery
I m i
D570 VO Pof Position Pata ST AL
et Rewm
Feed Disc2TTL #D Configurationk} ===t
—— 1 i —— |
| DHinteriink Measure Angular| == m V! J
270 vo3—+——— | Do Postion || g angular Movement
Feed (R) | ‘ {F£CU Moniitoring Board 3
RX PSR | £B] U Monitoring CH S 3 f
Feature r_L.. Temp Sensor
-~ — —
3 i Measure 3
) Positiof) Dat 7 DA Lineadh g Conn @ Measure | <
x| spojospe convo g oo & o9 L @z 5
—_— Mo T = @ Debug » —_— Algorithm
System RXSt (M)} {8 strain Gage
® Jmema £ ARINC Subsystem
EJeraking Control oard = 4P ARINC Conn @ §F] Motor Feedback Subsystem
Zﬁe"e';c P33 28 VDE Power @ Speed RX| © RX Conversion Reolver to Digital
| | qufv C Power (R} . @prion ®s &% Aae M ¢
- - tatus M N lovemen
. - T ® brake Main Chain & ] ®XC e | Fnwvm KD A9 e
Feed (R) l L Data R Sense Temperature ORILnearMovemdn y
| J D Temperatufe
X Brak
{F] Braking Monitoring Board {Bl srake
Df) Ppen Brake
lake C4il Sglection How seustors.
| position
L
™ g::)k Brake CMD
L D4l Linear Position St Brake Coils Selector

Kl @ Select Brake Coil

P EOM Statu
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System model —

(Physical Component) [Behavior] 3 ph Permanent Magnet Synchronous Motor E’

Editing of the properties of a Physical Component

P h M M Capella fManagement(Description fRequirements Allocation (Extensions
. YSICal arcnitecture
o o Applied Property Values : || X
- Real implementation
Phase Inductance [l] 5.6 mH
FAAC Ctl System @ physical System Actuation @ aiteron =Number of Poles [Np] 10.0
Becu Eema / =Motor Dynamic Frict... 9.7E-5 Nm
B ecu control Board =Phase Resistance [R]  1.221 Ohm
D4 CMDs Seloso _DFPdwep Control Signal s T =Torque Constant [kt] 2.3 N-m/A
& é"“’“"””‘!“’“”"“"’“"";"‘ =Rotor Inertia Jpmsm] 9.39E-4 kg-m2
DAR70 VDL Pojver ® Control Main Chain =PM Flux Linkage [flu... 0.15333 Wb
P 270 VDL Pofver n§ Position Pata . -
D=t A ) B Resolver i Fostioning = Motor Viscous Fricti... 1.07E-5 N-m-s/rad
—_— DA interlink | L e nasial
—| D4 Angular Movement
\ {F] £CU Monitoring Board N
g RX }r\’ﬂsd'elv'a‘” 4E] £CU Monitoring CH Dl Freedor
= fetiy | | | P8b7avod Power, L ( Elsallscrew
d %TX%DS D CMDs M) Dli]lh;'ovn == control Chaighs Postiop2! @MEsarie e ol S
ALC Ctrl gl 1! | ] p 5 ®a.a’:?r:g/
® e RX St (M) {B] stroin Gage pang
Bsing Cort s " i « Breakdown of the system’s main components
g—®%C P22 vo P ———
wer R) D £ Pri000 . .
JIECIZE (PN ==y | into physical boards and parts
:}—%zsvoc | | { 1 t
Feed (R) | L f’ _________________________________ ] Data @ Sense R
| I 2 J D8 Temperatufe . . .
g read P — i pr — « Component information included
en Brake
B Braking Monitoring CH sbrecdis ,c:m %Lm actuator's e
L Dl 28 VDL Pow T position .
e B o s e « Lower-level failure modes
'XB'akt’kavmcho vy | ||
2 L] \ Patnearposiionst | | (T @aakecosaeor . . .
» Linked with requirements
.
P21 EDM Power {Fleom \_J

P EOM Status

§Bvor

&1 @ Measure Linear Position KH——

£P) oM VBUS

\ §P] £DM Contol Subsysts

DEjeoMyBUS [ M OV
L EDM Control

D=1 27|
Provide VB
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| Outline

Project scope

Electromechanical actuation system
MBSE tools trade-off

Digital engineering framework
Requirements Management

System Model

[- ATICA4Capella ] ﬁ\
- Connection with Simulink @:}'

Next steps
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ATICA4Capella | Safety metamodel

e\l
Y
G N\

AT ITCA

Digital engineering for complex systems

/ FHA

~

System

FTA

lo @ SystemFunction 1

-
-
-
-
-

ZH Logical Component

Effect:

Failure Condition

Severity
(@ Castastrophic

(O Hazardous O Major (O Minor

~

o
@ LogicalFunction 1
.l |
e 4F] physical Component
Failure Mode
) - FMES /
N - SR e Affects Component : Behavior Component FMECA
Functional Failure A - -
T PhysicalFunction 1 Affects Component Port: | Behavior Component:CP 1
ailure Type
(® Totalloss () Partialloss () Malfunction Failure Effect :
- -
] Failure rate (1/h) : | 0.0
- - F J [ R —
ANZIZN EESZ= ANZEN 8 CESA PUBLIC == CapellaDays
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AT|CA4Ca pel Ia Model Based Safety Analysis /_\ T I ( : /_\

FunCtlonal Hazard AnaIySIS (FHA) Digital engineering for complex systems

&= *Project Explorer 53 ‘ = % § = 0 % EM_Actuation_System & [PAB] Physical Simulat. & *[SAB] System Archite.. 52 *System FHA & [LAB] Logical System ... & [LFCD] Measure Features & *[PAB] Physical Syste... & Properties O x
| * = any string, ? = any character, \ = escape for literals: *2\ | of v v ‘ o ‘ ] = & ‘ B - | AR ‘ i) r Ll L
v [ EM_Actuation_System S N (Failure Condition) FC 1.2 Loss of motor drive
2 . ’ [
& [LAB] Logical System Architecture,jpg Control Aileron Speed Brake Aileron qn Featltes Sensing £ Com Editing of the properties of a Failure Condition
ponents
(@ [OCB] Operaticnal Capabilities and Actors.png !% : !% n
@ [PAB] ECU Control Ch.jpg I
: : q Capella | Management | Description | Requirements Allocation | ATICA_MBSA “._Extensions
@ [:?\g] zhys'ﬁfyr_em Architecturejpg AJC Ctrl System E System Actuation Aileron » B Component Bxchan B g d 1
'_J] {EM }l ty“:_m ;c tltactufre.Jpg » Bl In Flow Port Affected Functions and Modes
S ctuation_system.afm Angular “®, Actors - - - =
A EM_Actuation_System.zird 1D Position/Speed,Torque Affects Function : | Aileron Drive Control, Aileron Drive Control (M)
~ {8 EM_Actuation_System » "8, Component Exchan;
i Operational Analysis » ", Physical Links Modes : | Idle, Cruise, Take off, Landing
~ H System Analysis e

w <4 MBSA Failure Conditions

4 FC1.2 Loss of motor drive |16

4 FC 14 Loss of energy dissipation
< FC 1.3 Loss of feedback processing

<4 FC 1.6 Loss of motor monitoring

4 FC 1.7 Loss of motor sensors feedbach
< FC 1.8 Loss of CMDs reception

<4 FC 1.9 Loss of status transmission

+ @ System Function Failure Cendition

» DS Functional Exchangg

Aileron Drive
= @ Control (M)

Failure Type
(@) TotalLoss (O Partialloss  (C) Malfunction

Aj Port Allocation

[ Manage Function Al Effect:
» & Allocated Functions

&, Functional Chains
@ Positioning + ®, Functional Exchange

Loss of active operation

@® Aileron Dri
Control

4 FC1.10 Jamming (= Accelerators
4 FC 1.1 Loss of brake monitoring ajc el (¥ Functions from Moq Severity
4 FC1.15 Loss of features transmission Algorithm Fi{ Elements from Scen i i
4 FC1.16 Failure to engage the brake o — SER T (®) Castastrophic () Hazardous () Major O Miner () MoSafetyEffect
< FC02 The prebability of failure leading @ Control Position/Speed/Torque B (= Common
< FC04 The probability for actuator rune {c} Constraint Assumptions:
4 FCD6 Emoneous coherent LVDT positic -3 ConstraintElement
System_Req_Set .
= System Functions L = @s t_ot “w, Constraints
(= Capabilities é?a::.?g/ + W, Applied Property Val
& Interfaces + A Title Block
(= Data
Title Block:
(&= Structure e EP) Receive Brake CMD h | — 5 Ttie Blocks Failure Refinement
(= Missions (> ATICA_MBSA . . " - . .
Realizing Functional Failures: | FF 1.1 Loss of local centrol function, FF 1.2 Loss of driver control function
EE System FHA < Failure Condition

fH Logical Architecture o
£ Bhysical Architecture :I @ Transmit Features H @ Sense Features (> Requirernents
(= Representations per category &, Requirements < >
L) EM_Actuation_System.capella ~3 Requirement Link
. = M2Doc § v , s Al Linked Requirem C) Finish Cancel
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ATICA4Capella |

Description

w (&) Aileron Drive Control
.1 Runaway

< FC 1.2 Loss of motor drive

< FC 1.3 Erroneous motor drive

Loss of control cap:

w (&) Open Brake

4 FC1.6 Jamming

< FC1.16 Failure to engage the brake
w (&) Receive CMDs

< FC 1.8 Loss of CMDs reception

w (&) Move Aileron

<= FC1.6 Jamming

~ (&) Dissipate Energy

<4 FC 1.4 Loss of energy dissipation
w (&) Receive Brake CMD
< FC1.6 Jamming

< FC1.16 Failure to engage the brake

w (&) Sense Angular Position/Speed/Torque

Aligned with
ARP4761

Erratic and uncontrolled movement of the actuator

abiltiy

Errenecus control capabilty

Modes

0

[idle, Cruise, Take off, Landing]
[idle, Cruise, Take off, Landing]
[idle, Cruise, Take off, Landing]
0

Model Based Safety Analysis
Functional Hazard Analysis (FHA)

Failure Type

WMalfunction
TotalLoss
WMalfunction

AT ITCA

Digital engineering for complex systems

Effect of failure condition

Possible break of the actuator and aileron surfaces

Loss of active operation
Erroneocus active operation

Castastrophic
Minor
Hazardous

Hazardous
Castastrophic

Hazardous

Hazardous

Hazardous
Castastrophic

Minor

Locking of any movable component [idle, Cruise, Take off, Landing] TotalLoss Loss of all operations
Loss of brakring capability [idle, Cruise, Take off, Landing] TotalLoss Loss of blocking operation
0
Loss of CMD from the AJ/C control [idle, Cruise, Take off, Landing] TotalLozs Erronecus operatiocn
0
Locking of any movable component [idle, Cruise, Take off, Landing] TotalLozs Loss of all operaticnz
0
Loss of moter recovery enery dizsipation [idle, Cruise, Take off, Landing] TotalLozs Possible break of the control electronics due to overvoltage Castastrophic
0
Locking of any movable component [idle, Cruise, Take off, Landing] TotalLozs Loss of all operaticnz
Loss of brakring capability [idlg, Cruise, Take off, Landing] TotalLoss Loss of blocking operation
0
4 FC 1.7 Loss of moter sensors feedback adquisition  Loss of control feedback data [idlg, Cruise, Take off, Landing] TotalLoss Loss of active operation
Table A-T - AFHA Format Example
1 2 3] 4 5 3
Y Assumptions, Comments,
Flight cffects of Failure Condition on Severity Rationale or Reference to
Phasze J4ircraft, Crew. Occupants lassification J| Supporting Material
Aircraft Funcbon: [(4) Prowide survivable Environment  [Sub-Funchion: (4.1) Provide breathable atmosphers
Sub-Function: (4 1.1} Provide oxygenated atmosphere
411.T1 |Unannunciated total loss of Climilx Aircraft: Mo effect. Catastrophic 14CFRICS 25.841(a){2)ii)
owygenated air to crew or Cruise Crew: Unaware or unable to counter “Pressurized Cabins”
passengers Descent  |Ie Effects of the condition, the: crew 14CFR /CS 25 1441(d) "Osygen

prescriptions

AN ZI=Z N

.
A W /i h
4

L/

may be incapacitated by hypoxia or
uniable to restore sufficient levels of
oxygen to the occupants in time to
prevent permanent physiological
harm.

Occupants: Multiple occupant

ANZEN & CESA PUBLIC

equipment and supphy”

14CFR /TS 25144 3(c)2)
“Minimurm mass flow of
supplemented oxygen”

AC 25-20 (B)e)&(T) “Pressurized
Ventilation and Oxygen System

fataliies or severa injuries are ﬁiiﬁiiﬁﬂ ﬁi ﬁ| ﬁiﬂ & il HN
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ATICA4Capella & ATICA
Requirements Viewpoint

Requirements associated to
Function the system function, to be
Development considered for during the
Assurance : '
Level (F-DAL) &P Control Aileron Speed design
assignment ATICA will assist the
based on FHA v “ ‘ ‘ modelling process providing
results ; AR

warnings when conditions
associated to certain

One of the failure conditions requirements are not met
associated to the system | o | ~
function is catastrophic | g
@ Safety (SF) Q Safety (FO) Q Safety (FC) | N
FDAL A No single point of Prob <1e-9 (1/h)
failure
| I | ©® & & 6 ¢ |

| |

Requirements associated to Requirements impacting the New Feature
the system function, to be failure condition, to be Under consolidation
considered during the design verified by safety analysis
/.\ N -/_ |E N ANZEN & CESA PUBLIC ==Ca pellaDayS
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ATICA4Capella | odel ased safety Anaysis A1 TCA

. Digital engineering for complex systems
Logical level

= Properties O X
I — — — — — — — -‘

(Functional Failure)

@ REQAIL-1S > Status: ongoing I Editing of the properties of a Functional Failure
The actuator comprises the Motor Assembly (EMA), the Electronic Control Unit (ECU) and the Energy Dissipation Module (EDM). I
Capella rManagement fDescription (Requirement; Allocation (A'I'\CA,MBSA Exten;\onﬂ
7
< ' 1 .
% Control Aileron Speed % Brake Aileron Implemants %4, Features Sensing .
. . . . I Affected functions and Modes
A/C Ctrl System Logical System Actuation Aileron . B
& = ElLogical sys FEEDM I &3 Affects Function: | Generate 3 Phase Drive Power
£E]Ecy T
] © Measure Angular @ Dissipate Energy I Modes : | Idle, Cruise, Take off, Landing
JM RX St @ Transmit Status (MK} QI Close Int Loops Ctrl (M} , Spaed/Pos (M)
(M) > v I Functional Failure
@) EDM Sensi .
= © Y I Failure Type
Receive CMDs (M) .
| '£@ C?ﬁ y © Local Control (M) s (®) TotalLoss (O Partialloss () Malfunction
A
. 2 T I Efct
AJC Crel 2 -~ .
@ system j ] . I Unable to power the electric motor
Algorithi] ™ ! @ Receive CMDs ?— - id @ Generate 3 Phase Drive Power @ aAngular
® CMDs @ Local Control & = | Movement ]
F ‘ @ Positioning
[ Measure Current
5 @ Transmit Status 55— -l ==t (Torque) @i (e Severity
@ Close Int Loops Ctrl © Torque . =
== J . I (D) Castastrophic () Hazardous (®) Major ) Minar () NoSafetyEffect
@ Measure Angular
3 Tl e | Measure Linea Assumptions :
- -l o Position

@ TX Brake @ Receive Brake CMD -

t Braking
Braking

©"°

r—
I @ ECU Sensing
v Failure Refinement
it @ frocen reanes (IR Realized Failure Condition : ‘ FC 1.2 Loss of motor drive
- j @ Provide 28 VDC Power "rrl-l — Realizing Failure Modes: ‘ FM 1.1 Loss of VBUS, FM 1.2 Loss of 12VDC power supply, FM 1.3 Loss of GND connection

I @ Power Bus 270 vnc'h_"# @ Provide 270 VDC Power

@ Finish Cancel
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ATICA4ca pEI Ia ‘ Model Based Safety Analysis

Physical level

§F]ECU Control Board

§F] Connectors

§F] 270 vDC (R) Conn|

§P] 270 VDC Conn

Conn

Mode Hard Di;

(3@ 270 VD¢

=
7 Mode, Hard Diss

§F]Rs232 Conn

‘E WoW Conn

@ Wow

RS232
(2@ >
® Maintenance

§F] Power Subsystem

§F] Strain Gage Subsystem

4P| WheatStone Bridge

&1 @ Provide Stable Strain Measure &l

§F] Core Logic

N

£F) FPGA

|

Mode, Hard Diss
L] Disc2TTL

Gate Drivers

Inv
iEi 3 Phase Iny Overcurrent

§F] Motor Drive Subsystem

4§F] 3 Phase Inv

> Drive 3 Phas

@ ing Conn

&

$P] ARINC Conn

§F] ARINC Subsystem

(3 @ Speed RX|

@D Status RX

v
@ Transceiver

'@ RX Conversion

@ TXC i £

§P) RS232 TX

-L@ Measure 3 Ph Inv#___
ovl -

Delivery

!

>
® Motor Power

@ 3 Phase Inv Ten{g

&

T

® Control

{P] WoW Disc2TTL Algorithm
<) Process Safet

Measures

@ Clocking

J

i 3 Phase Inv Current|
Sensor
@ Measure |

@ Temp Sensor

Measure 3
® Phap invT

] ©

& = = 5

1 S y,

1
I §P] Case Temp Sensors

1

A
@ Mesaure Case Temp

=

<) Ang Movement tqry
|t Digital
= =

§P] Motor Feedback Subsystem

‘E Reolver to Digital

_— o o S o o o =y

AT ITCA

Digital engineering for complex systems

== Properties O ht
-+
(Failure Mode)
Editing of the properties of a Failure Mode
Capella (Management rDescription rRequirements Allocation [rA'I'ICA_MESA Extensionﬂ
Affected functions and Modes
Affects Function: | Motor Power Delivery
Modes: | Idle, Cruise, Take off, Landing
Failure Mode
Affects Component : 3 Phase Inv
Affects Component Port | <undefined>
Failure Effect : ‘ Loss of inverter power bus
Failure rate (1/h] : | 1.0E-14
Failure Parent
Realized Functional Failure: | FF 1.2 Loss of driver control function
< >
@ Finish ||  Cancel

AN ZI=Z N

r g [y B X
l N BV ih O
v/ | J/ W J
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ATICA4Capella | woseiasea saety analyss AT ICA

Digital engineering for complex systems

States [ [3 Take off ] [ [3 Cruise } { [3 Landing ]

System Fuction Aileron Drive Control

System l‘ FC1.2 Loss of motor drive ] [‘ 1.3 Erroneous motor drive ] Efrcu..m
Logical ] [’FH 1 Loss of local control funcuon ’ FF1.2 Loss of driver control funct\on] [ . FF1.3 Erroneous driver control funcnon ” FF1.4 Erroneous local control functuon >

J\ /&\ —

Physrcal [‘FM1 1 Loss of VBUS powersupp\y} [. FM1.2 Loss of 12 power supply 0 FM1.3 Loss of GND connectlon} [‘ FM1.4 Loss of 15/-9V phase power supply [. FM1.5 Not possible to switch Mosfel ’ FM1.6 Mosfet do not polarize well ] —

Failure Net

- - r J [ Ny B X
AN /| N EESime ANZEN & CESA PUBLIC

== CapellaDays

ONLINE 2023

36



Failure net / FMES generation A1 ICA

Digital engineering for complex systems
— =3 Failure Net
e L &-{@ [1.201.104:Schottky Diode - Mosfets Protection] Fail short
“_ ] [1.201.100:3_Phase_inverter] Loss of VBUS power supply Failure Modes (03 Physical Arch)
il [1.200:BLDCZT0] Loss of driver control function » Functional Failures (02 Logical Arch)

#| [1:Control Board] Loss of motor drive > Failure Conditions (01 System Arch)
104:Schottky Diode - Mosfets Protection] Fail open

i | 201.100:3_Phase_lnverter] Loss of the path for return current
1 [1.200:BLDC27T0] Ho immediate effect
[1:Control Board] Ho immediate effect

=N :| .104:Schottky Diode - Mosfets Protection] Parameter change Failure Net:
= [}.201.100:3_Phase_lnverter] More sensitive to noise » Component Level
4l [1.200:BLDC270] No immediate effect [ ATICA/CAPELLA ] > Board Level
] [1:Control Board] No immediate effect 1 >  System Level
ﬂop Up\ C FMECA )
Capella 4 I
Failure Net = FMES [ ISOGRAPH ] -{> Basic Failure Modes
v FMECA
Down Bottom
> New Feature
\ Project Time / Under consolidation
- - T T W RN —
ANZIZN EES4=> ANZEN & CESA PUBLIC == CapellaDays
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| Outline

Project scope

Electromechanical actuation system
MBSE tools trade-off

Digital engineering framework
Requirements Management Interoperability
System Model
ATICA4Capella

[ « Connection with Simulink ]

Next steps
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Connection with Simulink

ASC Cirl System E Physical System Actuation @Ailemn
{Flecu Flema
v EM_Actuation_System
@EE ¥ thon_ ' . {F] ECu Control Board
» Operational Analysis —
. 4F) ecu Controt CH 4F] 3 ph PMSM
> 3 System Analysis ompel P CMDs Pdwer Control $ignal
3 .H} Logical Architecture * Provide Angular Movement
st
~ 7 Physical Architecture @ RXSt D270 VDE Foer @ control Main Chain
5 4 MBSA Package Del 70 VDL PoEr DSl g Position Data
. g 270 VD | v y r B Resolver
» Physical_Req_Set Caie | | P
. . 1 L
» = Physical Functions | Bl terkink g Measure Angular
- Position
= Capabhilities im VO DH Angular Movement
eed (R) §F] ECU Manitoring Board
5 [= Interfaces
safety feat o
(= Data RX i £8] £cu Monitoring CH D=8l Freedomy
Featu b (c 4P Ballscrew
v &= Structure _‘ 70 vDq Power,
. . D bro vod Powerdg) Positiof Dat ) Dl Linearh
w §F] Physical Systemn Actuation TX CMDs CMIDs kM) T i Chai ular Fositiogien] A @ Angular to Linear 5
™) Conversion
Net
» 8] ECU accu D 5t v [ ® braking /
-
§F] EDM ® I?‘g:‘.-:l RX 51 (M) | o cage Braking
EMA . A
£7] Algarithm | §F] Braking Control Board stain Oay
» §F] ECU | L
e ( §F Brakina Control CH 1
w §8] EMA
» §F] Resolver

[~ 8F] 2 Ph PMSM
% [Implements] REQ-AIL-16
fﬁg [Implements] RECQ-AIL-19
% [Implements] REQ-AIL-21 #Elecu conwol e Elena
.ng [Implements] RECQ-AIL-23
"% [Implements] REQ-AIL-67

Simulink View

70 VDC Conn

aws¥%upp Dl Theta mec

= Phase Resistance [R] = 1.221 = -
o EFl3phpMsN o

== Phase Inductance [L] = 5.6 D870 vmG Mo rm e

= Torque Constant [kt] = 2.3 D21 speed chg s R o PERMANENT  Text ()|

= PM Flux Linkage [fluxPM] = 0.15333 il o= 8P o T E”‘g‘gse in :::’ SYN%%%%EBUS

== MNumber of Poles [Np] = 10.0 L - LR 5 ° [ o

4

== Rotor Inertia [Jpmsm] = 9.39E-4 = o POWEFELEUTRNEE o (A) e

= Moter Dynamic Friction [Trn_dyn_fr] = 9.7E-5 <

— Motor Viscous Friction [Crm_visc_fr] = 1.07E-5 £ % 8 B D=3l Angular Speed & Position
» §P] Ballscrew i 5 5 & P
3 E VDT D= inverter_Currents/Voltage FB T Rz VET speed FB r

Bispezdpositon 2 New Feature
. Dl x VDT i i
same componet, several representations - Under consolidation
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Connection with Simulink

W @ EM_Actuation_System
> H} Operational Analysis
> £ System Analysis
> £} Logical Architecture
~ 7 Physical Architecture
» <+ MB5A Package
> Physical_Req_Set
» [ Physical Functions
= Capabhilities
5 [= Interfaces
(= Data
w = Structure
~ §F] Physical System Actuation
» §F] ECU
§F] EDM
§F] EMA
» §F] ECU
w §8] EMA
» §F] Resolver
[~ 8F] 2 Ph PMSM
% [Implements] REQ-AIL-16
fﬁg [Implements] RECQ-AIL-19
% [Implements] REQ-AIL-21
.ng [Implements] RECQ-AIL-23
"% [Implements] REQ-AIL-67
== Phase Resistance [R] = 1.221
== Phase Inductance [L] = 5.6
= Torque Constant [kt] = 2.3
=2 PM Flux Linkage [fluxPM] = 0.15333
= Mumber of Poles [Np] = 10.0
== Rotor Inertia [Jpmsm] = 9.39E-4
= Moter Dynamic Friction [Trn_dyn_fr] = 9.7E-5
— Motor Viscous Friction [Crm_visc_fr] = 1.07E-5
» §P] Ballscrew
» €7 VDT

same componet, several representations

Interoperability through excel

Interoperability through excel

A
-
S

New Feature
Under consolidation

ANZIZN sES4=
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| Outline

Project scope

Electromechanical actuation system
MBSE tools trade-off

Digital engineering framework

Requirements Management

System Model
ATICA4Capella
Connection with Simulink
[- Next steps J
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Conclusions

. Main conclusions from Héroux Devtek Spain / CESA point of view:

- Great utility for complex and highly integrated systems and equipment
- MBSA enriches the model and increases the awareness of the safety aspects

- Test effectiveness to foster coordination between multidisciplinary teams and
manage project information

- Evaluate the initial learning curve versus the final benefits

/.\ N z |E i ' ,-:ES:EE ANZEN & CESA PUBLIC ECEPE"EDB}/S 42
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Next Steps

Future work:

Implement MBSE including MBSA as a new systems development methodology

at Héroux Devtek Spain / CESA. Collaborate with ANZEN to expand ATICA
functionality:

Analysis of hidden failures
Analysis of redundancies
Cut sets analysis

Fault Tree Analysis
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