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Examples of Complex Systems in Engineering

* Robotics

* Automotive
« Aircraft i
+ Mobile Phone Systems
 Business Software
* Power plants

« Heavy Vehicles

* Process industry
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Research

Modeling-Language Design
Model-Based Co-simulation with FMI and TLM
Model Debugging
Model-Based Fault Analysis
Multi-Core based Simulation
Embedded System Real-Time Modeling

Modeling Support Environments
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Parallel Execution
Compilation to MultiCore

Mahder Gebremedhin, Peter Fritzson

MO um A pelabl-l-l



Compiling Models to Efficient Parallel Code

(scheduling on multiple cores)

Original task system of Four Bit Binary Adder model

1122 Tasks
1360 Edges

Modelica.Electrical.Spice3.Examples.Spice3BenchmarkFourBitBinaryAdde

Task system after clustering for level
scheduler

18 Tasks
72 Edges
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Speedup using Dynamic Scheduling on 4-core laptop
Modelica Model CaurLowPassSC

3.3
I:I |:| Estimated Level Scheduler
3 = I:I |:| Achieved Level Scheduler —
I:I |:| Achieved Flow Graph Scheduler
== 2.03
= = 1.02 ; .
)
- 1.55 1.5
(Vp)]
1.19
1 i al
0
2 threads 4 threads
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Model Debugging
and Performance Analysis

Martin Sjolund,
Adeel Asghar, Adrian Pop
Dept Computer and Information Science
Linkoping University
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Integrated Static-Dynamic
OpenModelica Equation Model Debugger

Mapping dynamic run-time error to source model position

Efficient
handling
of

Large
Equation
Systems

Showing
equation
transfor
mations
of a
model:

@& COMEdit - Transformational Debugger

AR X

g ‘ Va riables View OpenModelica/OMEdit/Modelica.Mechanics. MultiBody.Examples. Elementary. DoublePendulum_info. xml

Source View

(assignm...xed.phil

-

substitute: -Modelica.Mechanics.MultiBo... frame_b.f[2], revelutel frame_b f[3]})

Variables Source Browser
Variables Browser Defined In Equations Used In Equations [+ [OpenModelica/trunk /buildli .. MechanicsMultiBodyJoints.mo
frame Index  Type Equation Index | Type Equation '/ relationships between -
|:| Cage Sensitive [F‘.egular Expression v] gquantities of frame a and of
frame b |
’ Expa:ld — ” Colapse Al ] f;a_rr.e_b .r_ 0 = frame a.r O;
Variables Cormment |~
. L ) | & if rooted(frame a.R) then
1= boxBodyl Absolut.. frame_a Variable Operations R rel = -
El bedy Absolut...frame_a Operations Frames.planarRotation(e,
Blframea  Positio..d frame colved: boxBodyl bodyframe_aR.T[L1] = boxBodyl.frame bR T[L1] p'“—':fiiz;bpgl; W)
HR Absolut...| frame substitute: boxBodyl.body.frame_a.R.T([1,..xBodyl.frameTranslation.frame_a.R.T[1,1] Frames.absoluteRotation (frame
‘ |—T Transfo..| frame  _ a.R, R rel):
" 323 frame a.f = -
[ n 3 4 “ _
l Equatlons Vlew Frames.resolyf (R rel,
frame b.f):
Equations Browser Defines Depends Tframe zflt = -
Index Type Equation “| | Variable : Variable 1] Frames.resolvpgl (R rel,
. frame b.t):
819 regular  (assignm..era_rel waorld.frame_b.f[2] boxBodyl frame_b.R.T[L1,2] i
820 regular  (assignm..oluted.a boxBodyl frame_b.R.T[2,2] R rel
821 regular  (assignm..er.a_rel revolutel frame_b.f[1] | Frames.planagpotation(-e,
i phi offset +fphi, w);
822 regular  (assignm..e_a.f[2] revolutel .frame_b.f[2] - frame 4R =
823 regular  (assignm..e_af[l] | |Equation Operations Frames.absolfteRotation (frame
824 regular  (assignm..e bf[2] —|| Operations g b.R, R rel):
frame B.f = -
—M solve: -world.frame_b.f[2] = (-boxBodyl..ame_b.R.T[2,2] * revolutel frame_b.f[2] Framesz.rezolff=1l (R_rel,
826 regular  (assignm..e_bi[2] scalarize(2): {-world.frame_b.f[1], -worl...rame_b.R.T[2,2]) * revolutel frame_b.f[2] |E frame a.f):
. N . frame p.t = -
827 regular  (assignm...e_b.f[2] simplify: -{boxBodyl frame_b.R.T[1,1]*..1.frame_b.f[2], -revolutel frame_b.f{3]} i Frames.resolel (R rel,
828 regular  (assignm..e_bt[2] inline: -Modelica.Mechanics.MultiBody.Fr..e_b.f[2] + 1.0 * revolutel frame_b.f[3]} frame a.t):
829 regular end 1f;

8
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Research on Debugging in OPENCPS Project

Debugging of new features
» clocked synchronous

models
- real-time debugging and >
event tracing
- graphic support for state @ ...

koo d‘ Transition 1

I I R 4 ¥ /—\ﬁ
machine debugging e @ @
eventClock Transition 3
H’:: Transition 4\

Critical for efficient usability by industrial
partners!
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Co-simulation, FMI, Modeling
Traceability, etc.

Adrian Pop, Alachew Mengist, Lennart Ochel,
Robert Braun, Adeel Asghar, Arunkumar
Palanisamy, Peter Fritzson

10

MO um A pelabl-l-l



General Tool Interoperability & Model Exchange

Functional Mock-up Interface (FMI)

etc.

Gearbox Thermal
with ECU with ECU systems cargo door roadway, ECU (e.g. ESP)

functional mockup interface for model exchange and tool coupling

courtesy Daimler

« FMI development was started by ITEA2 MODELISAR project. FMI is a
Modelica Association Project now

 Version 1.0

« FMI for Model Exchange (released Jan 26,2010)

« FMI for Co-Simulation (released Oct 12,2010)

 Version 2.0

« FMI for Model Exchange and Co-Simulation (released July 25,2014)
« >100 tools supporting it (https://www.fmi-standard.org/tools)

1"
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Enhanced FMI Co-simulation, Run-time, and Master
Simulation Tool — Work in OPENCPS Project

* Further extensions to the FMI standard to support TLM-based co-
simulation including support for SKF mechanical bearing models

 Enhanced run-time for efficient co-simulation of FMUs, including
FMUs from OpenModelica and Papyrus

* General Master simulation tool support for FMI

12 Hnnmn pelabl-l-l



OMSimulator

Lennart Ochel
12t MODPROD Workshop, February 6-7, 2018

LINKOPING
IIC“ UNIVERSITY




OMSimulator

« Co-simulation environment primarily based on FMUs

« Combining TLM and FMI approaches for co-simulation

TLM M

 Physical connections « Signal connections
« Delayed connections « Non-delayed connections

 Distributed processes  Single process

LINKOPING
II.“ UNIVERSITY



OMSimulator

i

pul } OMSimulator.exe
P OMSimulatorlLib.lib N
”Pa(33£1, ﬁ OMic:t
OMTLMSimulator OMFMISimulator
 Physical connections « Signal connections
« Delayed connections « Non-delayed connections

 Distributed processes  Single process

LINKOPING
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OMSimulator

OMSimulator.exe
)@ .
@ OMSimulatorLib.lib — e

OMTLMSimulator OMFMISimulator
 Physical connections « Signal connections
« Delayed connections « Non-delayed connections

 Distributed processes  Single process

LINKOPING
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OMTLMSimulator

« Dedicated talk at MODPROD

« Bottom-up approach

Master

Manager

Monitor

\—/

Wrapper Wrapper

FMU / External Tool FMU / External Tool

MODPROD Parallel Session 2a:
TLM-based co-simulation using
FMI and direct tool
connections

MODPROD Tutorial 2:

FMI for Composite Modelling,
Co-Simulation and Model
Exchange

Wrapper

FMU / External Tool

LINKOPING
TR



OMTLMSimulator

. MODPROD Parallel Session 2a:
- Dedicated talk at MODPROD TLM-based co-simulation using

FMI and direct tool
« Bottom-up approach connections

o 0n|y TLM connections MODPROD Tutorial 2:
FMI for Composite Modelling,

Co-Simulation and Model

 Distributed simulation Exchange

« External tool integration (e.g. Simulink, Adams, BEAST)

LINKOPING
TR



OMFMISimulator

MODPROD Tutorial 2:
FMI for Composite Modelling,
Co-Simulation and Model

 Only signal connections Exchange

« Simulator for connected FMUsS

« Top-down approach

 Single process

« Scripting interface

LINKOPING
Il.u UNIVERSITY



OMFMISimulator

. ] MODPROD Tutorial 2:
python interface: FMI for Composite Modelling,

Co-Simulation and Model
Exchange

U(m, "A.fmu", "A"
U(m, "B.fmu", "B"
MU(m, "C.fmu", "C"
( )

IIDII

m, "D.fmu"

m, "A.u", "C.yl")
m, "B.y", "D.ul")
m, "C.y2", "D.u2")
m, "C.u", "D.y")

(
(
(
(
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B FMI
0 TLM

OMSimulator
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adeas31 | adrpo | alash325 | arun3688 | bernhard-thiele
hyumo | lenaRB | lochel | mahge | robbr48 | sjoelund

www.liu.se
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Ongoing Projects and Research Interests

Adrian.Pop@liu.se

2018-02-06

Open Source Modelica Consortium
Programming Environment Laboratory
Department of Computer and Information Science
LinkOping University

LINKOPING
II." UNIVERSITY

OpenModelica MoDELICA




Research Interests

Languages

Design, Implementation, Debugging, Profiling,
Integrated Environments

Modeling and Simulation
Equation-based object-oriented languages
Standards extensions for Modelica and FMI
Requirements Engineering and Traceability

Efficient simulation (different approaches to system
solving, parallelization, separate code generation,
separate compilation)

Multi-mode - variable system of equations

Code generation for both large system models and
embedded systems

24



INTO-CPS: Co-Simulation Framework Vision

User
interface
(INTO-CPS
Application
Design co
S a(?e Simulation Test
pace mmrg Orchestrati yams .
Exploration on Engine automation
(DSE) (COE)
FMU"s from Pr?]%s(;g?l Physical Controller
other tools (OpenModelic IBEEL (e model
a) sim) (Overture)
Model
manageme
nt
ESURI Horizon 2020 25

Programme



INTO-CPS - toolchain

Co-sim
config
/ Co-sim \'\\
/  Co-sim config :
[/ config
Y \
Obtain co-sim config INTO-CPS
4 5 DSE COE
: PP
: -~
Modelio \
Optimal
co-sim

F:‘[ tr

: Overture @

FMU FMU

e T ———— | 26



Import Model Description XML File

» Import model description XML interface files (linked with

requirements)
= Create Modelica model stub containing the inputs and
outputs specified in modelDescription.xml

&t OMEdit - OpenModelica Connection Editar

4 -
File Edit View Simulation | FMI | Export Debug Git Teeols Help
FwBR 3 e BB 9

"= Import FMU .
t output_FMU= £

Libraries Browser g X —
— - - Import FMU Model Description
|Search Classes | € View | LineFollower Exan | C | Line: 1, Col: O
Libraries

1f_1 _scrmer _reading

rabcl_ffa

P OpenModelica
0 ModelicaReference
M= D ModelicaServices
Complex
@ Modelica
|2

LineFollower
'

>

i
T

VVY

-

\4

L

l 4
Imports the medel from FuncX: -109.07  f: 93.60 t. Welcome g!i Modeling ﬁ Flotting | ‘ Debugaing 27




Model Management with Git Integration

o4 OMEdit - OpenModelica Connection Editor - . L o] ) o)

,
File Edit View Simulation FMI Export Debug | Git | Tools Help o4 OMEdit - Commit M
B4 Create Reposit o
L7 h l% & @ o\ ®\ reate Reposttory Repository Information:

Libraries Browser g X oﬁ Sen| Log Current File Repository: lC:,‘Users;’alameél);Desktoo,’Il’J’TOCPS,’OpemModelca |

ISearch Classes ] H Writable | C:\ EESIJ Stage Current File Branch: Imaster |

Librari Unstage Current Fil
ibraries 1 model Se Commit Information:

® Modeli y arame Commit

P| OpenModelica garame E Author: [alash325 | |

@ ModelicaRef sl

o odelicaReference 4 Modeli Email: |a|ad1ew.mengist@iiu.se I
& D ModelicaServices Modeli Clean
@ . Complex Modeli - - damieiid
, . raceabi

@ - Model1 ity |

N Modelica.Blocks.Inte: ‘

= @ OpenModelca Components.Sensor sej
® | FMUs . calculate_sensor_pq
{ . ModelDescriptions ) -annotatlon (Placer Files:

equation :
* @ Models connect (sensorl. sensq Select Al
| SimulationResults 1 4 connect (robot theta, _
= Status File

connect (robot_z, sens
connect (robot_y, seng
connect (robot_x, seng
annotation (uses (Model

end SensorBlockl; [¥] Generate traceability URI

i
Commiting modified files to the repository & weicome o Modeling l = Plotting [ ¥ Debugging ‘

V] Modified Models/SensorBlockl.mo

28



Traceability Support in OpenModelica

Entities (e.g. Modelica
files, FMUs) are shown in
green

Activities (e.g. Model
creation, Model
modification, FMU export)
are shown in red

Agents (e.g. a user with
the name "Alachew") are
ShOWﬂ in b|Ue & OpenModelica

Their relationships (e.qg.
wasGeneratedBy,
wasDerivedFrom,
usedTool, ...) are shown in
orange.

An example of traceability information sent from _
OpenModelica to the daemon and visualized in the Neo4j
database 29



Traceability Information collected by OpenModelica

A - £
f _ \‘J : wasDerivedFrom \ wasDerivedFrom :—5\ R ;
i y /
X y \ Wa Waga . . ”,/
y _— sy, g libutogry,
g 4 5 Yo AN ' 4 A
S % <% f ) % ""
5 Y § %% G % e
& % & zZ 0w A y - A
L £> m G] 4] —
S % b o o) i = a
% % 9 n 2 S 0,
& 5 8 3 % < o8 @0®
2 s 3 % 13 ) e
T A i %" 1.@ e 5%
3 AN dalh © 0 s
t; / \] - CSJ A \ﬂ
By—= En & o
Activity FMU- WaEGeneratEd Y "-\l ) { / q(? Actlwy_
Expart - A . 7 ‘? modelDescription
9 B s XML Import
S 2
€ 5@ %O Activity Model 3
Q 9 , \Modification &
pe} = ® T
Q X D g o
o T .&' E‘O‘:}‘- 0
2 [/ Op <
N p % i
J r )
_, A . | \
i 2 ||C: [ A s e =)
29t | et f WasAssoei ’ d"[odl 1 ) ]
\‘\‘ y ) _/J ClatedWith_Activity Fvu—YSe X y
- - Export —

Using Open Services for Lifecycle Collaboration (OSLC)

30



Simulation of Connected FMUSs

PyModSimA:

Create a model
containing several
FMUs connected to
each other.

XML format i1s used to
define connections
between FMUSs.

Connect FMUs using
the graphical user
Interface.

- Connect FMUs for Co-Simulation ?
List of FMUs;
Add FMU |
Mame Location

Modelica_Blocks_Math_Gain1 C:/Users/adeas31/AppData/Local/ Temp/OpenModelica

Modelica_Blocks_Sources_Stepl  Ci/Users/adeas31/AppData/Local/Temp/OpenModelica

Remaove FMU(s)

List of Connections:
From To

Modelica_Blocks_Sources_Step1 ¥ | |Modelica_Blocks_Math_Gain1
y {output) > | |u (input)

Add Connection

From To

Modelica_Blocks_Sources_Stepl.y Modelica_Blocks_Math_Gain1.u

Remove Connection(s)

Save to file oK Cancel



PyModSimA: Co-Simulation of FMUs In Pysimulator

= PySimulator - Simulation and Analysis Environment - O

*

File  Simulate Plugins Help
R o BT B

Variables Browser £ Tab 1

Marme Value *

[] freqHz

[] offcet

OJ phase

[] startTime

Ly
* SimpleConnections_Series1_F...

[k

Ll

y
* SimpleConnections_Series1_F...

Lk

[Ju

y B
v [/ 2:WithFMUs
L] _derdummy
L] _dummy

* gain Information output B X
D k atdl T [ L=lu i} atan or ILORRECTEQrMUS ...
[]u Results saved in ConnectedFMUS_1.mtsf,

Integration completed.
¥ Start integration of 1:ConnectedFMUS ...

v gainl Results saved in ConnectedFMUS_1.mtsf,

k Integration completed.

u

— l:SimpleConnections_Seriesl_FMUModels_Gain21.y
—_— 1:SimBIeCDnnectiuns_Seriesl_FMUMndels_Gain1l.y
— 2:gaind.y

— 2:gainl.y /1

1T
& & 0 Y L B

P
P
P
P
.
=
[yl
P
[wa)
—




PyModSimA: Parallel regression testing

3 No Description
Regl‘eSSlOIl Repﬂl‘t 1 Number of total passed files / Number of total failed files
2 Percentage of total passed files
3 {Number of passed files / Number of failed files} for this name,

Given Error Tolerance: 1.0e-3
Disk space of all used result files: 34 4 MB
Total number of compared files: 12 against 4 baseline files
Total number of compared variables: 17376 (17,095 passed, 281 failed)
Disk space of full report directory: 123 MB
Generated: 10:37AM on April 14, 2015 by PySimulator
Time Taken: 00h:00m:58s

e.g. ...Rectifier.
4 {Number of passed files / Number of failed files} in the
corresponding directory, e.g. FMU1.0

Number of variables contained in the file

Number of variables that are compared

7 Number of variables greater than given tolerance with link to
the list of these variables

Maximum error of all compared variables

Result file nam e Status
4 result file names 7/5
67%

Modelica Electrical Analog Examples Rectifier
Modeica Mechanics MultiBody Examples Systems RobotR3 fullRobot = 2/1
Modelica Mechanics Rotational Examples CoupledClutches - 170
Modedica Mechanics Rotational Examples SimpleGearShift - 130

Legend Coloring:

* Per file: Comparison failed, i.e. at least one variable with large error
* Per column or row: Only 0-50% of the corresponding files passed the test

Orange:
* Per column or row: =50% and < 100% of the corresponding files passed the test
*Total: =50% and < 100% of all files passed the test

* Per file: Comparison passed, i.e. all compared variables passed the test
* Per column or row: 100% of the corresponding files passed the test

33



Dynamic Verification/Testing of
Requirements vs Usage Scenario Models

Lena Buffoni et al

sblel aneChangedndBraking - Vehicl jicles_Fxperimants_ Fxamp

i Smubton Pot Arimabon Commends Weds Heb
HAg W+ @i Bevon @:S8EH OOH &-
FoH AW Tins 7 Spesd | 02 v
||
Varatles - A
Dol ansChangasaderaing 1
Suaidda
bt
summary_a e
sammany_a_i g
summan_a_y
sammary_a_y_g

Van der Pol Model

®maion =
i« 5

Adtvanced 4

rimmtabebodat |Wabiot A -

0

A s saim
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Dynamic Requirement Evaluation

35

[ tank-height is 0.6m

Req. 001 for the tank2 is
violated

Req. 001 for the tank1 is not

#6 Plot Window

File:

. Open Save | Print | Select | Zoom | Pan | Grid | Hold | Preferences | active | Image

0.5

Edit  Insert

Tools

==1E3

Help

Plot by OpenModelica

i

i
N T

@ dm.tanki.h

@ dm.tankz.h

Oro01_tankl violaked

™ @001 _tankZ violated
50 100 150 200 250 200 350
kirne

{

violated

LINKOPING
UNIVERSITY



36

Testing a single verification model in Modelica

Req. 001: The volume of each
tank shall be at least 2 m3.

Req. 002: The level of liquid in
a tank shall never exceed 80% O

of the tank height. Start with
constant flow and
Req. 003: After each change of o o Increase at t=150
the %anllf |nphutI Irovyt, r;c_hezo
controller shall, within
seconds, ensure that the level of y
liquid in each tank is equal to A /\/\
the reference level with a
tolerance of + 0.05 m.
Design alternative:
Design alternative: two tank model One possible test
two tank model scenario

LINKOPING
II." UNIVERSITY
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Analyzing a single requirement status

Req. 002: The level of ||qu|d in a tank — — liquidLevel1_autogen_bind_0.status —— liquidLevel1_autogen_bind_0.waterLevel
shall never exceed 80% of the tank 5
height.

Requirement not '
violated

0.5

Requirement
violated

-0.5 —

P et et e e e e —— . — —

[EENSARENENEE RN REE Y

P ———— —— ————

LINKOPING
II." UNIVERSITY



vVDR Method —

virtual Verification of Designs vs Requirements

Actor

Task

Created Artifact

Formalize
Requirements

Formalize Designs

'en —

Formalize
Scenarios

Create Verification
Models

— —

Execute and
Create Report

o S a—

@ Results

LINKOPING
II." UNIVERSITY

&g

Requirement
Monitor Models

Designs

oAM Alternative Models

SM Scenario Models

U

II Verification Models

..........

Analyze

N\, 7

/ Verify

Goal: Enable on-demand
verification of designs
against requirements
using automated model
composition at any time
during development.




AUtomatiC mOdeI CompOSition 6 FEVRIER 2018 39

iy . model GraphicalModel
Initial AnalyS|SM0de|: extends VVDRIib.Verification.VerificationModel;
Requirements.Volume_of _a tank volume_of a tankls
Requirements.LiquidLevel liquidLevell
Design.TwoTanksDesign
end GraphicalModel;

S Updated AnalysisModel model with a binding:

. Bave Total
> ”"" Modelica
> E VVDRIib £ Instantiate Model
v E TwoTanksExample & Check Model

- O Check All Models
E VerificationModels < Simulate

v|P| UserDefine...ionModf & Simulate with Transformational Debugger
@ Simulate with Algorithmic Debugger
<) Simulate with Animation
S Simulation Setup

model GraphicalModel
extends
VVDRIi1b_Verification._VerificationModel;
TwoTanksExample_.Requirements.Volume_of_a_tank
volume_of_a tankl autogen_bind_O(tankVolume =
twoTanksDesignl.tankl.volume)
TwoTanksExample_.Requirements.Volume_of_a_tank
volume_of_a tankl autogen_bind_l1(tankVolume =

= RapidFlowChange

= FlowChange 4 Duplicate .
Delete m twoTanksDesignl.tank2.volume)
= ConstantFlow P - .
_ TwoTanksExample.Requirements.LiquidLevel
7[P] Reauirements "= Export FMU liquidLevell autogen_bind_O(waterLevel =

Volume_of_a_tank ‘= Export XML

twoTanksDesignl.tankl. levelOfLiquid)=#

B Export Figaro

LiquidLevel TwoTanksExample.Requirements.LiquidLevel
. LevelAdjustment Iqu|dLeveI1 autogen_bind_1(waterLevel =
v[P] Mediators o TtwoTanksDesignl.tank2.levelOfLiquid)#
TwoTanksExample.Design.TwoTanksDesign
twoTanksDesignl

end GraphicalModel;

LINKOPING
II." UNIVERSITY



Generating/Composing Verification
Models

Clients of design

by providers from

scenario? More req.

* Next scenario if no requirement

alternative satisfied Analyze (Next) Requirement

I)

More requirements o

P
-

All requirement
clients satisfied?

else

Create Combination

(i.e. Create Verification
Model)

6 FEVRIER 2018

Combinations

I ? € L ? X ef Select Requirement SRS W |I
else \{ y e R Ll

40
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Automatic verification scenario generation

S Grap
v[E Scenar
E Rapi

E  Flow

E Cons
'E] Require
- Volur

- Liquir

> /: Leve
vE] Mediatc
|| volun
|| tanky
|| sour
vlz] Design
B, Twol
»@ Interf
Generates the ver

v|P| TwoTanksExample |

o4 Open Class
i View Icon

o4 View Diagram
E View Text

@ View Documentation
Information

* New Modelica Class

%, Order >

E) Save

=3 Save As

Save Total

E Instantiate Model E

@ Check Model b

@) Check All Models juire
ue,

#¥ Duplicate R

¥ Delete B ign
ue,

" Export FMU

‘= Export XML

& Export Figaro

BT AT T S AT

verif_mo...utogen_2

verif_mo...utogen_1

4 14 [

verif_mo...utogen_0

—

— = liquidLevel1_autogen_bind_0.status —— liquidLevel1_autogen_bind_O.waterLevel
g
= = liquidLevel1_autogen_bind_0.status —— liquidLevel1_autogen_bind_0.waterLevel
15 - )
N
= = liquidLevel1_autogen_bind_0.status liquidLevel1_autogen_bind_0.waterLevel
1 e e
1.5 2
05 1
1 T =15
o ]
] 05 ;
1 |
os ] i =1
] i | 1]
1 0 | -4
] 0s I 1
] b 1)
s b [
05 | | | 1
° ] i | —1
i | S|
i | 101
4 I | Lo
o s i | 1
! 11
i | 11
| (B
4 | 1 | ]
=l — e — T — ——
0 50 100 150 200 250 300
time (s)

LINKOPING
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Real-time Simulation in Modelica

New ITEA3 project EMPHYSIS

EMbedded systems with PHYSIcal models In production
code Software

Bernhard Thiele
Dept Computer and Information Science
Linkoping University
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Real-Time Control System Applications

Control
Measurements Computing Controller Outputs

C Sensors Actuators )

43
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Interactive Real-Time Simulations

* Human-in-the-Loop (HITL) simulators (including flight,
driving, and marine training simulators), =
« Hardware-in-the-Loop (HIL) simulators

Needed:

« Synchronize simulation with "wall clock” time
« Access hardware devices

44 MO nm A pelabl-l-l



Approach: Modelica_DeviceDrivers Library (MDD)

=] Modelica_DeviceDrivers

» @ User's Guide ] InputDevices
v E”T?ECKS | Joysticlklnput
2 Pzggziisg KeyboardKeylnput
[} SpaceMouselnput

» [ Communication & Keyboardinput

Free library for interfacing

hardware drivers
https://qgithub.com/modelica/Modelica

DeviceDrivers

Layered Design:

4 Ij InputDevices
» [ OperatingSystemN" L] Types - Block Layer: Drag &
: Lﬁ' mi;fgi;es'o @ InputDevices drop graphical interface
— v GameController _
: :g: EIO(‘:kedBIocks i corEtructar e Function Layer:
) Packaging - _
» 0] Communication ‘L destructor Modelica (external C)
v [T] HardwarelO = L‘f____‘__f'GameControIler_ functions
» (0] InputDevices (1) getData
» [D) OperatmgSysten\" e [Keyboard C‘COde Layer: OS
» @ EmbeddedTargets \r ©» SpaceMouse SpeCifiC C code
» ¥ Utlities
45 MoDELICA pelablll



Featured MDD Blocks (Mostly Cross-Platform)

Communication

Platform specific CAN support
socketCANConfig z

Input Devices

joystickInput spaceMouselnput keyboardinput

Hardware I/O (Linux only)

; .". 3 7 ; sine realTolnteger dataWrite dataRead
e L ™y i L ™y
B19200 ohamet0 ohamero.
R [ | S Ts:001s Ts: 0.01s
| QJ . éJ
. ) fre qHz=2 Device: comedi.dh Device: comedi.dh
synchronizeRealtime const dioWrite dioRead
addBoolean addinteger addReal (" Subdevice: 2 | (" Subdevice: 2 |
Channel: 0 Channel: 1
PE= Y » =T PR=-U < T | T001s 7001 s
1*int32 1*int32 1 * double T—’ L QJ L QJ
Device: comedi.dh Device: comedi.dh
k=2000
Marmal i sine1 IcalDataWrite lcalDataRead
addString addFloat packint %edl ph!s = .aa 5 phzs = ?a 3
u idevicomedio Subdevice: 1 Subdevice: 0
} Alte rn atlvely' Channel: 1 Channel: 1
S ‘ g ’»H [ @ h | [foras: @ = O > Ts:001s Te: 0.01s
. : 0
Hello World 1+ float s+ OMC sim. flag 208 &) 4
Device: comedi.dh Device: comedi.dh

rt_ 1 freqHz=2
- —
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Project Overview and Swedish

Consortium
2018-02-06

National Swedish Coordinators:
Dan Henriksson, Dassault Systemes
Bernhard Thiele, Linképing University

AUTOS

Overall Project Coordinators:
Oliver Lenord, Christian Bertsch, Robert Bosch GmbH

Prof. Dr. Martin Otter, DLR
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EMPHYSIS - EMbedded systems with PHYSIcal a ITEAZ
models In the production code Software (2018-2021)

Addressed market:
» Software for automotive embedded systems
» Software generation and modeling & simulation tools

e B 11 11 ™ o
Swedish Consortium (Budget: 1711 k€, partially funded by VINNOVA):
» Dassault Systemes (national coordination)
= Volvo Personvagnar AB
= Autoliv Electronics AB
= Modelon AB

» Linkoping University (adm national coordination, 2PY)
» RISE SICS East (3.2 PY)

= Volvo Lastvagnar AB (may join Swedish consortium during 2018)
{EHPHYSS | |




Q ITEAZ

Project Goals

» Bridging the gap between modelling and simulation tools and
embedded systems through a new interface definition (eFMI)

» Enabling the efficient implementation of advanced control and
diagnosis functions with physical models

» Seamless and easy re-use of physical models both for offline
simulation and on the ECU

= Collaborative development of advanced ECU-software
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e
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Technology Gap between Modeling and

ITEAZ

Simulation Tools and Embedded Software

Physical Modelling Tools:
High-level modeling,
Model libraries
symbolic manipulation
solvers, advanced numerics

SIMULALION X

Powered by IT!

Dymola

OpenModelica
etc.

ECU code generation tools.
(Simulink, with special extensions
(target link), ASCET)

Signal-flow oriented,
with strong restrictions
(e.g., no continuous states)

PROGRAMMING ASCET
LANGUAGE

No automation,
Models
re-implemented
(hand-coded)

Currently the design flow for physical models in ECU software is

interrupted
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Bridging the gap between modelling and simulation )
tools and embedded systems through a new interface m ITEAZ=
definition (eFMI)

4 ) Classical ECU ASW
Physical < 90%
modeling
tools @
SIMULALION X ECU-code AUTGSSAR
generators | [
A i
= Dymola e e o ;
T
ETAS
A dSPACE
AMESIim
:’: o Additi:naltf\umerical AUTOSARN:T
i ) unctions numerical functions
MapleSim

Advanced System-Level Modeling

Offline and Hil simulation of

:> SW and plant models

Classical

OM :>
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EMPHYSIS - EMbedded systems with PHYSIcal a ITEAZ3
models In the production code Software

Innovation:

= Seamless engineering of ECU applications from physical
models to production code.

* New model exchange standard (eFMI) for ECU targets.

» Advanced physics based control and diagnosis functions for
increasingly complex applications.

Business impact:

» Increased productivity of ECU software development coping
with an increasing complexity.

= Better performance and efficiency of vehicles.

» Enabling new innovations in the field of mobility solutions and
control engineering.
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Embedded Systems Real-time Control
Using OpenModelica

Martin Sjolund
Bernhard Thiele

Dept Computer and Information Science
Linkoping University
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Modelica_DeviceDrivers: Embedded Targets

~|C» Modelica_DeviceDrivers
» @ UsersGuide
» @ Blocks

» @ ClockedBlocks © Explicitly model the hardware available in

v Packaging
» [ Communicati i

| — P s the microcontroller.
v InputDevices

OperatingSystem © The library includes external objects that

# EmbeddedTargets . .
T AR 2 deal with the microcontroller constants and
Blocks ﬂ
| Microcontroller ags.
[]JADC ;
Eg;ggia:&eatdaaoollean © The AVR package handles Atmel’s ATmega
igitalWriteBoolean . .
] PWM microcontrollers and includes analog and
SynchronizeRealtime . . .
() Functions digital I/0O as well as real-time
Constants . .
(1) Types synchronization.
»[» Examples
v 3¢ Utilities
'[P] Incubate
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Single Board Heater System (SBHS)

One of the AVR examples included in Modelica Device Drivers
library is the Single Board Heater System (SBHS,
http://sbhs.fossee.in/), which was developed by IIT Bombay
and is used for teaching and learing control systems. It consists of:

Heater assembly

Fan

Temperature sensor

AVR ATmegal6 microcontroller
Associated circuitry
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Modeling the SBHS

© Uses a real-time controller
(here set @125 H2).

© Uses pulse width modulation

(PWM) to control the heater Real-time:
and fan. 125Hz

© Uses an analog-to-digital adc
wm ADC A0
converter (ADC) block to D I rc
PW&yTér}neH
Timer1A

gainl

read the temperature ez3.7252 | 08
(OV=0C, linear gain; the

SBHS does the rest in

hardware).

© Includes code for the LCD
(not shown in the diagrams).
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I I.“ UNWVERSITY



Controlling temperature using the fan

sbhs

© The example feeds the heat Fan
assembly a constant (PWM) constantioat | ot Temp[*C]
voltage. i

© It then includes a PID k=50
controller with a fixed controller
setpoint, trying to keep the Fan E:C

temperature at a constant Setpoint
45 OC by Sendlng d PWM constantSetpoint
signal to the fan. u

k=45
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Code Generator

Designed to support as many targets as possible.
Supports few Modelica constructs.

Focuses on generating good code with small footprint.
Unsupported constructs such a linear systems are rejected.
Reasonably predictable execution times.

FMU-like interface (statically linked).
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Target Agnostic

© No support for Atmel AVR or Arduino in
the compiler.

© Compiler generates simple C code without
use of OS or Clibrary.

© Not a single malloc call, even during
initialization.

© All hardware /O and clocks is handled by the
Modelica_DeviceDrivers library.
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Using the Code Generator

Listing 1: Command sequence to use the code generator

# Generate a generic C-file

omc--preOptModules+= evaluateParameters --
evaluateFinalParameters --evaluateProtectedParameters --
replaceEvaluatedParameters -s --simCodeTarget=
ExperimentalEmbeddedC Mmo

# Compile the C-code, targetting an ATmega328P clocked at @16
M

avr-gcc -Os -std=cl1 -ffunction -sections -fdata -sections -
mmcu=atmega328p -DF_CPU=16000000 UL-1 ~/ OpenModelica/
build/include/omc/c -W1,--gc-sections M_main.c-o M_avr - 1
~/dev/Modelica DeviceDrivers/Modelica_DeviceDrivers/
Resources/Include /home/marsj/dev/SBHS/ModelicaLibs/
libModelicaExternalC.a

# Create a hex-file used by avrdude

avr-objcopy -O ihex -R .eeprom M_avr M.hex

# Upload the hex-file corresponding to the controller using the
Arduino USBprotocol. Assumethe processor is ATmega328P

avrdude -F -V -c arduino -p ATMEGA328P -P /dev/ttyACMO -b
115200 -U flash:w:M.hex

avr-size M _avr
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Code Generator Comparison, Full vs Simple

Old code generator: Simple code generator
Full source-code FMU targeting 8-bit AVR
rgetita
8-bit AVR
Hello World 43 kB flash memory 23 130 B flash memory
(0 equations) kB variables (RAM) 0 B variables (RAM)
SBHS Board (real-time 68 kB flash memory 25 4096 B flash memory
PID, LCD, etc) kB variables (RAM) 151 B variables (RAM)

The full code generator has a high overhead due to large strings,
etc. being embedded in the executable whereas the simple code generator
only contains code that is necessary to simulate the model. It also
consumes a lot more program memory when more equations are added to
the system. The largest 8-bit AVR processor MCUs (Micro Controller
Units) have 16 kB SRAM. The common ATmega328p (Arduino Uno) has
2kB SRAM. The ATmegal6wetarget has 1 kB SRAM available (stack,
heap, and global variables).
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SBHS controller using MDD and the new code generator
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