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» Two complementary languages for Systems Engineering:
— Descriptive modeling in SysML

— Formal equation-based modeling for
analyses and trade studies in Modelica

» Objective:

— Leverage the strengths of both SysML and Modelica by
integrating them to create a more expressive and formal MBSE
language.

— Define a formal Transformation Specification:
» a SysML4Modelica profile
» a Modelica abstract syntax metamodel
* a mapping between Modelica and the profile
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What is SysML?
(www.omgsysml.org)
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1. Structure 2. Behavior
ibd [block] Anti-LockController satisfies act PreventLockup [Swimlane Diagram])
[Internal Block Diagram] «requirement»
’égg’ol‘r?ﬁgnce - «allocate» L «allocate»
- :TractionDetector / :BrakeModulator
d1:7 ractionDetector
allgcatedFrom
c1:modulator «agtivity» DetectLos ‘e
P ; '
Interface Of Traction ca
A b a\\0
,/ DetectLossOf TractionLoss: Modulate
,/ L m1:BrakeModulator Traction : BrakingForce
allocatedFrom UdllocatedFrom AN
«ObjectNode» «ctivity»Modulate 4~ N
TractionLoss: BrakingForce a
value allocatedTo
values . . «connector»c1:modulatorinterface
DutyCycle: Percentage b|nd|ng ‘
satisfy par [constraintBIock]\@ghtLineVehicIeDynamics [Parametric Diagramy
req [package] VehicleSpe :ifications )
Requirements Diagram - 3raking Requirements v.chassis.tire. v.brake.abs.m1. v.brake.rotor. I
[Req 9 gred ] Friction: DutyCycle: BrakingForce: v.Weight:
Vehicle System Braking Subsystem
Specification Specification th| bf: m:
[
«requirement» «requirement» :BrakingForce : ‘Accelleration
StoppingDistance Anti-LockPerformance Equation . Equation
[f = (tf*bf)*(1-t1)] : [F = ma]
id="102" id="337"
text="The vehicle shall stop text="Braking subsystem
from 60 mph within 150 ft shall prevent wheel lockup
on a clean dry surface.” under all braking conditions.”
VerifiedBy SatisfiedBy :DistanceEquation [ — ] :VelocityEquation
«interaction»MinimumStopp «block»Anti-LockController [v = dx/dt] : [a = dv/di]
ingDistance N T
M \ i :
| \
| I
| «deriveReqt» ! == v.Position:

4. Requirements verify 3. Parametrics 4




What is Modelica?
(www.modelica.org)

» State-of-the-art Modeling Language
for System Dynamics

— Differential Algebraic Equations (DAE)
— Discrete Events

» Formal, object-oriented language
» Standardized by the Modelica Association

— Open language specification — tool independent
» Multi-domain modeling

» Ports represent energy flow (undirected) or
signal flow (directed)

» Acausal, equation-based, declarative (f-m*a=0)



Modelica: Active and Mature Community
\

nternational'S

» Modelica association — 20+ free libs (www.modelica.org)

» 6 commercial solvers, 3 open-source solvers
(Dymola, MapleSim, SimulationX, OpenModelica,...)

» EUROSYSLIB project — 20+ libs under development
(http://www.itea2.org/public/project_leaflets/EUROSYSLIB_profile _oct-07.pdf)

Modelica vehicle system model
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A Robot Example in Modelica
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Modelica Semantics and Textual Syntax

model Spring "Linear 1D translational spring"”

extends Translational.Interfaces.PartialCompliant;
parameter SI.TranslationalSpringConstant c(final min=0, start = 1)
"spring constant ";
parameter SI.Distance . rel0=0 "unstretched spring length";
equation
f = c*¥(s_rel - s _rel0):;

end Spring;

mass 1 spring1 \, =  Graphical symbols
._D_D_._\/\/\_D_D_\ C>I§ defined as
1 =7 \ Q _ _
-1 \ o annotations in
-/ T textual models

» Connections represent Kirchhoff semantics
— Across variables (voltage, pressure,...) are equal
— Through variables (current, flow rate,...) add to zero
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A Robot Example in Modelica
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SysML-Modelica Robot Example:
UseCases & Requirements

req [Package] Requirements [ Robot Requirements ])
grequirements
Robot System
G2l
grequirements requirement:s grequirement:s
Cost Performance Reliability
uc [Package] Behavior [ Main Robot Use Cases ]) (3]
grequirement:s grequirement: grequirements
Energy Consumption Weight Tracking Accuracy

Emergency
Shutdown

Execute Robot Task

extension points
Workspace Safety Violation

0p'érator

Mainﬁanance Progfémmer

Program
Trajectory
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SysML-Modelica Robot Example:

Robot Domain BDD & IBD =

%émm

bdd [Package] Structure [ RobotDomain BDD ]J
«blocks
RobotDomain
b
-dr -rob -load
«blocks «blocks «blocks
Driver Robot Load
-ps -pf
ibd [Block] RobotDomain [ RohotDomain IBD U zblocks zhlocks
PowerSource Platform
- rob : Robot
dr : Driver i ¢ > - loadlF load : Load
ControlCmd E’] > [E'
if
ps : PowerSource MechEnergyFlow
if p povwverlF
ElecEnergyFlow ey mouritiF
MechEnergyFlow
it
pf : Platform
12




SysML-Modelica Robot Example:
Robot BDD & IBD
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bdd [Package] Robot [ Robot BDD ]/|

P ocks «comments
axis 2-6 not shown
Robot —
/
/
) /
pp ch axis1 / arm
zhlocks «hlocks «hlock:s «hlocks
PathPlanner ControlBus Actuator Arm
ibd [Block] Robct [ Robot 18D ]
cb : ControlBus ;.l xis1 : Actuator i it arm : Arm
outt paﬁ% d cmd s > =
i RotationalEnergyFlow
e axis2 : Actuator . i
RotationalEnergyFlow
axis3 : Actuator i i3
(=2 S B » &5
PathPI S Rma“ma'E"e’g"F"’W &
pp: anner
E. sy B loadlF _ loadlF
controlln in out PathCmd ]ln = > axis4: Actuator i > i4 ,_] E*}—}—{<E]
| cmd L =
ostd T pathCmd RotationalEnergyFlow MechEnergyFlow
axis5 : Actuator, j 5 -
outs [] > — cmd E ) > '—E]
PathCmd RotationalEnergyFlow
axisb : Actuator i 5
oute =l » —| cmd € > fe>
PathCmd RotationalEnergyFlow il
¥
powerlF baselF
ElecEnergyFlow
povverlF mourtlF ‘MechEnergyFlow
1] v 13




SysML-Modelica Robot Example:
Robot Arm BDD

bdd [Package] Arm[ Arm BDD ])

«blocks L
- Arm
«blocks «blocks «blocks «blocks «blocks «blocks «blocks «blocks
Base Upper&rm EndEffector LoweraArm WristJoint3DOF ElbowJoint ShoulderJoint BaseJoint

v
& hlocks
«blocks Joint1Axi

Link oi Ris

AV

«blocks
Joint
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SysML-Modelica Robot Example:
Analysis and Trade Study

par [Block] Robot&nalysisContext [ Overall Effectiveness ])

wm : WeightModel

totalMass : kg

mass : kg

d

pm : PowerModel

averagePowver | W

povver © W

i

rm : ReliabilityModel

i

reliability : Real

reliabilty : Real

cm : CostModel

P

cost : us$

cost : us$

" tm: TrajectoryErrorModel

maxPositionError : m

4

trajectoryError - m

7

Refined hy
modelicaRobot

zohjectiveFunction:s
obj : ObjectiveFunction

utility : Real

[

effectiveness : Real

Analysis models depend on descriptive models
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SysML4Modelica Analytical Model:
Compose Model from SysML Standard Library

B Co.. | & Inhe., &9 Dia..|<> Mo.. | &4 Se.. | B Ar.. |B Str.. |

jContainment o f X \
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>
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Digital « kmodelicaConnections
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m

m
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1)
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Multiphase «ModelicaPackage: axist : AxisType2 TGS {1
th «ModelicaPackage:» _

chan
MultiBody
Rotational «M :

Translational «ModelicaPack:

[EI Component

i &

-] Spring -
@ Fixed

«modelicaPort»

«modelicaConnections axisControlBus : AxisControlBus «modelicaParts flange : Flange_b axiss : Flange_a
axis5 : AxisType2 - r]
«modelicaConnections

«modelicaPort»

«modelicaConnections axisControlBus : AxisControlBus fmodehc_aPan» flange : Flange_b axisd : Flange_a -
axisd : AxisType2 «modelicaConnections |

|
[—

L

o ¥

g 2%
«ModelicaPackage:»

verview

N N «modelicaPorts
modelicaConnection»  axisCortrolBus : AxisCortrolBus «modelicaParts flange : Flange_b axis3: Flange_a
axis3 : AxisType1 F

m2[ZE] 5

«modelicaConnections

- - b «modelicaPorts
an 'pl': controlBus «modelicaConnection>  axiscortrolBus : AxisControlBus «modelicaParts flange : Flange_b axis2: Flange_a |
VModelicaModels axis2 : AxisType1 «modelicaConnections {1
lodelicaModels

delicaMode

«modelicaPorts

«modelicaConnections _ axisControlBus : AxisControlBus Cust RS flange : Flange_b axist : Flange_a
axisil P «modelicaConnections Lg

@ Exampl

ModelicaPackage:

[ad)

fprn |

i) Interfa lodelicaPackage»
3 ModelicaPackage:

[ sensors
-(I4] Sour delicaPackage:»

B lodelicaPackage:
MSL Package Structure -

< I 3
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SysML4Modelica Analytical Model:
Detailed IBD

|
ibd [ModelicaModel] RobotAnalyticalDomain [ ModelicaRobot ]/l
«modelicaPorts
controlBus : ControlBus «modelicaPart:
L pathPlanning : PathPlanning6
modelicaConnection:
«modelicaPort» - «modelicaPort» «modelicaPorts «modelicaParts
«modelicaConnections axisControlBus : AxisCortrolBus «modelicaParts flange : Flange_b axish : Flange_a | o0 o nice : MechanicalStructure
axish : AxisType2 «modelicaConnections E
«modelicaPort» - «modelicaPort» «modelicaPorts»
«modelicaConnections axisControlBus : AxisControlBus «modelicaPart: flange : Flange_b axis5 : Flange_a
axis5 : AxisType2 - . []
«modelicaConnection:s
«modelicaPorts - «modelicaPorts «modelicaPorts
- «modelicaConnections axisControlBus : AxisControlBus medB"C_aPaﬁ» flange : Flange_h axis4 : Flange_a
axisd: AxisType2 «modelicaConnections L:I
! ) «modelicaPorts «modelicaPorts «modelicaPorts
IamodellcaCmnectlon» axisControlBus : AxisCortrolBus «modelicaPart» flange : Flange_b axis3: Flange_a
axis3 : AxisType1 [_:]
«modelicaConnection:s
emopielicaPorts
conttolBus i ) «modelicaPort» «modelicaPort» «modelicaPorts
«modelicaConnection»  ayisCantrolBus : AxisControlBus «modelicaParts flange : Flange_b axis2 : Flange_a -
axis2 : AxisType1 «modelicaConnections L:I
smodelicaPorts - «modelicaPorts «modelicaPorts
«modelicaConnection: axisControlBus : AxisCortrolBus «modelicsParts flange : Flange_b axis1 : Flange_a
axis1 : AxisType1 «modelicaConnections \7]
|
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SysML4Modelica Analytical Model:
Detailed IBD

i
I ibd [ModelicaModel] RobotAnalyticalDomain [ ModelicaRobot ]/l
gmodelicaPorts gmodelicaPorts
axisControlBus : AxisControlBus «modelicaPart» flange : Flange_b
[ axisb : AxisType2 r gmodelicaConnection:s
| &3
alStructure
gmodelicaPorts gmodelicaPorts
axisControlBus : AxisControlBus «modelicaPart» flange : Flange_b
axis5 : AxisType2 . .
| | gmodelicaConnection:s
gmodelicaPorts gmodelicaPorts
axisControlBus : AxisControlBus «modelicaParts | flange : Flange_b
| axisd: AxisType2 : «modelicaConnections
| o axisControlBus : AxisControlBus «modelicaPart: flange : Flange_b axis2 : Flange_a
ﬁj axis2 : AxisType1 [p e#modelicaConnection:s
emodelicaPorts - «modelicaPorts gmodelicaPorts
«modelicaConnections axisCortrolBus : AxisCortrolBus «modelicsParts flange : Flange_b axis1 : Flange_a
axis1 : AxisType1 e«modelicaConnections




SysML4Modelica Analytical Model:
Relation to Modelica Native Model

ibd [ModelicaModel] Robot&nalyticalDomain [ ModelicaRobot U
modelicaPort:s
controlBus : ControlBus «modelicaParts
P ing : F i
rmodelicaConnections
i ts . «modelicaPorts «modelicaPorts «modelicaParts
«modelicaConnection:s axisControlBus : AxisControlBus f"“"*ehcﬁpa"’ flange : Flange_b axis6 : Flange_a yn o ettt
axish : AxisType2 «modelicaConnections L
i ts . «modelicaPorts «modelicaPorts
«modelicaConnections axisControlBus : AxisControlBus «modelicaParts flange : Flange_b axisS : Flange_a
axis5 : AxisType2 r:l
«modelicaConnections
i ts - «modelicaPorts «modelicaPorts
«modelicaConnections axisControlBus : AxisControlBus fmowahc.apan» flange : Flange_b axis4 : Flange_a |
axis4: AxisType2 «modelicaConnections {1
pathPlanning
X X i ts «modelicaPorts «modelicaPorts |
l‘m"de"cacm”eﬁ“’n’ axisControlBus : AxisCortrolBus «modelicaParts flange : Flange_b axis3: Flange_a
axis3 : AxisTypel _ _ ’— :|
«modelicaConnections
opielicaPorts
cortrolBus ) _ i ts «modelicaPorts «modelicaPorts axes
«modelicaConnection:» axisControlBus : AxisCortrolBus «modelicaParts flange : Flange_b axis2: Flange_a !
axis2 : AxisType1 «modelicaConnections ‘—]
axist
i ts . «modelicaPorts «modelicaPorts WrolEuat
«modelicaConnections  axisCortrolBus : AxisControlBus jpodeicaparty) flange : Flange_b axist : Flange_a .
axis1 : AxisType1 «modelicaConnections H] m e C h a n l C S
axsControlEuss 6
g wasControlBusé 4
a
- 3
[o]
© axmControlBusd 2
axsControlBus2
aadsControlEust




SysML4Modelica Analytical Model: Allocation

ibd [Block] Robot&AnalysisContext [ Structural Model to Analytical Model Correspondence ]J

| zmodelicaValuePropertys

[ | rLoad

| | smodelica‘alue Property»
—————— = arraySize ="3"

|| declarationEquation ="{0.1,0.25.0.1}"

| | variahility = parameter

| rd : RobotDomain | | «modelicaModels |
| | | modelicaRobotDomain : RobotAnalyticalDomain
rob : Robot ' l
| [ zallocates | zmodelicaParts |
| | J |_ - 9axis1:.ﬂmisType1 |
axis1: Actuator | — — — — _— J
|
I ' delicaPart I
- callocates «modelicaParts
| axis2 : Actuator | — = === ====== — — — > axis2: AxisType1 |
[ = «allocates
| axis3:Actuator | — — — — — — — U0 II— — — I
| is3 : Axi
I axiad : Actustor H------ | axis3 : AxisType1 :
' axis5: Actuator | | — — — _ _ callocates L _ _ o «modelicaParts |
| | axisd: AxisType2
axisb : Actuator -—I e I [
| | | Jallocates | «modelicaParts |
| — S 1 T ! axis5 : AxisType2
I | l |
| : I | .
| pp : PathPlanner 4 — — |1 qallocates fmodellc_al-"art» [
. L R == = — = — — = axisb: AxisType2 |
| cb : ControlBus -—I - | |
I | | «allocates L «modelicaParts |
| I G 2 mechanics : MechanicalStructure [
| | |
|
| ’ pf : Platform I [ | «allocates | «modelicaParts [
I l I | G T | 2 pathPlanning : PathPlanning6 |
dr : Driver
|
l | «allocates controlBus : ControlBus J - |
! load : Load | L - —_—— —- - - - - - -;-I:] «modelica¥aluePropertys |
I | «modelicaPorts mLoad : Mass |
| ’ mass :kg=15 |... IR ... S o smodelicaValueProperty»
I | modification = "min=0" |
| I,ewos:posue“ ] o e o | variahility = parameter I
| |
[ |
________ |«allocate: |
I
I
I
I
I

L ———— | 20




SysML-Modelica Robot Example:
Modelica model with simulation results

controlBus

pathPlanning

_
T
-~

o J

axaConlrolBuss
axisControlBuss
6
5
ASControlBuss 4
3 (@Plotl1*] R = b
axmCantrolBusz? 2 tou? [Nan)
004 [ tau [Nm)
1 1 tou3 [Nm]
‘ fousd [Nm)
1000 p, tous (Nam)
axisC z X it [Nm]
ControlBus2 E..
C
—
L
<
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SysML-Modelica Robot Example:
Analysis and Trade Study

par [Block] Robot&nalysisContext [ Overall Effectiveness ])

wm : WeightModel

totalMass : kg

mass : kg

d

pm : PowerModel

averagePowver | W

povver © W

i

rm : ReliabilityModel

i

reliability : Real

reliabilty : Real

cm : CostModel

P

cost : us$

cost : us$

" tm: TrajectoryErrorModel

maxPositionError : m

4

trajectoryError - m

7

Refined hy
modelicaRobot

zohjectiveFunction:s
obj : ObjectiveFunction

utility : Real

[

effectiveness : Real

Analysis results are incorporated in Trade Study
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SysML-Modelica Transformation Specification

/\‘
INCOSE

\
InfEELoR

SysML-
Modelica
Transformation
follows the
principles
of Model-
Driven
Architecture
(MDA)

aliSymposium
73

pkg SysML -Modelica Transformation Approach [Application] )

[ 1 1
gprofiles ¢metamodel s
SysML4Modelica Modelica
.iﬁ ‘<"=\ - o ;’7 }f...
| : |
| ~ ]
1 . - ]
| Tha, o :
1 -~ o 1
; — S :
«applys , goonformsTos
; gmappings ;
| SysM_-Modelica !
| ]
| A :
] 0 |
— E —
gmodels «insta[%c;eOf» gmockels
SysML 4Modelica : _ Modelica
Analtical Model ! Simulation Model
i «models e i
- SysM_-Modelica L~
TransformationRecord
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SysML4Modelica Profile

pkg [Package] Classes [ Modelica Class Stereotypes U

«metaclasss «metaclasss
Classifier FunctionBehavior
- isPartial is derived from isAbstract T »
- isFinal is derived from isLeaf
- «sterectypes
- NMbdelicaClassDefinition
+/isFinal : Boolean [1] = false
+fisPartial : Boolean [1] = false
+isModelicaEncapsulated : Boolean [1] = false
+isReplaceable : Boolean [1] = false
+fromLibrary : String [0..1]
«stereotypes «sterectypes «stereotypes «stereotypes «sterectypes
ModelicaModel ModelicaRecord ModelicaConnector ModelicaType ModelicaFunction
+isExpandable : Boolean [1] = false +scope : ModelicaScopeKind [1] = none
+externallibrary : String [0..*]
+externalinclude : String [0..1]
«stereotypes «stereotypes «stereotypes «stereotypes
ModelicaClass ModelicaBlock ModelicaOperator ModelicaPackage
Il v
«stereotypes smetaclasss . smetaclasss I «stereotypes
Block Enumeration DataType ValueType




bdd [Package] Components| @ ModelOverview ]J

<<ModelicaPort>> <<ModelicaPort>>
fl : :
ange_la Flange fIangejb_I Flange
| L

<<ModelicaModel>>
ModelicaStandardLibrary::Mechanics::Translational::Interfaces:

PartialCompliant
{s_rel = flange_b.s - flange_a.s;
flange_b.f =f;
flange_a.f = -f;}
<<ModelicaValueProperty>>+s_rel : Distance
SyS M L4 M Ode I | ca <<ModelicaValueProperty>>+f : Force
N\ , .
<<ModelicaPort>> . _ <<ModelicaPort>>
fIanqe_la : Flange <<ModelicaExtendsRelation>> flange_b : Flange
1 T 1
[
© < Spring
£ o {f = c*(s_rel - s_rel0);}
LCLD © <<ModelicaValueProperty>>+c : TranslationalSpringConstant{variability = parameter}
= <<ModelicaValueProperty>>+s_rel0 : Distance{variability = parameter}
i
\/ model Spring "Linear 1D translational spring”
extends Translational.Interfaces.PartialCompliant;
MOdellCa parameter SI.TranslationalSpringConstant c(final min=0, start = 1)

"spring constant ";
parameter SI.Distance s_rel0=0 "unstretched spring length";

eguation
f =c*¥(s_rel - s rel0);
end Spring;




Reference implementation:
Based on OMG QVT

conforms to

INCOSE
Inte\rlnag'(wlts,ym%)osnum

conforms to

SysML+ Modelica
SysML4Modelica metamodel
metamodel
SysML [ srevis () XMI | (3
Tool I\(AS('LSG'\I’i”g:) (Modelica) | pand-
QVT_ coded
(normative) Java

Tool-Specific
Repository

code-

>

generator

QVT = Query / View / Transformation

Modelica
abstract
syntax

OMC

Modelica
.mo file
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Transformations in Systems Modeling

* Model Object

D

Model Dependency

System Model
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Transformations in Systems Modeling

=
INCOSE

\ o e

InternationaliSymposium

* Model Object

D| Model Dependency
o
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Profile
B Tool B
Profile D
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Descriptive to Analytical Transformation

ibd [Block] Robot [ Robot IED ]

cb : ControlBus
out1

pp : PathPlanner

controlin PathCmd

in

PathCmd

PathCmd

PathCmd

PathCmd

PathCmd

PathCmd

RotationalEnergyFlow

arm: Arm
loadlF _ loadlF
MechEnergyFlow
Izl
v
haselF ‘T

ibd [ModelicaModel] RobotAnalyticalDomain [ ModelicaRobat ])

Correspondence
Models

Descriptive
Models

Analytical
Models

«modelicaPorts

controlBus : ControlBus

«modelicaPart»

pathF

gmodelicaConnection:

«modelicaConnection:

axisControlBus :

«modelicaPort» «modelicaPorts

«modelicaPorts
axist : Flange_a

«modelicaPart»

IStructure

«modelicaConnections

axisControlBus

AxisControlBus «modelicaParts flange : Flange_b
axis6 : AxisType2 «modelicaConnections

«modelicaPorts «modelicaPorts

«modelicaConnections

axisControlBus

=

«modelicaPorts

: AxisControlBus «modelicaPart» flange : Flange_b
axis5 : AxisType2
«modelicaConnections

«modelicaPort» «modelicaPorts

FmodelicaConnedionx

axisControlBus

axis5 : Flange_a
ge_ I—]

«modelicaPorts

: AxisControlBus «modelicaPart» flange : Flange_b
axisd : AxisType2 «modelicaConnections

«modelicaPort» «modelicaPorts

<morelicaPor1»

controlBus . "
«modelicaConnections

axisCortrolBus :

axis4 : Flange_a |
L]

«modelicaPorts
axis3 : Flange_a

L]

AxisControlBus «modelicaParts flange : Flange_b
axis3 : AxisType1l
«modelicaConnections

«modelicaPorts «modelicaPorts

«modelicaConnection:

axisControlBus

«modelicaPorts

AxisControlBus «modelicaPart» flange : Flange_b
axis2 : AxisType1 «modelicaConnections

«modelicaPort» «modelicaPorts

axis2 : Flange_a |
(]

«modelicaPorts

AxisControlBus ‘fmudelic_aParl» flange : Flange_b
axis1 : AxisType1 «modelicaConnections

axis1 : Flange_a [g




Timeline of Specification Adoption —
INCOSE

Int€rnational'Symposium
' ""””ﬁp

» SysML
— SysML RFP: March 2003
— 1.0 Specification: September 2007
— Currently: Revision Task Force 1.3

» Modelica
— 1.0 Specification: September 1997

— 3.1 Specification: May 2009

» SysML-Modelica
— Initial idea: July 2005
— INCOSE MBSE Challenge Project: August 2007 — now
— OMG Working Group established: December 2008
— Approved for public comment (RFC): June 2010
— Future: Adoption as OMG Specification in September 2010 (?)
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Summary

» Objective:

— Leverage the strengths of both SysML and Modelica by
integrating them to create a more expressive and formal MBSE
language.

Descriptive Modeling in SysML
+

Formal Equation-Based Modeling for
Analyses and Trade Studies in Modelica

http://doc.omg.org/syseng/2010-6-8
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