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Development Challenges for Complex Aerospace Systems

= Increasing complexity and development time - integration of large number of parts and sub-processes
= Cross-organizational development - distributed and heterogeneous knowledge and expertise

= [ncreasing interactions - systems operating in system of systems scenarios

Target: Managing complexity and accelerate the development time
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AGILE4.0

Towards cyber-physical collaborative aircraft development

AGILE 4.0 project ambition:

“The high-level objective of AGILE4.0 is to bring significant reductions in aircraft development costs and
time-to-market through the implementation of an integrated cyber-physical aeronautical supply chain,
thereby increasing the competitiveness of the European aircraft industry, from integrators and high-tiers
suppliers to SMEs, leading to innovative and more sustainable aircraft products”
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EU funded H2020 project: September 2019 — February 2023 Towards the next generation MBSE-MDO accelerating the

e 16 International Partners (EU, Brazil, Canada) development of complex systems 4. 0 @

e Coordinated by DLR Hamburg AG I L E
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AGILE4.0 MBSE-MDAOQO Development Framework

given given given given given
policy & goals & scenarios & architecture & design space &
needs capabilities requirements requirements objectives
System of Interest ‘ ‘ ‘ ‘ ‘
A System 'y System ‘e System ‘e System I System
Identification R Specification R  Architecting RS Synthesis K./ Exploration

Capabilities & Objectives Requirements & ConOps Architecture Alternatives Integration & Validation Design and Optimization
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‘ downstream product design MDO
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Requirement Types & Structure

Statements in natural language = Patterns: each type of requirement has a standard grammar, a set of mandatory
and [optional elements] that ensure verifiability related to the type (Carson, 2015)

Examples:

=  Functional
The SYSTEM shall [exhibit] FUNCTION [while in CONDITION] The aircraft shall provide propulsive power [during the entire mission]

= Performance
The SYSTEM shall FUNCTION with PERFORMANCE [and
TIMING upon EVENT TRIGGER] while in CONDITION The aircraft shall fly at minimum Mach 0.8 during cruise

= Design (constraint)

The SYSTEM shall [exhibit] DESIGN CONSTRAINTS [in The aircraft shall have technologies with maturity TRL 9 T 2020
accordance with PERFORMANCE while in CONDITION] € aircrait shatl have technotogies with maturity [in 2020]

= Environmental
The SYSTEM shall [exhibit] CHARACTERISTIC during/after
exposure to ENVIRONMENT [for EXPOSURE DURATION] The aircraft shall be maneuverable in case of icing conditions [for the

tire flight
= Suitability entire flight]

-IL-EElfg;&iﬁli\lCslrilallh?l)(hicb(;t\lgll_ﬁgﬁcl-lzRICSSLCDT'?It(;]N The aircraft shall have a steady gradient of climb of minimum 2.4% in
DURATION] white [for case of one-engine-inoperative
Source: Boggero et al. “An MBSE Architectural Framework for the Agile Definition of System Stakeholders, Needs and Requirements”, AIAA 2021 AG I L E 4 0 @
.Q
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System Architecture = formal description of a system. Representation of entities [...] that
describes behaviors and relationships amongst the entities?.

Top Function: “To provide propulsive power”

pilot, HMS throttle command fuel system electric system

external power pilot, HMS throttle command external power
1 B R
- system boundary - system boundary ‘
' LB N \
I
I
I
-
electric system hydraulic system pneumatic system
T Electric architecture
electric system hydraulic system pneumatic system pilot, HMS  hydraulic system pneumatic system fuel system throttle command
Conventional architecture Hybrid-electric architecture many more other architectures....

' MIT Definition AG I L E 4, O-QQ
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More details later today at 16:15:
Bussemaker et al.: Function-Based
Architecture Optimization: An Application

to Hybrid-Electric Propulsion Systems
Session 2.3.1 Architecture Analysis

= Collect functional requirements for specific
level of elaboration

= |dentify boundary functions
= Allocate boundary functions to components
= |dentify induced functions and fulfill these

= Model additional architectural choices

Function-based architecting benefits:
» Natural transition from problem to solution
* Less prone to solution bias

* Directly traceable to requirements
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Multidisciplinary Design Analysis &

Optimization (MDAQO)

= Different system elements influence s
performance in different ways E’m presms
= Engineering disciplines analyze the o] | Drplemens
system from different perspectives ; e
= MDAO: numerical coupling of & _
disciplinary analysis tools 1 LT
o ﬂ 2 con;uuihon S:t?;umption
= Essential to enable system-level gt D
analysis ol

= How to deploy cross-organizational
MDAQ?

AGILE4 Oog
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Collaborative MDAO Process

Automatic
Common format for exchanging design data connection of tools

decision making
o——©O0

.\ /.
./ ﬁ\‘ ‘/ b \‘ design tools
N~ ‘ o

-
ZZ

B N(N-1) ® ».n

MDO execution \

Cross-organizational data
transfer via neutral server

requirements,
architecture

AGILE *°¢
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Connecting MBSE and MDAO

MBSE Architecture Model MDAO Product Model

Define Design « Physical description of the SOI

» Logical description of the SOI
Problem .

Described using central data
schema, in terms of geometry,
performance data, etc.

Sync Architectures + Connected to disciplinary tools

* Described in terms of functions,
components, QOls, etc.

l

» Link to upstream requirements

—— Fun
Raguce hox

4 i“k%mw—%“J[m&h]
mjug () 9

.’[M] ..[ ». ) = [__] 'm [ )
weE ““’5“ = o"“‘wl T”T ,*fm;; = Performance Data
- :W, 1 _ I_J . “““ —
s by s e pon oo | — . — il o .
N R - ;

AGILE *%

The AGILE4.0 Project | J.H. Bussemaker, L. Boggero, B. Nagel (DLR)| 334 Annual INCOSE International Symposium, 17 July 2023 www.agiled.eu



MBSE-MDAO Connection Ontology

System System System System System
Identification Specification Architecting Synthesis Exploration

System Specification J

«ontology concepts

«ontology concepts

«ontology concepts

¢

Functional 4[> Requirement < Non-Functional d through
Requirement a Requirement
System Architecting J System Design J
. «ontology concepis «ontology concepts . ‘Mlm?&m
> i Design Competence o Test Case -
Compliance
«ontology concepts . >
Boundary Function -
J7 «<ontology con ’ «ontology concepts
h h P
P " ':rE’]l' has F
«ontology concepts ' Role
Function A
allocated to | | |
«ontology concepts «ontology concepts «ontology concepts «ontology concept»
- - ok Design Variable I Paramet:
. Physical Component Design Variable Bound nput Parameter
«ontology concepts induces
Induced Function ‘
instantiates (L |
«ontology concepts «ontology concepts
«ontology concept» -~ ntology concepts [ Physical Syst Design Solution «ontology concept» «onfology concepts
Logical Sy X Architecture Design Constraint Design Objective
Architecture Logical Component Space
D «ontology concepts :}
<L F generates A Quantity of Interest
Kr:;:gré:::éﬁh > soniology coneepts | o oociated with— SR «ontology concepts |~ |
< Architecting Decision z 5 Design Problem

Architectural Space Design Variable
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Design parameters are
specified from:

» Architecture components

* Non-functional requirements

Design competences (tools)
are selected from:

» The need to evaluate component
influence

» Specification in test cases

Design variables are
additionally defined from
architectural choices

Design solutions represent
physical architectures

AGILE *%

www.agile4.eu



Contents

given given given given
i architecture &
requirements objectives

1. AGILE 4.0 MBSE-MDAO S aim ote oty ob
Development Framework T

« Upstream architecting phases

jectives  Requirements & ConOps Architecture Alternatives Integration & Validation  Design and Optimization

 Downstream product design phases P e a0

2. Implementation in a
collaborative environment

3. Demonstration: Design of a
Business Jet Family

AGILE *%

The AGILE4.0 Project | J.H. Bussemaker, L. Boggero, B. Nagel (DLR)| 33" Annual INCOSE International Symposium, 17 July 2023 www.agile4.eu



System System System System System
Identification Specification Architecting Synthesis Exploration

agile4.eu/technologies

The Operational Collaborative Environment

== Capella

>a (G I’ Operational scenarios KADMOS ngglivr‘]’grkﬂows ﬁ
Pﬂ modeling E; M DAX

o environments
Visualization of e e e

stakeholders, needs and
requirements model given given given given given . .
policy & goals & scenarios & architecture & design space & Definition and Sharmg
needs capabilities requirements requirements objectives of executable
‘ ‘ ‘ ‘ ‘ surrogate models
m System ‘' System ‘' System M System ' System
Identification R Specification R Architecting R_J Synthesis R Design

Automatic generation
of SysML models

RVF

Enabling cross-
organization collaborative
simulation workflows

) ) z

Capabilities & Objectives Requirements & ConOps Architecture Alternatives Integration & Validation Design and Optimization

Requirements o
verification " Al | Executing simulation
£ ADORE 9 o S
System architecture design space I?’ndgmg system
Web-based collaboration and modeling and visualization architectures and MDAO

process integration platform

WO cran
AGILE %
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ADORE: Architecture Design Space Editor

Architecture design space modeler
» Define functions, components, connections

* |dentify architectural choices

» Define input parameters and metrics

Architecture generator
* Make architectural choices to create architectures

- Boal Component:

Compressor

i &= (=22

Architecture optimization framework \ = G a ) &

e : | £ = ) AT

» Define design variables, objectives, constraints ‘[L;:s’:;.ﬂ] ) T ) e
+ Connect to optimization algorithms \\ . e = } =) _
X . W Connectivity

More details later today at 16:15: | S | L
(=)= come %

Bussemaker et al.: Function-Based
Architecture Optimization: An Application

to Hybrid-Electric Propulsion Systems
Session 2.3.1 Architecture Analysis
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- Import disciplinary tool Project: T8.2: Family concept design - Y3: WP8.2 Y3

e P OE ?

QAD
I/O definitions 5 Opt D E) c .-mm <pVars 4 & Base Schema NI o
= Automatically discover ' i
data connections [T o 4—If f T
» |nteractively add MDAO i
elements like converger, o |
optimizer, etc. e
= One-click export to
execution environment

faMDAX

MDO Workflow Design Accelerator
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System System System System System
Identification Specification Architecting Synthesis Exploration

Architecture-to-MDAO with MultiLinQ

1. Map architecture elements to

Editing Quantity of Interest

CDS l IOdeS + COMPONENT  + QOI
¥ O U | °

- £ Fuel system [ £ Pe—
<mWings3tructure> i T:TM .
<massDescription uIll="mWingsStructure": "““"m'gm _ L N s e
<mass>1672.3220548910942<,/mass> ' ow"’”" : : il | e
</massDescription> B ® i /dataSchemalaitcraft weight/WF x
<mWingStructure> —— S x Select From Tree
<massDescription uwIl="wing mass"> 1 Mach ouw ettt
<parentUID>wing</parentUID:> it Other weight oo S O e fo)
<mass>1229,.6052745879338</mass> ke Range ou - O aircat ®
» [ other 6]
> O weight (0]
Tools
g 4 5 a?§ g S 5 2
[ QOI: ] | & & & 7| s £ £ 0 £ g ] g3
Wing Weight: 1229.61 c‘)j 3 4 £ 3 Sg 3 5 g Q/° gl ¢ g
Components QOls N & 3 & & & 2 ~ N\ < ° © > 2
Aircraft v v v v v v v v
° Aircraft Flight cond v v
2. Support selection of MDAO : v v . . .
¢ Wing DV v
° o ° Wing Aero forces v
d .I SC.I p l.l n eS Wing Deformation v ‘
Wing L/D v v
. . Wing Loads v
Using the Component-Tool matrix ‘
Wing Thickness v
Objective v v do@
MNNUILL L. Yo
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Requirements Verification Framework

\/ Requirement Means of compliance
[ The flap shall have a During the conceptual

" Goals: . . . total cost of less than design, empirical methods
1) to enable automatic verification $7,000. may be used
2) to integrate requirements in MDAO et cace |
Flap Flap o
parameters e[Sl (EligY / Emtp1r1cc? ll
= 5-step approach: f__generator e

Machine Define Assign roles to Derive & Check
readable verification requirement execute the requirement
requirements methods parameters MDAO workflow compliance

e —— Objective Bruggeman: From Requirements
| ;:;‘Ni“:s.z'ssmr“m“**‘"“'“ Constraint to Product: Digitalization of the
The SYSTEM |'I ll [exhibit] DESIGN CONSTRAINTS [ ° °
= i Design variable Aircraft Design Process
B — Monday poster sessions
PERFORMANCE while CONDITION [for CONDITION DURATION]

AGILE* e
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Connect Stakeholder Expectations to

MDAQO with VALORISE

LOW Web-based
PRODUCTION Interactive Dashboard
LOW TIME
PRODUCTION — il |N’ g Quantify & Assess
RISK Stakeholder Expectations
il |
CH¥1 Real-time Trade-Off
LOW =
PRODUCTION — Explore Strategic Decision

Scenarios

ALORIS=
il Tﬁ{ | @ .StLamd-Alone Tool

HIGHT
PRODUCTION _~
QUALITY

LOW aE Tool-chain Integration

FUEL
CONSUMPTION

il Iﬁi
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BEST
SOLUTION

Value-driven
Tradespace

Tuesday at 13:30:

Donelli et al.: Value-driven SE
Approach addressing
Manufacturing, Supply-Chain and
Aircraft Design in the Decision-

Making Process
Session 5.4.1 Supply Chain

AGILE *%
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Business Jet Family Design Case

Parameter
= Tradeoff between OEM NRC and DOC S W U

High-speed cruise speed M 0.90
= Sharing more components: e payo Pax °
. . Design range nm 2500 3000 3500
» Decreasing investment costs Cabin length ft 25 25 35
* Increasing operating costs eienced ietdensth " 20
Landing field length ft 2500
Initial cruise altitude ft 41000

AGILE “°4
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Commonality Sharing Decisions

No sharing: high performance Max sharing: low investment costs

1024 possible family architectures

>
pYa
>

Share empennage?

Share engine 1&2? Share engine 2&3?

Share wing 2&3?

Share wing 1&2?

Share landing gear &
systems?

AGILE* %
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System
Identification

System
Specification

Architecture Design Space Model
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Design problem properties:

* 19 design vars (10 discrete)

* 9 hierarchical wing design vars
« 2 objectives: OEM NRC, DOC
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System System System System System
Identification Specification Architecting Synthesis Exploration

Multilevel MDAO Workflow

WP8.2 Y2 RS ¥ D ?

Family Level - edited MDAX 0 6.3
Slc]  @(oo)om) [Hl[fon[=ocktacn|[Fsm]  [<vars [9[@emesnema]  [w[o|w[mE] =] [a]¢] = One family-level workflow to design the aircraft family
- = Three aircraft-level workflows to design each aircraft

o) [y e = Automatically generated from 1/0 definitions

B 1655

1:
OAD_Pre

[l
2 = o —
0AD 3 name,paramete: / - name,parameter
H s e N |

l 33 name, 5% name,parameter name,

2.3:

137 | mass,name,parameter | OAD 1 4 1 .
{ 13k '[ 3: 2=
313 SQD_POSI 3 OpenAD_init

name,status,value
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Aircraft-level MDAO Workflow
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Business Jet Family Results

e Family-level performance
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Overview

hybrid event

1.  AGILE 4.0 MBSE-MDAO
Development Framework

2. Implementation in a
collaborative environment

3. Demonstration: Design of
a Business Jet Family

Publications, technologies, use cases:
www.agile4.eu

GMULTILINQ
of; |
raMOAx 12 F

oo NANALORIS=

Monday poster sessions:

Bruggeman et al.: From Requirements to
Product: Digitalization of the Aircraft Design
Process

Monday 16:15, session 2.3.1:

Bussemaker et al.: Function-Based Architecture
Optimization: An Application to Hybrid-Electric
Propulsion Systems

Tuesday 13:30, session 5.4.1:

Donelli et al.: Value-driven SE Approach
addressing Manufacturing, Supply-Chain and
Aircraft Design in the Decision-Making Process

Thursday 11:30, session 11.5.3:

Merola et al.: Value-driven Optimization
Campaign Addressing Manufacturing, Supply
Chain and Overall Aircraft Design Domains in the

Early Development Stage
AGILE4 28
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