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Acknowledgements, Usage, Copyrights

If you want to use the Powerpoint version of these slides Iin
your own course, send an email to: peter.fritzson@ida.liu.se

The slides are free to use under Creative Commons with
attribution CC-BY

Thanks to Emma Larsdotter Nilsson, Peter Bunus, David
Broman, Jan Brugard, Mohsen-Torabzadeh-Tari, Adeel
Asghar, Lena Buffoni, etc., for contributions to these slides.

Most examples and figures in this tutorial are adapted with
permission from Peter Fritzson’ s book ”Principles of Object
Oriented Modeling and Simulation with Modelica 2.1",
copyright Wiley-IEEE Press

Some examples and figures reproduced with permission
from Modelica Association, Martin Otter, Hilding Elmqguvist,
Wolfram MathCore, Siemens

Modelica Association: www.modelica.org
OpenModelica: www.openmodelica.org
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Detailed Schedule Day 1

Day 1, 9.00-16.00 (including lunch and short breaks)

12.00 -13.15 lunch break.

10.00 -10.15; 11.00 -11.15 and 14.00 -14.15, 15-15.15 small breaks.
Lecturers: Peter Fritzson

Lecture 1 Introduction to Modeling and Simulation with Modelica and OpenModelica
Lecture Introduction to Modelica and OpenModelica

. Demo+short exercise: Graphic modeling with OMEdit

. OpenModelica OMNotebook and OMWebbook usage

. Introduction to textual modeling

. Demo+Exercise: OMNotebook, DrModelica, OMWebbook, Spokentutorial

Lecture Modelica Classes, Inheritance and Equations
. Lecture+Exercises: classes and inheritance

. Exercise01-classes-simple-textual.onb

. Lecturing on Modelica equation s.

Lecture Debugging and Performance Analysis
. Lecture and exercises

Lecture — Modelica Connectors, Packages and Libraries

. Lecturing+Exercises: Component connectors and connections, graphical modeling
. Exercise02-graphical-modeling.onb

. Lecturing on Modelica packages and libraries

Lecture — 3D Visualization and animation
. Lecturing+Exercises: MSL Multi-Body 3D visualization using OMEdit
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Software Installation - Windows

o Start the software installation

 Install OpenModelica-1.20.0 or later Download from
www.openmodelica.org (takes about 20min)

OMEdit - OpenModelica Connection Editor

* You also need to load the &
Modelica standard library &

. 1 Install Library
if not already loaded: A
(push the load library button and ‘ s Ty
select Modelica) Expeniments | Obsotete
Nooe
il ‘5\ dlo

< Exact Match (Instsll only the speafie
ModelicalyExample
Cloar Recent Fles ModsicaComplisnce ow

g e
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Software Installation — LinuX (requires internet connection)

« Goto
https://openmodelica.org/index.php/download/down
load-linux and follow the instructions.
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Software Installation — MAC (requires internet connection)

e Goto
https://openmodelica.org/index.php/download/down
load-mac and follow the instructions or follow the
Instructions written below.

* The Installation uses MacPorts. After setting up a
MacPorts installation, run the following commands
on the terminal (as root):

« echo rsync://build.openmodelica.org/macports/ >>
/opt/local/etc/macports/sources.conf # assuming you installed into /opt/local

« port selfupdate
« port install openmodelica-devel
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Part |

Introduction to Modelica and
a demo example
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Modelica Background: Stored Knowledge

Model knowledge is stored in books and human
minds which computers cannot access
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Modelica Background: The Form — Equations

« Equations were used in the third millennium B.C.
« Equality sign was introduced by Robert Recorde in 1557

L ﬂ?"ze,* 'w%""wﬁ 1 fuﬁ g St T A -:m'? 1 _‘:?*

Newton still wrote text (Principia, vol. 1, 1686)
“The change of motion is proportional to the motive force

impressed
CSSL (1967) introduced a special form of “equation”:
varliable = expression

v = INTEG(F)/m

Programming languages usually do not allow equations!
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What is Modelica?

A language for modeling of@yber-physical ystems

* Robotics

« Automotive

« Aircrafts

« Satellites

« Power plants

« Systems biology

7772

MODELICA
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What is Modelica?

A language for@of complex cyber-physical systems

Mechanics

I>—b—

Reference

] Electric

Sensor

PID control System

Primary designed for simulation, but there are also other
usages of models, e.g. optimization.
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What is Modelica?

anguage)for modeling of complex cyber-physical systems
l.e., Modelica is not a tool

Free, open language

L There exist one free and several
specification:

commercial tools, for example:

w o * OpenModelica from OSMC
(in ABB Optimax, Bosch-Rexr Control Edge Designer, Mike DHI)

« Dymola from Dassault systems
» Wolfram System Modeler from Wolfram MathCore
» SimulationX from ITI, part of ESI Group
* MapleSim from MapleSoft
(also in Altair solidThinking Activate)

* AMESIM from LMS

Available at: www.modelica.org * ©OPtimica Toolkit from Modelon
(also in ANSYS Simplorer, Rickardo tool, etc.)

Developed and standardized  +« MWORKS from Tongyang Sw & Control
by Modelica Association * IDA Simulation Env, from Equa
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Modelica — The Next Generation Modeling Language

Declarative language
Equations and mathematical functions allow acausal modeling,
high level specification, increased correctness

Multi-domain modeling

Combine electrical, mechanical, thermodynamic, hydraulic,
biological, control, event, real-time, etc...

Everything is a class

Strongly typed object-oriented language with a general class
concept, Java & MATLAB-like syntax

Visual component programming
Hierarchical system architecture capabilities

Efficient, non-proprietary
Efficiency comparable to C; advanced equation compilation,
e.g. 300 000 equations, ~150 000 lines on standard PC
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Modelica Acausal Modeling

What is acausal modeling/design?

Why does it increase reuse?

The acausality makes Modelica library classes more
reusable than traditional classes containing assignment
statements where the input-output causality is fixed.

Example: a resistor equation:
R*I = v,
can be used In three ways:
| ;.= VIR;
vV .= R*I;
R:=v/;

/772
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What is Special about Modelica?

Multi-Domain Modeling
Visual acausal hierarchical component modeling

Typed declarative equation-based textual language
Hybrid modeling and simulation

17
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What is Special about Modelica?

/

Multi-Domain Cyber-Physical Modeling 3 domains
HioeEing - electric
Physical - mechanics
/ \ - control
M Mechanics
i R L AXiSl A);isz
e emf( e }%ﬂ{ l
. =] ==l
Reference 1 Electric Bearing
= Angle-
Sensor

%1
1) \{1
Cyber  PID  Control System
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What is Special about Modelica?

Multi-Domain Visual Acausal

Modeling Keeps the physical Hierarchical
structure
Component
Modeling
Torquet Inertia1
Acausal model f b L A
(Modelica) i (L]
. J=10
duration={2}
["'_ | 1 omegal 1
0 -2 pl- > T 3 P PE mP)
Constant2 Divide 1 Integrator 3 Integrator 1 Gain
Causal I e T
b I O C k-b aS ed 5 2Dh(2 Constant |
Integrator -
model s>
(SI m U | I n k) C%“JT: ‘ > _; i omegaz2 N‘E’]J '
Divide Integrator Scope

tow3
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What is Special about Modelica?

Multi-Domain Hierarchical system al Acausa
Modeling modeling ora :

o 0 ode
cut joint
tn " N

qddRef
r3Drivel

T~

axis5

j

axis4
-—
1
ﬂwI:IJ:—q A
axis3 :E'.!.
L3
axis2
"_ i;
= -
,
Srel = n*transpose (n)+(identity(3) - n*transpose(n)) *cos (q) - axis1l
skew (n) *sin(q) ; >0 T
wrela = n*qgd; 4
zrela = n*qgdd;
Sb = Sa*transpose(Srel);
rO0b = r0a;
vb = Srel*va;
wb = Srel* (wa + wrela); Ty
ab = Srel*aa; + X_
= inertial

zb

Srel* (za + zrela + cross(wa, wrela));

Courtesy of Martin Otter =

= qd o q
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What is Special about Modelica?

Visual Acausal

Multi-Domain
Modeling

Hierarchical
Component
Modeling

A textual class-based language
OO primary used for as a structuring concept

Behaviour described declaratively using
« Differential algebraic equations (DAE) (continuous-time)
« Event triggers (discrete-time)

Variable class VanDerPol "Van der Pol oscillator model"
deC|arationS\$ Real x(start = 1) '"Descriptive string for x”;
Real y(start = 1) "y coordinate”;
parameter Real lambda = 0.3;
equation
Typed der (x) = y;

. der (y) = -x + lambda* (1 - x*x)*y;
DeCIarauve end VanDerPol;

Equation-based
Textual Language

S o<
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What is Special about Modelica?

Multi-Domain
Modeling

Visual Acausal

Component
{ ¥ v Modeling

Hybrid modeling =
continuous-time + discrete-time modeling

N : :
W Continuous-time

+— Discrete-time

.—E

J Clocked discrete-time
Typed I I

time

Declarative
Equation-based
Textual Language

Hybrid

Modeling
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Modelica — Faster Development, Lower Maintenance
than with Traditional Tools

Block Diagram (e.g. Simulink, ...) or
Proprietary Code (e.g. Ada, Fortran, C,...)

vs Modelica
Causality
: Derivation
Modeling of o
System Subsystems (manual derivation of
D)écomposition input/output relations) Implementation

Proprietary

I
wocerca I
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Modelica vs Simulink Block Oriented Modeling
Simple Electrical Model

Modelica: Keeps the Simulink:
Physical model —  physical Signal-flow model — hard to
easy to understand ~ Structure understand

/
S Y
I

R1=10 R2=100

mp H]
n n e
12
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AC=220 'g
i al 11

M p p sinin suml Resl Cap
LIn 1 1
1 = s L
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L1n n
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Graphical Modeling - Using Drag and Drop Composition

_mmmuﬂp
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1= (5] Modelics

& (@) Blocks

# (3] Constants

= g Electrical

= [[J Analog

# [J Basic

# ] Ideal

# [T interfaces

® 7] Lines

& [ Semiconductors

® 7] Sensors

E [T Sources

~ «D= ConstantCurrent

- == ConstantVoltage

— «{= ExponentialsCument

- &+ ExponentialsVoitage
s= ExpSineCurrent

-« EpSineVoltage

- o= PulseCurrent

- v PulseVolage

_ wm RampCurrent

- =fd RampVoltage

‘——lnfo] 10:59:17 —
~ opn SawToothCumrent \Cmd(mmrln.mlp,

"5' SWWWW i'—woa 10:39:39 — E
\

| Comncted: (inductor 1.y, sneyoltage1.n)
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Graphical Modeling with OpenModelica Environment

WY # 000 WONOEN 7 $ 20 wpm B2 A B
Components & X
Modelica Standard Library
L ‘LI‘\ Complex
# (7] Modelica
+ @ ModelicaReference
¥ D ModelicaServices
G @ OpenModelica

Modelica Lbrary | Modelca Files

Model Browser & X ; Knd Tme Resource Locabon Message o
Qutine a
(%]

b ®

g 2

Create New Model




Multi-Domain (Electro-Mechanical) Modelica Model

« A DC motor can be thought of as an electrical circuit which
also contains an electromechanical component

model DCMotor
Resistor R(R=100) ;
Inductor L (L=100) ;
VsourceDC DC (£=10) ;
Ground G;
ElectroMechanicalElement EM(k=10,J=10, b=2) ;

Inertia load; — S

equation i} i
connect(DC.p,R.n) ;
connect (R.p,L.n) ; <i)DC = =
connect(L.p, EM.n); =]
connect (EM.p, DC.n); load

connect(DC.n,G.p) ; l
connect (EM. flange,load. flange) ; G
end DCMotor
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Corresponding DCMotor Model Equations

The following equations are automatically derived from the Modelica model:

O0==DC.p.1i+R.n.1i EM.u==EM.p.v-EM.n.v R.u=R.p.v-R.n.v
DC.p.v=R.n.v O==EM.p.i+EM.n.1i O0=R.p.-i+R.n.1i

EM.i ==EM.p.1 R.i==R.p.1
0==R.p.i+L.n.1 EM.u==EM.k+*EM.w R.u=R.R*R.1
R.p.v==L.n.v EM.i ==EM.M/EM.k

EM.J*EM.w ==EM.M -EM.b+* EM.w L.u==L.p.v-L.n.v
O=L.p.i+EM.n.1i O=L.p.i+L.n.1i
L.p.v==EM.n.v DC.u==DC.p.v-DC.n.v L.i==L.p.1

0=DC.p.1+DC.n.1 L.u==L.L+L.i"

0=EM.p.1i+DC.n.i DC.i==DC.p.1i
EM.p.v==DC.n.v DC.u==DC.amp*»Sin[2x7wDC.£fxt]

0==DC.n.i+G.p.i .
P (Load component not included)
DC.n.v=G.p.Vv

Automatic transformation to ODE or DAE for simulation:

dx £ £] [ dx t] 0
—_ == X, 1, —, X, 4, ==
dt J dt
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Model Translation Process to Hybrid DAE to Code

Modelica q\:>
Graphical Editdr Modelica :
:l/'\ Modelica

Model Source code
< <¢@=m Modelica Model

> <@ Flat model Hybrid DAE

Modeling
Environment e
"Middle-end"’ Analyzer
) —__— {EmE Sorted equations
Optimizer | |
— Optimized sorte
— — equations
Backend Code generatolr
- C Code
Executable

VLl
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Modelica in Power Generation
GTX Gas Turbine Power Cutoff Mechanism

parameter_settings cortraller
B e xgp
Pel... P el
droop P ciro e
Lc pe{LC
1 | P10 IGY F—
[al1} Ppeipd P f p3 A7
i = & & F 3 y ]
Paricd = pilo.... pila...
5 5 — 1
PP M ; 1F
i N | Mai... mai

—

piowvet _corntrol

—I_ (i chich ...

startTime={400} — =
[

%
losd_drop E={U} M clutch ..
I R

clutch ... clich ...

startTime=]350} _/_ j
mech_break T DWEF'L k=T30T..
T <
_l_ r FF}TI wariablsDampdnertiaZ q;!:“'_:_-. M
farTime=10F L_p ﬁ-u o= P =
Fee... I:’?lj chuteh cen”
load_gzin load s... |effect . S S
_\ b —
I R £2—M i
startTime={a0 T=1T]
Zero 4.
F={07 Developed
by MathCore
for Siemens

Courtesy of Siemens Energy AB
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Modelica in Automotive Industry

sping tipper

axds _tont
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Modelica in Avionics
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Modelica in Biomechanics
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Application of Modelica in Robotics Models
Real-time Training Simulator for Flight, Driving

« Using Modelica models
generating real-time
code

 Different simulation
environments (e.g.
Flight, Car Driving,
Helicopter)

« Developed at DLR
Munich, Germany

« Dymola Modelica tool

(Movie demo next page)

Courtesy of Tobias Bellmann, DLR,
Oberphaffenhofen, Germany
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DLR Real-time Training Simulator Movie Demo

%'—K e

)
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Combined-Cycle Power Plant
Plant model — system level

 GT unit, ST unit, Drum
boilers unit and HRSG units,
connected by thermo-fluid
ports and by signal buses

« Low-temperature parts
(condenser, feedwater
system, LP circuits) are
represented by trivial
boundary conditions.

 GT model: simple law
relating the electrical load
request with the exhaust gas
temperature and flow rate.

Courtesy Francesco Casella, Politecnico di Milano — Italy

and Francesco Pretolani, CESI SpA - Italy

-

SH2 RA2 S RHA1 EV_.. SHP

J f

ECO2  EV_IP

ECCr

I_T_I

H
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Modelica Spacecraft Dynamics Library

Formation flying on elliptical orbits

" epacecraft

LI - 7/

Periges

=

Formation
Center

Control the relative motion of two or more
spacecraft

Attitude control for satellites
using magnetic coils as actuators

Torque generation mechanism:
Interaction between coils and
geomagnetic field

Courtesy of Francesco Casella, Politecnico di Milano, Italy
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Large-scale ABB OpenModelica Application
Generate code for controlling 7.5 to 10% of German Power Production

ABB OPTIMAX PowerFit

* Real-time optimizing control of large-
scale virtual power plant for system
integration

« Software including OpenModelica now
used in managing more than 2500
renewable plants, total up to 1.5 GW

High scalability supporting growth
« 2012: initial delivery (for 50 plants)
« 2013: SW extension (500 plants)

« 2014: HW+SW extension (> 2000)

e 2015: HW+SW extension,
incl. OpenModelica generating optimizing
controller code in FMI 2.0 form

Manage 7.5% - 10% of German Power

« 2015, Aug: OpenModelica Exports FMUs
for real-time optimizing control (seconds)
of about 5.000 MW (7.5%) of power in
Germany
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Industrial Product with OEM Usage of OpenModelica —
MIKE by DHI, WEST Water Quality, Water Treatment and Sludge

MIKE by DHI, www.mikebydhi.com, WEST Water Quality modeling and
simulation environment

Includes a large part of the OpenModelica compiler using the OEM license.

Here a water treatment effluent and sludge simulation.
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Digital Twin OpenModelica Applications by Modelicon
Model-based Control of UAVs and Walking Robots

« UAV control and UAV
simulation Movie demo
* Walking 2-wheel
robot

All models and control
software done using OpenModelica!

Walking 2-wheel Robot,

Movie demo

. =

VLl

40  Copyright © Open Source Modelica Consortium Usage: Creative Commons with attribution CC-BY Mmoo EL A



More Sustainable Foestry — Digital Twin of Balloon-Assisted
UAV — Collaboration with GI-LIFT AB and Modelicon

Avoid
clear-cut
damage

Digital Twin
Using OpenModelica

aerostatSystem

Instead high-powered \\\ v
Electric % LH’
Ballon-assisted ~

UAV lifting system Timber ke, = e
(patent pending, GI-LIFT)

RBranches

wieco UAVSYStem
=

J

payload

Whole tree
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Most important challenge
for humanity -
Develop a sustainable society!

Use Modelica in to model and optimize
sustainable technical innovations,
and a sustainable circular economy
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A Unique Point in History — Exponential Trends
Approaches Planet Earth Boundaries Year 1750-2000:

¢ Mean temperature
north hemisphere,
¢ Population,
‘. ¢ CO,-concentration,
{{  *BNP,
e Loss av rain forest,
/| e Water usage
/ e Paper consumption,
’ e Exterminated species
¢ Oil consumtion,
' e Motor vehicles
1/l e Destroyed fish
e S M/ populations
7 J ¢ Destruction of ozon

;/__/4‘ ‘ :::‘ ’:." Iayer

O, tvaton

—— ey &=/ L Sy e Foreign investments

Ve - -—
-
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Challenge: Use Modeling and Simulation Technology
to Support Circular Economy — for a Sustainable World

ECONOMY ECONOM
Y

TAKE > MAKE > DUMP

PP O L CE e

& BIOLOGICAL
NUTRIENTS MIXED UP

ENERGY FROM FINITE SOURCES ENERGY FROM RENEWABLE SOURCES
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System Dynamics — World Society Simulation
Limits to Material Growth; Population, Energy and Material flows

T T TTEYTIT T T Left. World3 simulation
T [ I —— -~ " with OpenModelica
R i — . 2 collapse scenarios
e | e \ o B (close to current
/ \ i developments)
/ “%ew ¢ 1sustainable scenario
" i (green).

CO2 Emissions per
person:
« USA 17 ton/yr

0000000000000 s 535

— « Sweden 7 ton/yr
AAAAAAAAAAAAAAAAAAAAAAAAAAA a4 s * India 1.4 ton/yr
b o 1 - Bangladesh 0.3 ton/yr
« System Dynamics Modelica library by Francois Cellier (ETH), et al in OM distributior
« Warming converts many agriculture areas to deserts (USA, Europe, India, Amazonas)
* Ecological breakdown around 2080-2100, drastic reduction of world population
 To avoid this: Need for massive investments in sustainable technology and renewable
energy sources
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World3 Simulations with Different Start Years
for Sustainable Policies — Collapse if starting too late

World Population World3 Simulations with Scenario 9 (sustainable)

(billion people) Collapse starts year 2050 if sustainable policies are started too late

le+10
Start 2012

9e+09 -9

] //_ Start 2022
Be+09 ] 3 / \
7e+09 7 / %
6e+09 - 6 / --_-—/

] / Start 2042
5e+09 5 /
de+09 4 /
- _ : /’r
2e+09 ”2’,,-
1e+09 -

1,900 1,950 2,000 2,050 2,100
Time (Years)
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Are Humans More Intelligent than Bacteria?

Not yet evident!

Humans
on a
finite
Earth

VS

Bacteria
ona
finite
substrate

Log of numbers of bacteria

Time
Bacterial growth curve /kinetic curve (Wikipedia)

77
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The 30-Year Update \\
N

DoneLLa Meapows | JORGEN RANDERS | DeNNIS MEADOWS

THE NEW YORK TIMES BESTSELLER

COLLAPSE

author of the Pnﬁ'tz"cr, Prize-winning

GUNS, GERMS, and STEEL

WITH A NEW AFTERWORD




The Keeling Curve on CO2 Concentrations until 2020
Temperatures 1880 - 2016

January 29, 2020
Carbon dioxide concentration at Mauna Loa Observatory

e e e o e LA e e e e e e B AR
410 Full Record ending January 29, 2020 Y

NASA

CO2 Concentration (ppm)
@
o

SR
- (m,w#f””’w N “& ”WMW
AT

g Ay © |
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Global Temperature Rise Scenarios (IPCC 2013)

Global average surface temperature change

| | | | | | | | | l | | | |

o
o

= historical
= RCP2.6
we RCP4.5
==e RCPB6.0
= RCP8.5

B
(=)

(°C)

n
o
I | D | I | e ) | ' ) SN |

2
o

1950 2000 2050 2100
Year
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How the world could be in 80-100 years
at a global warming of 4 degrees

The world: 4°C warmer

but models g ;
grations and powerg Greenland

Arctic passage
With no sea ke, this valusble shipping O,

m%&w T 'f -~
e vicpinsd ¢ «North Africa/Middie East/ ;55
e oadalpesy Southern US
Southern China
South-weé‘to l'.l‘.Sm
T sty 0ok the b, eawing 8 Astbow]
Tived .2 mere tricie, The
L is used fof sl Farming
enecy
pravie e
region Dangtadesh 1 rgely Mesla
sbandoned, i 18 south ke, Mo
o | Comernitie feeain n pochets. .
mears A \
Vs e s dry and
Vi
» ‘ New Zealand
poprilated Bland state has
Western Antarctica \; e
et o Uninhabitable

Sealevel rise 1-2 m
flooding coastal cities

Business-as-usual
scenario, IPCC

. Cities, agriculture

Uninhabitable desert

Uninhabitable due
to extreme weather

Flooded

Massive migration to
to northern Europe,
Russia, and Canada

Example Emissions

CO2e / person

- Earth can handle 2 ton/yr
- Flight Spain — 1 ton

- Flight Canaryisl — 2 ton

- Flight Thailand — 4 ton

References

New Scientist, 28 february 2009
IPCC, business as usual scenario
www.climate-lab-book.ac.uk
www.atmosfair.de



http://www.climate-lab-book.ac.uk/

What Can You Do?
Need Global Sustainability Mass Movement

« Develop smart Cyber-Physical systems for reduced energy and material footprint
* Model-based circular economy for re-use of products and materlals

- Promote sustainable lifestyle and technology
« Install electric solar PV panels

* Buy shares in cooperative wind power

Elstatistik 2013/2014

2500

-@- Producerad solel
+ Exporterad solel netto

2000
1500
g Forbrukning el
2 1000 / & Importerad el natto
S00
0

maj juni Juli aug sept okt nov dec jan feb marsapal

Expanded to 93 sgm, 12 kW, March 2013
House produced 11600 kwh, used 9500 kwh
Avoids 10 ton CO2 emission per year

20 sgm solar panels on garage roof, Nov 2012
Generated 2700 W at noon March 10, 2013
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Example Electric Cars
Can be charged by electricity from own solar panels

Renault ZOE; 5 seat; Range:

22kwh (2014) vs 51 kwh battery (2019)
» Realistic Swedish drive cycle:

« Summer: 160 km, 2019 385 km

« Winter: 110 km, 2019 290 km

DLR ROboMODil

experimental electric car
Modelica models

2020, Volvo XC40 recharge, range 400 km

VLl
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What Can You Do?
More Train Travel — Less Air Travel

Air travel by Swedish Citizens
— about the same emissions
as all personal car traffic in
Sweden!

By train from LinkGping to
Munich and back — saves

almost 1 ton of CO2e
emissions compared to flight

Leave Linkdping 07.00
In Munich 23.14

More Examples, PF travel 2016:

Train LinkGping-Paris, Dec 3-
6, EU project meeting

Train Linkdping-Dresden,
Dec 10-16, 1 week workshop

2

Linkopings CentralstationO

Train
travel
LinkGping
- Munich

54
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Small rectangles — surface needed for
100% solar energy for humanity
Year 2012 version

~-

CC-BY 7/
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More Than Enough Renewable Resources

Avalilable (Tesla Master Plan, Investor days, March 1, 2023)

] Solar Direct Land Area [ Wind Direct Land Area
0.14% of Land 0.03% of Land

56 Copyright © Open Source Modelica Consortium Usage: Creative Commons with attribution CC-BY Mmoo EL A




If We Grow our Production Capacity as Shown by 2030
We Can Be 100% Sustainable by 2050

Vehicle, Stationary, & Thermal
Solar & Wind Deployment (TW/Yr) Battery Production TWh/Yr Electric Vehicle Production Millions/Yr

85

- 29x 2

.36
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A Sustainable Energy Economy Is 60%
The Cost of Continuing Fossil Fuel Investments

16 $14T
$14

{:—‘ $12 $10T

= $10

$8

$6

$4

$2

20 Years of Investment 20 Years Investment in
In Fossil Fuels at 2022 Rate Sustainable Energy Economy

Oil

— Natural Gas




A Sustainable Energy Economy Is Within Reach & We Should Accelerate It

HOW THE MASTER PLAN WORKS

240Twh  30Tw  $10T 1/2 <0.2% 10% ZERO

Storage Renewable Manufacturing The Energy Land Area 2022 Insurmountable
Power Investment Required Required World GDP Resource Challenges
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Solar Energy PhotoVoltaics Growth Trends

Almost
Exponential
worldwide
Growth of
Photovoltaics
2006 — 2018

IEA PVPS
TRENDS IN
PHOTOVOLTAIC
APPLICATIONS
2019

EVOLUTION OF REGIONAL PV

INSTALLATIONS (GW)

200 =

o -

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

B The Americas
B Middle East & Africa

B Europe

1 Asia Pacific

100 %

5%

50 %

5%

0%
An 20 2020 2022 0% 2028 2028 2030

2018 2.5% solar

100% of global electricity
production year 2030 if
strong exponential growth
continues
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Sustainable Society Necessary for Human Survival

Almost Sustainable

India, recently 1.4 ton C02/person/year
Healthy vegetarian food

Small-scale agriculture

Small-scale shops

Simpler life-style (Mahatma Gandhi)

Non-sustainable

USA 17 ton CO2, Sweden 7 ton CO2/yr

High meat consumption (1 kg beef uses ca
4000 L water for production)

Hamburgers, unhealthy , includes beef
Energy-consuming mechanized agriculture
Transport dependent shopping centres
Stressful materialistic lifestyle

:

Gandhi — role model for
future less materialistic
life style

61
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Brief Modelica History

 First Modelica design group meeting in fall 1996
 International group of people with expert knowledge in both language design
and physical modeling

* Industry and academia

 Modelica Versions
* 1.0 released September 1997
+ 2.0 released March 2002
« 2.2 released March 2005
+ 3.0 released September 2007
+ 3.1 released May 2009
» 3.2 released March 2010
+ 3.3 released May 2012
« 3.2rev 2 released November 2013
« 3.3rev 1released July 2014
* 3.4 released April 2017
« 3.5 released February 2021

* Modelica Association was established in 2000 in Linkdping
« Open, non-profit organization
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Modelica Conferences

The 15t International Modelica conference October, 2000

The 2" International Modelica conference March 18-19, 2002

The 3" International Modelica conference November 5-6, 2003 in Linkdping, Sweden
The 4t International Modelica conference March 6-7, 2005 in Hamburg, Germany
The 5™ International Modelica conference September 4-5, 2006 in Vienna, Austria
The 6™ International Modelica conference March 3-4, 2008 in Bielefeld, Germany
The 7t International Modelica conference Sept 21-22, 2009 in Como, Italy

The 8™ International Modelica conference March 20-22, 2011 in Dresden, Germany
The 9t International Modelica conference Sept 3-5, 2012 in Munich, Germany

The 10" International Modelica conference March 10-12, 2014 in Lund, Sweden
The 11t International Modelica conference Sept 21-23, 2015 in Versailles, Paris
The 12t International Modelica conference May 15-17, 2017 in Prague, Czech Rep
The 13" International Modelica conference March 4-6, 2019, Regensburg, Germany
The 14" International Modelica conference Sept 20-24, 2021, Link6ping, Sweden
Also: Asian Modelica conferences 2016, 2017, 2018, 2020, 2022

Also: US Modelica conference 2018, 2020, 2022
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Exercises Part |
Hands-on graphical modeling
(15 minutes)
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Exercises Part | — Basic Graphical Modeling

* (See instructions on next two pages)
« Start the OMEdIt editor (part of OpenModelica)
« Draw the RLCircuit

e Simulate
resistorl inductarl
— L Y Y 300 '
R=100 1 200
- 100
N w = 0
t 3
(ﬂ\ @ 100 4
o
o - '3990 I ZI I 4| I €|~ I sl I 10
1 The RLCircuit Simulation
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Exercises Part | - OMEdit Instructions (Part |)

« Start OMEdit from the Program menu under OpenModelica
 Go to File menu and choose New, and then select Model.
« E.g. write RLCircuit as the model name.

« For more information on how to use OMEdit, go to Help and choose
User Manual or press F1.

~

» Under the Modelica Library:
» Contains The standard Modelica library components
» The Modelica files contains the list of models you
have created.

. /
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Exercises Part | - OMEdit Instructions (Part Il)

For the RLCircuit model, browse the Modelica standard library and add the
following component models:

* Add Ground, Inductor and Resistor component models from
Modelica.Electrical.Analog.Basic package.

« Add SineVoltage component model from Modelica.Electrical.Analog.Sources package.

« Make the corresponding connections between the component models as
shown in the previous slide.

« Todraw a connection line: first single-click on a connector box; then start
drawing while keeping the mouse button down; after drawing a little you can
release the mouse button and continue drawing.

« Simulate the model

 (Go to the Simulation menu and choose simulate or click on the simulate button T
in the toolbar.

 Plot the instance variables

« Once the simulation is completed, a plot variables list will appear on the right side.
Select the variable that you want to plot.
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Part |l

Modelica environments and OpenModelica

o VoD
Bhate oo Breha M

HAeVOR A H ML S
0 3 Dyt 83

S T
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Fie Smubton Pt Anmation Commands Window Help

wHAS M-+ ®@ 10 Bevor @ : 288 OO &
PO AAI D Time 3D ] Spead 02 v
| N |
Vanables |
5 DoabklansChangedndEraking 1
=vahdea
achaass

Tsummany_a_x
Tsummary_a_x.g
TSumnaarny_a_y
Tsumman_a_y_q
Tsufmarny_a_z
Tsunmary _w_x
T SummMany_w_y
Tsummary_w_2

wwhesi_1

swhesi _2

Bwhesi 3 ‘
swhasi 4
wmoson

Acteanced |’ <

=
X

< >

@Hcdsng | W Sovdation |

A
ximmlatediodel | "VabticleDyranicor Vabticlas Mxparipents  Zxuplar . DombhlaluseaocgeiocSrazizg” . ot

Dassault Systemes Sweden
Sweden
First Modelica tool on the market

Initial main focus on automotive
industry

www.dymola.com

69  Copyright © Open Source Modelica Consortium

Usage: Creative Commons with attribution CC-BY MO U/E:L: °CA



Wolfram System Modeler — Wolfram MathCore

Uy Svpwsey
)
.
'61 i ductonanmpies
4 [ue] Moddica
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« Wolfram Research

e 1B e - _ =T 7+ USA, Sweden

« General purpose

« Mathematica integration
e www.wolfram.com

e Wwww.mathcore.com

Wodow Mty

Mathematica

Parwwtes | awatiey | Comuts | Mewages

o - i
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T Simulation and

Courtesy
Wolfram
Research

Car model graphical view analysis
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http://www.wolfram.com/
http://www.mathcore.com/

Simulation X

% .u. | * ITIGmbh (Partof ESI Group)
. - Germany
* Mechatronic systems
« www.simulationx.com
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MapleSim
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s s s =
I Az Gos malblod, v ——cds \:;"
""""" - " Optmaing the Design of an Ice Tenk Camiage Paren
e soltion 4
—'I -J-l i
Tond  Tonle o -c, - =
Frow  Sow (rra - o e
j ] 2k ' o . (e _LJ
of waflf | i L3
Toge o™ o
Fo, ot
|

* Maplesoft

« Canada

 Recent Modelica tool on the
market

* Integrated with Maple

« www.maplesoft.com
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Modelon

Modelon Library Suite Modelon Creator Suite Modelon Deployment Suite
Powered by Modelica Powered by FMI
Our suite of libraries, built on the Modelica open Our creator suite is a powerful platform for Our comprehensive suite of deployment
standard, delivers state-of-the-art system model creation, automation, simulation and products, built on the FMI open standard,
models for a wide range of industrial optimization. enables collaboration and rapid deployment of
applications. system models across multiple platforms,

varying tools, and organizations.

« Modelon
« Sweden and International
» Library Suite

» Creator Suite with Impact product and Optimica
Compiler Toolbox and WAMS model editor

« www.modelon.com

73  Copyright © Open Source Modelica Consortium Usage: Creative Commons with attribution CC-BY MO U/E:L:,'E A


http://www.modelon.com/

The OpenModelica Environment

www.OpenModelica.org

HOME DOWNLOAD

Top information

Industrial Products
«  Commercial Apphcations
using OpenModelica

OMEdit
Enhanced OpenModalica

o__, Connection Editor

Library Coverage
Latest Mbrary covernges,

Modelica/OpenModelica Videos

overview of M

>
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Introduction

OPENMODELICA s an open-sowoe Modelica-based modeiing and simulstion
environment ntended for industrial and academic usage. Its long-lermm development is
supported by a non-peofit organization — the Open Sourcs Modelicas Consortium
(OSMC ). An overview Journal papar is available and sides about Modalica and
OpenModeica

The goal with the OpanModelica sfiort 15 %o create a comprehensive Open Scurce
Modelica mogeling, compilation and simulation savitonment based on free software
distributed In binary and scurce code form for resaarch, leaching, and industrial usage
We Invite researchers and students. or any inlerested developer 1o particpale in the
project and cooperate around OpenModelica, tools, and appiications.

Rog=ier yoursel! to get information about new releases
Participate in the OpenModelicainterest malling list
Help us: get the latest source code or mightly busd and report bugs

To leam about Modebca, read a boak or 8 tutorisl about Modelcas
interactive step-by-step begnners Modelca on-fne spoken tutorials

Copyright © Open Source Modelica Consortium

Openhlodelica 1
yed!

test news

a& September 4, 2021° OpenModelica

Jom the Moaelica Conferenoe 2021

2021 Dpendiodelica 1.17.0

2021 OpenModoica 1 165

22 2021. OpanModelca 1.16.4

2020: OpenModelica

7, 2020: OpenModeban

DpeaModelica overview

een pubished in the MIC

MODELICA


http://www.openmodelica.org/

OpenModelica — Free Open Source Tool

developed by the Open Source Modelica Consortium (OSMC)

« Graphical editor

* Model compiler
and simulator

« Debugger

« Performance
analyzer

« Dynamic optimizer
« Symbolic modeling
« Parallelization

» Electronic
Notebook and
OMWebbook
for teaching

» Spokentutorial for
teaching
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The OpenModelica Open Source Environment
www.openmaodelica.org

* Advanced Interactive Modelica compiler (OMC) « OMEdit graphic Editor

«  Supports most of the Modelica Language « OMDebugger for equations

« Modelica, Python, Julia, Matlab scripting « OMOptim optimization tool
OMSimulator — FMI Simulation/Co-simulation * OM Dynamic optimizer collocation

* ModelicaML UML Profile
» MetaModelica extension
 ParModelica extension

« Basic environment for creating models
e  OMShell — an interactive command handler

«  OMNotebook — a literate programming notebook e ey Y —
« MDT - an advanced textual environment in Eclipse et # ‘ =
[orvict coortodcbashel : FEIEETT Al S = bl - _:'_—
B Gk Sk 0 .JH De S OF fyeer Juer Sewes gov — : - .‘:.A,.. ° ot - J --~<
rh@ 5 1‘ o J = - - - 3
- | e s =
b oA | =" |
kg ) 2 T — —
— v e L ‘ WM = Pkﬂ»jﬂ CWeBORNT +x s W -
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http://www.ida.liu.se/~adrpo/mdt/mdt-0.6.8.1/MDT-0.6.8.1-ClassElementsCompletion.JPG

The OpenModelica Tool Architecture

OMNotebook
Interactive
Notebooks

ModelicaML
UML/Modelica
and requirement

verification

OMEdit Graphic

and Textual
Model Editor

MDT
Eclipse Plugin

OMWebbook
Interactive OMPython || OMJulia || OMMatlab
Notebooks Python Julia Matlab
Scripting || Scripting || Scripting
\ oMC
Interactive Compiler OMShell
4// Server Modelica
- Scripting
OMOptim
Optimization
Debugaer Simulation
Execution '\ 3D
Visualization
OMSens :
sensitivity OMS|r_nuIato_r .
analysis | » FMI Simulationr » OMSysident
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OSMC - International Consortium for Open Source
Model-based Development Tools, 53 members Feb 2023

Founded Dec 4, 2007

Open-source community services
 Website and Support Forum
» Version-controlled source base
« Bug database
 Development courses
« www.openmodelica.org

Commits Statistics

2016 2018 2020

Industrial members

* ABB AB, Sweden

* Bosch Rexroth AG, Germany

* Creative Connections, Prague

* DHI, Aarhus, Denmark

* Dynamica s.r.l.,, Cremaona, Italy
* EDF, Paris, France

* Equa Simulation AB, Sweden

* Fraunhofer IWES, Bremerhaven
* Fraunhofer FCC, Gthenburg

* INRIA, Rennes, France

* ISID Dentsu, Tokyo, Japan

* Modelicon LLP, Bangalore, India
*+ JSOL Company, Japan

University members

* Augsburg University, Germany

* Australian Nation Univ., Australia
* FH Bielefeld, Bielefeld, Germany
* University of Bolivar, Colombia

* TU Braunschweig, Germany
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http://www.openmodelica.org/

Spoken-Tutorial step-by-step OpenModelica and Modelica
Tutorial Using OMEdit. Link from www.openmodelica.org

HOME DOWNLOAD TOOLS & APPS

Creation « News « Forums About «

= Search Tutorials , ) ) )
https://spoken-tutorial.org/tutorial-search/?search foss=OpenModelica&search language=English

To learn about Modelica, read a book or a tutonal about Modelica®.

Interactive step-by-step beginners Modelica on-line spoken tutorials ~
Interactive OlMWebbook with examples of Modelica textual modeling Reset dropdowns

OpenModelica is an open source modelling and simulation environment intended for industrial and academic usage. It is an object oriented declarative mult
domain modelling language for cornplex systems. This environment can be used to work for both steady state as well as dynamic systems. Atfractive
strategy when dealing with design and optimization problems. As all the equations are solved simultaneously it doean't matter whether the unknown
vanable in an input or oulpul vartable. Read more

About 12 results found & Instruction Sheet

1. Introduction to OMEdIt Baslc

Foss : OpenModelica - English

Outline: Introduction to OpenModelica Introduction to OMEdit Perspectives in OMEdit Browsers in ]
OMEdit View icons in OMEdit Open a Class from Libraries Browser Chacking for correctnes

2. Examples through OMEdit Basic
Foss : OpenModelica - English ‘

Qutline: Expand Modealica library Expand Electrical library Expand Analog library Open Rectifier n
Clazs Compare the values of IDC & Losses time vs Losses plot Expand Mechanics library ..

3 Developing an equation-based model Baslc

Foss : OpenModelica - English

Outline: Introduction to OMEdit Declaration of variables and equations Simulation of a model in |
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OMNotebook Electronlc Notebook with DrModehca

Primarily for teaching
Interactive electronic book
Platform independent

Commands:

Shift-return (evaluates a cell)
File Menu (open, close, etc.)

Text Cursor (vertical), Cell
cursor (horizontal)

Cell types: text cells &
executable code cells

Copy, paste, group cells
Copy, paste, group text

Command Completion (shift-
tab)

Fle Edt Cel Formu )nset Wirdow  Help

Version 2006-08-17 ] 2

DrModelic awodeiica edition

Copyright: (c) Linkoping Unteersity, PELAB, 2003-2006, Wiley-IEEE Press, Modelica Associafion
Contact OpenlModebca@ida by se, OpenModelica Project web site

wenw.sda i, se/projects/OpenModeica

Book web page: www mathcore comfdeModedea; Book author. Peter Frtzeon@ida lu s2

DiMaodelica Authors. (2003 version) Susanna Monemar, Eva-Lena Lengouust Sandelin, Peter Frtzson, Peter Bunus
Diddodelica Authors. 2005 end later updatad). Peler Frtzcon

This DrModelica notebook kas beer developed to faciiitate learning the Modelica language as well as
providing ax introduction to object-oriented modeling and simulation. It 1s based on and is
suppilewmentary material to the Modelica bock: Peter Fritzson: "Principiss of Object-Oriented
Modeling and Simulation with Modelca® (2004), 940 pages, Wiley-IEEE Press, ISBN (0-871-471631.
Al of the examples and axercises in DrModeica and the page mierences are from that dook, Most of
the text in Drdodelica is also based on that book,

Detailed Copyright and Acknowledgment Information
Getting Started Using OMNotebook
OpenModelica commands
Berkeley license OpenModelica
1 A Quick Tour of Modelica

1.1 Getting Started - First Basic Examples

)
) o 5 L ) PR a—

There is a loag tradmion that the firsz sample program m any computer language = a tranal program
prating the string "He orld” (p. 12 in Peter Fritzson's book) Smce Modelica i an equation based
language, prinaing a string does not make much sence. Instead, our Hello World Modelica program solves
2 lxunal ddfexemal equahon '[he second exatnple shows how you can write a model that solves a
> % (p. 19). In the ¥an der Pol {p. 22) example declaraton as well as
irshahzanon md prefix usage are shown m a shghtly more complcated way.

1.2 Classes and Instances ] i
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In Modebea objects are created wnphcaly jst by Declanng Instances of Clagzes (p 26). Almost anytheg
m Modelica is a class, but there are some keywords for speciBc use of the class concept, called %
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OMnotebook Interactive Electronic Notebook
Here Used for Teaching Control Theory

&QMNQtebook: Kalman.on Q‘M

File Edit Cell Format Inset Window Help
¢ ' = H = ’ - ¥ ~ \..\ ': @ "/ @

1 Kalman Filter et o e

Often we don't have access to the internal states of S =28 S > | W v @ :

have to reconstruct the state of the system based o model Kalnanresdback | 7
The idea with an observer is that we feedback the « parameter Real RAl:,size(n, 1}] = ({0,1},(1,0)} ;

the estiamtion is correct then the difference should | gaEimatace, Son) 8 (atae e 1ol B U P38 H

paramater Real Cl:,@ize(A, 1)] = ({1,0)};
paramster Real[2,1) K = [2.4;3.4];

Another difficulty is that the measured quantities of parameter Real(l,2) L = [2.4,3.4];
parameter Real[:,:] ABL = A-B*L;
3 parameter Real[:,:] BL = B*L;
X = paramster Real(:,:] Z = zeros(size(ABL,2),size(ARC,1));
j parametar Real[:,:] ARC = A-E*C;
| parameter Real[:,:] Anew = [0,1,0,0 ; -1.4, -3.4, 2.4,3.4; 0,0,-2.4,1;0,0,-2.4,0];
parameter Real[:,:] Snew = [0;1;0;0);
Here are e denoting a disturbance in the input signa parametsr Real[:,:] Fnew = [1;0;0;0); s
. stateSpaceNoise Ealman(stateSpace.A=Anew, stateSpace.B=Bnew, state ce.C={1,0,0,
be evaluated by the difference ”.“Bp.pc: o el ¢ % o £os ( Ie
stateSpaceNoise noRalman;
K(y(t) end EslmanFaedback;

simulate (KalmanFeedback, stop®ime=3) ]

plot ({Kalman.stateSpace.y[1] ,noXkalman.stateSpace.y[1]})
true

By using this quantity as feedback we obtain the ot

. '
X = AZ(t) + Bu(i

Plot by OpenModelica

Now form the error as

15
@ Kabnan stateSpace, y[1)

The differential error is

10

Ready @ nokakean. stateSpace, (1]

. [
Ready in 12,7Col39
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Mathematical Typesetting in OMNotebook
and OMWebbook

OMNotebook supports Latex formatting for mathematics

File Edit Cell Format Insert Window Help

e =Py QA E=LURvyvEIiToO Contents In
1 Chemical Reaction Kinetics of Hydrogen Iodine O MWeb boo k
A chemical reaction represented by a reaction formula transforms the chemical species on the left-hand
side of the arrow, called reactants, to the species on the right-hand side of the arrow, called products: G e n e rated fro m
reactants -> products
Consider a chemical reaction between hvdrogen gas and iodine gas to form hvdrogen iodine: O M N Ote b O 0 k

H>+I; =-= 2HI

We can formulate the differential equations for the whole reaction svstem as below.

% [Hy) = ks [HIQ] — k. [Ha] . [I2]

L] = ko [HI?| — ky. [Ha] . [I2]
Latex instructions

d 2
Sl = 2. [Hz|.[f3] — 2Fks. |HI"
g [H 1] = 2ko. ] [I2] — 2ks. [H 1] can be hidden by

‘documentdass[12pt]{artide} . .
‘\begin{document} dOUb|e Cllelng the
\thispagestyle{empty} . .
\DifracOmathrm{d} Hmathrm{dt: P eft [ H_{2}ight 1=k_{2}. Yeft [ HI~{2} Yright]4_{1}. Veft [H_{2} Yight ].Yeft [ I_{2} Yright ]\ Cel I 18] tree view

\DifracOmathrm{d} }mathrm{dti e ft [ I_{2}Yight 1=k_{2} Veft [HI~{2} Yright]4_{1} Veft [ H_{2} Yright ].Yeft [I_{2} Yight ]\
\Difrac{ymathrm{d} }H\mathrm{dt}}Yeft [ HIYight ]=2k_{2}.Neft [ H_{2} Yright].Yeft [ I_{2} Yright ]-2k_{2} Yeft [ HI~{2} Yight ]J\]
‘end{document}

Ready
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OpenMOdelica Environment Demo

Components & x
Modelica Files

# (g} ThermoSysPro

= [P] uncertaintiesDema

# [P] Bi1100_Modules

ﬁewmwsammmm

A- 1 WY # 220 WOeBOEN[T » 20 wem 212

Gv_unit* £ l

[F ) B e

[ A B e e

}mm 'Cf

ax oA

# [P] approvmsted - i
D 6V Une ‘ i ’ -
O GV _Unat Apprex.. 2 —
E SG_Unit_Propag...
M SG_Unit_Recondi... o “
. =. =
{ :
M L
4 @ Pwewipte
= T wranrmideres
« w EX Mo
N P
"—'—]‘ 2 o
[ Mode! Braviser LES "”md Time Resource Location Message ‘%;::::-
Outiine |
% GY_Unit
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OpenModelica MDT - Eclipse Plugin

« Browsing of packages, classes, functions

« Automatic building of executables;
separate compilation

Eclipse Platform

« Syntax highlighting E— A

« Code completion, -
Code query support for developers _ i

 Automatic Indentation ﬁi":“ 3 =l

« Debugger ki upts

(Prel. version for algorithmic subset)
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OpenModelica MDT: Code Outline and Hovering Info

& Modelica - OpenModelicaf/Compiler fAbsyn.mo - Eclipse SDK - |EI|5|

File Edit Mavigate Search Project Run  Field Assist  Window Help

- J 4 - | B J -0 -Q - J @,| & J a J (] J =] J = = - - JCorrectIndentation B Hgcfc++ »

"« ' T
[% Modelica Projects &3 T | =] <~}:D ¥ =0 absyr.mo 23 =8
ﬁ‘ rmi2sig :I case (MATRIX (metrix = expll)) :I
& runtime _l loczl list<list<list<ComponentRef>»> resl;
% seripts equation
s resl = Util.listListMep{expll, getCrefFromExp);
Eﬁ‘ test_codegen resZz = Util.listFlacteniresl);
-y tc'c'ls res = Uril.listFlatten(resi);
% VC7 then
EEE, Absyn.mo 3116 2005-02-04 14:44 krsta res;
EEi Abeyn 3116 2008-02-04 14:44 krsta case (RRNGE (stext = el,step = 3CMEI(e3),stop = e2))
IEE, Algarithm.mo 2992 2007-12-22 22:17 adrpo eguaticon
[ [ Builtin.mo 3585 2008-05-2207:03 adrpo 11 = gerfzefFzomixp (el);
[ gy Ceval.mo 3805 2008-05-27 02:48 adrpo 1z I function getlreifromIxp
H res — —= - o2
Eﬂ ClassInf.mo 3496 2003-04-23 11:59 krsta 12 = s flattened 1
Eﬂ, ClassLoader.mo 3183 2008-02-1505:17 adrpo S
@ Codegen.mo 3585 2008-05-22 07:03 adrpo then iz];:}lit;:pist:iff'];"nentle—'? cutComponentReslst; o
IEE, Connect.mo 3534 2008-05-22 06:45 adrpo res; —1;~r£tllw T TTTToTTTTTET T
IEE' Constants.mo 3011 2007-12-22 22:38 adrpo s=se :x__ﬂ cutComponentReflst :=matchocontinue inExp
Eﬂ, Convert.mo 3436 2008-04-23 11:55 krsta - equaticl .7
1| I 4 i;‘ : ComponentRef cr;
== ——'-'--'»--—.:-»-C"- 2y .
5= Outline 53 B % g e x ¥ =0 res = listippend(1l, 12); =
T
E B absyn ﬂ 1| 4
5 ADD (T .
. . . [E_\, Problems &3 = Cnnsule} E];[I Bookmarks} = Prog =8
ALG_ASSIGMN{Exp assignCompanent, Exp value) = . °
. . 113 errors, 0 warnings, 0 infos
LG_BREAK
e e \ Descrpton = |dentifier Info on X
ALG_CATCH(ist<AlgorithmItem = catchBody) = . -
. . Al | - Errors (100 of 113 items)
ALG_EQUALITY (Algorithm equ) . . ||
ALG FAILURE"J;h;IDriﬂ‘lm equ) @3 The identifier at start and end are different I I d
- u i . . .
ALG_FOR(Forlterators iterators, list<AlgorithmItem = forBo g The fdentfﬁer st start and end are dfﬂ‘erent Ove r n g
ALG_GOTO(String labelName) The identifier at start and end are different, pa
ALG_IF{Exp ifExp, list<algorithmItem o pa
ALG LAEEL’String labelNa < Od e O u t l'l n e fo r en '} on line| rmldump.mo | OpenModelicaftoolsfrml2mod
hLG_r-lOREFCALL’ComponentRe :en ;' on line| rmltomod.mo | OpenModelicaftoolsfrml2mod
—_ £Y N N
ALG_RETURN . N . N :en ;' on line| modrefacto... | OpenModelica ftools rml2mod
ALG THROW easy n aV'I ga t'l O n W'I t h'l n en ;' on line| moddump.mo | OpenModelica/toclsfrml2mod
ALG_TR'T'"Iist-‘AIgnriﬂ'umItem>tr*'Eiod* en ;' on ling| rmltomod.mo | OpenModelica ftools frml2mad
- \ - i
PR . e n :en '} on line| rmltomod.mo | OpenModelica ftoolsfrml2mod
— -F ALG_WHEN_A{Exp whenStmt, list<Alg M d l' f 'l en ; on J100%) -
= e A en 't on ling | rltomnd. o OnenMadelica fools ieml 2mnd hd
" 1 odeliCa 1ies | . I—'

T E 0 | 7 e




OpenModelica Simulation in Web Browser Client

9 Wit Mshs QIR0 b el Dt LT I dntcn, ) o B G £ MD Ive page M u I t| B 0 d y RO b ot R3 . F u I I RO b ot

T A=AR&Yino

® - Pagev Safety~ Toas~ @~ N M 5

OpenModelica simulation example

: 5 N,
n o 5

Modelica Mechanics. MultiBody Examples. Systems. RobotR3 fullRobot

mutation Mneshed.  Tame. 00 40 xample

Examples Systems.RobotR3.fullRobot

Simulabon Mnshed e 00 4(

Model Resuk

reede

N
ik
=

OpenModelica compiles v
to efficient

Java Script code which is
executed in web browser

/772
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OMPython — Python Scripting with OpenModelica

« Interpretation of Modelica
commands and expressions

« Interactive Session handling
e Library/ Tool

* Optimized Parser results

* Helper functions

« Deployable, Extensible and
Distributable

T — T p—— T

| — e - — -
(. OstPython

[Mtbca execute(“ loadril

| resul t=Cntiython. ou-cutcl

';un result

| Gy thon . execute (‘)

0! fOpesiodelical 8.1/ tnstaode ]l a/BounsingBall m0\")
taulnte (Boemeinghall, atopTime<2  mathod=\'Buler\’)*)

) B S e ttm

c: \oun\uunﬂbnth«u rest_execute

OMC Server is up and runeing at file:///c: \users\ nant42\appdata
| \ocal\tesp\opensodelica.objid. :ouoszsuwsuuou

' s!mhtionqtim 1"t 'storeInY
‘ iog ", np . not lean

vnhb'nﬂtof
“lear’ nxhod am . 'seasurer
2.0, 0, o tm-borohmerval

| aerython . execute (“guit () )

: False, ‘cf

': nhe wtwuom(
ime' 1 False, "stopTime’ : SrArTTimn ' :
571 500, ‘tolerance’: 1e-06, fﬂemnrrofix “*BouncingBall’”
"Simulationmesults’ - (" Hucwne 6. anxsmmou

end': O. onouxuunsn -suoe i l-eFroolend
snuo‘sousr u-esimht(on 0. uluuussmx tiunqhu
$°1 0, 070637”111441!9 tt-stn:odo

0.009997 36301670383, "time
Total': 7,1075098383753, ‘resulteile’: ‘7c:/users/gananta2/wounci

noutl res . mat™'})
OMC has been shutdown

-.-u--—-—.--v
™ e—

s - .
G w wets oo o0 (B vt 'ial

C\w n642
\users\gana » et by

Get/Set Helpars

sttankausete on the

S dionary
- — | Dictionary

S
@0@

<
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OMJulia — Julia Scripting with OpenModelica

R Interpretation of Modelica Control example with OMJulia in Jupyter notebooks

commands and expressions from Use of Modelica + Julia in Process Systems Engineering
. Education
Julia, transfer of data

« Control design using Julia control
package together with
OpenModelica

* Interactive Session handling

« Library/ Tool

« Separately downloadable. be run
with OpenModelica 1.13.2 or later

« Works with Jupyter notebooks

Complex models of "Seborg reactor”
Bernt Lie®, Arunkumar Palanisamy**, Peter Fritzson**

*University of South-Eastern Norway, Norway

“*University of Linkdping, Sweden

Introducing packages

Reactor temperature

o T

- — — — — — — —y >

n
10

time t [min)
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OMMatlab — Matlab Scripting with OpenModelica

Interpretation of Modelica
commands and expressions from
Matlab, transfer of data

Interactive Session handling
Library / Tool

Separately downloadable. be run
with OpenModelica 1.13.0 or
later

Similar API functions as in
OMJulia and OMPython

Complete API e.g. useful for
control system design

Reactor temperature

— T 5

g

160 - — T

T‘

corg

-10

0 2 4 6 8 10
time t [min]

12

14
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Experimental OpenModelica Compiler in Julia
John Tinnerholm and Adrian Pop)

 OpenModelica.jl: modular and extensible Modelica compiler framework in Julia

« Developed a preliminary MetaModelica to Julia translator
 Translated the high-performance frontend.

 Able to execute and translate MetaModelica functions
 Able to simulate discrete-hybrid systems + regular continuous systems

 Experimental backends developed
« Targeting DifferentialEquations.jl and ModelingToolkit.jl (MTK)
« Completed causalization sorting, matching.
* Integrated LightGraphs.j| package, DAG representation of the hybrid DAE
» Integrated Plots.|l for interactive plotting and animation

* Integrated the Reduce Computer Algebra system for automatic symbolic
manipulation and symbolic derivation.

« Integration with Sundials. IDAS used for numerical integration
* Further performance tuning needed
« Currently experimenting with variable-structure systems
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OMEdit 3D Visualization

of Multi-Body Systems

* Built-in feature of OMEdIt to
animate MSL-Multi-Body
shapes

* Visualization of simulation
results

« Animation of geometric
primitives and CAD-Files

. 1

e — &

o —h
B =
°-
oo
B
% Simulate
with
— e Animation

i:"‘- emoeTH
Ml
] e
O e
.,9.:
=
v New
. w..\Animation
I ' Window
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OpenModelica 3D Animation Demo
(V6Engine and Excavator)

oA OMEAN - Cpertdodeton Carnmcnon Taite

e B Heee \OHOTHR </ 8- QOB 29¢45 " &
-1

Lieacws Broaner X A Poeicanty

g =
.’;“ BB O wute Mot | Doyen view | Modeica Medharscs MAISO1r Lomuken Looot ENGrest | On M ogssminQUOPEMODELICA_ATT00enModeia Lok M ity ar ¢ Midebon 3.1 LMectencaMuriiody 2 asecees Loocd Evgneds /m) Lres 1, Chi O
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X
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cyindet
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a1 o &

windert
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i “Ti>
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OpenModelica 3D Animation — Excavator

At View Smustion FME Export Debug  Tecl  Help
bl 1ol B oee \PHOTHE < E- Q98 29¢4:° 95 Xepg S % B¢ 9
Lt arees Browser X o MH ity BT e Test_Gesarnirodel Gesararodel teve_wotknglas fre (%} Varibsles Brouser Fx ;

O B ekl |awet: - (Brw oW @

Lk s | Tere Ut |5 2.

+ [E OpenModelica {‘ Var aes

M, Ll
3 o Modelicsfieference ﬁ odebca.. amalyhc

¥ bodyl
i ModehicaServices & body?
) * bodyd
¥ Complex B ;
- 4 jeintRRR1
i % Modelca & ointRRR2
1 jointRARS

t o WersCude

& mountinglD

v [B) sects

= pomtion
U @ CemplaBiocks Aal) {
v i) |
I P49 StteGraph Ao3] ¢
i (23 Bectiical e[l (
Abl2] (
€ Mogretic Ab| t
f 2! r

= ° Mechanics uil]
~ 2] !
U] radtibody a3 [
5 r2b{1] (
+ o‘ UsersGuide o l
# [44 4 wood 253 (
] it (

Eaamgles 23

> 342
i ] Be.ary s3] (

P | Locgs a3nf1}

P En.la
P En.ib

Connection with Unity

Courtesy of Volker Waurich - TU Dresden
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OpenModelica 3D Animation — WheelLoader

t@HE 96 XOL-1o & % ¥

Libraries Browser ax M LEM6.L576_MXS_nolriveStateMachneComplete_res.mat (] Documentation Broveser & x

1 P . I 4 ' 4 &
-t “ » II l me [s}:0 Speed:| 1 A Sde ‘@ W | YV ARF ARC.EE
o)

Lbranes
: @ OpenModelica
t o ModelicaReference
% Modelica
: o UsersGuide
# @ Blocks
@ ComplexBlocks
pia StateGraph
# %% Electrical
€1 Magnenc
™ Mechanics
2 Mo Variahies Browesr 8 x
Media
Thermal e gaisai, -
# A\, Math
,  ComplexMath o— 1
: }J Utidities

Constants b

& vecome oA Modeling 8 rottng @& Desugong

Courtesy of Volker Waurich - TU Dresden
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OpenModelica 3D Animation — BouncingBall

2 + NI ES T Ty me Sormm ol O Bl o - Htavees - Hliaymt -

& unity

Collision detection in Unity Courtesy of Volker Waurich - TU Dresden
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Visualization using Third-Party Libraries:

DLR Visualization Library

« Advanced, model-integrated
and vendor-unspecific
visualization tool for
Modelica models

o Offline, online and real-time
animation

» Video-export function

« Commercial library, feature
reduced free Community
Edition exists

Integration of visualizer blocks into the model and
Communication to an external viewer (SimVis)

e Modelica Model

| & +——* L J

Vlsualuatnon

/\4.

L Data core .

Additional C++ Code

1
!

S amE . an . o . as, A8

.

8 J

Courtesy of Dr. Tobias Bellmann (DLR)
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Extending Modelica with PDEs

for 2D, 3D flow problems —

Research

class PDEModel
HeatNeumann h iso;
Dirichlet h heated(g=50);
HeatRobin h glass(h heat=30000);
HeatTransfer ht;
Rectangle2D dom;

equation
dom.eg=ht;
dom.left.bc=h glass;
dom.top.bc=h iso;
dom.right.bc=h iso;
dom.bottom.bc=h heated;

Insulated boundary

Poorly insulated boundary;

Tinf =20

Conducting boundary:

u=060"

end PDEModel;

Prototype in OpenModelica 2005
PhD Thesis by Levon Saldamli
www.openmodelica.org
Currently not operational
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http://www.openmodelica.org/

Failure Mode and Effects Analysis (FMEA) in OM

« Modelica models augmented with reliability properties can be used to generate
reliability models in Figaro, which in turn can be used for static reliability analysis

« Prototype in OpenModelica integrated with the Figaro tool.

Automated
generation

FT generation FT processing
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OMSens — Multi-Parameter Sensitivity Analysis
and Robust Optimization

* Individual and simultaneous multi-parameter analysis
« Optimization-based simultaneous analysis

- Robust derivative free optimizer Tool architecture

-~
-
~

-

. . . + 1. Models and scripts vV
Heatmap visualization . '
p : handling I |
ooooooooooooooooooooo T f P e~ ;. Zurce 1 : : !
\>)>>>>>>>‘>>>>>>>>>>)\))>‘))‘)))‘)“))‘)))) — I
P30 N a’;‘:——Q 5-3' 2 ! Python 1 |
a9 = ’Es e ! L |
P32 : % 5 ot ' T 11 1
. t o BT 8% " ! ! I
. x X% 38 ] |
: % B = 3. Optimization
<4 g .
o ;i o ® 2. Modelica !
P61 < - S B fT |
= 3 3 ves : !
ras| 5 B ; CURVI || OpenModelica .
P20 5( & s '(::'(-; - 1
wl = R I (Fortran) Models and Scripts |
% %3 B !
P50 é % :: :: :% ) |
: X &8 ' I
:: % g % X 3\ I A l 1 I
= S . ! 11
pan| % = 8 2 B . b » !
£ % F | 4.0S a |
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% H X L 1
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£70 = g 2 i i § | !
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----------------- -~ -
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OMSysldent — System Parameter Identification

« OMSysldent is a module for parameter estimation of behavioral
models (wrapped as FMUSs) on top of the OMSimulator API.

 |dentification of the parameter values is typically based on
measurement data

» It uses the Ceres solver (http://ceres-solver.org/) for the
optimization task.
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OMOptim — Optimization (1)

Optimizead

r D 4 parameters
| ]
plecrives )
’
-
BEx
File  Project  Problem  Display
Models Problems Project Optimization EI EI result
Mare ~ n Variables =
g Filker
b ( ) Optimized variables [E
-~ Ia Mame Walue Description i R
=TIk ]
i global sourcesaudeyille b 1,18294e+06 | [1kg] Mame - | Description | opt Mil‘lil‘l‘lLII
EE global sourcesauderille AowPor.p 100000 global sourceEMusntsE debit [kak] a
- [EE global sourceInEchColdB b 1,41347a+06 | [1kq] global zourceEfusntsa . debit [kak] i
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Misc, &

Problems OMOptim — Optimization (2)
Solved problems Result plot Export result data .csv ]
MinEIT @@
Fle Project Problem Display Tools
Models | Problems | | Project | Optimiation | EI | Elresuk | Optimization result
Problems | Plot =
~ Optimization
El X global. gaincoutoper ationnel ﬂ -
Yglobal.cwtdnvestissmnt \_'J s 4 o
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Point 200 000 —
0 ]
1 4
12 5 - ’
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. Elresult 50000 —
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tionnel
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Multiple-Shooting and Collocation
Dynamic Trajectory Optimization

« Minimize a goal function subject to model
equation constraints, useful e.g. for NMPC

« Multiple Shooting/Collocation
Solve sub-problem in each sub-interval

Livi
xi(tiz1) = h; + f fO(t),u(t), t) dt = F(t;, tivq, hiug), x; (t;) = h

L

Example speedup, 16 cores:

MULTIPLE_COLLOCATION

16.0
14.0
12.0
10.0

8.0

6.0
4.0
i
0.0 — ] . . .
4 8 16

1 2

ipopt [scaled] mjac_g [scaled]

f. —— - -
*. . - -

f. - — -
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OpenModelica Dynamic Optimization Collocation

Cost Con-
Da function straints
Weight .
Residual
ODE sum of the :
equations
cost

a2

n 2

. 2

Collocation technique

- ¥ @

Discrete NLP

OpenModelica

Discrete Discrete
goal constraint

function

function

—
Hessian
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General Tool Interoperability & Model Exchange
Functional Mock-up Interface (FMI)

Automated
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 now a
Modelica Association Project

« Version 1.0

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

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

« Version 2.0 (released July 25 2014) 2.0.4 (released Dec 1, 2022)
« Version 3.0 (release May 10 2022)

« FMI for Model Exchange and Co-Simulation

« ~ 180 tools supporting it (https://www.fmi-standard.org/tools)
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Functional Mockup Units

« Import and export of input/output blocks —
Functional Mock-Up Units — FMUs, described by

« differential-, algebraic-, discrete equations,

« with time-, state, and step-events
« An FMU can be large (e.g. 100 000 variables)
« An FMU can be used in an embedded system (small overhead)
« FMUSs can be connected together

5
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OMSimulator — Integrated FMI and TLM-based

Cosimulator/Simulator

C-API OMSimulator
interface = Integrated TLM & FMI
libOMSimulator

OMEdit

Main Framework Aspects

Unified co-simulation/simulation tool

* FMI 2.0 (model exchange and co-
simulation)

* TLM (transition line modelling)
* Real-time and offline simulation

Standalone open source simulation tool
with rich interfaces

* Cllava

« Scripting languages

component Co-simulation framework as a solid base

for engineering tools
* Integration into

Beast wrapper

Simulink wrapper
FMI FMU

Modelica model

TLM component FMI component Composite FMI
FMI component -
Papyrus
ADAMS wrapper
Scripting

OpenModelica/Papyrus

* Open for integration into third-party
tools and specialized applications
(e.g. flight simulators, optimization)

OMSimulator 2.0 in OpenModelica 1.13.0

Supports both FMI and TLM

TLM connections are optional

Co-simulation to multiple tools

Composite model editor operational

External API interface and scripting not yet finalized
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Received ITEA Award of Excellence, Sept, 2019

 The OPENCPS project for which OMSimulator was
the major result, received the ITEA award of
excellence, September 2019

* |ITEA Vice-chairman, Philippe Letellier referred to
the major results delivered by the project, calling it
"a milestone on the path of open and
standardised co-design and simulation of
complex systems, that delivers major results".
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OMSimulator Composite Model Editor with 3D Viewer

d‘i OMEdit - OpenModelica Connection Editor - [Pendulum]

diEiIe Edit Miew Simulation FM| Export Debug Git Tools Help

— O >

- &8 X

[ . ' r| o | |

- 7 L: = m ﬁ o) “ »r - > , » ;'.I > tr,: l1 >
Libraries Browser g X |¢i E Writable | Diagram View | C:fU._.xml | 30 Viewer Browser & X
|FiItE|'CIasses | A @Isometric v
Libraries
|_| ModelicaServices
Complex
?%| Modelica

Pendulum

shaft2
shaftl /
W
£ >
€ welcome o% Modeling Plotting & Debugging

Composite model editor
with 3D visualization of
connected mechanical
model components which
can be FMUs, Modelica
models, etc., or co-simulated
components

3D animation possible

Composite model saved as
SSP XML-file

Support for SSP — System
Structure and
Parameterization standard

Numerically stable co-
simulation with TLM
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OMSimulator — GUI and SSP support

o4 OMEd1 - OpenMadeiica Cannection Editar

e Edit View Smulaton

Debug 5P Sersitiviy Optimazation

MODELICA

= o X
Toos Help
f oy
bid 31! BB eee X H- SH29%¢9 &- FHEEBy>>%
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Pt Cle 42 9 {o'-'.d.!mﬂmmmlwmw’ Iq
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'+ [T] ModelicaSarvices
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OMSimulator Simulation, SSP, and Tool Comparison

1 1 . . e -n ||| LoaA= &
Adding SSP bus connections FMI Simulation == S0 SE e e
g o e am— '
& OMEdit - Add Bus Connection 7 X results 3 W
in OMEdit i -
Add Bus Connection 5
Connect bus2 input connectors to bus1 output connectors B -
bus inputs  busl outputs  ssd:Connection A ‘ Sl ‘ X —0
. : <ssdiCon,.t="scd" . . .
FMI Simulation Tool Comparison
OMSimulator DACCOSIM  Simulink PyFMI
Commercial No No Yes No
Open-source OSMC-PL,GPL  AGPL2 No LGPL
Lookup Table Yes Yes Yes No
Connect bus2 output connectors to busl input connectors Alg. Loops Yes Yes No Yes
. . . Scripting Python, Lua proprietary proprietary Python
bus2 outputs  bus] inputs ssdiConnection GUI Yes Yes YVes No
1 ¥l ul <ssd:Con..t="sc2" SSP Yes No No No
platform Linux/Win/macOS Linux/Win Linux/Win/macOS Linux/Win/macOS
2 y2 uz <ssdiCon..t="sc2 Dymola  PySimulator FMI Go! FMI Composer
3 [Oy3 Commercial Yes No No Yes
Open-source No BSD MIT No
Lookup Table Yes Yes Yes Yes
Cancel Alg. Loops  Yes Yes Yes Yes
Scripting proprietary Python Go No
GUI Yes Yes No Yes
SSP No No Yes Yes
platform Linux/Win  Linux/Win Linux/Win/macOS Linux/Win/macOS
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OpenModelica Functional Mockup Interface (FMI)

FMI Export

Y [oYs [=] [Tor- W (o To [}

OpenModelica
Compiler

Translator, Analyzer
& Optimizer

Code

Generation
Model Description,

DLL & FMI interface
functions

FMI Import

OpenModelica

Compiler
FMU parsing,
reading states &
events

Code
Generation

Modelica Code

115 Copyright © Open Source Modelica Consortium

Usage: Creative Commons with attribution CC-BY MO l]/E:L: ‘CA



FMI in OpenModelica

« Model Exchange implemented (FMI 2.0)
 FMI 2.0 Co-simulation implemented

 The FMI interface is accessible via the OpenModelica scripting
environment, the OpenModelica Connection Editor and the
OMSimulator tool in OpenModelica

r Y
& OMEdit - Import EMI [
p

Import FMI

FMU File: | 1| Browse...

Output Directory (Optional): [ (78_39\93..7.J
* If no Output Directory specified then the FMU files are generated in the current working directory,

Log Level: }Warri\g v k
Debug Logging
V| Generate input connector pins

V| Generate output connector pins
* This feature is experimental. Most models are not yet handled by it.
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OpenModelica Code Generators for
Embedded Real-time Code

« A full-fledged OpenModelica-generated source-code FMU
(Functional Mockup Unit) code generator

« Can be used to cross-compile FMUs for platforms with more
available memory.

« These platforms can map FMI inputs/outputs to analog/digital 1/0 in
the importing FMI master.
 Avery simple code generator generating a small footprint
statically linked executable.

* Not an FMU because there is no OS, filesystem, or shared objects in
microcontrollers.
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Code Generator Comparison, Full vs Simple

Full Source-code FMU | Simple code generator
targeting 8-bit AVR proc | targeting 8-bit AVR proc

Hello World 43 kB flash memory 130 B flash memory
(0 equations) 23 kB variables (RAM) 0 B variables (RAM)
SBHS Board (real-time 68 kB flash memory 4090 B flash memory

PID controller, LCD, etc) |25 kB variables (RAM) 151 B variables (RAM)

The largest 8-bit AVR processor MCUs (Micro Controller Units) have 16 kB SRAM.
One of the more (ATmega328p; Arduino Uno) has 2 kB SRAM.

The ATmegal6 we target has 1 kB SRAM available (stack, heap, and global variabl
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The Simple Code Generator

Supports only a limited Modelica subset

No initialization (yet)

No strongly connected components

No events

No functions (except external C and built-in)

Only parts that OpenModelica can generate good and efficient code
for right now (extensions might need changes in the intermediate
code)

Unused variables are not accepted (OM usually duplicates all
variables for pre() operators, non-linear system guesses, etc...
but only a few of them are actually used)

FMU-like interface (but statically linked)
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Communication & 1/O Devices:
MoDELICA_DEVICEDRIVERS Library

[ IModelica_DeviceDrivers
+@User's Guide
- [=]Blocks
+ (v Examples
+[_JPackaging
[ JCommunication
-[@}sharedMemoryRead
-{1]SharedMemoryWrite
-fa]UDPReceive
-Pa]UDPSend
-[=}serialPortReceive
-f=]SerialPort$end
’;-DSDﬁingCAN
+[_|SocketCAN
v Intemal
--[ JInputDevices
~[ZHoystickinput
~[OKeyboardKeylnput
-[®IspaceMouselnput
-[EKeyboardinput
[ |Types
+[_|OperatingSystem
+[Hardwarel©
2 {HInterfaces

>

Free library for interfacing hardware drivers

Cross-platform (Windows and Linux)

UDPR SharedMemory, CAN, Keyboard,

Joystick/Gamepad

DAQ cards for digital and analog 1O (only Linux)

Developed for interactive real-time simulations

yDPRecene
o) TT b

dACWrle
e —
Subdevice 1
Channe: 0
Ts: 003

A

e
Devica. comedi

\

\

Device comadi

) - cANCanf L= synchronizeReallime
sharedhlemo sad 2 eressage ¥
CANusb_1 RJ;() o: idant S
ﬁ ,E ©.01)s A
' ¢ .1 'f L. |
QJ “
o W [ 2ac ]

Reatime
dioRead joysticknpul spacasMousenpul  keyboardinpu
(Subdevice: 2 3 “») 4 5 d *

Channal 1 e R
T5.001s |- - s

https://github.com/modelica/Modelica DeviceDrivers/
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Modelica connected to external hardware

* IMU (Inertial Measurement Unit)

* Interfaced with a CAN-bus (Controller

Area Network bus) - uses
Modelica_DeviceDrivers Library

 Visualized in OMEdit

Courtesy of Volker Waurich - TU Dresden

VLl
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OpenModelica and Device Drivers Library
AVR Processor Support

No direct Atmel AVR or Arduino support in the OpenModelica
compiler
Everything is done by the Modelica DeviceDrivers library

All 1/O is modeled explicitly in Modelica, which makes code
generation very simple

Modelica Device Drivers Library - AVR processor sub-packages:
|0.AVR.Analog (ADC — Analog Input)
10.AVR.PWM (PWM output)
|0.AVR.Digital.LCD (HD44780 LCD driver on a single 8-pin digital port)

OS.AVR.Timers (Hardware timer setup, used by real-time and PWM
packages)

OS.AVR.RealTime (very simple real-time synchronization; one interrupt per
clock cycle; works for single-step solvers)

/772
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Use Case: SBHS (Single Board Heating System)

Single board heating system (lIT
Bombay)

Use for teaching basic control
theory

- Usually controlled by serial
port (set fan value, read
temperature, etc)

- OpenModelica can generate
code targeting the ATmegal6
on the board (AVR-ISP
programmer in the lower left).

Program size is 4090
bytes including LCD driver _
and PID-controller (out of 16 Movie Demo, see next page!

kB flash memory available).
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Example — Code Generation to SHBS
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OpenModelica — ModelicaML UML Profile
SysML/UML to Modelica OMG Standardization

* ModelicaML is a UML Profile for SW/HW modeling
« Applicable to “pure” UML or to other UML profiles, e.g. SysML

« Standardized Mapping UML/SysML to Modelica

« Defines transformation/mapping for executable models
« Being standardized by OMG

« ModelicaML

« Defines graphical concrete syntax (graphical notation for diagram) for
representing Modelica constructs integrated with UML

* Includes graphical formalisms (e.g. State Machines, Activities,
Requirements)

« Which do not exist in Modelica language
« Which are translated into executable Modelica code
» |s defined towards generation of executable Modelica code
« Current implementation based on the Papyrus UML tool + OpenModelica
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Example: Simulation and Requirements Evaluation

emadels
(Two Tank abystemExample:: SystemSirmulations)
TankSystemSimulation

= ecomponents dm: TanksConnectedP!

= erequirementinstances 01 _tank1: Max level of liquid in a tank
=Nequirementinstances 001 _tankZ: Max level of liquid in a tank
= wgmentlnstances W02 _tank1: Yolume of the tank

6 Plot Window
File Edit Insert

A

Req. 001 is instantiated 2 times (there
are 2 tanks in the system)

o
N
[ tank-height is 0.6m J/

Req. 001 for the tank2 is
violated

EBX

Tools  Help

| Open Save | Print | Selsct | Zoom | Pan | Grid | Hold | Prefersnces | Active | Image

Plot by OpenModelica

!

0.8

BN

@ dm.tanki.h

@ dm.tankz.h

\./_/'\ﬁ Crrond_tankd violaked

M @ro01_tankz violated

50

100

150 200 250 300 350
time

\/
Req. 001 for the tank1 is not
violated
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vVDR Method —
virtual Verification of Designs vs Requirements

Actor Task Created Artifact

Formalize | RMM I Requirement
Requirements | Monitor Models p—

e " “ﬂ- v ,
_ Analyze Modify

e
" Designs
ﬁ ' Formalize Designs Alternative
: ) Models

Formalize | || Scenario Verify
Scenarios

L. -

Models

. - Goal: Enable on-demand
Create Verification Verification Models verification of designs

Models . .
against requirements
using automated model
Execute and | 77 Reports composition at any time
Create Report = ' = | during development.

Analyze Results
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Need for Debugging Tools
Map Low vs High Abstraction Level

A major part of the total cost of software projects

IS due to testing and debugging

US-Study 2002:

Software errors cost the US economy annually~ 60 Billion $

Problem: Large Gap in Abstraction Level
from Equations to Executable Code
Example error message (hard to understand)
Error solving nonlinear system 132

time = 0.002

residual[0] = 0.288956

x[0] = 1.105149

residual[1] = 17.000400

x[1] = 1.248448
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OpenModelica MDT Algorithmic Code Debugger

File Edit Novigate Search Project Run Window Help
%5 Debug 57 R T

R R

A% Simulation Model {Modelica Developement Tocling (MDT) GDB)
® MDT
4@ Main Thread (stepping)
= getValueMultiphiedBy Two st simulationmodel.mo:l3
= eqgFunction_3 at smulationmodel.mo:S
v C\Users\adeas31\workspaceMDT\HelloWerld\SimulationModel,exe

List of Stack Frames

[ SimulationMedelmo 5%

~model SimulationMedel
Real x{start = 1);
Real y(start = 1);
algorithm
x i= getValueMultipliedByTwo(x);
y oi= X;
end SisulationModel;

function getValueMultipliedByTwo
input Real inValue;
output Real outValue;
algorithm
£ outValue = inValue * 2;
|88 end getValueMultipliedByTwo;

SRR

i

00 Varisbles 51 . O Breakpoints = MDT Datastack ! <% (5|
Name Declared Type Value

¥ inValue Real 1

@ outValue Real

o~

6.9453280720608359e-308  double

& r3ci~ =0
Actual Type
double

[ 5= Outline 32 . %
= getValueMuitipliedByTwo
o inValue (Real - IN)
o outValue (Real - OUT)
IV SimulstionModel
e x

¢y

Variables View "

. 5 Tasks' [1 Problems ) Executables

Simulation Model [Modelica Developement Teoling (MDT) GDB) C:\Users\adeas3T\workspaceMOT\HelloWordd\SimuationModet.exe
I

Output View
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The OpenModelica MDT Debugger (Eclipse-based)
Using Japanese Characters

~% Debug - trunk/testsuite/maosfil il Function.mao - Ji 5
I -SSR A

Eile Edit MNavigate Search Run Project Window Help
w ||"—1¢ B0 ® P ] T TR oy ooy T | %5 Debug
Correct Indentation | Build project [ Modelica
%5 Debug 2 e 4T O | BT %| i 7 ¥ = O |[#9= Variables 22 . % Breakpointq +h E|| e %~ — 0O
7% MDT GDE [Modelica Developement Tooling (MDT) GDE] 21| Name Declared Type  Value
i MDT , & FrY - H— - F/ - 2—-Z— Real 15
af# Main Thread (stepping) & TTwA-Auh-Fr Real -4.836697827222
= A—mE—FTUwH— - Ow4 3R at quotedfunction.mo:5
= Ceval_cevalCallFunction at Ceval.mo:1294 .
= Ceval_ceval at Ceval.mo:318
= Interactive_evaluateExpr at Interactive.mo:935
= Interactive_evaluateExprToStr at Interactive. mo:985
= Interactive_evaluate? at Interactive.mo:507 L]
= Interactive_evaluateToStdQut at Interactive.mo:329
= Interactive_evaluateTaStdQut at Interactive.mo:333
§ I.n.te.ra:.:tive_le?ra'l_glatejl'f:l:‘-tfiﬁut a}ETteradive.mo:BBB El ] = | s
[£] moGenerater.c ( Main.mo ﬂ@ Util.mo (@ System_omc.cpp (@ systemimpl.c ( QuotedFunction.mo &3 P =0
function 'F—MUE-FUuh— Oui T
input Real 'Fp-HF—FHH— -3,
ontpat Real "I Tuhk-Fplir;
algorithm
® Ay Aub-Fn = sin o FES-H T =2
end 'F—MUE-TUwh— 09030
'l 3
El Consale 2 E.Taskqg_g Problemﬂﬁ Executables} x 5% | Exe Eﬁl [l = A i =
MDT GDB [Modelica Developement Toeling (MDT) GDE] C\OpenModelica\trunkitestsuite\ bootstrappingimain.exe
true e
Il [
=
u

134 Copy

MODELICA



OpenModelica Equation Model Debugger

@ OMEdit - Transformational Debugger l = |8 &J
@ Va ria bles View OpenModelica/OMEdit/Modelica. Mechanics. MultiBody. Examples. Elementary. DoublePendulum_info. xml Sou rce View
Variables Source Browser
e Defined In Equations Used In Equations [: fOpenModelicaftrunk /build/li... Mechanics MultiBody/Joints. mo S h OWI n
frame Index Type Equation Index  Type Equation //{ relationships between - g
|:|Case Sensitive Regular Expression quantities of frame a and of .
BpandAl || Colapseal | frame b E equation
pa/ p fra_rr.e_b.:r_o = fra_rr.e_a.r_o; .
Variables Comment  ~ transformations
] e ) [ if rooted(frame_a.R) then
JE! boxBodyl Absolut..frame_a Variable Operations R rel = - Of a model_
B bedy Absolut..frame_a Operations Fraﬂ.es.ElanarRotation(e, -
Eframea  Positio..d frame solved: boxBodyl bodyframe_a.RT[L1] = boxBodylframe_bRT11] phi_offsec = phi, w):
. Y Y ¥ frame b.R =
ER Absolut..| frame substitute: boxBodyl.body.frame_a.R.T[1,..xBodyl frameTranslation.frame_a.R.T[1,1] Frames.absoluteRotatid g — y + der(x * time * z); z = 1.0;
| |>T Transfo..| frame  _ a.R, R _rel); 4 N
< = | \ " . 323 frame a2.f = - . )
: Equations View Frames.resolvel (®_re1) (1) substitution:
\Couations frame_b.f); y + der(x * (tlme i Z))
Equations Browser Defines Depends Frame a.t = - =
Ind)ex Type Equation * || Variable . Variable M Fra.rr.es.resoIvel(R rel, .
L1z d B frame b.t): - y + der(x * (time * 1.0))
819  regular (assignm...era_rel world.frame_b.f[2] boxBodyl.frame_b.R.T[1,2] .e'_sn;_ ’
820 regular (assignm...olute?.a boxBodyl.frame_b.R.T[2,2] 1 E rel = (2) simplify:
821 regular  (assignm..era_rel revolutel frame_b.f[1] B F.r?_rr.es.planarR.m_:ation y + der(x * (time * 1.0))
X phi_offszet + phi, w):
822 regular  (assignm..e_a.f[2] revolutel frame_b f[2] - frame a.R = =>
823 regular  (assignm..e_af[l] | |Equation Operations Frames.absoluteRotatic y + der(x * time)
824 regular  (assignm..e_bf[2] —|| Operations - b.R, REIEl];b .
rame b.f = - . : :
825  regular (assignm...e_b.f[1] solve: -world.frame_b.f[2] = (-boxBodyl..ame_b.R.T[2,2] * revolutel frame_b.f[2] Fra_rr_es.resoIvel(R rel, (3) expand derivative (symbOllc
F826 regular  (assignm..e_bit[2] scalarize(2): {-world.frame_b.f[1], -worl...rame_b.R.T[2,2]) * revolutel frame_b.f[2] |E frame a.f); diff):
= _ * 1
| 827 regular  (assignm...e_bf2] simplify: -{boxBodyl.frame_bR.T[1,1]* .1 frame_b.f[2], -revolutel frame_b (3]} frame b.t y + der(x * time)
B Frames.resolvel (R_rel, =>y + (x + der (X) * time)
828 regular (assignm..e_b.t[2] inline: -Modelica.Mechanics.MultiBody.Fr.e_b.f[2] + 1.0 * revolutel frame_b.f[3]} frame a.t):
829 regular (assignm...xed.phil substitute: -Modelica.Mechanics.MultiBo... frame_b.f[2], revolutel frame_b.f[3]}) end if; (4) solve:

0.0 =y + (x + der(x) * time)
=>
der (x) = ((-y) - x) / time

Mapping run-time error to source model position i
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ABB Industry Use of OpenModelica FMI 2.0 and Debugger

« ABB OPTIMAX® provides advanced model based control products
for power generation and water utilities

« ABB: “ABB uses several compatible Modelica tools, including
OpenModelica, depending on specific application needs.”

« ABB: “OpenModelica provides outstanding debugging features that
help to save a lot of time during model development.”
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Performance Profiling for faster Simulation
(Here: Profiling equations of Siemens Drum boiler model with evaporator

» Measuring performance of equation blocks to find bottlenecks
« Useful as input before model simplification for real-time applications
* Integrated with the debugger to point out the slow equations

« Suitable for real-time profiling (collect less information), or a complete
view of all equation blocks and function calls

SteamPort

Crum&lH=at Mass 40
u s RN =g l,/3"0nmk

Conclusion from the evaluation:

“...the profiler makes the process
of performance optimization

radically shorter.”
FGport_| FWport
= A g,
V8 S8 s
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Exercise: Try Some Spoken-Tutorial Exercise on
OpenModelica. Link from www.openmodelica.org

HOME DOWNLOAD TOOLS & APPS

News « Forums About «

= Search Tutorials

To learn about Modelica, read a book or a tutonal about Modelica®.

Interactive step-by-step beginners Modelica on-line spoken tutorials ~
Interactive OlMWebbook with examples of Modelica textual modeling Reset dropdowns

OpenModelica is an open source modelling and simulation environment intended for industrial and academic usage. It is an object oriented declarative mult
domain modelling language for cornplex systems. This environment can be used to work for both steady state as well as dynamic systems. Atfractive
strategy when dealing with design and optimization problems. As all the equations are solved simultaneously it doean't matter whether the unknown
vanable in an input or oulpul vartable. Read more

https://spoken-tutorial.org/tutorial-search/?search foss=OpenModelica&search language=English

About 12 results found & Instruction Sheet

1. Introduction to OMEdIt Baslc

Foss : OpenModelica - English

Outline: Introduction to OpenModelica Introduction to OMEdit Perspectives in OMEdit Browsers in ]
OMEdit View icons in OMEdit Open a Class from Libraries Browser Chacking for correctnes

2. Examples through OMEdit Basic
Foss : OpenModelica - English ‘

Qutline: Expand Modealica library Expand Electrical library Expand Analog library Open Rectifier n
Clazs Compare the values of IDC & Losses time vs Losses plot Expand Mechanics library ..

3 Developing an equation-based model Baslc

Foss : OpenModelica - English

Outline: Introduction to OMEdit Declaration of variables and equations Simulation of a model in |
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http://www.openmodelica.org/
https://spoken-tutorial.org/tutorial-search/?search_foss=OpenModelica&search_language=English

Summary

Multi-Domain Visual Acausal
Modeling Component
Modeling

Typed " £l
Declarative : ‘ e Hybrid

Textual Language Thanks for listening! Modeling
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