Introduction to Object-Oriented
Modeling and Simulation
with Modelica and OpenModelica

Tutorial 2022-10-28 Modelica US 2022

John Tinnerholm

LinkOdping University, john.tinnerholm@liu.se

PhD Student

Peter Fritzson

Professor em. at Linkdping University, peter.fritzson@liu.se
Research Director at Programming Environments Lab

Vice Director of the Open Source Modelica Consortium

Vice Director of the MODPROD Center for Model-based Development
Adrian Pop

' Linkodping University, adrian.pop@liu.se

Technical Coordinator of the Open Source Modelica Consortium
Slides

Based on book and lecture notes by Peter Fritzson

Contributions 2004-2005 by Emma Larsdotter Nilsson, Peter Bunus

= .l:[:: :J _._[’:“-"J -.~_- - -_,g‘l-:iri:l

£ S dchpaf = dalpag

¥—Hp— L — ligmr =0

e T ? Contributions 2006-2018 by Adrian Pop and Peter Fritzson
- bkt A ., Contributions 2009 by David Broman, Peter Fritzson, Jan Brugard, and
B TR T Mohsen Torabzadeh-Tari

Contributions 2010 by Peter Fritzson
Contributions 2011 by Peter F., Mohsen T,. Adeel Asghar,

Contributions 2012-2018 by Peter Fritzson, Lena Buffoni, Mahder
Gebremedhin, Bernhard Thiele, Lennart Ochel
. Contributions 2019-2022 by Peter Fritzson, Arunkumar Palanisamy, Bernt
LINKOPING UNIVERSITY 2022-10-28 Lie, Adrian Pop

MoDE'LICA


mailto:john.tinnerholm@liu.se
mailto:peter.fritzson@liu.se
mailto:adrian.pop@liu.se

Tutorial Based on Book, December 2014
Download OpenModelica Software

Peter Fritzson
Principles of Object Oriented

PRINCIPLES OF

OBJECT-ORIENTED Modeling and Simulation with
MODELING Anp Modelica 3.3
SIMULATION A Cyber-Physical Approach

Can be ordered from Wiley or Amazon

witH MODELICA 3.3

A CYBER-PHYSICAL
APPROACH

Wiley-IEEE Press, 2014, 1250 pages

SECOND EDITION

 OpenModelica

e www.openmodelica.orq

e Modelica Association
< IEEE « www.modelica.org

PETER FRITZSON

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


http://www.openmodelica.org/
http://www.modelica.org/

Introductory
Modelica Book

Introduction to _—

September 2011 B0 Lah i L_l ; :

232 pages Modelicalz: Tg inc-l Simu:jatlon
~/ 71~/ — ccnnical an

Translations o . NN

available in Peter Fritzson = YSICH }75 CMS

Chinese, = 4 T iy ith Modelica

Japanese, d 3

Spanish

Wiley

IEEE Press

For Introductory
Short Courses on
Object Oriented
Mathematical Modeling

FIWILEY @ IEEE
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Acknowledgements, Usage, Copyrights

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

Thanks to Emma Larsdotter Nilsson, Peter Bunus, David
Broman, Jan Brugard, Mohsen-Torabzadeh-Tari, Adeel
Asghar, Lena Buffoni, 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 3.37,
copyright Wiley-IEEE Press

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

Modelica Association: www.modelica.org
OpenModelica: www.openmodelica.org
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Part | Part Il
Introduction to Modelica and a Modelica environments
demo example i
Part Il Part IV
Modelica language concepts Graphical modeling and the
and textual modeling Modelica standard library
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Software Installation - Windows

e Start the software installation

 Install OpenModelica-1.18.0 or later Download from
www.openmodelica.org

(takes about 20min)
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http://www.openmodelica.org/

Software Installation — LinuX (requires internet connection)

e Goto
https.//openmodelica.org/index.php/download/down
load-linux and follow the instructions.
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https://openmodelica.org/index.php/download/download-linux

Software Installation — MAC (requires internet connection)

e Goto
https.//openmodelica.org/index.php/download/down
load-mac and follow the instructions.
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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

Internal-combustion engines 417

Mmmmﬂwm s shown In the p-V- und T- 40‘7‘“"‘"

“The change of motion is proportional
to the motive force impressed "

mmmmmmmmmmm 35 %.
B0 =g (T’ B J o (Ts=T4) Ime nal_agga of the gas plym;]' 18: clean ex-
and the quantity of he; anooe removed is  haust without supplementary emissions- N eWtO n
control devices; extremel y smocth run- —
o= cp (T =T} = p* (T2~ T3). ning; multifuel Icap bllny good static
eeeeeeeeeeeeeeeee
The imum thermal efficiency for the interval Is.
gas turbine with heat exchanger is: Disadvantages: manufacturing costs still
high; poor transitional response; higher 5
=1 QodQe=1-(Te-T; W(Ta=Ty)  fuel consumption; less suitable for low-
power applications. m H
[ Gas turbine 1 Filter and silencer, 2 Fladial-flow comprassor, 3 Bumar, 4 Heal axchanger
S.Ex-‘uusrpm' FReduction gearset, 7 Power turbine, 8 vangs, § G
furting, 10 Starter, 11 Auitary equipment drive, rzumwwm

Maaationen nrotns proportionalem effe vi motrici impreffie, & fieri fe-
cxndwin lincam reSlam gt vis illa imprimitm.
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Modelica Background: The Form — Equations

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

L %*zﬁ," 'w;}#w# 1 f.u_ g*ﬁ* s :m'? 1 _}?ﬁ

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

. 7
impressed

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

v = INTEG(F)/m

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

8 Stapnl13 Thony 0, 130000 followes gajectury= syl zavx 6.0, €

A language for modeling of@yber-physical ystems

 Robotics

e Automotive

o Aircrafts

o Satellites
 Power plants

e 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
specification:

HOOTELICA

Languags far Pheai sl 2ommren Mebding

.....................

Available at: www.modelica.org

Developed and standardized
by Modelica Association

There exist one free and several
commercial tools, for example:

 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

 Impact from Modelon
(also in ANSYS Simplorer, Rickardo tool, etc.)

« MWORKS from Tongyang Sw & Control
 IDA Simulation Env, from Equa
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Modelica — The Next Generation Modeling Language

Declarative statically typed language
Equations and mathematical functions allow acausal modeling,
high level specification and static type checking for increased correctness

Multi-domain modeling

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

Everything is a class

Safe engineering practices by statically typed object-oriented language,
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 =Vl

/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
Modeling - electric
Physical - mechanics
" . - control
T Mechanics
1 R L AXiSl A.}ELSE
e emf( e }%ﬂ{ l
: =] ==l
Reference 1 Electric Bearing
= Angle-
SEensor

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

Multi-Domain Visual Acausal

Modeling ;‘:jf;:ge physical Hierarchical
Component
\ Modeling
Torquer Inertia1 :
Acausa_tl model f hu/\%_é—l
(Modelica) T (=T
duration={2} J=10
| | B 1 omega 1 -
i 2 > » 5 [ LT e P
Constant2 Divide 1 Integrator 3 Integrator 1 cain T
Causal | — ™
bIOCk-based - l5t EF""I2 Constant 1
nlegrator
model >
SImU||nk 2 T""; 1 omegad s
( ) G|M.| |_> . b, ]
Divide Integrator Scope
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What is Special about Modelica?

Hierarchical system
modeling

Multi-Domain
Modeling

‘-~ \

qRef pSum Kv sum wSum

b(s) b(s) 5 s
a(s) a(s)

2=50

q = 7

Srel = n*transpose(n)+(identity(3)- n*transpose(n))*cos(q)-
skew(n)*sin(q);

wrela = n*qd;

zrela = n*qdd;

Sb = Sa*transpose(Srel);

rob = ro0a;

vb = Srel*va;

wb = Srel*(wa + wrela);

ab = Srel*aa;

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

Courtesy of Martin Otter i

ad g4 I |
q

|

axis4
S

Visual Acausal
Hierarchical
Component

Modeling

i

ais3 a 1—*1 E!—l
axis? — J

I

axisl
>

VY
X
inertial

g
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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

Behavior 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(xX) = vy;
. der(y) = -x + lambda*(1 - x*xX)*y;
Declarative end VanDerPol;

Equation-based
Textual Language

S o<

21 Copyright © Open Source Modelica Consortium Usage: Creative Commons with attribution CC-BY MO U/E:L:,'c A
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What is Special about Modelica?

Multi-Domain
Modeling

Visual Acausal

WA Component
{ Y v Modeling
Hybrid modeling =
continuous-time + discrete-time modeling

0 W Continuous-time

— Discrete-time

.—

] Clocked discrete-time
Typed I I

Declarative
Equation-based
Textual Language

Hybrid

Modeling

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



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
Décomposition 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

/
b LSS5
)

R1=10 R2=100

Hp H]
n n —>+1z
P{+1

sinin su Resl
[In , .
v -

c=0.01 — L=0.1

L
by
M
\/
U)lH

B

/772
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Graphical Modeling - Using Drag and Drop Composition

ATl # Qﬁﬂﬁ wemol 4~
Compunents EX mowed |
Modelica Standard Libirary & T T
s b (A B vt s Dagram vew
& [g Blocks
=2 g Constants
1= [g3] Electrical
E [ Analog
® [ Basic 1
# ] Exarnples
& [ 1oesl
# ] Interfaces
& ] Lines
& [J Semiconductars
# [CJ Sensors
& [[] Sources
- =I= ConstantCument
I == ConstantValtage
== EspenentialsCurent

[ =&k ExponentialsVioitage

I —

L v+ ExpSineVoitage

[ == PulzeCurnent

L v PulseVioltage = :

- sim RampCurent ,-%Eﬂl
[ = RampVoltage I 37 103317 —

- e SawToothC ument Conncted:; (resistor 1.n, inductor1.p]

=5 SawToothVioltage | ——Tnfs 4 10:33:39 — E
= ; - Conncted: {inductor 1.n, snevoltage1.n)
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Graphical Modeling with OpenModelica Environment







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(f=10);

Ground Gj;
ElectroMechanicalElement EM(k=10,J=10, b=2);
Inertia load; —

equation ! R L
connect(DC.p,R.-n); EM o
connect(R.p,L.n); >()DC —~ =
connect(L.p, EM.n); . =]
connect(EM.p, DC.n); load

connect(DC.n,G.p);
connect(EM.flange, load.flange); + G
end DCMotor —

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





DC







L







R







G







EM







load












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.i 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[2s7wDC.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 ;
:|> Modelica

Model Source code
<L gmmm wmodelica Model

Frontend ——| Translator
Modeling < &= Flat model Hybrid DAE
Environment 7
"Middle-end ALy

/ —___— @ Soried equations
| Optimizer | d
— Optimized sorte

/ — equations
Code generatofr

i% C Code

~
~
~
~

Backend

Executable

VLl
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Modelica in Power Generation
GTX Gas Turbine Power Cutoff Mechanism

parameter_settings controller
T ' L xgp |
Pel... P pel...
droop P dro... o
LC |- P LC
t0 P t0 GV
po p{p0 P f p3 {7
Grid [ F Y F Y r—
Poricd |~ pilo... pila...
% i -~ =l
P P = 4f
" 7 :f ] . mai... mai...
power_control ]
=,
starTime={400} | — ' ‘
load_drop =y E
Staml[e-_ ) clutch ... ilrl- CD,%L“ It ilr,,,l.
mech_kreak duratio...
|
K » Inertial ]
startTime={0} w5 | < ]
Fee... JlTUU[D Turbi...
load_gain load s... |effect . |—
B I/ o ! 7 — =
[ - £ "!.r‘.‘ ‘ cldt %3 b= &£
artTime= =TT +1
&
1

Zero q. Ramp1
— _\_
R=T0T a. Developed
by MathCore
for Siemens

Courtesy of Siemens Industrial Turbomachinery AB

30 Copyright © Open Source Modelica Consortium Usage: Creative Cc M'ibution CC-BY MO U/E:L:,'E A




[image: image1.png]parameter_settings controller
T

- *op
w LT
i < ;
e »Lc
o »lo ov b
et Wloo P 3 47 ‘
o Lu
b
El
Ay 3
— =
) <
o o
I ]
-
. =
=i
s "
i s





[image: image2.png]parameter_settings controller
T

- *op
w LT
i < ;
e »Lc
o »lo ov b
et Wloo P 3 47 ‘
o Lu
b
El
Ay 3
— =
) <
o o
I ]
-
. =
=i
s "
i s







Hello







� EMBED MSPhotoEd.3  ���











_1118461867.bin




Modelica in Automotive Industry
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Modelica in Avionics

Inputs

YYYYYYYY

D

I-la aul

%7 r_rel={0,0)0]

referanceP pint

4=

FErodynamics

DI

(=3

¥

& r_rel=(000)
Lt
atmosphers LTI

LoEnging

Engine

SEeLS

o

&

Outputs
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Modelica in Biomechanics

o _j_ o
. wtartTirme=()
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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

._F »_ =
%{P—:

)
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Combined-Cycle Power Plant
Plant model — system level

e 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 EW_.. SHP

J f

ECO2  EV_IP

ECCr

I_T_I

H
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Modelica Spacecraft Dynamics Library

Formation flying on elliptical orbits

| spacecraft

Control the relative motion of two or more
spacecraft

Perigee

/

Formation
Center

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

37 Copyright © Open Source Modelica Consortium



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
o 2012: initial delivery (for 50 plants)
o 2013: SW extension (500 plants)

o 2014: HW+SW extension (> 2000)

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

Manage 7.5% - 10% of German Power

» Since 2015, Aug: OpenModelica Exports
FMUSs 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

simulation environment

. __‘__E_ﬂ.g,_ - Effluent and Shudge |

dl‘

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

Includes a large part of the OpenModelica compiler using the OEM license.
Here a water treatment effluent and sludge simulation.
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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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System Dynamics — World Society Simulation
Limits to Material Growth; Population, Energy and Material flows

.,J].m hpeeribd .-dc- Cowegton Bdpe . - - . S e
e DL NessmmMucs 8- zes | Left. World3 simulation
e T Ss= = With OpenModelica

' wee  w . 2collapse scenarios

(close to current
developments)

« 1 sustainable scenario
(green).

CO2 Emissions per

[ i o2 52 o Lo
8
] 3
oot
A e
,,:_f;:-"’ﬁf

- i‘“\\\ person:
\ """ « USA17 tonlyr
= S, e « Sweden 7 ton/yr
[ e India 1.4 ton/yr
S = = e AN = « Bangladesh 0.3 ton/yr

System Dynamlcs Modellca library by Franc0|s Celller (ETH) et al in OM distribution.
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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Are Humans More Intelligent than Bacteria?

Not yet evident!

Humans
on a A Lag
finite -

Earth

VS

Bacteria
ona
finite
substrate

Log of numbers of bacteria

Time
Bacterial growth curve /kinetic curve (Wikipedia)
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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
8e+09 8 / \
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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DoNELLA MEADOWS | JORGEN RANDERS | DENNIS MEADOWS

THE NEW YORK TIMES BESTSELLER

GUNS, GERMS, and STEEL

WITH A NEW AFTERWORD




How the world could be in 80-100 years Business-as-usual
at a global warming of 4 degrees scenario, IPCC

. Cities, agriculture
The world: 4°C warmer

N 001e kncwes exactly what this world will lock e, | | Uninhabitable desert
Bt models provide insights into foeced human e L/
i T Uninhabitable due
willlbe melting rapksy

§carﬂ1‘nav’:a{l)l<morthern Russia/Greenland

Arctic passage e i =
Withno seaite. this valusbie shipping - i o et
Foute i5 open A% yeas, peoviding ﬁ:’ : ¥ : E

Siberia to extreme weather
HESEI Frcy Rave0 wx A
. Flooded

5
fioe st of the weekls subsistence ciops
v -

—— LU

Massive migration to
to northern Europe,
Russia, and Canada

Example Emissions

CO2e / person

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

WoR i s v - Flight Canaryisl — 2 ton

- Flight Thailand — 4 ton

New Zealand

Uninhabitable ¥
Sea level rise 2 m

. o References
fI 00 d | n g CO aStaI C |t| eS New Scientist, 28 February 2009

IPCC, business as usual scenario
www.climate-lab-book.ac.uk
www.atmosfair.de

Western Antarctica
Unrecognisbie now, Denstly
populated with high-riwe cities

. [Feeodl-growineg 2o Uninhabltable Uninkhabitabike dus 1o floods. Patential for Land lost dut 10 iing tea levels. o Solsrenergy  3ias Geothermal Wind
Compact high-rise cities desert drought o extreme weather refarestation atsuming a 2-metne e LE] SEE energy energy


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 materials

 Promote sustainable lifestyle and technology — w
Install electric solar PV panels 8 N "

* Buy shares in cooperative wind power

- Producerad solel
1500 -+ Exporterad solel netto
E Férbrukning el
= 1000 , -4 Importerad el netto

maj juni juli aug sept okt nov dec jan feb mars april

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

Small car Renault ZOE; 5 seat;

Range with 51 kwh battery (2020)

e WLTP drive cycle 390 km

* |In practice, summer, ca 360 km
 Winter: ca240km

Can use common Type 2 AC chargers (up
to 22kW)

DLR ROboMObil 2018, Tesla Model 3 LR, range 560 km
 experimental electric car
Modelica models Tesla Model S, range about 550 km
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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 Link3Gping to
Munich and back — saves
almost 1 ton of CO2e
emissions compared to flight

Leave Linkoping 07.00
In Munich 23.14

More Examples, PF travel 2016:

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

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

v

Linkdpings CentralstationO

I~

19h36

¥

3,

Train
travel
LinkGping
- Munich
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N Small rectangles — surface needed |

for 100% solar energy for humanity

"W:T"TEF:T—FE:L__:#"- o )_A-:-{- s
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Solar Energy PhotoVoltaics Growth Trends

100 %
CVOLUTION OF RECIONAL BV
INSTALLATIONS (GW)
Almost L S gy il
Exponential 500
worldwide 50%
Growth of B bl el e e R e
Photovoltaics
0
2006 — 2018 . ORPORIY... el el
|IEA PVPS 0%
TRENDS IN AR 2018 2020 2022 2024 2026 2028 2030
PHOTOVOLTAIC 2018 2.5% solar
APPLICATIONS
2019 i
2007 2008 2009 2010 20171 2012 2013 2014 2015 2016 2017 2018 100% Of g|0ba| eIeCtrICIty
production year 2030 if
W The Americas m Europe strong exponential growth
B Middle East & Africa Asia Pacific 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 centers
Stressful materialistic lifestyle

i

Gandhi — role model for
future less materialistic
life style
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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

e Industry and academia

 Modelica Versions
1.0 released September 1997
e 2.0 released March 2002
o 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
o 3.2rev 2released November 2013
« 3.3rev 1released July 2014
» 3.4 released April 2017
3.5 released February 2021

 Modelica Association was established in 2000 in Linkoping
* 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 4™ 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 7™ International Modelica conference Sept 21-22, 2009 in Como, Italy

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

The 10™ International Modelica conference March 10-12, 2014 in Lund, Sweden
The 11" International Modelica conference Sept 21-23, 2015 in Versailles, Paris
The 12" 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, Linkdping, 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)
o Start the OMEdIit editor (part of OpenModelica)
 Draw the RLCircuit

 Simulate
resistorl inductorl
— ! Y Y 300 '
R=100 L1 200
- 100
N w = 0
r 3
_h\-, E -100
o
(D g
o - '3990 I ZI I 4| I €|~ I sl I 10
I The RLCircuit Simulation
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Exercises Part | - OMEdIit Instructions (Part |)

o Start OMEdit from the Program menu under OpenModelica

e Go to File menu and choose New Modelica Class, and then select
Model.

e E.g. write RLCircuit as the model name.

e 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.

- J
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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

e Go to the Simulation menu and choose simulate or click on the simulate button 'l"
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
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T T T e T « Dassault Systemes Sweden

e o O & R He2wOR @:822H B0 &£-
FOIM AW Time 3 T Epest[ 02 v « Sweden

If;";E:E”;cmmm; -_?' » First Modelica tool on the market
e Initial main focus on automotive
ummany o industry
i as > e | @ WWW.AYMmola.com
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http://www.dymola.com/

Wolfram System Modeler — Wolfram MathCore

- =« Wolfram Research

Lo s e @3 a0 s @i e[ e S S S S e
o e e S e o | JSA, Sweden

=] Sl “ee——

L [V e e General purpose
el ' L/r == | [ « Mathematica integration
e = &2 == |« www.wolfram.com
JZM e www.mathcore.com

E Mathematica
me (e ] = o A
B e - ey o
=y o = vermmmesmnee e 1 —

- TR Simulation and

- - analysis
Courtesy Car model graphical view y :
Wolfram
Research
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http://www.wolfram.com/
http://www.mathcore.com/

Simulation X

 ITI Gmbh (Part of ESI Group)
 Germany

* Mechatronic systems

e www.Simulationx.com
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http://www.simulationx.com/

MapleSim

B EE e

Bl Mevsaps reres 7 Tabewsd B s ey e B TE e

mac S, Ll i L—
L= ] Cgrme
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¥ i vl Frmy “| Optmizing the Design of an lce Tank Camiage Farawiry
i bk Ly bl
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Frans B T —_— — . (e 1
= ] - T - 4 i
[ & 'l
o =l | o i o
H oty oy
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[ v ATam
o "L _—

S

* Maplesoft
 Canada

* Integrated with Maple
e www.maplesoft.com

Cywerxs Fma
oy

Mzduiing e Dyaamicn of anlca Tk Larisgs
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http://www.maplesoft.com/

Modelon

n W
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 madel 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. systern models across multiple platforms,

varying tools, and organizations.

e Modelon
« Sweden and International
e Library Suite

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

e www.modelon.com
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http://www.modelon.com/

The OpenModelica Environment
WWW. Openl\/lodellca org

DOWNLOAD

Top information

Industrial Products

: :: . Commercial Applications
= using OpenMadelica
.. OMEdit
o

Enhanced OpenModelica

a_ Connection Editor.

Library Coverage
“ .. Latestlibrary coverage.

Modelica/OpenModelica Videos

Overview of M...

R >
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DEVELOPERS FORUM EVENTS

Introduction

OPENMODELICA is an open-source Modelica-based modeling and simulation
environment intended for industrial and academic usage. Its long-term development is
supported by a non-profit organization — the Open Source Modelica Consortium
(OSMC). An overview journal paper is available and slides about Modelica and

OpenModelica.

The geal with the OpenMeodelica effort is to create a comprehensive Open Source

Modelica modeling, compilation and simulation environment based on free software

distributed in binary and source code form for research, teaching, and industrial usage.

We invite researchers and students, or any interested developer to participate in the

project and cooperate around OpenModelica, tools, and applications.

Repgister yourself to get information about new releases.
Participate in the OpenMaodelicalnterest mailing list.

Help us: get the latest source code or nightly-build and report bugs,

To learn about Modelica, read a book or a tutorial about Modelica@.
Interactive step-by-step beginners Modelica on-line spoken tutorials

Copyright © Open Source Modelica Consortium

RESEARCH

&4 September 4, 2021: OpenModelica
1.18.0 released!

July 12, 2021: OpenModelica 1.18.0-
dev.betal released!

4> Join the Modelica Conference 2021!

March 23, 2021: OpenMaodelica 1.17.0
released!

February 26, 2021: OpenModelica 1.16.5
released!

February 22, 2021: OpenModelica 1.16.4
released!

HUBCAP Open Calls

December 21, 2020: OpenMadelica
1.16.2 released!

MNovember 17, 2020: OpenMaodelica
1.16.1 released!

MNovember 9. An OpenModelica overview
article has been published in the MIC
Journal.

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

e Performance
analyzer

 Dynamic optimizer
« Symbolic modeling
« Parallelization

 Electronic
Notebook and
OMWebbook
for teaching

» Spokentutorial for
teaching

r
.
q& OMEdit - OpenModelica Connection Editor - -

File Edit View Simulation

';bnlhn‘w X

Libraries Browser -]

FMI  Export Tools

ODBEeee \eHOTH[K

Help

>95% - F X|®*
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|
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& (%) MultiBody
2 o UsersGuide

i Pen | FtinView = Save | Print = Grid | Detaled Grid | No Grid [ LogX [[lLlog ¥  Setup
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Variables Browser & X
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& E] Systems | - [Ctime 1.0
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i E] Frames ] # world
= M Interfaces 00 ‘ ‘ ; | ‘ | ‘ | ; | ; |
= (4] Joints 0 0.2 0.4 0.6 0.8 1 12 |lo=y :
Ei% z[nt:l]rs Messages Browser & X
- [5] 13:35:25 Translation Warning -
3 @] Visualizers Alias set with several free start values * candidate: cylinder2.Cylinder.s(start = -0.3) * candidate: cylinder2.gasForce.s_rel(start = -0.0) == select value from |
p— cylinder2.Cylinders(start = -0.3) because its component reference (or |t§ binding component reference) is closer to the top level scope with depth: 3. If we have equal Il
[ w Types component reference depth for several components choose the one with non zero binding. m
o ) = &

x:61.06 10482 | @ wekome | of wodeing | B potting |
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The OpenModelica Open Source Environment
www.openmodelica.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

o OMSimulator — FMI Simulation/Co-simulation
e Basic environment for creating models

 ModelicaML UML Profile
» MetaModelica extension

 OMShell — an interactive command handler « ParModelica extension
« OMNotebook — a literate programming notebook e
« MDT - an advanced textual environment in Eclipse L 3
il O — — . | = - e
3 a:}_-_ &% |0 . !';_1 —— o ] S oim - a
e <] DrModelicaeseics sanon | o
-:::--_::: o= waing CHEhell and OpscModaliza, type “halp(i™ and ;:I;;:c'j. l.im.\.;'\:u:-;‘: T | .-: ____:- : - e v — E
el S — e — I: - ;- ﬂ_p_?’n “WOBOENT v i -
I;I":I‘.Il :1-:-: l:—-: “-T:- .——- U, Bpwmd G : .. ""_’I:' :"I"‘ o B 'Eé W i | e s -
ol | e =
| B e J“LI.:-.-. '_:":'_,",.—-' $ ,__-1 S a::-l...- -_l'" 1 e e h‘.
. Flutb'rﬂpl:nﬂodl.ﬂ. . .;r:-ll: 1 -] " I -=I.;n -”-:-, [ * % _._ill .I I
TN ' : ~ ] [ - [
nef Y : :: | o | . H e f— Eﬁﬂ 1 I
T\ = |
A '.\K \'\ﬁ p cheng T e 3
o) I'l.lJr \\/‘\»"m—“— — e A iR ]
a0 L] 10 15 an 15 an [ ——— R T — Py I ‘f
] .

* OM Dynamic optimizer collocation
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http://www.ida.liu.se/%7Eadrpo/mdt/mdt-0.6.8.1/MDT-0.6.8.1-ClassElementsCompletion.JPG
http://www.ida.liu.se/%7Eadrpo/mdt/mdt-0.6.8.1/MDT-0.6.8.1-ClassElementsCompletion.JPG
http://www.openmodelica.org/

OSMC - International Consortium for Open Source
Model-based Development Tools, 53 members Feb 2022

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

2014 2016 2018 2020

Industrial members

* ABB AB, Sweden

* Bosch Rexroth AG, Germany

* CDAC Centre, Kerala, India

* Creative Connections, Prague
e DHI, Aarhus, Denmark

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

* Equa Simulation AB, Sweden
* Fraunhofer IWES, Bremerhaven
* Fraunhofer FCC, Gothenburg
* INRIA, Rennes, France

* ISID Dentsu, Tokyo, Japan

University members
» Augsburg University, Germany
* Australian Nation Univ., Australia
» FH Bielefeld, Bielefeld, Germany
» University of Bolivar, Colombia
* TU Braunschweig, Germany
* Chalmers Univ, Control,Sweden
* Chalmers Univ, Machine, Sweden
» TU Darmstadt, Germany
* TU Delft, The Netherlands
* TU Dresden, Germany
* Université Laval, Canada
» Ghent University, Belgium
» Halmstad University, Sweden
* TU Hamburg/Harburg Germany

» Juelich, FZI, Germany

» Maplesoft, Canada

* Metroscope, France

* REUSE company, Spain

* RISE, Sweden

* RTE France, Paris, France

» Saab AB, Link6ping, Sweden
* SmartFluidPower, Italy,

* TLK Thermo, Germany

» Sozhou Tongyuan, China

* SRON Space Ins Netherlands
* Talent Swarm, Spain

* Volvo Cars, Sweden

* VTI, Linkdping, Sweden

* XRG Simulation, Germany

* [IT Bombay, Mumbai, India

e Linneaus University, Sweden

* Link6ping University, Sweden

* Univ of Maryland, Syst Eng USA
* Univ of Maryland, CEEE, USA

* Politecnico di Milano, Italy

* Politecnica Catalunya Spain

» Malardalen University, Sweden
* RPI, Troy, USA

* Univ Pisa, Italy

* Univ College SouthEast Norway
* Vanderbilt Univ, USA
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The OpenModelica Tool Architecture

OMWebbook
Omttlggg?,gk Interactive OMPython | | OMJulia || OMMatlab
- Notebooks Python Julia Matlab
\ Scripting || Scripting || Scripting
ModelicaML O
UML/Modelica | ——" : eraCS'Ve oo s OMShell
and requirement CIREl Modelica
verification y Scripting
OMEdit Graphic OMOptim
and Textual Optimization
Model Editor v
Debugger Simulation
Execution
MDT T Vi ?i-D "
- - isualization
Eclipse Plugin OMSens o
sensitivity | =0 |Sr_nu allto_r ) R _
analysis imulation OMSysident
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Build System with Regression Testing

e Automatic Nightly build system (using Jenkins), and
several multi-core computers

 Regression testing of libraries

« Verification testing comparing results to references
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Spoken-Tutorial step-by-step OpenModelica and Modelica
Tutorial Using OMEdit. Link from www.openmodelica.org

O O oM Iy K
a0 n.‘_j"}g

n'*‘-‘n.nq ;.
AT

o

News ~ Forums About ~ Statistics ~

DOWNLOAD TOOLS & APFPS

:= 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 [ suomi |
Interactive OMWebbook with examples of Modelica textual modeling Reset dropdowns

OpenModelica is an open source modeliing and simulation environment infended for industrial and academic usage. lf is an object oriented declarative multi
domain modelling language for complex systems. This environment can be used fo work for both steady state as well as dynamic systems. Atiractive
strategy when dealing with design and optimization problems. As all the equations are solved simultaneously it doesn't matter whether the unknown
variable in an input or output vanable. Read more

About 12 results found. -"n Instruction Sheet

1. Introduction to OMEdit Basic
Foss : OpenModelica - English

Qutline: Introduction to OpenModelica Introduction to OMEdit Perspectives in OMEdit Browsers in ]
OMEdit View icons in OMEdit Open a Class from Libraries Browser Checking for correctnes..

2. Examples through OMEdit Basic
Foss : OpenModelica - English

Qutline: Expand Modelica library Expand Electrical library Expand Analog library Open Rectifier |
Class Compare the values of IDC & Losses time vs Losses plot Expand Mechanics library ..

3. Developing an equation-based model Basic
Foss : OpenModelica - English

Qutline: Introduction to OMEdit Declaration of variables and equations Simulation of a model in | ]
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OMNotebook Electronic Notebook with DrModelica

Primarily for teaching
Interactive electronic book
Platform independent

Also support for Jupyter notebooks

Commands:

Fle Edt Cal Fomat Insert  Window Help

1.1

1.2

« Shift-return (evaluates a cell)

* File Menu (open, close, etc.)

e Text Cursor (vertical), Cell
cursor (horizontal)

o Cell types: text cells &
executable code cells

« Copy, paste, group cells

 Copy, paste, group text

« Command Completion (shift-
tab)
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Fersion 2006-08-11 |

DrModelic amodsiica edition

Copynght: (o) Linkdpmng Universty, FELAE, 2003-2006, Wiley-IEEE Press, Modelica Association
Ceatact Openldodebeaimida bu ze, Openbdlodebea Project web site

wrwrw.ida . selprojects/Opendodeica

Eoolc web page: warw mathcore, comidrbdadebea; Book auther: Peter Frtzsoni@ida b 22

Didodelica Authors: (2003 version) Susenna Monemes, Eve-Lens Lengoust Sandeling, Peler Fotzson, Peter Bunus
Daddlodebca Authors (20023 end laler updatsg): Peler Fotzeon

Thes DrModelica notebook has beer developed to faniitale earmng the Modelica langeage as well as
providing an introduction lo object-oriented modeling and Srmlation. [t 1z bassd on and 12
supplemeniary maatertal o the Modelica book: Peter Frifzson: "Principles of Qbjeci-Orientad
Modeling and Sinalation with Modehica® (2004), 940 pages, Wiley-fEEE Press, IZEN 0-471-47 1831,
Ail ef the examplas and exerciges i Dridodelive and the page references are from that baok. Mosl of
the text in DrModelica 1= also based on that book.

Detailed Copyright and Acknowledgsment Tnformation
Getting Started Using OMNMNotebook
Openhiodelica commsnds

Berkeley licenze OpenhIodelica
A Quick Tour of Modelica

| PO S S — ] |

Geting Started - First Basic Exanples

There is along wadmon that the Grst sample program m any computer language = a ronal program
'Prml:ing the :'.l:'ing [ Hr.ﬂ-::- “Warld” {P 19 in Peter Frteson's bon';!'_l Smee Modehes 15 an i“.l:l'.lﬂhi:fl’: basad
lenguage, prining a strng dees not make much sence. Instead, our Hello World Modebca program sohres
a tnwal differental equation, The second exarmele shows how you can wrte a model that solves a

Differepbal Aleebrac Equaton Svstem (p. 190, In the YWag der Pol (p. 22) example declaraton as well as
wshalizaton and prefic usage are showm th a shghtly more compbeated way

Classes anl Instances

m Meodslica is a class, but there are some keywords for specific use of the class concept, called




OMNotebook Interactive Electronic Notebook
Here Used for Teaching Control Theory

File

N = oy [T KX

Cell Format Inset Window Help

1 Kalman Filter

Often we don't have access to the internal states of
have to reconstruct the state of the system based o
The idea with an observer is that we feedback the
the estiamtion is correct then the difference should

Another difficulty is that the measured quantities off

{5&‘ =
)

Here are e denoting a disturbance in the input signa.
be evaliated by the difference

K{y(t

File Edit Cell

OM OMNotebook: Kalman.onb [P

Edit

Format  Inset  Wndow Help
Nz B & | = < @
modal FalmanFeedback
parametar Real Af:,size(h, 1}] = {{0,1},{2,01} ;
parameter Real Bsizeih, 1},:] = {{0}.{1}};:
parameter Real C[:,size(A, 1}] = [(1,0}}:
parametar Real[2,1]) K = [2.4;3.4];
paramstar Real(l,2] L= [2.4,3.4];
parameter RBeal[r,:] ABL = A=B*Lj
paramester Real[:,:] BL = B*L;
paramater Beal[:,:] 2 = zercs(size (ABL,2),size(RREC,1)):
parameter Real[:,:] ARC = A-E*C;
parameter Real[:,:] Anew = [0,1,0,0 ; =1.4, =3.4, 2.4,3.4;
parameter Real[:,:] EBnew = [0;1;0;0];
paramater RBeal[:,:] Fnew = [1;0;0:0];

stateSpaceNoise

Ealman {stateSpace.hi=Anew, state8pace . 5=Enew,

statefpace.F = Fnew);

atateSpaceNolise

nofalman;

and EalmanFeedback;

0,0,-2.4,1;0,0,-2.4,0];

=tat=Space.C=[1,0,0,0],

Al

By using this quantity as feedback we obtain the ol '

£ = A%(t) + Bu(

Now form the error as

The differential error is

Ready

72

simulate (EalmanFeadback, stopTime=3)

plot({Ealman:stateSpace.y[l] ;noKalman . stateSpace.y[1] })

frue

Plot by OpenModelica

15

| —

Copyright © Open Source Modelica Consortium

@ Kalman.stateSpace, v[1]

W nokal=an, stateSpace, [ 1]

Ready
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Mathematical Typesetting in OMNotebook
and OMWebbook

OMNotebook supports Latex formatting for mathematics

File Edit Cell Format Insert Window Help

W= 2e r [ QAE=URsvEiT O Contents In
1 Chemical Reaction Kinetics of Hydrogen Iodine O MWe b 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 boo 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
can be hidden by

cl a
T [H 1] = 2k2. [H2]. [I2] — 2ka, [H1?]

‘documentdass[12pt]{artide} . .
\pegin fdocument) double clicking the
\thispagestyle{empty} . .
\racOmathrm{d} }{mathrm{dt}}eft [ H_{2}Yight ]=k_{2}.Yeft [ HI~{2} Yright]4_{1}.Veft [ H_{2Z} Yright ].Yeft [ I_{2} Yight ] Cel | n 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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—memmmmmm

OpenModelica Environment Demo

|y X

C-IHW #2020 ZONOANE ¥ 20 Wm pr  [funBw-

Companents &v_unit= 3 |
Modelica Files | e
# [g) ThermaSysfro
= [P] UncertaintiesDema
# |E EILLO0_Modules
= [P] approximated
O 6V Ut
O GV Unat_Appre...
@ SG_Unit_Propag...
55 Unit_Reconci...

A B M vrtate | model | sgrom vew | et

a-iLd e RAR “eMOENT 4 =0 wm 2r

e oA

A [l

H L L R B m" 3 T
L B e | K] §

[ s | [
AT o

brary | modelcaries |4

Madel Brovser sl :I Kind Time: Resource Lecation Message ] 55t it
Clusthines s Th
H GY_LUint

| b e
e v LI S - [rem— v e i
Cas ) o Topmpigtme Lyt g ac o et ppervel e vogd colns Canaidaly MU, 3901 pe 11 l&
- U Urd | Toasteiins:  BAGLEF ey gt il il P il s it L A . T ﬂ
1. Thew e waLe al-AE bty et b Frre 0 b el e G0 S ek
| .l'l.'l'lﬂn E_"JI.E H-CI.B- MH--IIH-MM-I-A‘-C-‘MGILE ki .#
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OpenModelica MDT — Eclipse Plugin

« Browsing of packages, classes, functions

« Automatic building of executables; .
separate compilation Eclipse Platform
. Syntax highlighting Y — B
e Code completion, ]
Code query support for developers " —
e Automatic Indentation Pﬂﬁij
» Debugger -

(Prel. version for algorithmic subset)

Workdb=ench Ul
(Editors, Wiews, Perspectives) a

SWT
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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++ »

f-@ Modelica Projects &3 T | =] <~}:D ¥ =0 (- absyr.mo 23 =8|
[&- rmlzsig ;I cagse (MATRIK(metrix = expll)) :I
& runtime _l loczl list<list<list<ComponentReir>> resl;
Eﬁ‘ scripts 94:21': Util.listListMap expll, getCrefFromExp);
Eﬁ‘ test_codegen resz = Ucil.listFlatteniresl) : -
Eﬁ tools res = Uril.liscFlatten(resz);
% ver then
EEE, Absyn.mo 3116 2005-02-04 14:44 krsta res;
¢ - Absyn 3116 2008-02-04 14:44 krsta case (RANGE (stzrt = el,step = SCME(e3),stop = e3))
Eﬂ, Algorithm.mo 2992 2007-12-22 22:17 adrpo egquation
B [} Builtin.ma 3585 2008-05-22 07:03 adrpa 11 = gerfzefFzomixp (el);
@ Ceval.mo 3605 2008-05-27 02:48 adrpo i‘_= function getCrefFromExp "
Eﬂ ClassInf.mo 3426 2008-04-23 11:5% krsta ;::i = £ tened 1i
[+ [} ClassLoader.mo 3183 2008-02-15 05:17 adrpo ves o COTEomEnt zefezences ir
- [idy Codegen.mo 3585 2008-05-22 07:03 adrpo then Input Zxp InZEp; i ; ] —
: output list<ComponentBRef> ogutlComponentReflst;
Eﬂ, Connect.mo 3584 2003-05-22 06:45 adrpo T227 | porithm
IEEI Constants.mo 3011 2007-12-22 22:38 adrpo case (2Rl cutComponentReflst :=natchcontinue inExp
- [n) Convert.mo 3426 2008-04-23 11:52 krsta - equaticl 4
1| T — I _’I_I ii‘ = ComponentRef or;
< = £
KSE Outline &3 B w @ e X ¥ TO res = listAppend(11, 12); -
PR
= B Absyn i| <] _>|_I
l ACD ) (-[E_\, Problems &3 = Cnnsule} E];[I Bookmarks} = Prog =8
ALG_ASSIGMN{Exp assignCompanent, Exp value) - -
ALG_BREAK 113 errors, 0 warnings, 0 infos I d e n t I fl e r I n fo O n
ALG_CATCH(ist<AlgorithmItem = catchBody) Desa’_iption ‘, - - =
ALG_EQUALTTY{Algorithm equ) = - Errors \IIEIEI of 113 items) . : |
ALG_FAILURE(Algorithm equ) @ The fdent_ﬁer at start and end are dffﬁarent H Ove r I n
ALG_FOR.(Forlterators iterators, list<AlgorithmItem > forBo @ The identifier at start and end are different g
ALG_GOTO(String labelName) € The identifier at start and end are different, pa
ALG_IF{Exp ifExp, list<algorithmItem = pa n—
ALG_LABEL (String labelnan e C O d e O u t I I n e fo r «n '}’ on line| rmldump.mo | OpenModelicatoals frml2mod
ALG_NORETCALL{ComponentRe :en ;' on line| rmltomod.mo | OpenModelicaftoolsfrml2mod
ALG RETURN - - - - «en ;' on line| modrefacto... | OpenModelica/ftoclsfrml2mod
ALG_THROW e asy n aVI g atl O n WI th I n En .:. on Ifne moddump.mo OpEnHndelfca_-'ltnnls_-'lrmlzmod
ALG_TRY(Jist<AlgorithmItem = tryBod :en ;' on ling| rmltomod. mo OpEnHndellca_-'ltnnls_-'lrmlzmod
- i-[ ALG_WHEN_A(Esxp whenStmt, list<Alg d I - f- I «n '}’ on line| rmlitomod.mo | OpenModelicaftoals frml 2mod ol =
4| - e ._._...I e e MO e ICa I eS en "t anline rmitomad.ma | COnenMadelica ftools frml 2mnd | _bl—l

T E 0 | 7 e




OpenModelica Simulation in Web Browser Client

4 hipu b githubdo: rod poddmona himi Modelica 2 = B & B MAD) Iivw pag M u |t| B O d y RO b Ot R3 ] Fu | I RO b Ot
j RNEa4f0&aYin<s &

i = @ - % #@ - Page~ Safety~ Tools~ @ - & H G

OpenModelica simulation example

in =

Modelica Mechanics MultiBody. Examples_ Systems. RobotR3 fullRobaot

Samutalion Meished Time: 0040 1¥a m[}le

| Examples_Systems. RobotR 3. fullRobot

Simulabon Minshed.  Time 0040

Wodel ReEsuks

Chanics rhw b

]
_—'in E

OpenModelica compiles ’
to efficient JavaScript

code which is executed

in the web browser
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OMPython — Python Scripting with OpenModelica

* Interpretation of Modelica T

[ L L. L

commands and expressions | e
: : . | il oyt axacute [ simdiate Aemcioghali, Stoptineet, Gathedet Bula il
* Interactive Session handling & - R
Oy thed . aascube [ “plot (h) ©) | W s
e Library/ Tool
* Optimized Parser results
» Helper functions

Gy U hen  axesule [ gl ()7} ﬂ“"mﬁ?ﬂh"‘m:ﬂtﬁﬁﬁ' fle:s ".,u:zrs
* Deployable, Extensible and
Distributable

nariid ?appdata
Wocaltesp\opensode ] ica.obyid. 201208751207 561 ,

!‘lll.rl.lt‘lntql:inru :tnrlln‘l‘vﬂp l'l'ln ‘of
I f ﬂE i 1.llri.|l;|1|:l1ﬂr ; nest Tean
i FIH!‘ MPUIF FI'II FII'l-"i hﬂ ﬂll‘ . ERASUPRT
i“‘ H l"l1l-! !-[ﬂ'ﬂ !‘.'ﬂ', 'I-I.If'!'l"‘ﬂ ﬁ ﬂ' H‘I‘ﬂlﬂl!‘ﬂ'l"
Sﬂﬂ 'tulrr-lntr ]t 06, F'”EHI.EPI‘!HE “EIHI 'il'rq Ball’"}
Eim'lllinnl:nu ts” {t1-={u-:lﬂl ﬂl‘!-!l!-“i‘ﬂiﬂl-! timeBack
end’ @ 0. ﬂ!!Blllmul!H ‘s sages = 'rimeFrontend': 0,024
SRE2104 508437, "timesimulation: 0, l!ll]llﬂ!!ml t‘lHqu'lltl
C ] DLDM!?HIIEI-H.]! ‘t‘l-!.iltnth- L IHI'H!I?!-EHI!E-H]]I! rims
Tetal’: 7,107B008183753, ‘resulteile’: *“c:/users/gananbd2 fsounci

nghall_res . mat™'}}

T T ———

o has been Shutdosn P
I'a e
= or Srdm ies S0 [fm | mS

Hhm

¢ yusershgananbdds

GetfSet Helpers

eidaninidat o oo bha
dhrtionery resufts
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OMJulia — Julia Scripting with OpenModelica

Interpretation of Modelica commands and Control example with OMJuliain Jupyter notebooks

.
expressions from Julia, transfer of data
e Control design using Julia control
package together with OpenModelica
* Interactive Session handling
e Library/ Tool
o Separately downloadable. be run with
OpenModelica 1.13.2 or later
* Works with Jupyter notebooks
Root locus plot .
2 CR. 0 :
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In [1]:

Out[9]:

Use of Modelica + Julia in Process Systems Engineering
Education

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

*University of South-Eastern Norway, Norway

**University of Linkdping, Sweden

Introducing packages

# Pkg.add("Plots”) --
using Plots; pyplot()
using LaTeXStrings
using DataFrames
using OMJulia

#using DifferentialEquations

we assume that this step already has been carried out

Reactor temperature

. — T e

l — T:uq+5
150 | ’

. —_— T, =10

i

. “s T 45
125 | , \ ) 2,

. " = T .-10 s
_— T

— T}.+5

T C]

l— T1*.-10
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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

Similar API functions as in
OMJulia and OMPython

Can be used for control design
from Matlab

Reactor temperature

— T:c'_‘:+5.

lE{l' —T:q:h'\g

—_— T:o'g_ll}

time £ [min]
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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.jl package, DAG representation of the hybrid DAE
* Integrated Plots.jl 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

Proe——— = e
|7 et View - Samltion - PN -Expert; - Debing Tacie Help,
eHE - @eee \ONOTEEE- 9OH -»mu; R RS
rares Srowser Ex A Engrets a
B [AE O |y |woset | pagom v | A\ e a0 [

Simulate
with
Animation

jaton - EMI - Expost~ DelbugTook - Help
Hooe \PHOTH < E- 09 >Hdd 85 X 4
x| % Pt 1 £ Madekca Mecharcs M iBody. Examples Logos Engrevt_res.met €]
w K> I i et -] ®
- 4

New
Animation

Window
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OpenModelica 3D Animation Demo

(V6Engine and Excavator)
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OpenModelica 3D Animation — Excavator

OMEdit - OpenModelica Connection Edi

File Edit View Simulstion FMI Export Debug Tools Help

FeB R Heee \PHOTHE < H- 29995 P XeaR % ¢l

Variables Browser g X

Libraries Browser [ | Jal MH_City_RT_meca_Test_Gesamtmodell_Gesamtmodel_omc_workingGear. fmu a |
Filter Cla i Filter Variabl
Libraries i Simulztion Time Unit [:]

|E OpenModelica Varizbles v~ i
o ModelicaReference E‘D:'Iynldeli(a‘..ana\y‘ti(
: J ModelicaServices body2
- Complex E jan\::RBRRl
= ’ﬁ? Modelica [ jointRRR2
o UsersGuide J;::::::ZID
LIZE"]: Blocks position
[2]: ComplexBlocks — gi:g} EE
ED+CE StateGraph [T rta[3] (
:ﬁj Electrical EEEE} E
:i:ll: Magnetic [Tl rb[3] C
=] :""EI: Mechanics gg:g} E
8 K MultiBody [ 2a[3] «
0 UsersGuide gz:g} E_
World [ r2b[3] (
= rb\ Examples gz:g} (
’F\ Ele..ary [T r3a[3] (
- :P: Loops [ 3b1] «
" En..1la
b- En.lb
X: 23.88

Connection with Unity

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

>

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

 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)

Modelica Model

Visualization

Y,

Courtesy of Dr. Tobias Bellmann (DLR)
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Exercise 1.2: Use 3D Visualization for Robot model

 Open the
Modelica.Mechanics.MultiBody.Examples.Systems.
RobotR3.fullRobot OOE 5999 X
example in OMEdit e

* Press Simulate with Animation
. Replay the anlmatlon mecha nics.load.frame_a.r 0[1] [m]
 Compare with the plot

2.5
i H » II Tlme[s]:E Speed:|1 |~ 2
1.5
1
0.5

0

mechanics.load.frame_a.r 0[2] [m]

mechanics.load.frame_a.r 0[ 3] [m]

'1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0 0.5 1 15
time [s5]
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Exercise 1.3: Visualization using the
DLR Visualization Community Edition (1)

« Unpack o
VisualizationCommunityEdition.zip S

* Open the library in OMEdit .

« Simulate the EMotor example ﬁ?::- -

 The DLR SimVis visualization app should E_ B @
start automatically = - %

* Export the animation .
(File—Export Replay as Video) -

000000
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Extending Modelica with PDEs

for 2D, 3D flow problems —

Research

class PDEModel
HeatNeumann h_1iso;
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_1iso;
dom.bottom.bc=h_heated;

Insulated boundary:

Poorly insulated b

oundary:

Tinf = 200

N
_?_)

Conducting boundary:
u=60

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 Figaro tool.

— i 1
= BlF LTS

N T
R Meliamodel %# () I' E—— w

= Automated
generation

FT processing
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OMOptim — Optimization (1)

Optimized parameters

e ) (
Optimized Objectives
\ g
-
BEx
File  Project  Problem  Display
Models Problems Project Optimization EI EI result
Mare ~ n Variables =
Yy 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
- coukdinvestissement
e e e global sourceInEchColdB AowPart.p 100000 global zcenarioP ACE MySpechomp a
< EmiCO2ZPac global sourceInEchZoldR debit 12,78 [ka/ts] alobal scenarioB A c A MySoecPcomn
- h global sourceERuent=ECS b 1,35498= 406 | [1ka]
C':_ global sourceEMuentsECS AowPart p 100000 scanned variables [E
- Puissae
- Puisshe global sourceEfuentsECS et at 1
- Puissce Mame Description Scan Minirnurm Scan Maximur | n
o global sourceEfuentsECS debitl 0
na global sourceEMuentsECS debit 1 [kaq/ts]
nb
- ME global sourceEfuentse b 1,35435e +06 | [1kg]
- Qch global sourceEfuentsE AowPor p 100000
< OChp
- coukdefonctavecPRC global sourceEfuantsE 2t at 1 £ | >
- TOSygmad ) T T
global sourceEfuentsk dabit 122612 [kq/fs]
TOZygmab Cptimization objectives [E]
- TOSygmaEes global sourceEfuentsa b 1,254395e +06  [1kq]
~COPECSSyskenm o N
- PElecECSMax global sourceEfuentss AowPatt.p 100000 Marne Description Direckion M
B EchIAQubCold alobial sourceEFusntsé atat 1 global. gaincoukoperationne Maximize 0
I+ Sortieeffuents ; i -
[ echi global sourceEfuentss, dekit 0601234 | [kgfs] glabal. coutdinvestissement Minimize 0
-5 d
- Sl?:nrgfirgEDEhﬂ global scenariosourceE audewille debit 0940001 [kaq/ts]
[ scenarioPaCA lobal iod I
global scenaiodepartB .z 1]
- echB | 3 |l
+ Yariables Compaonents Launch




Export result data .csv ]

Problems OMOptim — Optimization (2)
Solved problems Result plot
MinEIT

=Joks

Fle Project Problem
Models | Problems
Problems

~ Optimization
El

. Problems

EI result
Owptimization result

Display  Tools
Project | Optimization | EI | Elresukt | Optimization result

&

¥ global, gaincoutoper ationnel
¥ global. coutdinvestissement

Pareto onby

Paink
1]
|1
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50000 =
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'i'nuouhplrltiunnd

Blocks | Recomp.vars | Plot
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[l:alcl.hl:a all variables from selectad pdnti] ["] Force recomputation

| Export...

MODELICA



Multiple-Shooting and Collocation
Dynamic Trajectory Optimization

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

e Multiple Shooting/Collocation
» Solve sub-problem in each sub-interval

ti+1
xi(tiy1) = hy + f f (), ut), t) dt = F(t;, tiyq, hiuy), x; (t;) = hy
]

Example speedup, 16 cores:

MULTIPLE_COLLOCATION

16.0
14.0
12.0
10.0

8.0

6.0
4.0 E
B
0.0 —— ] . . .
4 8 16

1 2

ipopt [scaled] mjac_g [scaled]

+ - -
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OpenModelica Dynamic Optimization Collocation

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

a2

. 2

. 2

Collocation technique

- ¥ @

Discrete NLP

OpenModelica

Discrete Discrete
goal constraint

function

function

—
Hessian
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OMSens — Multi-Parameter Sensitivity Analysis

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

* Robust derivative free optimizer

P.49

P32

P.26

P.G

P.61

P.25

P.29

P.50

P.51

P73

P.28

P.84

P74

P19

F.34

P.3

P70

For an exercise, see
further in these slides

Tool architecture

- o O Em Em Em Em mm Em Em O Em O Em mm mm Em mm e

P . ,2 Tt EEEEEEEEEEs AN
] . v \
. . . 1 1. Models and scripts ]
Heatmap visualization : handing | X
ooanenseRENRIRARRINIORRRATIIAATARSTIY 0 T ! Python '
1 : A .
§ : (I
X ! — Vol oo
! 3. Optimization 2 Modslica
1
—>
, CURVI | OpenModelica
g I (Fortran) Models and Scripts
|
I T T
; 1 A l 11
|
: | '
: 4.0S : :
| 11
' Linux Simultaneous 1 1 Individual
: Sensitivity ' ' Sensitivity
. I\ .
' Analysis , ' Analysis ;
| L 4 5 P
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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

* [t uses the Ceres solver (http://ceres-solver.org/) for the
optimization task.
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General Tool Interoperability & Model Exchange
Functional Mock-up Interface (FMI)

.“k.

En-gine Gearbox Thermal 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) 2.0.2 (released Dec 15, 2020)
 Version 3.0 (Beta2 pre-release July 21 2021)

 FMI for Model Exchange and Co-Simulation

e« ~ 150 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)
FMUs can be connected together

A
U
C o VA
_u’. ...............
U, [ - — Y1 2
—.» ...............
................... — y2
B
AR PLINE.
) Yo LT “o ]
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OMSimulator — Integrated FMI and TLM-based
Cosimulator/Simulator — part of OpenModelica

C-API OMSimulator
interface = Integrated TLM & FMI
l[ibOMSimulator

OMEdit

Main Framework Aspects

Unified co-simulation/simulation tool

* FMI 2.0 (model exchange and co-
simulation)

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

Standalone open source simulation tool
with rich interfaces

* C/Java

« Scripting languages Python, Lua

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 in OpenModelica 1.18.0

Supports both FMI and TLM

TLM connections are optional

Co-simulation to multiple tools

Composite model editor

External API interface and scripting (C, Python, Lua)
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OMSimulator Composite Model Editor with 3D Viewer

ot OMEdit - OpenModelica Connection Editor - [Pendulum] — O >
di;le;duth?;ﬂ Simulation FMéﬁEzijrt..g‘eb:g Git vI-:u:-Is ielp > - -ré:: . C.omposi.te model editor
E— 5 %[GR/ | wrtabe | Dmgram i | oo | | 0 ViewerBromser 8 with 3D visualization of
[Fiter Cisses | @ ~] || Bsometic ~|FF » connected mechanical
5 () Modaicssenica model components which
W Complex can be FMUs, Modelica
— models, etc., or co-simulated
o r components
shaft2
3D animation possible
shaft1 .  Composite model saved as
/ . SSP XML-file

e Support for SSP — System
Structure and
Parameterization standard

. o « Numerically stable co-
tWeImme diMudeIing F‘Intting [ Debuaging SImU|at|0n Wlth TLM
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OMSimulator — GUI and SSP support

&4 OMEdit - OpenModelica Connection Editor - [ul X
File Edit View Simulation Debug SSP Sensitivity Optimization Tools Help
= 1 L] =3 MU
ki 1=1 foeee ¥ H-S»Iryed - # BE Y3 <
Libraries Browser 8 x Simulate | Model O A Root [x]
‘F\Iter Classes | ZAE P ‘I'l Dﬁ E ‘Wrilable | Diagram Views | D:/Model.ssp

Libraries

> IE OpenModelica

> 0 ModelicaReference

> D ModelicaServices

> n Complex

> @ Modelica

~ [M] Model

v Root

> @ DualMassOscillator_System2
> @ DualMassOscillator_System1

DualMassOscilla. pualMassoscilla...

- t_
PME & CS 2.0

springDamperl springDamper_coupling springDamper2

>
mass1 N A mass2 - g x
k-] \ AV =
<} ——l l— - ——l l— — @
& — =
n .y n > n
c=cl N/m c=c2 Nfm c=c3 Nfm jerver.py --model=C:/Users/Andre/AppData/Local/Temp/OpenModelica/CMEdit//HModel. ssp ——endpoint-pub=tcp://
d=d1 N.s/m d=d2 N.s/m d=d3 N.s/m

FMU2

%:-211,v: 103 @L Welcome g% Modeling BB Flotting @ Debugging

pusitongensor =

Emm—
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OMSimulator Simulation, SSP, and Tool Comparison

Adding SSP bus connections FMI Simulation ==+ 2055000 e
o OMEdit - Add Bus Connection ? % results 2
in OMEdit ==
Add Bus Connection B |
Connect bus2 input connectors to busl output connectors B
bus inputs  busl outputs  ssd:Connection e wwtm : ]
. : <gsdiCon..t="sc2" . . .
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 szc:Connection Gul Yes Yes Yes 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 Mye u2 <ssdiCon. t="sc2 Dymola  PySimulator FMI Go! FMI Composer
1 [y3 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

Modelica Code

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
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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

[ oA OMEdit - Import EMI = |
Import FMI
FMU File: || | i Browse. ..
OQutput Directory (Optional): | Browse. ..
* If no Output Directory specified then the FMU files are generated in the current working directory.
Log Level: lWarrl"lg - I
[] Debug Logging

| Generate input connector pins
[¥] Generate output connector pins
* This feature is experimental, Most models are not yet handled by it.

OK
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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

e 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.
 Averysimple 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

4 @ User's Guide * Free library for interfacing hardware drivers
- [=]Blocks _ ,
5 FExamples  Cross-platform (Windows and Linux)
+[ JPackaging
. [JCommunication « UDRPR SharedMemory, CAN, Keyboard,
“[ElsharedMemoryRead Joystick/Gamepad
-{1]SharedMemoryWrite
-BJUDPReceive  DAQ cards for digital and analog 10 (only Linux)
-Pa]UDPSend
-[=iSerialPortReceive  Developed for interactive real-time simulations
-f=]SerialPort$end

+[_|SoftingCAN

i PRacan cANCant = rchronizeReali
+ |SocketCAN Adtnocene  shapediemorvBesd 8. nMessage gy
=N cmﬂ.rlugh_1 R i ﬂan‘: AT
wl 5 i L
= JinputDevices 2+ F i g EI % 2 0 D
-[Hoysticklnput | J e TR Em e
Reaftima
Keybourdl(evlnpui dACWrite digRead jiy st ki pul spacebousenpul  keyboardinpul
~[BIspaceMouselnput (Subdevice: 1) (Subdevice: 2 1 + F }
~[E@Keyboardinput p 0015 005 b =19 d I "
+[_|Types d, A . ' - I .
. H | - L -l i A kL g
T [_|OperatingSystem Devica. comedi Device. comed LA

+ [ JHardwarelO
+H[{Intefaces

https://qithub.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 E]

/772
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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 1/0O 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)
|0.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)
Used 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 kB flash memory available).

Movie Demo, see next page!
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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

e Standardized Mapping UML/SysML to Modelica

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

e 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
o 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
=Neguirementlnstances 001 _tankZ: Max level of liquid in a tank
= wgmentlnstances W02 _tank1: “olume of the tank

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

-
N
[ tank-height is 0.6m J/

Req. 001 for the tank2 is
violated

6 Plot Window
File Edit Insert

| Open Save | Print | Select | Zoom | Pan | Grid | Hold | Preferences | Active | Image

Tools

Help

Plot by OpenModelica

A

0.8

BN

v

/\
\

\/\k

N

50

100

150

200 250 300 350

time

EBX

@ dm.tanki.h

@ dm.tankz.h

Crrond_tankd violaked

@ro01_tankz violated

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

Actor Task Created Artifact

e Formalize \ RMM || Requirement

Requirements | Monitor Models p—

b ) g
——
Analyze Modify

Designs
Alternative
Models

Formalize Designs

. ) _I_I / :
Formahze ! Scenario Verlfy

Scenarios Models

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

*
Create Verification
Models

Execute and
Create Report

.
i
g
b
1

\
i o I areridiann

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
o 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

- e

File  Edit Mavigate Seasch Project Run  Windew Help

% Debug 1 S iy L = = O = Variables i . ® Breakpoints| = MDTDataStack| * =8 5| ' ® % Mg ¥ 7 =
9 ) |
% simulation Model [Modelica Developement Tooling (MDT) GDB] Mame Declared Type Value Actusl Type
i Mo @ inValue Resl 1 double
of® Main Thread (stepping) _ @ outValue Real 6.9453280720608359-308  double
= getValuehdultiphedBy Two at ssmulationmodel mo:l3
= egFunction 3 at simulationmodel. me:S
o Chlsers\adeas3]\workspaceb DT HelloWorld\ SimulationModel exe
List of Stack Frames
| 1] SimulationModel.mo g : Vanab]es Vlew: (2 Outline o7 R owen ¥ vS0
- model SimulationModel - |l getValuehuttipliedBy Two

Real x(start = 1); @ inValue (Real - IN)
Real y{start = 1);

algorithm & gutValue (Real - QUT)
x i= getValueMultipliedByTwo(x); I SimulatisnModel

¥ o= X3 W
end SimulationModel; oy

function EctUnlueﬁlltiplitdB}rTﬂ
3 input Real inValuwe;

i output Real outValue;

(¢  algorithm

[l outValue = inValue = 2;

& end getvalueMultiplisdByTwo;

& Tasks| [£ Problems () Executables B X % G -f...ﬁ #E~3>"0
Simulation Model [Modelica Developement Tooling (MOT) GOE] CiUsers\adeas3l\workspaceMIT\HelloWordd\ SimufationModel, exe

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
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OpenModelica Equation Model Debugger

@ OMEdit - Transformational Debugger = | B S|
@ 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 [': [OpenModelica/ftrunk/build/li... MechanicsMultiBody,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 H
Expand All ] ’ Collapse All ] frame b O eq u atl 0 n
= frame b.r 0 = frame a.r 0; .
Vriables Comment  ~ transformations
) . ) [ if rooted(frame a.R) then
JE! boxBodyl Abzolut..frame_a Variable Operations R rel = - Of a model_
B bedy Absolut..frame_a Operations Frames.planarRotation(e, -
Eframea  Positio..d frame solved: boxBody1bodyframe_a.RT[1,1] = boxBodyl frame_bRT[L1] 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.absoluteRotatig| (g — y + der(x * time * Z)' 7z = 1.0
| |>T Transfo..| frame  _ a.R, R rel); o I
" 323 frame a.f = -
] Il b . . = . _ _
= Equations View Frames.zesolvel (s re1, (1) substitution:
Eouations frame_b.f) y + der(x * (time * z))
Equations Browser Defines Depends Tframe a.t = - =
Ind)ex Type Equation “ || Variable . Variable - FIa.rr.es.resoIvel(R rel, . _
N q ] frame b.t): B y + der(x * (time * 1.0))
819  regular (assignm...era_rel world.frame_b.f[2] boxBodyl.frame_b.R.T[1,2] .e'_se ’
820 regular (assignm...olute?.a boxBodyl.frame_b.R.T[2,2] 1 R rel = (2) Simplify:
F821 regular  (assignm..era_rel revolutel frame_b.f[1] B F.I?JT.ES.I:J.E.HEIR.OFE.EJ_OH y + der(x * (time * 1_0))
X phi offset + phi, w):
822 regular  (assignm..e_a.f[2] revelutel frame_b.f[2] - T 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 = - F = = F A
825 regular  (assignm.e_bif[1] solve: -world.frame_b.f[2] = (-boxBodyl...ame_b.R.T[22] " revolutel frame_b.f[2] Frames.resolvel (R rel (3) expand derivative (symbolic diff):
— r * H
826 regular (assignm..e_bit[2] scalarize(2): {-world.frame_b.f[1], -worl..rame_b.R.T[2.2]) * revolutel frame_b.f[2] |= frame a.f); Y der(x tlme)
. _— . frame b.t = - =>
827 regular  (assignm...e_b.f[2] simplify: -{boxBodyl.frame_b.R.T[11] * ..1.frame_b.f[2], -revolutel frame_b.f[3]} N Frames.resolvel (R_rel) y + (X h 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 1f; (4) solve:
= ' 0.0 = y + (x + der(x) * time)

=>
der(x) = ((-y) - x) / time

Mapping run-time error to source model position tine <> 0
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Transformations Browser — EngineV6 Overview

(11 116 equations in model)

OMEdIE -

Transformational Debugger

B fempfopenModelica_marsj/OMEdit/Modelica Mechanics MultiBody, Examples Loops Engine\s_info.xml

Variables

phi_

_ |Defined In Equations Used In Equations

ndex * Type Equation ne = Type Equation
Case Sensitive Regular Expression . |-5-S'-' initial (nonlinear) - regular (assignment) cylinder...cos(cylinder3. 82 phi)
Expand All Collapse All 5076 regular {nonlinear) - regular  (assignment) cylinder3... sinjcylinder3.82.phi)
variables o — Hina | Locatin ... regular [assignment) cylinder.. . sin(cylinder3. B2 phi)
| phi Exter..phi] 6616 jusqi...onslmo F.-. |gu|u| [assignment) r.inﬁul -cos{oylinderd. B2 phi)
g ke s b
e — Relatl,_+phi] 242 fustfi..intsmo F... regular Fassugnmentﬁl derjcyl...derd.Rod body.w_a[1]
- ... regular (assignment) derfcyl...der3.Rod.body.w_a[1]
T ¥ regular (assignment) dercyl...derd.Rod.body.w_a[1]
phi Dwmm...body BOS .I:uv."l! artsmo arisbls Opérations
phi[1] Dumm.. body B05 fusfli.. arts.mo =
- phi[2] Dumm...body BO5 Juseli.. arts.ma s e
phi[3] Dumm.. body BOS jusefi. arts.mo
phi_d = der{phi) BO9  fusrfli...artamo
- phi_d[1] = der{phi) BOS  fusgli..artsmo
nmbd dlf21 = derinhll R fuselllartsmo =
Equations I
Fruatinns Rrmwser | | Defines s
Inc = Type Equation Variable * | Variable v
regular [assignment) cylind., .. ywinder3.Clinders dericylinder3 B2 R_rel. T[3,3]) eylinderd, B2 ph
regular (ausignment) cylind. . linderl gasForce.L) eylinderd Rod body.w_a[1]
... regular [assignment) cylind.. linderd gasForcex)
... regular [assignment) cylind.. linder3.gasForcev) Eqation Operations
... regular (assignment) cylind.. linder3.gasForce.l) T I S A
B reguiar (assignment) cylind. ..linder.s else 1e-06 2L
L regular [assignment) cylind, . k2 frame_b.AT[2,3] I sobved: der{oylinder3.82.A_relT[3,3]) = [sin(cylinder3,B2.phi)) * cylinderiRod.body.w_a[1]
| regular (linear,r_rel_a = Era...r_0 - frame_a.r 0):) - substitute: [-sin(cylinder3 B2 phi)] * coylinderd. B2 w == [-sinfcylinder3, B2 phil) * evlinderd, Rod body.w_al1]
regular (linearframe_bur 0 ... * {s_offset +));,) differentiate: deos(eylinderd. B2 phi)/diime = (-sin{cylinder1 B2 phi)) * derfeylinderd B2 phi)
requiar (assignment) cylind.. linder3.qasForcex) differentiate: deylinder3 82.R_rel. T3, 3]/dtime = der{eylinderd.B2.R_relT[3,3])
- .. regular {assignment) cylin.. linder3 gasFecce.p - scalarize(s): oylinder3.B2.R_relT = [[1.0, 0.0, 0.0}, [-0u0, c....B2.phi}}} == cylinder3.B2.R_relT[3,3] = cos[cylinders. B2 phi]
L... reguiar {assignment) cylind...r3.gasFarce.d * 2.0 - simplify: cylinder3.B2.R_relT = {{1.0 * 1.0 + (1.0- 1.0 * 1.0)....B2phd}}, {0.0, -sinfcylinder3.B2.phd), cos{oyinderd. B2, phil )
L. regular (assignment) cylind.. linder3.gasForce.k) - substitute: {{cdinder3.B2.e{1] * cylinder3.82.e[1] + {1.0 - cy...2.phi), 0.0 * 0.0 + {1.0 - 0.0 * 0.0} * cos(cylinder3.B2.phil}}
L... reguiar (assignment) cylind...odyw a[1]-loadw | | [iMline: cylinder3.Bz.R_rel = Modelica. Mechanics. MultiBody....[2] * cylinder3.B2.w, cylinder3.62.e(3] * olinder3 B2.wl)
‘... Tmr [assignment) d!‘ftc...r3.ﬂud.bud:.-.w“a[1| original; B_rel = Frames.planarfRotation(e, phi_offset + phi, wi; => Aattened:

3l

| Source Browser ) )
| fusrflibfomlibrary/Modelica 3.2.1Mechanics/MultiBaody Do

Connect ions. branchi Franﬁ_a.ﬁ,
frame_b.R);

a;sr.ut[Larninalityﬂrran_a} > 8,
“Connector frame & of revolule

jolnt 15 not connected®);
35.SE‘TI;Eal'lllli"lﬁ'lltjll:fl'aIE‘_bl‘ =8,
"Connector frame b of revalute

joint is not connected®);

angle = phi offset # phi;
w = der(phi};
a = dar(w);

/¢ relationships between
of frame_a and of frame b
frame_b.r 8 = frame_a.r_8;

quantliiies

if rooted{frame_a.R) then

A_rel = Frames.planarfotation|e,
phi_offset + phi. wl;

1'r|'|.|1r,_I1.P. =
Frm'lﬂ.abm'lulnﬂnrn!:.uﬂ[frzl'ie_n.ﬁ.
R_rel};

frame_a.f = -

Frames. resolvel{R_rel, frame_b.f);
frome_a.t = -
Frames. resolvel{R_rel, frame_b.t]);
else

Pl_rv:'l. = Frames.planarfiotation] -e,
phl_nrl'-;l:! + phi, w);

Trnrll:_a.F. =
FlMES.ab:nlu[Eﬁnru[lu-:n;Trbne_b.R.
R rel);

frame b.f = -
Frames.resolvel{R_rel, frame a.f);

frame b.T = -
Frames.resolvel{R_rel, frame a.t);

end 1f;

i d'Alemberts prin
tau = -frame_b.t*e;

ff Comnection to internal
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Equation Model Debugger on Siemens Model
(Siemens Evaporator test model, 1100 equations)

@ OMEdit - Transformational Debugger - X
[ | Espymami ero patetz Tests Bofers Evanest_c info sen
Variables [Source Browser ]
Variables Browser Defined In Equations Used In Equations C:/OpenModelica.9./lib/omilbrary/Modelica 3.2. Blocks Math.mo
Find ] Index  Type  Equation Executior Max|Index  Type  Equation Executior Ma: extent={{-100,-100}, { ~
Variables Comment Line  Location 100,100}}), graphics={Rectangls (

fese o extent={{-100,-100}, {100,100} },

Sesed 0 lineColor={0,0,255},

Scsed 0 fillColor={255,255,255},

2‘532 g fillPattern=FillPattern.Solid),Line (points={{-100,6

b 0 0}, {-40,60}, (=30,

Evap Structur..ractions 4481 C:/OpenMod...package.mo 40} 1, color={0,0,255}),Line(points={{-100,-60},

Fflow Output ...artTime 421  C:/OpenMod...Sources.mo . . . Fr{-30,-40}},

FGinV Volume ..port_b) 333  C/Openhode..terfaces.mo color={0,0,255}) ,Line {points={{50,0}, {100,0}},

FGinVu Constan..tvalue 238  C:/OpenMod..Sources.mo ,0,2551),

FGoutV =true..volume 243 Ci/OpenMode..terfaces.mo || ; et

FGoutiu Constan..tvalue 239  C/OpenMod..Sources.mo Line [points={{-30, Gl’ (30,013,

FGoutletVu  Constan..tvalue 239  CifOpenMod..Sources.mo —_— . #0,01), Line (points={{-15,

FGsink Boundary density 13 Ci/OpenMod..Sourcesmo || Operatio y — u u 25.99},{15,-25.9%}},

FGsource Get the.nnector 446 C:/Openhed..Sources.mo ] ,0,0}),Tine (points={{-15,-25.99}, {15,

FGtemp Duratio..aStep) 418  C:/Openhod..Sources.mo . . . . 25.99)}, color={0,0,0}),Ellipse (extent={{-50,50},

FWinletV v (metr..ficient 436 C//Openhode...d/Valves.mo .

FWinletVu  Constan..tvalue 238  C;/OpenMod..Sources.mo a I Ves I VI S I O n Ze r O ' . _ e .

FWoutletV  Tempera.. = tue 346 Ci/OpenMode..terfaces.mo lineColor={0,0,235:)})):

FWpump Needed..nector 333 Ci/OpenMod.. foduct;

FWpump_h  Height of ramps 417 C:/OpenMod.

QNPUI’:FEF CD’fFSETtO- tjﬂ“' ﬁg“ E’:gﬂﬁﬂmﬁj block Division "Output first input divided by second input"

eamsin| ensit,..medium /OpenMo ] :
system Constan..eration 14 C/Openiod, extends Interfaces.SI250;
" equation
m y = ul/uz;
At /’ annotation ) ) . .
Equations Browser Defines / Depends Documentation (info="<html>
Index  Type  Equation ~|[variable Variable <E? ) tee tn out <boye/bs (ol s
Thi comp ) lem —wise)

1461 reguler  EvapHexlnC.Usl1]:= Evap.HerlnComsl1] ~Evap) | |EvapHexLnQ2.add1.ul Evap Hex.LnQ2 division2.u2 ThLs Dhock compubes RO outpub shryesbs (elemen sel

1462 regulsr  Evap.HexnC.flowModel.mus[1]:= ModelicaMed by <i>dividing</i> the corresponding slements of

1463 regular  Evap.HexLnCmediums(1].sat Tsat := ModelicaMe the two inputs <b>ul</b> and <b>u2</b>:

1464 regulsr  Evap.HexLnC.mediums[2].p_bar:= 1e-005 * Evap.[ </p>

1465 regulsr  Evap.HexLnC.statesFMI2].phase i= if Evap.HexLn. <pre>

1466 reguler  Evap.HexLnCheatTransfer.Tsl2] := Modelica.Medi - oul / uzs

1467 regulsr  Evap.HexlnC.mediums[2].T degCiz -273.15 + Ewi Y ;

1468 regular  Evap.HexLnCstatesPMI2].d i= Modelica.Media.W: </pre>

1460 reguler  Evap.HexLnC.ms[2] = EvapHex LnC fluidVolumes

1470 regulsr  Evap.HexLnC.mediumsl2l.u:= Evap HexLnC.med </html>"),

1471 reguler  Evap.HexLnC.Usl2]:= Evap.HexLnC.msl2] ~ Evap.l Tcon (coordinateSystem(

1472 regulsr  Evap.HexnC.flowModel.mus[2] = ModelicaMed D

1473 regular  Evap.HexLnC.mediumel2].sat.Tsat := ModelicaMe preserveAspectRatio=true,

1474 regulsr  EvapHexLnC flowModel Fs_p[1]:= 0.5 * (Evap.He. / extent={{-100,-100}, {100,100},

1475 regular  Evap.HexlnCflowModel.dps_fg(1l:= -2.0* DIVISI, initialscale=0.1), graphics={

1476 reguler  Evap.HexLnC.m_flowsl2] := ModelicaFluid.Pipes. Line (points={{50,0}, {100,0}}, color={0,0,127}),

by Bl o ATl Oy | i e S Lty s Line (pointe={{-30,0},{30,0}}),

7 Is[1] = EvapHex.LnC.m_ : . . . ; : it . e
1479 regular  Evap.HexLnCH_flows[2] := semiLinear(Evap.Hex... fution: Evap.Hex.LnQ2.adivision2d 1.yu1 - Ellipse(fillPattern=FillPattern.Solid, extent={{-5,20},
1480 regular  EvapHexnC flowModel.thos_act]1] := if noEvent. ning: Evap.Hex.LnQ2.division2.y = Evap.Hex.LnQ2.division2.u1 { Evap.Hex.LnQ2.division2.u2; {5,301)), . . . )

1481 reguler  Evap.HexlnCistate_a.T i= Modelica Media.Water... Ellipse (fillPattern=FillPattern.Solid,

1482 regulsr  EvapHexnCastate a.d := ModelicaMedia.Watey extent={{-5,-30},{5,-20}}),

1483 regulsr  Evap.HexLnCastate b.T := Modelica.Media W, Ellipse (lineColor={0,0,127}, extent={{-50,-50},
1484 regulsr  EvapHexLnCstate b.d := Modelica.Mediafhter.

regular

reanlar

Evap.HexLnQ2 Areay

>

{50,503 1),

Text (
lineColor={0,0,255},
extent={{-150,110}, {150,150}},

Copyright © Open Source Modelica Consortium

Usage:

Creative Commons with attribution CC-BY

MODE

L

CA



Debugging Example — Detecting Source of Chattering
excessive event switching) causing bad performance

OMEdit - Transformational Debugger

£ | /tmp/OpenModelica_marsj/OMEdit/Debugging.Chattering.ChatteringEvents1_info.xml

Variables | [Source Browser |
Variables Browser [Defined In Equations |[Used In Equations | /home/marsj/trunk/testsuite/openmodelica,
Find variables Incv Type  Equation Inc v Type  Equation 1 within ;

"] case Sensitive Regular Expression 2 |:2 initial  (assignmen...0 else 1.0 tB initial  (assignment) y=2.0%z b E:Z:zgioeegggg;ggn;ﬁt

Expand All Collapse All 5 regular (assignmen...0 else 1.0 6 regular (assignment)y=2.0%*z declarative models”

Variables v Comment Line Location 4 packege Chattering "Models
X 7 /hom...g. with chattering behaviour®
y 8 /hom.._.q. muﬂel ChatteringEventsl

o B Exhibits chattering
z fhom...g. after t = 8.5, with
[variable Operations generated events"”
: 7 Real x(start=1
Operations '
P fixed=true);
Real ¥;
— 9 Real z;
k. eguation
} z = if x > © then -1
else 1;
12 y = 2%z;
13 der(x) = y;

J D 14 annotation

Equations | (Documentation(info="<html>

Equations Browser | [Defines |[Depends | 15 <peAfter t = 0.5, chattering

bl bl takes place, dug to the
Inc v Type  Equation Variable ¥ || Variable 4 t i uau i ight
1 initial  (assignment) x = 1.0 z Ly E M Qn

equation.</p>

2 initial  (assignment....0 else 1.0 ; e

e ““z=ifx> 0then -1 else 1;
3 initial  (assignment)y=2.0*z detZeﬂecl erx;? en e Se ’
4 initial  (assignment) der(x) =y tightly spaced egts are

: gengrptede THE) fejkdbasy sto

5 regular (assgnment....ﬂ else 1.0 theye ol ool
6 regular (assignment)y=2.0*z idefftify the equation from
7

regular (assignment) der(x) =y

which the zero crossing

[Equation Operations fugction that generates the

Operations . events originates.</p>
|:sol\.red: z=ifx>0.0 then-1.0 else 1.0 B ;;E:nr‘};e%:c (StopTime=1));

original: z = if x > 0 then -1 else 1; => flattened: z = if x > 0.0 then -1.0 else 1.0; 18 end ChatteringEventsl;

B model ChatteringEvents2

1 "Exhibits chattering
after t = 0.422, with
nenerated events” -

(SN
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Error Indication — Simulation Slows Down

Running Simulation of Debugging.Chattering.C hatteringEvents1.
Please wait for a while.

L] ] [ 5228

Cancel Simulation

© OMEdit - Debugging.Chattering.ChatteringEvents1 Simulation Qutput - O &

Output | Compilation ]

Jtnp/OpenModel ica/OMEdi t/Debugging . Chattering . ChatteringEventsl -
port=50212 -logFormat=xml —-w -1w=LOG S5STATS

stdout | info | Chattering detected around time
0.500000005..0.500000995001 (100 state ewvents in a row with a total time
delta less than the step size 0.002). This can be a performance
bottleneck. Use -1lv LOG_EVENTS for more information. The zero-crossing

was: x > 0.0 D%g more
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Performance Profiling for Faster Simulation
(Here: Profiling all equations in MSL 3.2.1 DoublePendulum)

 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

Performance profiling DoublePendulum:

Equations Browser || Defines
Index Type Equation Executi Max time Time Fraction s |~ Variable

linear, size 2 damper.a_rel
-836 regular (assignment) ...evolute2.phi) 1534 2.57e-05 0.000377 2.12% revolute2.frame_b.f[2]
-840 regular (assignment) ...mper.phi_rel) 1534 1.38e-05 0.000237 1.33%
-837 regular (assignment) ...evolute2.phi) 1534 8.38e-06 0.000235 1.32%
-841 regular (assignment) ...mper.phi_rel) 1534 8.48e-06 0.000192 1.08%
-849 regular (assignment) ...mper.phi_rel) 1534 8.04e-06 0.000146 0.824%
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Performance Profiling of
Siemens Drum Boiler Model with Evaporator

FGport_a SteamPor

. Drum_p Eval} Evasource DrumisliHeat Mass _0
- s T RETEY o -3

&~ h/5=onet

Conclusion from the evaluation:

“...the profiler makes the process
of performance optimization
radically shorter.”

duration=500

FGport_| FWport
Dsp oLC
DrumMass j ]
=1 |
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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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Exercise 1.2 — Equation-based Model Debugger

In the model ChatteringEventsl, chattering takes place after t = 0.5, due to the
discontinuity in the right hand side of the first equation. Chattering can be detected

because lots of tightly spaced events are generated. The debugger allows to identify
the (faulty) equation that gives rise to all the zero crossing events.

model ChatteringEventsl

Real x(start=1, fixed=true); Uses 25% CPU
0

Real y;
Real z;
equat ion acrotray.exe 3.2 petrds
z = noEvent(if x > 0 then -1 else 1); AdobeARN. exe 32
_ o - Bootcamp.exe
Yy = 2 Z, conhost.exe
der(x) =Yy; £5r5s. exe
- - DCSHelper.exe *32 petfr27
end ChatterlngEventS]" Debugaing.Chattering.... petfr27
dlhost. exe petfr27

Switch to OMEdit text view (click on text button upper left)

Open the Debugging.mo package file using OMEdit

Open subpackage Chattering, then open model ChatteringEventsl
Simulate in debug mode

Click on the button Debug more (see prev. slide)

oy
0o
0o
0o
0o
0o
25
0o

gs/o K
1,136 K
1,448 K
1,300 K
3,000 K

660 K
1,436 K
2,224 K

Possibly start task manager and look at CPU. Then click stop simulation button

[ L= = I =R = 1

[ I |

135
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Part Il

Modelica language concepts
and textual modeling

parent class to Color <—|

restricted kind <——record|ColorData)

of class without ‘parameter Real red = 0.2;
equations ‘parameter Real blue = 0.&;
iReal  green: class ExpandedColor

parameter Real red:O_.-é-;ni
4>’:parameter Real blue=0.6;:
Real green:
equation
—ired + blue + green = 17
end ExpandedColor;

child class or
subclass <

keyword «——F+—extends |ColorData;

denoting equation
inheritance red + blue + green = 1; -

end Color;

Typed

Declarative Hybrid
Equation-based

Textual Language

Modeling
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Acausal Modeling

The order of computations is not decided at modeling time

Acausal Causal
V| S u al m;]_ BM%; Sp;:ﬂz _.'lie_ma;
Component | 2] ~7 ©TF = F
Level
Equation A resistor equation: Causal possibilities:
Level R*i = v; 1 = Vl'?;
VvV = R*I1;
R = v/1;
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Typical Simulation Process

“Static” semantics / compile time “‘Dynamic” semantics / run time

- — - A
LN S
Modelica ) . )
model ——»| Hybnd DAE » | Executable ., glmula’uon
Elaboration Equation Simulation esult
Transformation &

- Code generation
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Simple model - Hello World!

Equation: X’ = - X Name of model Initial condition
Initial condition: x(0) = 1 \ e

model HeIIquEJd'"A simple equation"
Continuous-time >» Real x(start=1);
- parameter Real a = -1;
variable /ﬁquation
Parameter, constant der(x)= a*x;
during simulation end HelloWorld:;

Simulation in OpenModelica environment  Differential equation

1

0.8 |

0.6

simulate(HelloWorld, stopTime = 2)
plot(x)

0.4 |

0.2 |
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Modelica Variables and Constants

e Built-in primitive data types

Boolean true or false

Integer Integer value, e.g. 42 or -3
Real Floating point value, e.g. 2.4e-6
String String, e.g. “Hello world”

Enumeration Enumeration literal e.g. ShirtSize.Medium

« Parameters are constant during simulation

« Two types of constants in Modelica
= constant constant Real P1=3.141592653589793

e parameter constant String redcolor = "red";
constant Integer one = 1;
parameter Real mass = 22.5;

/772
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A Simple Rocket Model

thrust — mass - gravity
mass
mass’ = —massLossRate - abs (thrust )

acceleration =

altitude’ = velocity
velocity’ = acceleration

~ . declaration

new model < ‘class Rocket!!"'rocket class" !
"__:::::::::::_l:::_:::T _________ Comment
parameters (changeable <————parameter String name;
before the simulation) Real mass(start=1038.358);
Real altitude(start= 59404);
floating point Real jvelocity(start= -2003)3 start value
type Real acceleration;

Real thrust; // Thrust force on rocket

________________________

>name + default value

equation
(thrust-mass*gravity)/mass = acceleration;: mathematical
der(mass) = -massLossRate * abs(thrust); equation (acausal)
der(altitude) = velocity;
differentiation with der(velocity) = acceleration;

regards to time end Rocket;
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Celestial Body Class

A class declaration creates a type name in Modelica

class CelestialBody
constant Real g = 6.672e-11;

parameter Real radius;
parameter String name;
parameter Real mass;

end CelestialBody;

An Instance of the class can be
declared by prefixing the type
name to a variable name

CelestialBody moon;

The declaration states that moon is a variable
containing an object of type CelestialBody
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Moon Landing

Rocket
Tthfust moon.g - moon.mass
........ apollo.gravity = : 2
(apollo.altitude + moon.radius)

altitude

CelestialBody

class MoonLanding

parameter Real [forcel = 36350;
parameter Real (force2 =

1308;

only access <
inside the class

access by dot €<——

notation outside
the class

parameter Real [thrustEndTime = 210;
parameter Real [thrustDecreaseTime = 43.2;

— public)
Rocket apollo(name="apoll1013™");
CelestialBody moon{ name=""moon"" ,mass=7.382e22,radius=1.738e6) ;

equation
apollo.thrust =

iIf (time < thrustDecreaseTime) then forcel

else if (time < thrustEndTime) then force2
else O;

apollo.gravity=moon.g*moon.mass/(apollo.altitude+moon.radius)”2;

end MoonLanding;
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Simulation of Moon Landing

simulate(MoonLanding, stopTime=230)
plot(apollo.altitude, xrange={0,208})
plot(apollo.velocity, xrange={0,208})

30000

50 100 00

25000
-100
20000
-200
15000
10000 -300
5000 -400
50 100 150 200 ‘
It starts at an altitude of 59404 The rocket initially has a high
(not shown in the diagram) at negative velocity when approaching
time zero, gradually reducing it the lunar surface. This is reduced to
until touchdown at the lunar zero at touchdown, giving a smooth
surface when the altitude is zero landing
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Specialized Class Keywords

» Classes can also be declared with other keywords, e.g.: model, record,
block, connector, function, ...

» Classes declared with such keywords have specialized properties

» Restrictions and enhancements apply to contents of specialized classes
» After Modelica 3.0 the class keyword means the same as model

 Example: (Modelica 2.2). A model is a class that cannot be used as a
connector class

« Example: A record is a class that only contains data, with no equations
« Example: A block is a class with fixed input-output causality

model CelestialBody
constant Real g = 6.672e-11;

parameter Real radius;
parameter String name;
parameter Real mass;

end CelestialBody;
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Modelica Functions

 Modelica Functions can be viewed as a specialized
class with some restrictions and extensions

« A function can be called with arguments, and is
iInstantiated dynamically when called

function sum
input Real argl;
input Real arg2;
output Real result;
algorithm
result := argl+arg2;
end sum;
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Function Call — Example Function with for-loop

Example Modelica function call: {1,2,3,4} becomes
. the value of the
p = polynomialEvaluator({1,2,3,4},21) coefficient vector A, and
21 becomes the value of

the formal parameter X.

function PolynomialEvaluator

EEUPHE__RE@!"ALEJE_E // array, size defined
// at function call time

Toutout eal S . The function

protected PolynomialEvaluator
Real  xpower; // local variable xpower || computes the value of a
a'gor'thmo polynomial given two
sum := 0; _
xpower := 1; argum(_en_ts.
for i in 1:size(A,1) loop a coefficient vector A and
sum := sum + A[i]*xpower; a value of x.
Xpower = Xpower*x;
end for;

end PolynomialEvaluator;
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Inheritance

parent class to Color

restricted kind €<—+—record' ColorData!

_____________________

of class without 'parameter Real red = 0.2;
equations 'parameter Real blue = 0.6;
'Real green; C I ass. Expande dCO |OI’ ____________
_ eriélm(fb_ib"r_D_al_t_é_' """""""""""""" parameter Real red=0.2; 5
child class or parameter Real blue=0.6;
subclass < 1T— ‘Real green;
class :(29:':0-': ' eqﬁé't' ion.
keyword <———extends; ColorData; | >red + blue + green = 13
enotin ion W A o A e '
inherita?]ce qugg!gnb'i{jé"I"gji;é_éhm:mi_;": end ExpandedColor;
end Color;

Data and behavior: field declarations, equations, and
certain other contents are copied into the subclass
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_ _ Extra slide
Multiple Inheritance

Multiple Inheritance is fine — inheriting both geometry and color

class Point

class Color Eea: X; _
parameter Real red=0.2; des _yi?’
parameter Real blue=0.6; end Point;

Real green; class ColoredPoint

equation 'tdCl -
= 1- - extenas Loilor; .

red + blue + green = 1; multiple inheritance Hd'é"l"ir"'ﬁ"i'r{{::
end Color; € ofo omnt;

class ColoredPointWithoutlnheritance
Real Xx;
Real y, z;
parameter Real red = 0.2;
parameter Real blue = 0.6;
Real green;

equation
red + blue + green = 1;

end ColoredPointWithoutlnheritance;

Equivalent to
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Extra slide

Multiple Inheritance cont’

Only one copy of multiply inherited class Point is kept

class VerticalLine
extends Point;
Real vlength;

end VerticallLine;

class Point
Real X;
Real vy;

end Point;

class HorizontalLine
extends Point;
Real hlength;

end HorizontalLine;

Diamond Inheritance

class Rectangle
extends VerticallLine;
extends HorizontallLine;

end Rectangle;
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Simple Class Definition

o Simple Class Definition o Often used for
« Shorthand Case of Inheritance introducing new
 Example: names of types:

class SameColor = Color;

type Resistor = Real; I

connector MyPin = Pin;

Equivalent to:

class SameColor
inheritance «<——— extends Color;
end SameColor;
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Inheritance Through Modification

* Modification is a concise way of combining inheritance
with declaration of classes or instances

* A modifier modifies a declaration equation in the
Inherited class

« Example: The class Real is inherited, modified with a
different start value equation, and instantiated as an
altitude variable:

Real altitude(start= 59404);
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Extra slide

The Moon Landing - Example Using Inheritance (1)

Rocket
Tthrust
mg
| A\
altltude$ CelestialBody

model Body '‘generic body"
Real mass;

String name;
end Body;

model CelestialBody

P

constant Real g = 6.672e-11;
parameter Real radius;
end CelestialBody;

model Rocket '‘generic rocket class"

extends Body;
‘parameter Real massLossRate=0.000277;
Real altitude(start= 59404);

Real velocity(start= -2003);

Real acceleration;

Real thrust;

Real gravity;

equation
thrust-mass*gravity= mass*acceleration;
der(mass)= -massLossRate*abs(thrust);
der(altitude)= velocity;
der(velocity)= acceleration;

end Rocket;

153 Copyright © Open Source Modelica Consortium

VLl

Usage: Creative Commons with attribution CC-BY MoDE LA



. _ ~ Extraslide
The Moon Landing - Example using Inheritance (ll)

v

inherited
parameters <

model MoonLanding
parameter Real forcel = 36350;
parameter Real force2 = 1308;
parameter Real thrustEndTime =|210;
parameter Real thrustDecreaseTime = 43.2;
Rocket apollo(name=""apol1013",

_________________________________

CelestialBody moon(mass=7.382e22, radius=1.738e6,name="moon") ;

equation | ------ [ ______

apollo.thrust = 1T (time<thrustDecreaseTime) then forcel

else 1T (time<thrustEndTime) then force2

else 0O;
apollo.gravity =moon.g*moon.mass/(apollo.altitude+moon.radius)”2;
end Landing;
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Extra slide

Inheritance of Protected Elements

If an extends-clause is preceded by the protected keyword,
all inherited elements from the superclass become protected

elements of the subclass

The inherited fields from Point keep

their protection status since that
extends-clause is preceded by
public

A protected element cannot be
accessed via dot notation!

- class ColoredPoint
class Point :-F-) i‘b_fé(_:_t_e_d |
class Color Eea: X ) "ékféﬁél_s"Color;
Real red; endegoiﬁi?’ public, _
Real blue; i extends Point;
Real green; end ColoredPoint;
equation
red + blue + green = 1; Equivalent to
end Color;

class ColoredPointWithoutlnheritance
Real X;
' protected Real red;
- protected Real blue;

' protected Real green;

equation
red + blue + green = 1;
end ColoredPointWithoutlnheritance;

155 Copyright © Open Source Modelica Consortium

Usage: Creative Commons with attribution CC-BY

VLl

MoOELTICA



Exercises Part Ill a
(15 minutes)
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Exercises Part lll a

o Start OMNotebook (part of OpenModelica)

o Start->Programs->0OpenModelica->OMNotebook

 Open File: Exercises-ModelicaTutorial.onb from the directory you copied
your tutorial files to.

 Note: The DrModelica electronic book has been automatically opened when
you started OMNotebook.

« (Alternatively: Open the OMWeb notebook
http://omwebbook.openmodelica.org/

* Open Exercises-ModelicaTutorial.pdf (also
available in printed handouts)
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http://omwebbook.openmodelica.org/

Exercises 2.1 and 2.2 (See also next two pages)

 Open the Exercises-ModelicaTutorial.onb found in the
Tutorial directory you copied at installation.

 Exercise 2.1. Simulate and plot the HelloWorld example. Do
a slight change in the model, re-simulate and re-plot. Try
command-completion, val( ), etc.

class HelloWworld "A simple equation” '
Real x(start=1);

equation
der(x)= -x;

end HelloWorld;

simulate(HelloWorld, stopTime = 2)
plot(x)

e Locate the VanDerPol model in DrModelica (link from
Section 2.1), using OMNotebook!

e (extra) Exercise 2.2: Simulate and plot VanDerPol. Do a
slight change in the model, re-simulate and re-plot.
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Exercise 2.1 — Hello World!

A Modelica “Hello World” model

Equation: X* = - X class HelloWorld A simple equation”
Initial condition: x(0) =1 parameter Real a=-1;
Real x(start=1);
equation

der(xX)= a*x; (*XXxXxXx s*)
end HelloWorld;

Simulation in OpenModelica environment

simulate(HelloWorld, stopTime = 2)
plot(x)

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



(extra) Exercise 2.2 — Van der Pol Oscillator

class VanDerPol 'Van der Pol oscillator model™
Real x(start = 1) 'Descriptive string for x"; // x starts at 1

Real y(start = 1) "y coordinate'; // y starts at 1
parameter Real lambda = 0.3;

equation
der(xX) = vy; // This is the 1st diff equation //

der(y) = -x + lambda*(1 - x*x)*y; /* This is the 2nd diff equation */
end VanDerPol ;

simulate(VanDerPol, stopTime = 25)
plotParametric(x, Yy)
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(extra) Exercise 2.3 - DAE Example

Include algebraic equation

Algebraic equations contain
no derivatives

Exercise: Locate in DrModelica.
Simulate and plot. Change
the model, simulate & plot.

class DAEexample
Real x(start=0.9);
Real y;
equation
der(y)+(1+0.5*sin(y))*der(x)
= sin(time);
X -y = exp(-0.9*x)*cos(y);
end DAEexample;

Simulation in OpenModelica environment

ol ]

0.95¢}

0.901

115! simulate(DAEexample, stopTime = 1)
L 10! plot(x)
1.05¢
1.0 time
0.2 0] 0.6 0.8 1
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Exercise 2.4 — Model the system below

* Model this Simple System of Equations in Modelica

¥k =Zd+xX+xy-d=%xX
F = Sry-Taxey
X0 = &
¥y = 3
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(extra) Exercise 2.5 — Functions

a) Write a function, sum2, which calculates the sum
of Real numbers, for a vector of arbitrary size.

b) Write a function, average, which calculates the

average of Real numbers, in a vector of arbitrary
size. The function average should make use of a

function call to sum2.
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Part Il b
Discrete Events and Hybrid Systems
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Modelica Hybrid Modeling

Hybrid modeling = continuous-time + discrete-time modeling

\ : I
/ Continuous-time Real X:
Voltage v;

, —— Discrete-time Current i;
H :
¢ Clocked discrete-time| gijscrete Real X
Integer 1;
Boolean b;

>

— — > time

Events —

 Apointin time that is instantaneous, i.e., has zero duration
* An event condition or clock tick so that the event can take place
e Asetof variables that are associated with the event

e Some behavior associated with the event,

e.g. conditional equations that become active or are deactivated at
the event
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Event Creation — if

if-equations, if-statements, and if-expressions

if <condition> then model Diode "ldeal diode"
<equations> extends TwoPin; false if s<O
elseif <condition> then Real s;
<equations> Boolean off;
else qu#'ons o If-equation choosing
< > = ; .
ende?fl;laﬂons “f off then equation for v
V=S
else ]
v=0: If-expression
end if;
1 = if off then O else s;
end Diode;
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Event Creation — when

when-equations (two kinds: unclocked and clocked)

when <conditions> then
<equations> | | |
end when; // un-clocked version event 1 event2  event3

> time

when clock then

<equations>
end when; // clocked version Equations only active at event times
Time event State event

when time >= 10.0 then

end when;

when sin(x) > 0.5 then

end when;

Only dependent on time, can be Related to a state. Check for
scheduled in advance Zero-crossing

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



Generating Repeated Events by unclocked sample

N

P sample(t0,d)

The call sample(tO,d) returns

true and triggers events at times -
tO+i1*d, where 1=0,1, ... J ‘ ‘ ‘ ‘

false

= time

t0 t0+d t0+2d t0+3d t0+4d

Variables need to be

discrete /

model Sampl '”gc'oy Creates an event T
(:Ir-]teger ' . after 2 s, then
iscrete Real r; 15
equation each 0.5s
when sample(2,0.5) then 10-
1 = pre(i)+l; |
r = pre(r)+0.3;
end when; 0
end SamplingClock; pre(._..) takes the
previous value 5 —

before the event. ’ "
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Generating Clock Tick Events using Clock()

(clocked models, Modelica 3.3)

» Clock() — inferred clock
» Clock(intervalCounter, resolution)

— clock with Integer quotient (rational number) interval
» Clock(interval) — clock with a Real value interval

» Clock(condition, startinterval)

» Clock(c=c, solverMethod=solverMethod) — solver clock

class ClockTicks
/I Integer quotient rational number interval clock

Clock c1 = Clock(3,10); /I ticks: 0, 3/10, 6/10, ..
/I Clock with real value interval between ticks
Clock c2 = Clock(0.2); /Il ticks: 0.0, 0.2, 0.4, ...

end ClockTicks:

true $

false

true

false

T T T T T T
0.0 0.2 0.4 0.6

T
0.

8

1
1.0
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Reinit - Discontinuous Changes

The value of a continuous-time state variable can be instantaneously
changed by a reinit-equation within a when-equation

model BouncingBall '""the bouncing ball model™ 12
parameter Real g=9.81; //gravitational acc.
parameter Real c=0.90; //elasticity constant

equation
der(height) = velocity;

when height<0 then
reinit(velocity, -c*velocity);

end BouncingBall;

— hb height

Real height(start=10),velocity(start=0); g

der(velocity)=-g; 4

end when; 0

Initial conditions

Reinit "assigns”
continuous-time variable
velocity a new value
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Exercise 2.6 — BouncingBall

e Locate the BouncingBall model in one of the hybrid
modeling sections of DrModelica (the When-
Equations link in Section 2.9), run it, change it
slightly, and re-run it.

Plot by OpenModelica

"] heignt =
1 velocity ®

1 1 1 1
o b2 = O = k2 W A
T T T T T T T T T

0 1 2 3 4 2 G 7 2
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Part lllic

Clocked Synchronous Models
and State Machines

and Applications for
Digital Controllers
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Control System Applications

Control System

A control system is a device, or set of devices, that manages,
commands, directs or regulates the behavior of other devices
or systems (wikipedia).

Y
Control
Measurements Computing Controller Outputs
(Sensors 4 «Actuators ]
s
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Control Theory Perspective
Feedback Control System

r 4 _«®Controller [«®|  Plant y(t

_ (Physical System)

r(t) reference (setpoint)

e(t) error

y(t) measured process variable (plant output)
u(t) control output variable (plant input)

Usual Objective
Plant output should follow the reference signal. l

VLl
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Embedded Real-Time Control System

...............................................................................................................................

Computer Clock
Y r v
A/D, Sample D/A, ZOH
y(te) i u(tr)
_ m ~ Algorithm - J—L’_'[_L
y(t) u(t)
Plant

1. Discrete-time controller + continuous-time plant =hybrid system or
sampled-data system

2. Interface between digital and analog world: Analog to Digital and Digital
to Analog Converters (ADC and DAC).

3. ADC—AIlgorithm—DAC is synchronous (zero-delay model!)

4. A clock controls the sampling instants. Usually periodic sampling.

V4
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Controller with Sampled Data-Systems
(unclocked models, using pre() and sample() )

// time-discrete controller
when {initial(),sample(3,3)} then

— E*xd = A*pre(xd)+ B*y;
ud = C*pre(xd) + D*y;
end when;

ud

// plant (continuous-time process)
0 = f(der(x), x, ud);
y = 9(xX);

e Yyis automatically sampledatt=3, 6, 9,...;

* Xxd, u are piecewise-constant variables that change values at sampling
events (implicit zero-order hold)

 initial() triggers event at initialization (t=0)

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



Controller with Clocked Synchronous Constructs
clocked models using Clock(), previous(), hold() in Modelica 3.3

// time-discrete controller
when Clock() then ud // plant

ol _ A% . Eard - // hold _ i
—>» E Xil —*A prt.evmus(xd) +*B %fd, —P> _ hold(ud)_) 0 - f(der.'(x), X, U);
ud = C*previous(xd) + D*yd; y = g(x);
end when; ’
K
yd // sample continuous signal y
yd = sample(y, Clock(3)); <€
------------ ;Ir-énonnsn'%-.u'lu----.ll--:-bnn{nzluulnnn.
yd(t;) = y(4)
E-xd(tj)) =A-xd(ti—1)+ B-yd(t;)
ud(tj) = C-xd(ti—1)+ D~ yd(t;)
) | <
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Unclocked Variables in Modelica 3.2

Continuous variables are
Real numbers defined as
X~ (t), , piecewise continuous

x(t) \/ ' functions of time.

X(t1) | piecewise-constant
variables are
constant inside each
<1<l

;
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Clock variables (Clock) and Clocked Variables (Real)
(in Modelica 3.3)

N Clocked variables r({;) are of base type Real,

' Integer, etc. They are uniquely associated with a
@ clock c(f;). Can only be accessed when its clock is
active (ticks).

Clock variables c(i;) are of base type Clock.

® They are defined by constructors such as Clock(3)
. or by clock operators relatively to other clocks.

: > -

c time

I3

ﬁ
—
i
f —
| |
n
n
o |- @@
n
u
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Clocked Synchronous Extension in Modelica 3.3

// time-discrete controller
when Clock() then
_) E*xd = A*previous(xd) + B*yd;

ud

_> _ holdCud) ) 0 (der(x), x, u);j—

// plant

ud = C*previous(xd) + D*yd; y = g(x);
end when;
»
" vd // sample continuous signal y
yd = sample(y, Clock(3)); [«
........... r,eose::ong ........
yd(6) = y(t)
E-xd(t;)=A -xd(ti_1)+ B-yd(§;)
ud(fj) = C-xd(ti—1)+ D- yd(t;)
u(t) = ud(t). G <t<tiq
Continuous variables are
Clocked variables r({;) are of base type Real, A —( Heal ngmbers F’ef'”ed as
! ! ! ' Integer, etc. They are uniquely associated with a p X (t), , plecewise continuous
! : : @ clock c(#). Can only be accessed when its clock is x(t) \_/ ; functions of time.
(t) L @y + active (ticks). : 1X(t1) | piecewise-constant
i) 4 H . i H ! .
.. e ‘- ' Clock variables c(/;) are of base type Clock. ] ' ' varlables \t)are
‘ . . . They are defined by constructors such as Clock(3) : : : COQSta'jt inside each
c(t;) : : . or by clock operators relatively to other clocks. : : ; i = t<Tipq.
' ' ' ' > ' ' ' >
: ' ' v time ! ! v time f
fo t4 ) I3 fo t4 to
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State Machines in Modelica 3.3: Simple Example

inner Integer i(start=0); ——|—— state1,]

(" state1 ) 10 +

outer output Integer i;

output Integer j(start=10); [0))
i = previous(i) + 2; =
j = previous(j) - 1; i>10 Y

\ k $ -
i<\, state2 A t LLL{
0 : } : } : >

tuter output Integer i;

\_

i = previous(i) - 1; 0 10 20 30
/ :
time

 Equations are active if corresponding clock ticks. Defaults to periodic
clock with 1.0 s sampling period

 “I”Is a shared variable, “)” is a local variable. Transitions are “delayed”
and enter states by “reset”

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



Simple Example: Modelica Code

model Simple NoAnnotations "'Simple state machine™
inner Integer i(start=0);
block Statel
outer output Integer 1i;
output Integer j(start=10);
equation
1 = previous(l) + 2;
J = previous(j) - 1;
end Statel;
Statel statel;
block State2
outer output Integer 1;
equation
1 = previous(l) - 1;
end State2;
State2 state?;
equation
transition(statel,state2, i
transition(state2,statel, i
initialState(statel);
end Simple_NoAnnotations;

O, immediate=false);

> 1
< 1,immediate=false);
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Hierarchical and Parallel Composition of
Modelica State Machine Models

inner Integer x(start=0);
inner Integer z(start=0);
i inner Integer y(start=0);

4 a N\

outer output Integer X;

inner outer output Integer y;
inner outer output Integer z; (z>100andi) or j
X = previous(x) + 1;

y = 10
( c 1 [ d ]
outer output Integery; outer output Integer vy, 4 b \
y = previous(y) + 1; y = previous(y) - 1;
outer output Integer x;
y== X = previous(x) - 1:
z > 100
N J
. e ] 1 f I
outer output Integer z; outer output Integer z;
outer input Integer y; outer input Integer y; x==0
’ z = previous(z) +y; Z = previous(z) - y;
I z<50
| RN J

Semantics of Modelica state machines (and example above) inspired by
Florence Maraninchi & Yann Rémond’s “Mode-Automata” and by Marc
Pouzet’s Lucid Synchrone 3.0.
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Hierarchical and Parallel Composition

inner Integer x(start=0);
inner Integer z(start=0);
i inner Integer y(start=0);

4 a N\

outer output Integer X;
inner outer output Integer y;
inner outer output Integer z; (z>100andi) or j
X = previous(x) + 1;

y==10

( c 1 [ d ]
outer output Integery; outer output Integery;
y = previous(y) + 1; y = previous(y) - 1;

-~ b )

outer output Integer X;

y==0 X = previous(x) - 1:
z>100 \_ )
C e ] 1 f I
outer output Integer z; outer output Integer z;
outer input Integer y; outer input Integer y; x==0
’ z = previous(z) +y; z = previous(z) - y;
1 z<50
| RN J

Semantics of Modelica state machines (and example above)
iInspired by Florence Maraninchi & Yann Rémond’s “Mode-
Automata” and by Marc Pouzet’s Lucid Synchrone 3.0.
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Part IV

Components, Connectors and Connections —
Modelica Libraries and Graphical Modeling
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Software Component Model

Interface Acausalcouphng
\\\ Connector
.__
T T .——)
| |
Component Connectlon Component

Causal coupling

A component class should be defined independently of the
environment, very essential for reusability

A component may internally consist of other components, i.e.
hierarchical modeling

Complex systems usually consist of large numbers of
connected components
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Connectors and Connector Classes

Connectors are instances of connector classes

electrical connector <

______________

connector class €<———¢ connector' Pin’

keyword flow <
indicates that currents
of connected pins
sum to zero.

Voltage Vs
Flow Current i;
end Pin;

an instance pin <
of class Pin

mechanical connector <

connector class €—

an instance flange <——

of class Flange

- connector Flange
Position S;
flow Force T;

end Flange;

_______________
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The Flow prefix

Three possible kinds of variables in connectors:

« Potential variables potential or energy level
* Flow variables represent some kind of flow
« Stream variables represent fluid flow in convective transport

Coupling
» Equality coupling, for potential variables
e Sum-to-zero coupling, for Flow variables

The value of a flow variable is positive when the current or the
flow is into the component

______________

positive flow direction: —
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Physical Connector
Classes Based on Energy Flow

Domain  pgtential Flow Carrier Modelica
Type Library
. Electrical.
Electrical Voltage Current Charge Analog
lati | " : Mechanical.
Translationa Position Force Linear momentum Translational
- Angular Mechanical.
Rotational Angle Torque momentum Rotational
Magnetic Magnetic Magnetic Magnetic flux Magnetic
potential flux rate
Hydraulic Pressure Volume flow Volume OpenHydraulics
Heat Temperature Heat flow Heat HeatFlowlD
Chemical Chem|c_:al Particle flow Particles Chemical
potential
: . PneuLibLight
Pneumatic Pressure Mass flow Air
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connect-equations

Connections between connectors are realized as equations in Modelica

connect(connectorl,connector?) I

The two arguments of a connect-equation must be references to

connectors, either to be declared directly within the same class or be
members of one of the declared variables in that class

i pinl ﬁ] [ pin2 i

Pin pinl,pin2;
//A connect equation
//1n Modelica:
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Connection Equations

Pin pinl,pin2;
//A connect equation

//in Modelica Corresponds to

Multiple connections are possible:
connect(pinl,pin2); connect(pinl,pin3); ... connect(pinl,pinN);

Each primitive connection set of potential variables is
used to generate equations of the form:

V, =V, =V, =...V,

Each primitive connection set of flow variables is used to generate
sum-to-zero equations of the form:

L+L+... (-1 )+...1,=0

/772
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Common Component Structure

The base class TwoPi1n has
two connectors p and n for
positive and negative pins
respectively

pv i 1+ TwoPin oG | WIAY

—Tp n

—> | -

p.i . n.i
>

partial class <- ‘partial model TwoPin
(cannot be - Voltage Vv
instantiated) Current i -
positive pin Pin p;
negative pin Pin n;
equation
V = p.vV - Nn.v;
O =p.1 +n.i;
1 = p.i;
end TwoPin;
// TwoPin 1s same as OnePort iIn
// Modelica.Electrical.

end Pin;

electrical connector class

flow Current

Analog. Interfaces
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Electrical Components

model Resistor ’ldeal electrical resistor”

extends TwoPin; p.i n.i
parameter Real R; — -~

equation ;i E;
R*i = v; oy T

end Resistor;

model Inductor ’ldeal electrical inductor

extends TwoPin; 0. o

parameter Real L Inductance”; — -—
equation oO——

L*der(i) = v; v W SEEVEEL

end Inductor;

model Capacitor ’ldeal electrical capacitor”

extends TwoPin; p.i n.i

parameter Real C ; 75;' +|| ‘757
equation DV || nv

i=C~der(v; B >V

end Capacitor;
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Electrical Components cont’

model Source

extends TwoPin;

parameter Real A,w;
equation

v = A*sin(w*time);
end Resistor;

p.i i v n.i
—> + -
p.v n.v

model Ground
Pin p;
equation
p.-v = 0;
end Ground;
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Resistor Circuilt

4.43“

model ResistorCircuit
Resistor R1(R=100);
Resistor R2(R=200);
Resistor R3(R=300);

.connect(R1.p, R2.p); < Corresponds to > R1.p.v
‘connect(R1.p, R3.p); |

end ResistorCircuit;

+ 1l
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Modelica Standard Library - Graphical Modeling

 Modelica Standard Library (called Modelica) is a
standardized predefined package developed by
Modelica Association

|t can be used freely for both commercial and non-
commercial purposes under the conditions of The
Modelica License.

 Modelica libraries are available online including
documentation and source code from
https:.//modelica.org/libraries.html
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Modelica Standard Library cont’

The Modelica Standard Library contains components from
various application areas, including the following sublibraries:

 Blocks Library for basic input/output control blocks

« Constants Mathematical constants and constants of nature

» Electrical Library for electrical models

 |cons Ilcon definitions

 Fluid 1-dim Flow in networks of vessels, pipes, fluid machines, valves, etc.
 Math Mathematical functions

 Magnetic Magnetic — for magnetic applications

« Mechanics Library for mechanical systems

 Media Media models for liquids and gases

e Slunits Type definitions based on Sl units according to ISO 31-1992
« Stategraph  Hierarchical state machines (analogous to Statecharts)

« Thermal Components for thermal systems

o Utilities Utility functions especially for scripting
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Modeli1ca.Blocks

4 . Modelica
4 . Blocks
Continuous
: Discrete
; Examples
> Interfaces
; Logical
- [==] Math
> Menlinear
: Feouting
: Sources
: Tables
. e Types
: . Constants
- . Electrical
> Icons
- [=] Math
: Mechanics
: Slunits
; StateGraph
> Thermal

Examples:

feedhack

Continuous, discrete, and logical input/output blocks
to build block diagrams.

o

stateSpacel

» pre r—

198 Copyright © Open Source Modelica Consortium

Usage: Creative Commons with attribution CC-BY

VL

MODELICA





Continuous







Library












Modelica.Electrical

Electrical components for building analog, digital, and
multiphase circuits

Library Library Library Library
Analog Digital Machines MultiPhase
Examples:
> :ine:":aﬂ 3 RT LT RL1

7% E m=Im m=m m=m

Gate
HorGate1

&
L ]
e v
Gate i i i
AndGate1 —— —— —
Grounds 1 GroundT1 GroundT2
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Model1ca.Mechanics

Package containing components for mechanical systems

Subpackages:

* Rotational 1-dimensional rotational mechanical components
e Translational 1-dimensional translational mechanical components
* MultiBody 3-dimensional mechanical components
- — i:E — — - e LE» « £ - -Ilf*"‘.._‘:,i*"d TR = RI DJJ
/\/—hta“ = = = Twc—: , *r::-a :: s-:':ala -)‘rT:'HE
sine tarque inertial idealGear ineriaz spring inertia3 ::I : ” e .lr o e
darmper L':l oeton EI = E]: n_”'_' | L n_m: - | ﬁ
A ot Rott
fixed I.-’ ‘-._'K.; X -_r_' Ly n I
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PNIib - An Advanced Petri Net Library
for Hybrid Process Modeling

l XHPN: Extended Hybrid Petri Nets
_///” Places

Transitions (time-)discrete state

I (time-)discrete process (integer quantity)

event = '

( ) @ continuous state

stochastic process (real quantity)
(random event)

Arcs

—» ,normal”arc

continuous process o
(flow) — O inhibitor arc

————% testarc

———e@ readarc
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Other Free Libraries
Up to date list at: https://www.modelica.org/libraries

WasteWater

ATPlus
MotorCycleDymanics
NeuralNetwork
VehicleDynamics
SPICElIib
SystemDynamics
BondLib
MultiBondLib
ModelicaDEVS
ExtendedPetriNets
External.Media Library
VirtualLabBuilder
PowerSystems

Wastewater treatment plants, 2003

Building simulation and control (fuzzy control included), 200¢
Dynamics and control of motorcycles, 2009

Neural network mathematical models, 2006

Dynamics of vehicle chassis (obsolete), 2003

Some capabilities of electric circuit simulator PSPICE, 2003
System dynamics modeling a la J. Forrester, 2007

Bond graph modeling of physical systems, 2007

Multi bond graph modeling of physical systems, 2007
DEVS discrete event modeling, 2006

Petri net modeling, 2002

External fluid property computation, 2008

Implementation of virtual labs, 2007

Power systems in transient and steady-state mode
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Some Commercial Libraries
Up to date list at: https://www.modelica.org/libraries

Air Conditioning
Electric Power
Fuel Cell

Heat Exchanger
Hydro Power
Liquid Cooling
Thermal Power
Vapor Cycle
Battery

Belts

Engine

Powertrain
SmartElectricDrives
VehicleDynamics
Hydraulics
Pneumatics

Engine Dynamics
Environmental Control
CombiPlant

(there are many more)
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Connecting Components from Multiple Domains

e Block domain

e Mechanical domain

e Electrical domain

Mechanical
domain

+ Electrical 2
G domain

model Generator
Modelica.Mechanics.Rotational .Accelerate ac;
Modelica.Mechanics.Rotational . Inertia iner;
Modelica.Electrical .Analog.Basic.EMF emf(k=-1);
Modelica.Electrical .Analog.Basic. Inductor ind(L=0.1);
Modelica.Electrical .Analog.Basic.Resistor R1,R2;
Modelica.Electrical .Analog.Basic.Ground G;
Modelica.Electrical .Analog.Sensors.VoltageSensor vsens;
Modelica.Blocks.Sources.Exponentials ex(riseTime={2},riseTimeConst={1});
equation
connect(ac.flange b, 1ner.flange_a); connect(iner.flange b, emf.flange b);
connect(emf.p, ind.p); connect(ind.n, R1.p); connect(emf.n, G.p);
connect(emf.n, R2.n); connect(R1l.n, R2.p); connect(R2.p, vsens.n);
connect(R2.n, vsens.p); connect(ex.outPort, ac.inPort);
end Generator;
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DCMotor Model Multi-Domain (Electro-Mechanical)

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(F=10);
Ground G;
EMF emf(k=10,J=10, b=2);
Inertia load;

equation
connect(DC.p,R.-n);
connect(R.p,L.n);
connect(L.p, emf.n);
connect(emf.p, DC.n);
connect(DC.n,G.p);
connect(emf.flange, load.flange);

end DCMotor;
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Part IV
Sensitivity Analysis

using
OpenModelica
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OMSens — Multi-Parameter Sensitivity Analysis

“« Individual and simultaneous multi-parameter analysis
« Optimization-based simultaneous analysis
* Robust derivative free optimizer

P.49

P32

P.26

P.G

P.61

P.25

P.29

P.50

P.51

P.28

P.84

P74

P19

F.34

P.3

P70

Heatmap visualization
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e

7
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A Zeros
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- m Em mm mm mm mm mm Em mm Em o Em Em Em Em Em Em o Em Em Em o oy,

Tool architecture

f' N'*\ /'
1. Models and scripts \; N
handling < .
Python .
11
A Ll
Vol oo
3. Optimization 2 Modelica
—> .
CURVI « | OpenModelica
(Fortran) Models and Scripts
A Lo
I B
11
4.0S h
11
11
Linux Simultaneous 1 1 Individual
Sensitivity " : Sensitivity
. Analysis , ' Analysis
S e m mm o m Em o mm o ﬂ' \~
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Introduction to Sensitivity Analysis

e Sensitivity of nonlinear systems in the form of ODEs

« Undergo noticeable dynamic
changes in response to small perturbations
in the parameters.

 OO-languages (Modelica)
« Systematic treatment of the problem

o Clear, unambiguous access to
parameters, variables and
simulation configuration.

 Reusable frameworks to
manipulate models as black boxes.

e Varied options to use internal knowledge about model structure
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Approaches to Sensitivity Analysis

e Individual analysis:
 One parameter perturbed at a time
e Ignores combinations of perturbations

e Simultaneous analysis:
« All possible combinations not feasible
* Would give combinatorial explosion of parameter settings
e Find “optimal” combinations of perturbations

« “Smallest simultaneous perturbations that produce
largest deviations”

« Typically: optimization-based strategies
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CURVIF: robust derivative-free optimization algorithm

« The CURVI family
e Curvilinear search approach
e Three versions: CURVIF, CURVIG, CURVIH

* Function values, function values plus Gradients, and the latter plus
Hessians.

* Globally convergent

e In general uses fewer evaluations than other algorithms
 CURVIF: the flavor adopted for OMSens

» Trade-off: favor robustness, sacrifice some efficiency

« Derivative-free methods can either be robust - at the cost of using

many function evaluations, e.g. direct searches - or may present
convergence problems
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LotkaVolterra — A Simple Model to be Used
for Sensitivity Analysis Exercises

model LotkaVolterra "This is the typical equation-oriented model"
parameter Real alpha=0.1 "Reproduction rate of prey";
parameter Real beta=0.02 "Mortality rate of predator per prey";
parameter Real gamma=0.4 "Mortality rate of predator";
parameter Real delta=0.02 "Reproduction rate of predator per prey";
parameter Real prey_pop_init=10 "Initial prey population;
parameter Real pred_pop _init=10 "Initial predator population";
Real prey_pop(start=prey_pop_init) "Prey population®;
Real pred_pop(start=pred_pop _init) "Predator population”;

initial equation
prey_pop = prey_pop_init;
pred_pop = pred_pop_init;

equation
der(prey_pop) = prey_pop*(alpha-beta*pred_pop);
der(pred_pop) = pred_pop*(delta*prey_pop-gamma);

end LotkaVolterra ;

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



OMSens Exercise — Locate Python
Select Analysis type — OpenModelica 1.16.0 or later

o't OMSens ? >

Installation instructions:

OMS thon backend folder: _ ]
= PyTnen acEn = https://github.com/OpenModelica/OMSens#omsens

C:/Program Files/OpenModelica 1. 16.0-dev-64bit/OMSens Browse
Python executable:

C: Userspetfr27/appData/Local /Continuum fanaconda 3/python. exe Browse

|Ir1di'uidual Parameter Based Sensitivity Analysisl

Multi-parameter Sweep

Vectorial Parameter Based Sensitivity Analysis

— o Individual Sensitivity Analysis Results 7 >

Relative (REL) Root Mean Sguare (RMS)

The REL index calculates the change of a state variable (at the end of a simulation)
with and without a parameter perturbation (at the beginning of the simulation).
It can be used to rank parameters according to their impact on a state variable at a target final time.

Results; Matrix State Variable IDs | Parameter IDs

Description:

Results can be found in:

C:jUserspetfr27/appData/Local Temp/OpenModelica/OMEditfomsens_results findiv_results(2020-02-03/15_4_42/results Cpen

Ok
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OMSens Exercise —results from individual analysis

More info in the file:
OMSens Example_Exercise_ Lotka-Volterra.pdf

off OMEdit
~
pred_pop
1 prey_pop_init 0.075868...
2 pred_pop_init 0.002437..
3 gamma -0.14224...
4 delta 0.075368...
5 beta -0.04529...
6 alpha 0.047316...

prey_pop

0.028497...

-0.031885...

0.047306...

-0.02238...

-0.031885...

0.044515...

o4 heatmap.png

-V.2

0.1422

0.1280

0.1138

0.0996

0.0853

0.0711

- 0.0569

- 0.0427

r 0.0284

I 0.0142

- 0.0000
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Part Vb
More
Graphical Modeling Exercises

using
OpenModelica
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Graphical Modeling - Using Drag and Drop Composition

nﬁ OMEdit - OpenModelica Connection Editor - [DCM

oA File

Edit  View Simulation

Libraries Browser

FMI Export Tools Help

PEAM LD B QAQQiwWeReBEN(D) BO9+»5  B-22H

Libraries il
. Complex
= P77 Modelica

g x |||-|E (@] |Wr1'teab\\e ‘Model |Diaganmew |C:Ns...or.mo |L‘ne:1,::o|:n |ﬁ| Varizbles Browser

BIEIEY

il

|Fir1d Variables

|:| Case Sensitive

[Rﬁgular Expression - ]

|  Epandal ||  colapseal |
o UsersGuide
= 2 Variables Value Unit =
& Blocks £ =
=l ey DCMot
@ ComplexBlocks — otor
= emf
E StateGraph T_m
deriphi -0.3403  d
@ Electrical ot [] der{phi) eg
0 et fixed
€ Magnetic == e
fl
= E Mechanics + flange |
. = = }~ i -0.533507 A T
(%) MultiBody e —
internals rt
= ﬁ Rotational }_Iﬂ ernal>uppo
k -1.0 M./t
0 UsersGuide [ my.
E Examples n
P
= @ Components
hi d L
L Fived [ phi [ e
5 rt 0
42 Inertia [7] useSuppo
-0.3403
== Disc Ev
-0.3403 d
[ == Spring Clw rad/s
groundl
~ TF Damper
. inducteorl v
- 488 SpringDamper _ < 8 | .
¥:-35.03 ¥: -38.14
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Graphical Modeling

OMEit - OpenMo

Animation — DCMotor
. re— — - .‘ .

"8-1BB #0000 Womol 9/

S
File  Edit Yiew Simulstion Tools Help

{ Compormts

Modelica Standard Library
(] Modelica

X | General | Info | Warning | Error |

OMEdit, Version: 1.6.0
OpenModelica, Version: "1.6.07

Hessades

Modelica Library | Modelica Files




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(f=10);

Ground Gj;
ElectroMechanicalElement EM(k=10,J=10, b=2);
Inertia load; —

equation ! R L
connect(DC.p,R.-n); EM o
connect(R.p,L.n); >()DC —~ =
connect(L.p, EM.n); . =]
connect(EM.p, DC.n); load

connect(DC.n,G.p);
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.i 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[2s7wDC.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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Exercise 3.1

 Draw the DCMotor model using the graphic connection

editor using models from the following Modelica

libraries:
Mechanics.Rotational .Components,

Electrical .Analog.Basic,
Electrical .Analog.Sources

e Simulate it for 15s and plot the
variables for the outgoing
rotational speed on the inertia
axis and the voltage on the
voltage source (denoted u in the
figure) in the same plot.
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Exercise 3.2

 If there is enough time: Add a torsional spring to the
outgoing shaft and another inertia element. Simulate
again and see the results. Adjust some parameters to

make a rather stiff spring.

Feasistor | nductor
Constantvolttagel
EMF1 Inertial Spring1 Inertiaz
Sroundi

/772
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Exercise 3.3

If there is enough time: Add a PI controller to the system
and try to control the rotational speed of the outgoing shatft.

Yy
Verify the result using a step signal for input. Tune the PI
controller by changing its parameters in OMEdit.

il Rezistord Inductar
1lme'> " (]
T Feadbad 11 Bignalvaltage
= == EhiF 1 Inertial  Springl Inertiaz SpeedSensor
é
around

Usage: Creative Commons with attribution CC-BY MO U/E:L:,'E A
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Learn more...

i iy  OpenModelica
SIMULATIOGND . www.openmodelica.orq
» Modelica Association
e www.modelica.org
Q1EEE g BOOkS

» Principles of Object Oriented Modeling and Simulation with
Modelica 3.3: A Cyber-Physical Approach, Peter Fritzson
."r1t'|d¢||r|-§: ﬁ:nu{ Hinl'nul.mnn 2015

af Technical and

Physical Svstems

* Modeling and Simulation of Technical and Physical

- Systems with Modelica. Peter Fritzson., 2011
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