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Need and solution &
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Problems / Needs

«  Component development by supplier
Integration by OEM

« Many different tools

« Supplier IP must be protected

supplier1  supplier2 supplier3 supplier4 supplier5

®

N

supplier1 supplier2 supplier3 supplier4 supplier5 Solution
« Industry standard for model

ﬁ. interoperability for simulation

|ti1| tool 2| @ |too|4| |too|5_| - Reuse of supplier models by OEM

EMI OEM « Protection of models’ IP
supplier1 ? ! Added Value
R OEM T :
\‘)l ANTC - Early verification of design
=L YL
> ‘SAJ « Decreased tooling overhead
supplier2 @ @ - Increased process efficiency and quality
=L J A / -
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Related work NCOSE

Models of Computation
— Consider attending session 3.1 today (15:30)

Cyber-Physical systems modeling
Mathworks Simulink®

Modelica®

EU Framework projects

OMG...
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Functional Mockup Interface  wcost

015
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The FMI development was part of the ITEA2 MODELISAR project (2008 - 2011; 29
partners, Budget: 30 Mill. €). From 2012 FMI is developed as Modelica Association
project

« FMI development initiated, organized and headed by Daimler AG

« Improved Software/Model/Hardware-in-the-Loop Simulation,
of physical models from different vendors.

 Open Standard
« FMI Standard Releases

— FMI1.0in 2010
- FMI2.0in 2014

« Over 35 FMI compliant tools (Modelica tools, Simulink add-ons, Rhapsody, etc)
— https://www.fmi-standard.org/tools

Thermal
with ECU with ECU systems cargo door  roadway, ECU (e.g. ESP)
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Functional Mockup Unit mu)
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— [H] attributes

fmiModelDescription [

B

XML schema (.xsd)
defined by the
FMI specification

Tool specific data (ignored by
other tools)

T run 1 or many

simulator
solver 4

Exposed varables of the
ﬂ'[ljld":[
references
modelDescription.xml
-
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Flavors (modes) INCOSE

FMI for Model Exchange:

Solver Model i integration
E O | e
YV _ avent \'4
*  FMU for ME doesn‘t contain ODE solver —hosting discrete > continuous
simulation tools need to provide it A
*  FMU exposes state variables and thier derivatives event(s)
FMI for Co-Simulation:
= Too el
H oo \'4
- — Model
O - stepCompleted <
v doStep | OK

o

*  FMU for CS includes solver — hosting tools “only
communicate signals between FMUs and select
communcation step sizes

steplnProgress
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Tool availabillity

From www.fmi-standard.org

Model Exchange

Export Import Slave Master

i aw | ao | aw | ao

T ap | @@ | a@ J| ao

Open Source Available!!
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Hybrid Simulation Concept  wcost

SysML tool
[ SysML
model
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Netlist (EMF)
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Workflow - export

Design behavioral
SysML block

Export SysML to FMU

Import FMU and
compose the hybrid
system (SimX, Dymola,
OpenModelica)

Simulate

«Block»
Counter .
count:int
Values
reset:bool H count:int=0
reset:bool=false
E «FMUParameter» myTimeout:int=100
E ring:bool ring:bool

E «FMUParameter» ringCounts:int=10
E totalCount:int=0

>

stm [Bock] Counter [statechart_6]

chReset{re

S0 @

Reactons

(& if(count%ringCounts==0) setRi...

</ScalarVariable>

<ScalarVariable name="ring" valueReference="1" v

[ <Boolean/>
S IRma avTTams e e
_counter
ese |
i i
| \count u,
ring
| J

integrator1

y="discrete" causal

ul

= =true]/setCount(0);

tm(myTimeout)/setCount(count+1);
totalCount++;

greaterEquall
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U2y

k=20

fe counter.count,
B Edt Vew fuet Avavs Ootens Wndow 2
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= counter.count
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import Modelica.S
Real E "efficiency’

| |

r I I I
B Accumulatedice

777 File Edit View Simulation Format Tools

Real m "total mass . D
Real v "speed a

. TR LI
mmreest MODELICA b

iquy
Blocks.Inters
output Modelica.Blocks.I
parameter Real iis(

MATLABR
= SIMULINK
/m2")=7.43 "Ice impingement surface";
Real specificWeight (u g/m2")=m/iis "Specific weight of ice over a square meter.";
parameter Real iceDensit /m3")=916869;

Real meanIceThicknes

ificWeight/iceDensitys

input Model locks.In 1Input p_LWC tat Integrator
equation Fimited
" _IT
E = 0.00324*%(v/t)"0.613; "
der (m)=v*t*b*LWC*E;
«Block,StructuredSimulation Ready [100% [ / T=0.00 loded5 4
\ DelcingContext /
m_Im_w|1
SAT «Block,StructuredSimulation» 12 A o111 N
= DelcingPackage::Delcing q‘ e <Block,FMUS JALA A «Block,StructuredSimulation
CRYSTALPutblicUseCase_| ior_IceAccretionDynami CRYSTALPutblicUseCase_Behavior_FlightMission «Block glfU> Atmosphere
Accumul Ice twe
IT _W E}
SAT
&
totalEnerq% s 2
( ¥} i &} 3} — itude #
p_v p_LWC p_m-h p_d_l'I'Lh p_IT pv p_altitude altitude
A 1
1.] <«Block,FMUExport> B - EETETT - JA . 12
g ] i S <Block, > = v —a— J/ >
«Block, F'MUEQ:or:_» 3) i MonitorIT Modelica_Blocks_Continuous_Integral BmeFMU&v;:I Block, FMUExport 3 ’ «Block,FMU»
B . 43 W Remo! Control | cnvs;ﬁk,mu» CRYSTALPutbhi 4
1 S F=-Ng CT: :mL p_altit .0\_:! : "u’icusEcair_tempe,am;éempraturep r_5)_LWC
1.,_, ;FT p_altitud L
L& - I
T monIT_W mSA
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Workflow -

full

Requronert
Driveline performance

prer—
controller

Rt
Engine speed

The car should accelerate in less than 115 from to
kanyhr

“The car should reach at least 170 knyhr n 4th

-1 Packages
E4 «ModelLibrarys SimX
(3 Packages

=-E8 BtemnalTypes

Design the hybrid
system in SysML,
including imported

ckages
_ #-§9 VehicleFMUComp
-E8 Mechanics
-F4 SignalBlocks
=59 VehicleComponents
=-(2 Blocks
-5 «SimulationXModels AT

FR)

Engine speed shouid not exceed 5500 rpm.

i

(% aSimulationXModels Drivelined WD =
9 «SimulationXModel» MapEngine2 i =r
5 «SimulationXModel» ShiftControl ﬁf\% F
«Simulation» AT_SimX_with_RHP_internalFMU
=+ Internal Block Diagrams = olio
. . . o0
Define simulation o s
=-(2 Parts
g aTt options solver=2
. [g drivelinedWD1 plots mapEngine1.om, aT1l.om, aTl.engGear, aT1.shiftTime, driveline4WD1.v
arameters in SysML 0
g rHPController;
& L}: Tags stopTime 20
%a options tolerance 1E5
2 plots
4 plotter
42 stopTime
4 tolerance
<2xml 1.o0" UTF-8" sta: "yes"?2>

El<fmiModelDescriptio
<ModelVariables>

=]
=]

FMU generation,
model export and
simulation in SimX

SIMULALION X

rHPController2

function3 driveline4WwD1

mapEnginel

<ScalarVariable nam

k </ScalarVariable>

1.0"
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"count" valueRefer
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M1 in SysML o)

«Stereotype»
Block

"1 Tags

T

ST Y1
4\?»7 & »

8 201590
o774

Vivy ‘uf"f“

«Stereotype»
FMUBase

=1 Tags
&= Author:RhpString
&1 Version:RhpString

«Stereotype»
FMU

" Tags
&= _implementations:RhpString
&= _type:RhpString

(%= Author:RhpString

&1 Copyright:RhpString

1 Description:RhpString
&= FmiVersion:RhpString

&= GUID:RhpString

7 License:RhpString

&1 Modelldentifier:RhpString
&= ModelName:RhpString

«Stereotype»
FMUExport

"1 Tags

(3= Author:RhpString
(= Version:RhpString

«Stereotype»
StructuredSimulation

"1 Tags

&= AbsoluteTolerance:RhpString=1e-5
=1 RelativeTolerance:RhpString=1e-5
=1 Results:RhpString

&1 Solver:SimXSolver=CVODE

= StartTime:RhpString=0

&= StepSize:RhpString=1e-8

&= StopTime:RhpStrina=1

Exported FMUs

FMUs composition

«Stereotype»
FMUParameter

" Tags

(i Veersion:RhpString

Imported FMUs

«Stereotype» «Stereotype»
FMUDiscrete FMUIgnore
" Tags " Tags

FMUs attributes
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MODELICA

A 4

FMI in Rhapsody NCosE

4

Mareap
SIMUTINK

FMU
Import
<<FMU>> <<FMUExport>> SysML
SysML Block SysML Block Block
Define System Composition
Modeling
Define Simulation Parameters
<<StructuredSimulation>>SysML Block
Generate and Export FMUs
Export .
Generate and Export Modelica Code
Set simulation parameters and run simulation
Simulate
Display results

S 1MULAEION X

Simulation Engine

|H‘ Modelicé |

Gt Y-Fy

ERS

Features:
* Import FMI 1.0 (CS and ME)

 Generation FMUs from
SysML

- FMI 1.0 ME

— no limitation on internal
communications

« Hierarchical composition
* Net-list in Modelica
« Automatic plots generation
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Cruise Control — block diagram  wcost

N A
“'\'1‘[1.9P
bdd [Package] GearBoxPkg [System BDD]
«Block,StructuredSimulz
SystemContext
«Block,StructuredSimulation» «Block, FMUExport» c% «Block,FMU» «Block, FMU»
CruiseControlSystem Driver CarDynamics PowerTrain

.
A MoDELICA >
«Block,FMU» «Block,FMUExport
PID_controller_sf GearBoxConto

7 add1 Accaleration Velocty
v velocity2RPM,
PID_controller * 4 S / ;:I

jle Edit View Simulation Format Tools Help dragl

E 4 = [100  [Nomal Y BE RS ’_EI l_.“
k=11 k=11

FHE LR

Ref ;
PIDEs) S ——() S IMULAREION X
out T T T TN T O
| Powered by ITi . . F
PID Controller (2DOF) international sSymposium
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Cruise Control — Gearbox Controller — icost

stm [«FMUExport» Block] GearBoxContoller [statechart_0]

' |

forward

o

automatic

A ; control Gear é—.

tm(100)
[rpm < LOW_RPM]

[rpm >HIGH_RPMw c ¢

evGearUp evGearDown
[else]

evManual evAutomatic

manual

Y

drive
first (3
evGearURV 4\evGearDown
second (2
evGearUp\L q\ evGearDown
thid (&
evGearUp\D ﬁ evGearDown
fourth (&

evGearUp \L ﬁ\ evGearDown
]

fifth
evGearUp \L 4\ evGearDown
sikh (3

\ - &
Viy S

evReverse; reverse @
E evFwd

evNeutral neutral (2

E evFwd
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Cruise Control — internal structure INCOSE

201500

\l\ 1 R:-.P

ibd [«StructuredSimulation» Block] CruiseControlSystem [Control System

| 1 itsGearBoxContoller:Gea |

rpm:RPM
= : gear:int
rpm:RPM e B
T gear:int
~ driverVelocity:RhpReal — _
B 1 itsPID_controller_sf:PID_ out:RhpReal
s reference:RhpReal [+
s throttle:RhpReal
carVelocity:RhpReal T measured:RhpReal
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Car — internal structure

ibd [«StructuredSimulation» Block] SystemContext [IBD]

1 itsDriver:1 73

|

1 itsCruiseControlSystem:Cr

L

velocity:RhpReal

carVelocity:RhpReal rpm:RPM

(=] Eear:int

velocity:RhpReal | 1 itsCarDynamits:CarDyn

&=

mp:RhpReal

velocity2RPM1_gear:RhpInteger

1 itsPowerTrain:PowerTr.

throttleiRhpReal throttle:RhpReal

driverVelocity:RhpReal [‘H—\—['E

force:RhpReal

[—

[¥]
rmp:thkE'aI

engineForce:RhpReal
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Simulation parameters INCOSE

2()15 V4

\l\ 1 u"p

Block : SystemContext in GearBoxPkg « (3

[Gene{al I Description | Attributes | Flow Properties | Operations | Ports I Flow Ports | Full Ports | Proxy Ports | Constraints RelationsJ Tags | Properties

TE X

=I| FMI
=I|  StructuredSimulation

AbsoluteTolerance |1e-5

RelativeTolerance | 1e-5

Results itsCarDynamics.velocity;itsDriver.velocity, itsCruiseControlSystem.gear;itsCruiseControlSystem.throttle;itsCarDynamics.rmp

Solver CVODE

StartTime 0

StepSize 1e-8

StopTime 10

Top level block contains the simulation parameters
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S . I t. I t /“\\’&
l\x na
:{3 itsCarDynamics.‘velocity', - 0O X (5 itsCruiseControlSystem.gear, ... - 0O X
FILE EDIT VIEW INSERT ANALYSIS OPTIONS WINDOW 2
V A N 2 - o )
FILE EDIT VIEW INSERT ANALYSIS OPTIONS MNDO\ < ‘ I S AN (/R O SR (TR 72N G (O (TN T8 | witsCruiseControlSystem.gear ~
g o0 0 Iy ) vl [ T, BB De, | witsCarDyn.. -
- - 6 » itsCruiseControlSystem gear
- - itsCarDynamics.'velocity 5
4
3
2
1
10
08
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04
- - itsDriver.'velocity 02
120 - - - - T T 00
100 |- oo
80_""‘2“""‘:" "":*"‘"E ““““ "‘"‘:“"‘:“““E""“‘:"‘“‘ - - itsCarDynamics.'rmp’
' | | P R PPN [ S I i R——— S R 3000 A A SRR R EEEEEEE e o O i Tt
7Y IR AP FR U SR . w00l {- Ve Wl EE
ol i i . | Driverinput 5 g | 5 5
1000 (- - -- - qmm - fmmm—m-- Fe———-- I jmmm -
IS T N N R s oy o o o N M RPM
0 1 2 3 4 5 6 7 8 9 10 0 | | | [ [ I | | | s
0 1 2 3 4 5 6 7 8 9 10
M4 > M itsCarDynamics.'veIocity', 4 4 » » °itsCruiseControlSystem.gear, ... /
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Ny 201508,
U Qég!’ ef“
Vv al®
«Block,StructuredSimulation»
DelcingContext
m_Ir_w| 1
o <BlockStructuredSimulation» A JA 11|12 v
C] DelcingPackage::Delcing <Block,FMU> «Block,FMU> A «Block,Str
CRYSTALPutblicUseCase_Behavior_IceAccreti i CRYSTALPutblicUseCase_Behavior_FlightMission A «Block,FMU» Atmosphere
mw e WC
W, dice i
SAT
=
totalEnergy it st
otalEnergy L 7} {ih {3} — ;- itude ]
I p_v p_LwC p_m p_d_IT p_IT p-v p_altitude altitude
— |1
[ 1. «Block,FMUExport> ‘& . T ! L 1
«Block,FMUExport> 3| 1 MonitorIT Eeck Ao «Block,FMUExport> «<Block,FMUExport> B N -
- N delica_Blocks_Continuous_Integral . sl «Block,FMU»
MonitorSAT | > ul -Bocks e - IceRemoval Control - } CRYSTALPutblicUseCas
| 1 g CT:ingl p_altituter p_temperatBréemprature gp-twc
L 1. Tcr p_altitude'
| — L |
{3k monIT_W mSA’
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r T I 1 Inl
B Accumulatedice
File Edit View Simulation Format Tools
block IceAccretionDynamics =
P DIeE&|+B8 ¢ T |5
Real m "total mass '1!1 g"; .
Real v "speed at which the g
el MODELICA Lo
paremeter SIunits. y MATLAR
- anit=ngf, IMATLY
3 impu Hoderien Bioere. Tates SIMUTINK
a output Modelica.Blocks — -
parameter Real iis(u: g/m2")=7.43 "Ice impingement surface";
Real specificWeight ( /m2")=m/iis "Specific weight of ice over a square meter.";
parameter Real iceDensity (u: g/m3")=916869;
Resl meanToeThickness (un apecificHeight/iceDensicys Integrator
El input Modelica.Blocks.Interfaces.Reallnput p_LWC annotatiod(...)]: Limited
equation m_IT
E = 0.00324*(v/t)"0.613;
=yt *h* *F .
der (m)=v*t*b*LWC~E; Ready [100% [\ =000 [oded5 Y
\
bm =
5 annotation . );
.end IceAccretionDynamics; \
«Block, StructuredSimulation»
DelcingContext
m_Im_w|1 N
SAT «Block, StructuredSimulation> A Jt 1 :
= DelcingPackage::Delcing <Block,FMUS <Block FMU» 5 s “Block, 2
CRYSTALPutblicUseCase_Behavior_IceA 3 ; CRYSTALPutblicUseCase_Behavior_FlightMi % *Block.FMU» Atmosphere
W, fice gwe
SAT
totalEnerq%l fah it
( 7} 3} i} F— i [
p_v p_LWC p_m p_d_IT p_IT p-v plaititide altitude
\ o @
w [cT==2 || CT==§] o ' ‘
! g JA
\ o N
\ / > L «Block FMUExport> 3| <«Block, FMUExport> '8 A <Block,FMU»
A / P Control «Block,FMU> CRYSTALPutblicUseCas
> L J mw «i CRYSTALPutblicUseCa
OFF @ / - = CT:inf i
2 ,—// s / t p_altitutel _temperatfcgemprature [ dp_twe
— R ! tm(Time) EF p_akitudem
Sequence_1 | A
-7 monIT_wW mSAT"
n(cret0m) >M' P %

, M
- Y MODELIN ™
° % ) LANGUAG
N
o) O N seqene s G
tm(CT*1000) le R

/ 25" onniversary
ot onnuol INCOSE
CRYSTAL international symposium

U Seattle, WA
4 ﬁrr July 13- 16,2015




De-Icing Context IBD

1 itsIceCreationDynamics:CRY

1 itsAccumulatedIce_ W:AccumulatedIce

p_v:RhpReal | d_IM

p_d_IT:RhpReal

¥

p_LWC :Rh;feal
1 itsAccumulatedIce_H:AccumulatedIce

d_IT:RhpReal

Ice Creation Dynamic

1 itsAccumulatedIce_E:AccumulatedIce

d_IT:RhpReal

1 itsAccumulatedIce_V:AccumulatedIce

Accumulated Ice Thickness per zone
(Wings, Engines, H-Tail, V-Tail)

g Y1
S 1 »

INCOSE

.."

—/ e
Vivy u‘»"f“

[1  itsDelcing:Delcing

IT:RhpReal

| IT_W:float|
m_IT:RhpReal | m_IT_W:float |

IT_H:float|
U:thRe%
m_IT:RhpReal
= m_IT_H:float |
totalEnergy:RhpReal |

IT:RhpReal

1 IT_E:float
m_IT:RhpReal T

‘ m_IT_E:float |
IT:RhpReal 1'I'_V:ﬂoatq
m_IT:RhpReal

m_IT_V:float

CAT.Aoot

De-Icing component

(Melt Rate, used energy)

1 itsFlightMission:CRYS ,Lwc‘lf
1 itsAtmosphere:Atmosphere
p_v:RipReal p_altitude:RhpReal
altib.:de:ﬂoat_a SAT:float
Flight mission profile Atmosphere

(Cruise altitude and velocity)
T temperature)

(Liquid Water Content and
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onnual INCOSE _
international symposium
Seattle, WA

July 13 - 16,2015



STy
o oy
& R

De-lcing IBD INCOSE

NV, w7 =

Ny s’

ibd [«Sructured Simuk ton» B bek] Delcing [1BD)

m_IT_W:float m_IT_W:RhpReal TR TR I ,,é
m_lT_V:ﬂoa; ] m_IT_V:RhpReal 1 itsControl:Control EmSAT:ﬂoat
m_lT_E:ﬂoa:— 7: m_IT_E:RhpReal e o
m_IT_H:float
i Ice Removal Actuator e PONTVAOR ot s molT i
Ice Removal Activation
u:RhpReal h : S I I
| Controller
Energy Consumption
o Monitor
IT_W!ﬂoatv,] inl:float 1 itsMonitorIT_w:mM(°3, outl:float
IT_V:@ inl:float 1 itsMonitordT_V:MonitorIT “éoutl:ﬂuat
' Ice Thickness Monitors
IT_E:float in1:float 5 e ?oml:ﬂoal
IT_H:float int:float| M_";W?Mhﬂw
ot § o 53190 Temperature Monitor
SAT:float
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Simulation Parameters INCOSE

‘i‘\ Swwr -

Ny sl
1 itsIceCreationDynamics:CRY
1 itsAccumulatedIce_W:AccumulatedIce . = =
: it ] . 1 itsDelcing:Delcing
M‘[ﬂ d_I[! :RhpReal IT:RhpReal | S [
p_d_IT:RhpReal . :
m_IT:RhpReal | m_IT_W:floa
¥}
p_LWC:RhpReal
1 itsAccumulatedIce_H:AccumulatedIce n—H:ﬁani
d_IT:RhpReal IT:thReJ
m_IT:RhpReal
N m_lT_H:ﬂoal&z]
totalEnergy:RhpReal
1 itsAccumulatedIce_E:AccumulatedIce IT:RhpReal =
d_IT:RhpReal . IT_E:float

m_IT:RhpReal

Block : DelcingContext in Default

| General I Description I Atributes [ Flow Properties I Operations I Ports I Flow Ports I Full Ports I Proxy Ports I Constraints [ Reiationsl Tags I Properties

=l FMI
=) StructuredSimulation
AbsoluteTolerance |1e-2
RelativeTolerance | 1le-2
Results itsAtmosphere.SAT, itsAtmosphere.altitude, itsAccumulatedice.d_IT; itsAccumulatedIce.m_IT, itsAccumulatedIcefl
1 itsFlightMission:CRYS Saber Bkl
StartTime 0
p_v:RipReal p_altitude:RhpReal StepSize 1
StopTime 12000
E’EI alh‘tude:ﬂan
25" anniversary
L% W onnual INCOSE _
CRYSTAL international symposium

o % & Seattle, WA
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Export and simulation

Entire Model View v A
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Structure in OpenModelica
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Simulation Results
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FMI current drawbacks NCost

* FMI for Co-simulation lacks event handling
— a-periodic discrete models cannot be
properly handled.

* No support for “absent signal” notion

* The standard does not dictate the
composition method and language, thus
tools use many incompatible approaches.

IN )%L
t t nal symposium



Future directions NCost

 Address the above...

* Exploring FMU in-cloud execution and
simulation as a service

« Distributed Simulation
* Models and IP management

Disclaimer: The materials and the messages in this presentation are unrelated to any
current IBM offering or future plans and should not constitute a basis for purchasing

decisions. |
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