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Presentation Overview

= Context: What is Model-Based Systems Engineering?
Why MBSE?
= A simple model of knowledge and information in MBSE

= Which kinds of knowledge and information?

* Information schema

« Language mappings

« Abstractions and idealizations
* Analysis patterns

» Synthesis patterns

* Design Workflow

= Challenges and Summary
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A Systems Approach for Product Development
= Technology Trends = ' » ““

e Miniaturization
 Embedded intelligence
» Networked connectivity

= Modularization
e One subsystem per function
e Standardized interfaces

(source: DaimlerChrysler)

= Systems Approach ——_
e Increased number of Y —% w0, 2!
functions

* New functions by integrating \t, of
multiple subsystems & :
* New architectures
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Traditional Design Approaches

= Document-centric, systematic
Information transformations

= Generally, information is transferred
manually between design steps and

team members

= Qutput is large set of documents

- Inadequate for contemporary SE
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Challenges in Systems Engineering

e integrated functions

e engineering disciplines

e stakeholders

Globa
Comp

ly distributed, heterogeneous design teams

ex, emergent system behavior

Large quantities of design knowledge and information

- Need Formal, Model-Based Approach
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Presentation Overview

= What is Model-Based Systems Engineering?
Why MBSE?
:>A simple model of knowledge and information in MBSE

= Which kinds of knowledge and information?

* Information schema

« Language mappings

« Abstractions and idealizations
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* Design Workflow
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Knowledge & Information in Systems Engineering
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A Workflow Perspective

Product
Perspective

Workflow
Perspective
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Knowledge & Information in Systems Engineering
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Information Economics

Information is only valuable
to the extent that it leads to better decisions

» Representation Cost

» Modeling
« Computation 9

Benefit Better design

decision
el - higher iy

Design Research: Models, Methods, Tools
for Shifting the Balance towards Higher Value

!
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Presentation Overview

= What is Model-Based Systems Engineering?
Why MBSE?
= A simple model of knowledge and information in MBSE

I:>Which kinds of knowledge and information?

* Information schema

« Language mappings

« Abstractions and idealizations
* Analysis patterns

» Synthesis patterns

* Design Workflow

= Challenges and Summary

Aﬁmmuwﬁt@ 11 _ |
W~ Tochnelogy © 2008, Chris Paredis Systems Realization Laboratory



Information Schema

= Traditionally: tool-specific proprietary schema

s

« CAD

* Finite element modeling
» Discrete event simulation
* Few formal representations in SE

= Standardization

Islands of
Knowledge & Information

* e.g.. STEP (ISO 10303) — Standard for the Exchange of Product

data

* Intent: Reduce the number of translators from N2 to N
« Always lagging behind
e QOverlap and inconsistencies

Not all types of information have been modeled formally.
The models are changing over time.
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Example of Standardization: STEP

IS0 TC184 SC4 IS0 10303
STEP on a Page
APPLICATION PROTOCOLS AND ASSOCIATED ABSTRACT-TEST SUITES

[ 201 Exphcit dravghhne [ATa 301 =X] i 221 Functonal data & their schem rep for process plant [Z]
[ 202 Esgulzulciaﬁve g 11[% [£] 2 224 Deagn-rnannf for cormposite stt1.1£:l’[1.1:ﬂespmI e
P 203 Confizuration-controlled design (c2=[al=I}[Z] A 225 Exchof design & mfz product indo for cast rts)E@%
[ 204 Wecharacal design using boundary rep [1] [ 224 Mech pdt def for . p@ using mach’n’y feat (ed=2e3=5)
A 205 Mecharacal desgn using swrface rep[EAM [ 225 Bulding elerments usng e%icit shape 1e [C] ]
2 206 Mecharical design using wirefrare A 226 Ship mec hanical systerns |

I 207 Sheet metal die ing and design [ 227 Plant spatial configurationfe2=0C0 (K]

2 208 Life-cyele product cﬁe pru:nces% [}%] A 2R En.u'ldispEl S TVICE s:gHUHITI:I%}G

P> 209 Coraposite & metal structural anal & related design[}ﬂq X 229 Design & mfs product indo for f'u:ur%{n‘a-:[lﬁ]]ms[}i]
I

[ 210 Electronic assy, intercormechon & pac design % 230 Building structural frarne: steelwn
Z 211 Electrorac P-C assy test, diag, & rerman Z 23] Process-engineenng data [X]
[ 212 Electrotechnical design and mstallation | [ 232 Techrucal data packaging: core mio & exch [I]
Z 215 Num confrol (HC) process plans for mach’d parts [Z] W33 Sﬂ'istems ehgineering data repr (o be PAS 20540[X] <
P> 214 Core data for antomotiee mech design processes (e2=E)[F] | Z 234 Ship operational logs, records, and messages[2]
E 215 Shiparrangemme nt W 235 Matenals into for des and wenf of products [Z]
E 216 Ship moulded forms W 236 Furnature product mdﬁjm_]ect dataﬁ?]
&, | [ 217 Shap piping [X] W 237 Coraputational Fluid Diyriaraics
& | [E 218 Ship stuctures [X] L 3% Cornpnte r rourerical controllers
& | £ 219 Dirnension mspec ﬁnnf[? _ W 239 Product hfe -cyele supﬁjrt <
| |0 220 Proc. plg, wfs, assyof layered electrical products [Z] W 24 Process plans for machaned products
“‘E
.;P COMMON RESOURCES fwith 13584-20 bgic. model of expr.(I) and 15531- ime (W) | |
E | ATMT TAATTALT RAATWITIT TTH Ao 2.1 — A a5 || Legmd: Ts Sﬁm ||
l - LS .
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Federated Model (Russell Peak et al.)

Customer /
e Acquisitions
\%é;\x Systems Engineering
a2\

Abstraction Level
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) > Legend
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One single
master model is
iImpossible /
Impractical

 Evolution

o Different levels of
abstraction

Relationships
must be fine-

grained
* Not file-based
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SysML as a Federated Model for MBSE

* Visual information modeling for systems engineering

= Based on UML 2

» Used to support system specification, analysis, design,

verification and validation

SysML
Diagram

7
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Behavior Requirements Structure
Diagram Diagram Diagram
\ \ A | \ \ |
Activity State Machine Sequence Use Case Block Definition Internal Block Package
Diagram Diagram Diagram Diagram Diagram Diagram Diagram
Same as Modified from | | New Diagram " Parametric |
UML 2 UML 2 Type Diagram




GIT Testbed: Tools and Models

SysML Tools . .
= Authoring In
RSA/E+/ SysML No Magic / SysML RSA/E+ / SysML .
Facoy ) Operstons | (- Excavato native tools
=it

A = |Integration in

A
Interface & Transformation Tools SyS M L
(VIATRA, XaiTools, ...)

A

, e Different levels
e Traditional of abstraction

Simulation & Analysis Tools

ModelCenter
NX/MCAD Tool Optimization
Excavator - Lan g U ag e
Boom Model .
Ansys j L Mathematica M ap pl n g

Reliability

Factory

Layout Model transformations

Excel Dymola

- (.., Modelca
Excel Model

v — e Direct interface
eM-Plant (e.g., Excel)

Factory
Simulation
2008-02-25a
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Related Work: Model Integration with SysML

“...SysML is intended to unify the diverse modeling
languages used by systems engineers.” (SysML
Specification, 2007)

Constrained Objects (Peak et al., 2001, 2005)
ModelicaML (Pop et al., 2007)
UMLH (Nytsch-Geusen, 2007)

of "‘“*‘ ?:—-==_E&?=_——_Wf
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Relevant SysML Modeling Constructs

bdd Car Definition)
= Blocks «requirement»
c ReboundReq
ar
= Value types text = “When
) _ values 7 disturbed by 0.1 m,
= Part proper’ues mass: Sl.Mass = 1500 "] the suspension shall
«satisfy» | settle to 5% of
m I steady state in
Val ue propertles suspension under 1 sec.”
m Stereotypes WheelSuspension
values «valueType»
«moe» settlingTime: Time Sl.Mass
’ unit = kg
coll shock
Coil Shock
values values
springRate: Real dampingCoef: Real
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The SysML Metamodel

MS work by
sysmlimport Tommy Johnson
generalization _
_ contain
String sysmilElement
stereotype %
umlIMultiplicity block sysmlPackage
multi propAssn type Z%
: unitAssn :
property constraintBlock valueType sysmiUnit
endAssn Zﬁ
sysmiConnector value part constraint sysmlParameter constraintProperty

Aﬁmmuwﬁt@ 19 _ _
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The Modelica Metamodel

modelicalmport

composition

extends

class

type A

modelicaConnector modelicaType modelicaPackage
|
component unitAssn equation
: : egnAssn
modelicaUnit
componentRef
size
modelicaParameter arraySize connectClause initialEquation

Aﬁmmuwﬁt@ 20 _ _
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The Correspondence Metamodel

SysML Correspondence Modelica
blockR BT lassR
block \/P oc block2class cass>“ class
blockR ZX

} block2modelicaConnector P

blockR
valueType }<

\/sysmIPackageR

‘ valueType2modelicaType }

classlil

= modelicaConnector

classR :
>“ modelicaType

‘ sysmlPackage <

sysmlPackage2modelicaPackage

‘ modelicaPackageEl ;
! = modelicaPackage ‘

propertyR
property \/P

propertyR

‘ property2component }

]

: constraintR
constraint \/F

componentR
>“ component

componentR |

property2modelicaParameter }

constraintR

= modelicaParameter

‘ constraint2equation }

=

\/sysmIConnectorR

equationR .
>“ equation

equationR\l

‘ constraint2initialEquation }

sysmiConnector <

sysmlConnector2connectClause }

initialEquation ‘

/‘

(@]

onnectCIauseR\l

connectClause ‘
/‘

ry




Implementation in RSD/Eclipse

= Created Java software
that ...

* Queries Embedded Plus (E+)
SysML CD model

 Transforms model in
VIATRAZ2 framework

 Generates Modelica code &
simulates in Dymola

Embedded Plus SysML Dymola / MDT
Modeling Environment
Simulation
SysML Simulation Results
Model
, . Load/Simulate
Simulation .
. Modelica
Characteristics
Model
SysML *
Continuous Modelica
Dynamics Model Continuous
Dynamics Model
\J

4Qmport SysML ModeD <Export Modelica Mode%

VIATRA Transformation Framework

SysML2Modelica
—»  Graph Transformation

Machine
VIATRA SysML-Modelica VIATRA
P SysML — Correspondence — Modelica
Representation Model Representation

o Techmnology © 2008, Chris Paredis Systems Realization-Laboratory ﬁ



) MSDSystem

mass : Mass Farce : Force

j 1 MechanicalJunction i * Mechanicallunction

nodeg : MechanicalHoded

j1 : MechanicalJunction j2 : Mechanicallunction

j3 t Mechanical Junctian j 1 Mechanicallunction

=pting Ef;:-n'ng darnper i_Damper

j1 : Mechanicallunction j1 : Machanicallunction

jz 1 Machanicalluncrion j2 1 Machanicallunction

nodel : MechanicalModes

j1 : Mechanical Junction j2 1 Mechanicallunction

i3 tMechanicallunction
|

ground ;| Fixed

j 1 Mechanicallunction




t Explorer X

+-l=F ContinuousDynamicsModeling
+-I=F SysMLEModelicaviatraTransFormer

=l-l= SysMLTestProject

)

+-[= Diagrams
A2a

=== Models
=-E=
iz, (Actis
I?::, (Blocl
./ (msd:
S ML
B3 Comp
£ Inter
) maps
@ msps
E Sirnul
£3 value
RLCE=an
TestMods

Inher

0= outline 52

&n autline is not available,

 {

Add UML

Add Diagram

Add SysML

add SysML Diagram
Add SysML Relation
Mew

Add Shorkcut

Open
Cpen Wikh
Close
Close all
Save As...

Mavigake
Wisualize

Rename
Refactor

Delete

Impart Madel Library, ..

g Impart. ..

L7 Export...

2

=
=

Yalidate
Refresh

Modeling References
Find/Replace...

Madel Query., ..
Generate Report, ..
Generate Yiatra Model, .,

Generate Modelica Maodel, ..




= E transform3pace : entity
[E] cotrespondenceModels © entity
+-[E] modelicatodels @ entiky
=1-[E] sysmiModels @ entity
=-[E] M3DExample : sysmiPackage
,ET uhSEa4_6h {-= MSDDefinition) : conkain
=-[E] MsDDefinition : sysmlPackage
B uNSEE6_Eb (- = YalueTypes) : contain
,ET uM5902_6h {-= Components) : conkain
,ET uMS314_6b {-= Interfaces) : contain
JE uN5522_6h (- M3DSysterm) @ contain
+-[E] Components : sysmiPackage
+-[E] Interfaces : sysmlPackage
=1-[E] M3D%ystem : block
i uME0SA_Bh {-= mass) : propAssn
uMB0S9_6h {-= spring) ; propAssn
uMeaZ_6h (-> damper) : propAssn
uMa0AS_6h {-= ground) @ propAssn
uME0aS_6h {-= Force) : propAssn
uMe071_6b {-= nodel) ; propAssn
uMa074_6h {-= nodez) : propAssn
uUMB077_6h {-= massParameter) : propAssn
UME323_6b {-= Conneckorl) : propassn
uME327_6h (- Connectar?) : propéssn
uMe331_6b {-= Connector3) : propassn
uME335_6h (- Connectord) : propassn
uME339_6h (- Conneckars) : propdssn
uME343_6b {-= Connectord) : propassn
JEI uMe347 _6b (-= Conneckor?) @ propassn
E Caonneckarl ¢ sysmiConneckor
E ConnectarZ ¢ sysmlConnector
E Connectord @ sysrlConnector
E Caonneckard ; sysmlConneckor
E Conneckars : sysmlConnector
E Connectoré @ sysmlConnector
E Caonneckar? ¢ sysmlConneckor
[E] damper : part
[E] force : part
[E] ground : part
[E] mass {fm = massParameteri} : part
[E] massParameter {10% @ value
[E] nodel : part
E] nodez : part
[E] spring : part
+-[E] ValueTypes : sysmlPackage

n i i n i i " i i " i i "

i
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R [ Y O O ey Y B
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T
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= E transformSpace © entity
+-[E] correspondenceModels ¢ entity
=-[E] modelicaMadels : entity
[E] libraryModels : entity
=-[E] models ¢ entity
=I-[E] MSDExample : modelicaPackage
,ET UMSEE4_6b (- MSDDefinition) : composition
=I-[E] MSDDefinition ; modelicaPackage
,ﬂ' uMSEaE_Ahb (-= YalueTypes) : composition
,ET UMS202_6b (-> Components) | composition
,H" uM5214_6b (- Inkerfaces) : composition
,ﬂ' uMS922 _ah (-= M3DSystem) : composition
+-[E] Components @ modelicaPackage
+-[E] Interfaces : modelicaPackage
=1-[E] M3DSystem : class
uMB0SE_Bb [-= mass) | composition
uMa0S9_oh (-= spring) : compasition
UMB0EZ_6b [-= dampet) 1 composition
uMB0aS_6b (-> ground) : composition
uMa0&EE_Gh (- = Force) : composition
uMe071_6b (-= nodel) : composition
uME074_6b (-= nodez) ; composition
uMA077_6h {-= massParameter) : composition
UMB323_6b [-= Connectarl) : eqnissn
uMa327_ob (-= Connectarz) : eqndssn
UMB331_6b (-= Connectar3) : eqnbssn
UMB335_6b [-= Connectard) : eqnissn
uMa339_6hb (- CannectarS) : eqndssn
UMB343_6b (- Connectarg) : eqnissn
uME347_6b (-> Connector?) | egnéssn
Connector ; connechZlause
E Connector? ; conneckClause
E Connectar3 @ conneckZlause
E Connectord ; connechZlause
E Connectors ; conneckClause
E Connectard ; connecklause
E Connector? @ conneckClause
E] damper : companent
El force : companent
E around : component
[E] mass {fm = massParameter)} : component
[E] massParameter {10} : modelicaParameter
E] nodel : compaonant
E] node? : component
E spring @ companent
+-[E] walusTypes : modelicaPackage
+-[E] sysmiModels : entity

=
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=

=
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t2d MSDExample, ermx

package MZIDExample

package M3DDefinition

class M23D3vystem
MN3DExample.
NiDExample.
M3DExample.
M3DExample.
M3DExamwmple.
M3DExample.
MN3DExample.
NiDExample.

MaDDefinitcion
M3DDefinition
MZDDhefinition

MZDDefinition

MiDDefinition.
MzDDefinition.

Components.
Components.
. Components.,
. Components.,
.Components.
MaDDefinition.
MaDDefinition.

Incerfaces
Intcerfaces

Mass mass(m =
Jpring spring:
Damper damper:
Fixed ground:
Force force:

massParameter) ;

MechanicalMNode nodel:
JMechanicalModed nodez:
WalueTypes.

Mass massParameter:

egquation
comnmect (ground. j,
connect (nodel.jl,
comnect (damper. j2,
comnect (spring.ji,
comnmect (damper.jl,
connect (nodeZ.j2,
connect (nodeZ.jl,

end MID3vyv=stem;

nodel.j3):;
Spring.j2):;
nodel.j2);
nodeZ . j3);
nodez . j4):
force. ) :
mass.jl;

end M3DDefinition:

end M3DExasmple:
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«hlock, sirmulation:
&) DigCycleSimulation

g startTime : Time

[Eg stopTirme : Time

(g time : Time

(g CyCleTimeOutput : Time

(g bucketCylDiameterInput : MSLSILength

1

1

whlock:
i3} ExcavatorModelContext
1 1

- digCycle
- Carriage
shilock s shilock:

D Carriage D) ExcavatorDigCycle

[Cg mass © MSLSIMass [Cg carriageMass - MSLSIMass
2 bucketCylDiameter : MSLSILength
|
(g CycleTime : Time




whlock:
i) DigCycleAnalysis

wwerifys 4 i - dlternativel

«reguirermert: whlock:
¥ CydlefimeRaeg i) Excavator
Id=1 (g digCycleTime : Time
Text = The digcycle time 1
must be less than 15 sec.

14 Fredraulics

1 - digcyclesimulation whlock:

«hlock, simnulation: .3 H"_l'EII'-ﬂUliEEUhS"_l’StEm

i DigCycleSimulation 1
[Cg startTime : Time
[Cg stopTirme © Time

time : Time whlock::
i ' DoubleActingHydraulicCylinder
Eg CycleTimeOutput : Time B griy ¥

Eg, bucketCyiDiameterInput : MSLSILength [Eg boreDiarneter : MSLSILength

1 - bucketCylinder




Presentation Overview

* What is Model-Based Systems Engineering?
why MBSE?

= A simple model of knowledge and information in MBSE

= Which kinds of knowledge and information?
* Information schema
« Language mappings
|:> « Abstractions and idealizations
* Analysis patterns
» Synthesis patterns

= Managing Design Workflow
= Summary
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Federated Model (Russell Peak et al.)

Customer / o
Acquisitions - Decomposablhty

\ || \@ - coupling
Systems Engineering :
A between detailed

models is limited

)
@ § e, = Abstraction

Abstraction Level

<
N~ ]
/§/
<:>

g ; Legend
SO domain-specific models .
& system-level models 9 h | d e th e
Fine-grained models: .
n @ . )
(7 I N N A ! N I - S Information objects d eta| |S
8 """"""""" Parametric relations
o C
— Q
- 8 @
c c o
Q ] . N =
£ g o = =
o o > o c
L= = © = i
o) o S O e
> o = Q S
) na n L T )
(@] Domain
\4 5
7
SN— i
. el ) . After Bajaj, Peak, & Waterbury
Models of varying abstractions and domains 200309
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Abstraction: Integrating “Black Box” Models

Represents a pre-existing model using SysML
constructs

Hides detalls of the model & only exposes important
aspects of model

The «external»

stereotype Black Box Model
Modelica-specific Metadata
system nodes & Only important properties

the «connectClause»
stereotype




bdd External MSD Definition )

«external»

ExternalMSD MSLMechanicalFlange

¢’

«external» spring «external»
MSLSlidingMass MSLSpring

mass

values

m: MSLSIMass
url: String = “.../Modelica 2.2.1/” «external»
fgn: String = “Modelica.Mechanics. MSLDamper

Translational.SlidingMass”
mime: String = “model/modelica”

parts «external»

flange_a: MSLMechanicalFlange MSLFixed
flange_b: MSLMechanicalFlange




par ExternalMSD)

mass: MSLSlidingMass

flange_a: MSLMechanicalFlange

flange_b: MSLMechanicalFlange

«connectClause» «connectClause»
| J

spring: MSLSpring

damper: MSLDamper

flange_a: MSLMechanicalFlange

flange_a: MSLMechanicalFlange

flange_b: MSLMechanicalFlange

flange_b: MSLMechanicalFlange

«connectClause»

«connectClause»

ground: MSLFixed

flange_b: MSLMechanicalFlange




Presentation Overview

* What is Model-Based Systems Engineering?
why MBSE?

= A simple model of knowledge and information in MBSE

= Which kinds of knowledge and information?
* Information schema
« Language mappings
|:> « Abstractions and idealizations
* Analysis patterns
» Synthesis patterns

= Managing Design Workflow
= Summary
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|dealizations

—— Analyst Work by
l Fenves,
Chol, et al.

Conceptual Design

'

o : - . _ Freliminary
——= Preliminary design = |dzalization - analysis
moajor ' )
change *
Design changes |- Mapping _‘unsallsfacmrv Evaluation
chn;;n;; satisfactory
Detalled Design (——m=| |dealization e [etalled Analysis
i Design changes |- Mapping eunsatisfaciory . pyqyation
UELELS e satisfactory |

changeT |

Final design ‘

Y
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|dealizations

= Different from just abstraction:
« Additional knowledge is necessary
« Appropriate idealization is context dependent

= Most common for finite element modeling: Transform
design model into corresponding analysis model

* Modify geometry

¢+ Eliminate details

¢ Impose symmetry

¢+ Determine dimensionality
* Define materials model
 Model loading conditions
 Generate mesh

Aﬁmmuwﬁt@ 38 _ _
W~ Tochnelogy © 2008, Chris Paredis Systems Realization Laboratory



s

Methods for Generating Finite Element Models

= Direct FEA model creation
* Import design from CAD tool
* Modify geometry (as per idealizations)
» Select elements to mesh (as per idealizations)
 Mesh

= Script-based FEA model structure creation

» Author a solver-specific script

+ |ldealized geometry, material properties, load, boundary
(and/or initial conditions)

+ Element, mesh size, ...
* Run script for different instances

Georgialnstitule 5 _ _
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Methods for Generating Finite Element Models

= Multi-representation architecture-based method

4 stepping-stone model structures

Models related by parametric constraints (per idealization) - static
Analysis model = assembly of reusable building blocks
Solution-approach and method specific analysis models

CADToon e ., (Peak, Fulton 1998)
I Context-Based Analysis Model
Prodics Mol Analysis Building Block
APM arse Ciz Solution Method Model
CBAM ABE -
- truncated sphere - cuboid
— T | - out-of.piane deformation ™ ARB o
- limear i e material
 ineer isoiropic ;ﬁ

Solution Tools
(ANSYS, ABAQUS ...)




Transform Design Model into Analysis Model

Design Model Structure
pre-
extension
[ ]label

post- area [
extension
r1label

rod_extension

linear_elastic_
isotropic_ x,'

i material i
2 i

X <— x

% 11f Xy

darea

\ area

Linear_elastic_isotropic

_material_model

constitutive

i _relation



Presentation Overview

* What is Model-Based Systems Engineering?
why MBSE?

= A simple model of knowledge and information in MBSE

= Which kinds of knowledge and information?
* Information schema
e Language mappings
» Abstractions and idealizations

I:> « Analysis patterns
» Synthesis patterns

* Design Workflow
= Challenges and Summary
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Scope of the Problem

>  Modeling > Simulation

Cost Aspect

System
Architectures

> Modeling —> Simulation
Preferences

Multi-Attribute
Utility Theory

Various

Topologies Reliability Aspect

> Modeling —> Simulation

i Evaluation of

Can we reduce the cost of modeling through model composition?
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Analysis Patterns

= System Is composition/configuration of subsystems or
components

* The subsystems and components are reusable building
blocks

s

= We need to predict the behavior of every configuration
considered in design

Configuration

System

System
Model

Composition

|

Component
Model

Georgial= T 44
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Composition of Behavior Model

_ Corresponding System-level Dynamic Model
System Architecture

B File Edt Smulation Plot Animation Commands indow Help =]
IzEQag R|/oorARL-B-[F =% ¢ > =SHE = -]
. = =
SysML Internal Block Diagram | fed
) Mordslics Psference
1 Hodsica
s
FledrauicLit
; ) 1 (JHyLib
Hydraulic Flow Part 1 & cylinder : Cylinder gy Hydraulic Flow Port 2 -
slidingMass
e €1 % |w
Hydraulic Flow Part 2 Hydraulic Flow Port 1 =
4K Components | rnotorTargue
portAZoyl - Hydraulic Line portE2cyl - Hydraulic Line HpdiaucLit

Ftank
Hydraulic Flow Port 1 Hydraulic Flow Port 2
1oue
Ive
Hydraulic Flow Pork A Hydraulic Flow Port B -

directional contral walve : Directional Contral Walve

k=-10

sine
cylinder2i

/ Hydraulic Flow Port P Hydraulic Flow Port T ,>
Hydraulic Flow Port 2 ) sine
{7}
pumpZportP - Hydraulic Line ‘

1
Hydraulic Flow Port 1

freqHz=1
Hydraulic Flow Port 2| Rotational Mechanical Energy

= = Madeling
é;lectnc motor @ Electric Motor ‘

Hydraulfc Flow Part 1 Retational Mechanical Energy S j Correspon d | ng A|gebra|c MO de|
" e Hyraule e | slidingMass.vel = vmax;
Frdadc Flon port 1 \ slidingMass.vel = cylinder.piston.vel,
cylinder.portA.q = cylinder.piston.vel*cylinder.area;
rmicRonfers Rrmifontort cylinder.portA.q = pump.portP.q;
pump.shaft.omega*pump.displ / (2*pi) = pump.portP.q;
motor.shaft.omega = pump.shaft.omega;
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4K,
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Hydraulic Flow Port 2
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Multi-Aspect Component Models

= MAsCoMs

» Define relationships
between all the models
related to a particular
component or subsystem

 Model context

= Aspects
* Discipline
Lifecycle phase

Discretization

¢+ Time

¢+ Space
Math Formalism
Representation Syntax

!
| Georgialh= s
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FP Taxonomy of
component| - components
| |
Valve Pump

Multi-Aspect

Taxonomy

of Aspects

loineyag
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Composition Process
MAsSCoM Automated

Composition System Models
|:| # Aspect C

S, =

sl

—

[—

% 1 Aspect B
Aspect A
> [ /
=\

Q

!
| Georgialh= s
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Search &
Optimization
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Multi-Aspect Component Models in SysML

bdd [Elock] Model_Context ConPump[ tAsCabd l|

par [Constrairt Block] UE_HydraulicSystemFaiure] FautTresModel ] \T[ Prob_Failure

==hlock== = |
Fixed_Displacement_Pump r resutt| |
ratedPressure | Pressure [MNim"2) ==constrairt==
dizplacement ;| Displacement [Coirev) : AND

speedAtRatedPrezaure | Angularyelacity [radiz]
cost ;. Currency [Dallar]
mazz . Mazzs [ka)

1Plresult) = Plopd P*Plop2*Plop3)}

opl op? op3
= — 4= suction : FluidPort | |_| |_| |_|
| r— discharge : FluidPort
| | _ L[ inputShaft : Shaft Prob_Failure |_| F'ru:ub_FalIurel_| |_| Prob_Failure
| | ==constraint== ==constraint== ==conztraint==
| | | |' Ll housing : Mount w=hlocks= = : PowerReliab.Model : ControlsReliab.Model : ActuationReliab.Model
refine | | e Hydraulics ExpTime Frate ExpTime Frate ExpTime Frate
i J -7 [1_ [ 1 [ [T T
| | | ® biock iin Ll ==hlack==
=2 ==
| o = " |Rotational
R ConPump.mo i = T
. -
| - —th : MechJunction d Eﬂm
— — |3 MechJunction d ==hlack== -
| — — —fp: Fluicunction q —refine— >|Linear_1D Composition of
— — — |t Fluiddunction s -
Dpump : Displacement [m3ey] ) 1 il
GPint - Conductance [m3i(s*Pa)] | TEfiFe — rellablhty models
GPext : Conductance [m34=*Pa)] ==hlock==
J: Moment_Inertia [ka*mz2] i - Discrete-Continuous
ted - friction [Mmiiradi)] FETIng
Y -
~
refine ==hlock== =
. DAE
p Characterization of analysis model
==hlock== —
Modeica of a component
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Presentation Overview

* What is Model-Based Systems Engineering?
why MBSE?

= A simple model of knowledge and information in MBSE

= Which kinds of knowledge and information?
* Information schema
« Language mappings
« Abstractions and idealizations
* Analysis patterns

I:> « Synthesis patterns
* Design Workflow

= Challenges and Summary
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System Synthesis Patterns

Voltage-
Current

Electric | RPM Flow | Trans- | Flow RPM-Torque
or IC :> :> mission :> Motor or or
: Pump : : .
prime line & cylinder Velocity-
mover |Torque Press.| valve |Press. Force
n _ f _ f Coupling
| .
The system. consists of a series o mechanism
transformation of power variables
) . or
= Power is either converted to another useful RPM- -
Torque Velocity
form or waste heat Force
= |mpedance is modified L oad
(unit force/unit flow)

Power is controlled
Function is achieved

l
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Different Architectures

Accumulator gy

IC Engine Pump/
| Motor B

/
Clutch  Mechanical Differential /
Transmission Axle
Differential
= Key ISsues:
- . Planetary
 Hardware + Controllers Accumulater ‘@ Differential
« Compatibility constraints IC Engine Pump/ Aixle Gearbox\
) ) | Motor B
« Hidden dependencies L
» Best solution depends on the H—
preferences of the designer 7 il
. !
« Each concept is a large set of Cluch ~ Mechanical
. . Transmission
design alternatives Pump/Motor E

o Technelegy © 2008, Chris Paredis Systems-Realization-Laboratory ﬁ



Graph Grammars

= Capture application domain knowledge in a formal
grammar

= Grammar describes plausible configurations

» Ideally optimal configurations
» Even feasible configurations may too complex to define in grammar

= Explore design space by applying transformation rules
In some randomized fashion

= Which knowledge to model in terms of transformations?
Which knowledge to model in terms of analyses?
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Capturing Fluid Power Knowledge in

Graph Transformations

Requirements &
Objectives

SysML

Topology Generation using Graph Transf

v

System
Alternatives

MAsCoMs |SysML 4

Model Composition using Graph Transf

V

System Behavior
Models

Model Translation using Graph Transf

v

Executable
Simulations

Simulation Configuration using Graph Transf

v

Design
Optimization

SysML

Dymola

system
alternative

ibd [Block] Hydraulic_Subsystem[ Schematicj

pump : FDpump

E inputShatft : FlowPort
E housing : FlowPort

discharge : FlowPort [<>] a: FlowPort

b : FlowPort

b : FlowPort

valve : 4port3wayServoValve
portP : FlowPort

portT : FlowPort

<>| cyIB : FlowPort

cylA : FlowPort

tank : Tank
sump : FlowPort

return : FlowPort
valve-to-filter : Line

a: FlowPort

filter-to-tank : Line

b : FlowPort b : FlowPort

valve-to-cylP1: Line
a: FlowPort

b : FlowPort |<>|

a: FlowPort

filter : Filter

out : FlowPort

valve-to-cylP2: Line
a: FlowPort

b : FlowPort |<>|

housing : FlowPort

rod : FlowPort

actuator : Double-ActingCylinder

b : FlowPort
a: FlowPort [<>|

behavior
model

y

ModelCenter

simulation

configuration

E Excawvator :
: _--_ :
LatinHypercubeSampling



Design Workflow

= |deally all models would always be consistent

s

* |n practice, changes need to be propagated carefully
* e.g., large parametric assembly model, ECAD-MCAD integration
» Traceability is crucial, but automated propagation is not desirable

= Propagation is controlled at decision points
 Human decision-maker needs to remain in the loop
« Butin the end, all models should be consistent

= How does one model the application of transformations?
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Challenges and Summary

= Evolving representations
- maintenance of transformations, schema, instances

= Maintaining multiple views — bi-directional
= Modeling idealizations as graph transformations
= Capturing knowledge context of synthesis rules

= Hidden dependencies
-> system-level interfaces are only models

= Workflow and consistency management
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