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Tutorial Based on Book, December 2014
Download OpenModelica Software

PRINCIPLES OF
OBJECT-ORIENTED

MODELING anD
SIMULATION
witH MODELICA 3.3

A CYBER-PHYSICAL
APPROACH

SECOND EDITION

EEEEEEEEE

Peter Fritzson
Principles of Object Oriented
Modeling and Simulation with

Modelica 3.3
A Cyber-Physical Approach

Can be ordered from Wiley or Amazon

Wiley-IEEE Press, 2014, 1250 pages

 OpenModelica

« www.openmodelica.org

* Modelica Association
« www.modelica.org
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Introductory
Modelica Book

September 2011
232 pages

Translations
available in
Chinese,
Japanese, > |
Spanish |
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IEEE Press
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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@ida.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 2.1”
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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Software Installation - Windows

o Start the software installation

 |nstall OpenModelica-1.13.2 Download or from the
USB Stick

6
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Software Installation — Linux (requires internet connection)

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

7 Copyright © Open Source Modelica Consortium MoDELICA



Software Installation — MAC (requires internet connection)

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

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

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

» port selfupdate
« port install openmodelica-devel

YL
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Software Installation — Julia and Jupyter Notebook

If you have already have python installed in your computer and not jupyter notebook, you
can 1nstall jupyter notebook using the following commands.

If Python3 installed
>> python3 -m pip install --upgrade pip
>> python3 -m pip install jupyter

If Python2 installed
>> python3 -m pip install --upgrade pip
>> python3 -m pip install jupyter

If you don’t satisfy the above requirements, Then install all the needed parts from the
USB stick.

USB INSTALLATION

Install Anaconda3.exe from USB stick ( Windows 64 bit)
Install Julia 1.01 from USB stick (Windows 64 bit)
Copy “OMlJulia-tutorial Folder”, for the later part of the Exercises.

For other platforms, download from
Julia : https://julialang.org/downloads/
Anaconda : https://www.anaconda.com/distribution/
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Software Installation — OMJulia (requires internet)

* After Julia is installed, now we are ready to install OMJulia and its
dependencies.

* Open the Julia REPL or julia terminal, from the windows search, type Julia and
click Julia-1.0.1 from the start menu and perform the following commands

julia>import Pkg
julia>Pkg.clone ("https://github.com/OpenModelica/OMJulia.jl")

// dependencies packages
julia>Pkg.add ("ZMQ")
julia>Pkg.add ("Compat")
julia>Pkg.add ("DataFrames")
julia>Pkg.add ("Plots")
julia>Pkg.add ("pyplot")
julia>Pkg.add ("DataStructures")
julia>Pkg.add ("LightXML")
julia>Pkg.add ("Random")

// For using julia and OMJulia from Jupyter Notebook
julia>Pkg.add("IJulia")

Now we are ready to start using OMJulia from the Jupyter Notebook
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Part |

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

Internal i i 417

Thermodynamic comparative cycle as shown in the p-V- und T-S diagrams
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fom T, to T», supplied by the heat
exchanger is coupled with a thermal
discharge (4 — 4'). If heat is completely
exchanged, the quantity of heat to be
added per unit of gas is reduced to

Gn=cp (Ta-T2) =cp (Ta-Ta)
and the quantity of heat to be removed is
qou=cp" (Te = Ty) =cp* (T2=T1).

The maximum thermal efficiency for the
gas turbine with heat exchanger is:

Mn=1-Qow/Qin=1-(T2~T1)/(T3~Ta)

x A
Where palp; = (To/Ty)*~ ' = (To/Ta)*~"
and T, = T3 - (T1/T2) thus

N =1 - (T2/Ts)

Current gas-turbine powerplants achieve
thermal efficiencies of up to 35 %.
Advantages of the gas turbine: clean ex-
haust without supplementary emissions-
control devices; extremely smooth run-
ning; multifuel capability; good static tor-
que curve; extended maintenance
intervals.

Disadvantages: manufacturing costs still
high; poor transitional response; higher
fuel consumption; less suitable for low-
power applications.

Gas turbine 1 Filter and silencer, 2 Radial-flow compressor, 3 Burner, 4 Heat exchanger,
5 Exhaust port, 6 Reduction gearset, 7 Power turbine, 8 Adjustable guide vanes, 9 Compressor
turbine, 10 Starter, 11 Auxiliary equipment drive, 12 Lubricating oil pump.

Model knowledge is stored in books and human
minds which computers cannot access

“The change of motion is proportional

to the motive force impressed "
— Newton

Lex. 1L

Muationen nrotns proportionalem effe vi motrici impreffe, & fieri fe-
: cxndum lincam reSlam qua vis illa imprimitnr.

12
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Modelica Background: The Form — Equations

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

| 4*26’* 'w%mw'# 1 fuﬁ g S TEE G -:.*.:n-'? 'f ,_.‘:?*

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

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

v = INTEG(F) /m

Programming languages usually do not allow equations!

13  Copyright © Open Source Modelica Consortium MoDELICA



What is Modelica?

A language for modeling ofCcomplex cyber-physical $ystems

 Robotics

« Automotive

» Aircrafts

o Satellites

* Power plants

« Systems biology

7772

MODELICA

/770
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What is Modelica?

A language fo@of complex cyber-physical systems

Mechanics

Axis,
_r >—’— 1 L L
R i Electric .
eference Bearing
= Angle-
Sensor

PID Control System

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

15 Copyright © Open Source Modelica Consortium MoDELICA



What is Modelica?

A for modeling of complex cyber-physical systems

l.e., Modelica is not a tool

Free, open language
specification:

mao |I{T;I:-: a

L [T T

Avalilable at: www.modelica.org

Developed and standardized
by Modelica Association

There exist several free and 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

» JModelica.org/Optimica Toolkit from Modelon
(also in ANSYS Simplorer, etc.)

* MWORKS from Tongyang Sw & Control
 IDA Simulation Env, from Equa

16  Copyright © Open Source Modelica Consortium MoDELICA



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

17  Copyright © Open Source Modelica Consortium MoDELICA



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:
I := VIR;
V = R*i;
R = vli;

YL
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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

19  Copyright © Open Source Modelica Consortium MoDELICA



What is Special about Modelica?

/

mmti-ll?omain Cyber-Physical Modeling 3 domains
odeling - electric
Physical - mechanics
/ \ - control
T Mechanics
0 R L A.XiSl A.Xis2
_I_ —— ) u emf - ém—-EHE L
I octri 1 & T
Reference Electric Bearing
= Angle-
Sensor
1
Cyber  > PID Control System
s

20  Copyright © Open Source Modelica Consortium MoDELICA



What is Special about Modelica?

Multi-Domain Visual Acausal
Modeling Keeps the physical Hierarchical
structure
Component
Modelingo
Torquet Inertia1 -
Acausa_l model f v L. .
(Modelica) 717 [T
: J=10
duration={2}
[ 1 | 2 1 omega i 1 !
0 s g S - e S o LT
Constant2 Divide 1 Integrator 3 Integratar 1 Gain
Causal : T
block-based gy ot
model o>
(SimUIink) \iT|_:; » ! omegaz ||_| Gain 1

lau 2
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What is Special about Modelica?

Multi-Domain Hierarchical system Visual Acausal
Modeling modeling Hierarchical
o Component

cut joint

r3Motor r3Drive1 t n
S
-

Modeling

»~
%
Kd - .
» : rel
> - tor= . 1 joint=0
d o] ) i axis4
qRef  psum Ky sum wSum rate2 rate3 iRef * 'ﬁ.- — o =T [ —
+1 s 340.8 3 i
| | — J

Z b(s) 10 > | 4 J
+1 - a(s) s = 8
| -
4 axis3 GD:I_QJEE
| 'I ’
rate1 tacho2 i
b(s b(s’ " g5
a(s a(s.

axis2
‘_ﬁ 5
= -
,
Srel = n*transpose(n)+(identity(3)- n*transpose(n)) *cos(q) - axis1
skew (n) *sin (q) ; S l

wrela = n*qgd; k
zrela = n*qdd;

Sb = Sa*transpose (Srel);

rOb = r0a;

vb = Srel*va;

wb = Srel* (wa + wrela); gyx L

ab = Srel*aa;

b prn.«
inertial

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

Courtesy of Martin Otter =

2 qd : q
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What is Special about Modelica?

Visual Acausal

Multi-Domain
Hierarchical

Component
Modeling

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

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

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

H der (y) = -x + lambda* (1 - x*x)*y;
DeCIaratlve end VanDerPol;

Equation-based
Textual Language

Differential equations

23  Copyright © Open Source Modelica Consortium MoDELICA



What is Special about Modelica?

Multi-Domain Visual Acausal

Modeling Component

Ve "\
[ Vooea
{ Y vy Modeling

Hybrid modeling =
continuous-time + discrete-time modeling

W Continuous-time

+—— Discrete-time

._E

J Clocked discrete-time

Typed

Declarative
Equation-based
Textual Language

Hybrid

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

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

vs Modelica
Causality
Derivation
Modeling of vation
Svstem Subsystems (manual derivation of
D)écomloosition input/output relations) Implementation

Proprietary

Code I .

wocercs [N

25 Copyright © Open Source Modelica Consortium MoDELICA



Modelica vs Simulink Block Oriented Modeling
Simple Electrical Model

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

/
! WS

R1=10 R2=100

‘ "’l"‘ \5

sum2

Hp H]
n n _>+1z
1

P+
AC=220 é
WP p sinin sum 1 Res1 Cap 1
[In
/ — 1 1
. ~ -1 z b S
C=0.01 —— L=0.1 | |—> | " " > >

TN

YL
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Graphical Modeling - Using Drag and Drop Composition

File  Edit
A-lbld # 2000 WOROE 9 ¢

Companents. 8 x| m oD |

bedebca Standard Library ind : :

v |-|- (A B M wieabe Model Diagram View

B Blocks

¥ [2] Constants

= (&) Electrical

E [J Analog inductorl

B [ Basic

# [ Examples

& [ Iseal

# [ Interfaces

# [T Lines

B [J Semiconductors

# [T Sensors

B [[] Seurces

- 0= ConstantCument

S Cnm‘t.url.‘n'-'ul‘!uge

- == ExponentialsCument

- =&+ Exponentials\oltage

- o= ExpSineCurrent

L="%L

— =5+ BExphineVoltage
= == PulseCurrent
=== PulseVioltage w7
| Genera | Irife | Warming I Error
B "‘Ih mﬂu"‘ﬁ“ | | R RS e L S R R AT L |
[ Ramplollage —Info 31 10:98:17 —
- #m Sew Toothi rent Conncted: fresistor 1.n, inducior1.p)
- =&+ SawToothValtage || ——Irfe 4 10:39:39 — H
T e . i || Conncted: (inductor 1.n, sinevoltage 1.n)
| Mo Lbvary | Wodelca Fles | !
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Graphical Modeling with OpenModelica Environment

I HW % 200 WONOEN T # 20 wim 212 (] @ e

Components & X
Modelica Standard Library

# (IR Complex

# [ Modelica

+ @ ModelicaReference
C D ModelicaServices
* [m OpenMedelica

Modelica Lbrary | Modelica Fles

Model Browser & X ; Kind Time Resource Locabion Message L
Outine O
[x]

3 (]

$ 2

Create New Model




Multi-Domain (Electro-Mechanical) Modelica Model

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

model DCMotor
Resistor R(R=100) ;
Inductor L (L=100);
VsourceDC DC (£=10) ;
Ground G;

ElectroMechanicalElement EM(k=10,J=10, b=2) ;

Inertia load;
equation

connect (DC.p,R.n) ;

connect (R.p,L.n);

connect (L.p, EM.n);

= e

R L

L

> o

EM

2 ‘
Q
o

connect (EM.p, DC.n) ;
connect(DC.n,G.p) ;
connect (EM. flange, load. flange) ; + G
end DCMotor E—
29
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Corresponding DCMotor Model Equations

The following equations are automatically derived from the Modelica model:

0 ==DC.p.i+R.n.1 EM.u==EM.p.v-EM.n.v R.u==R
DC.p.v=R.n.v 0==EM.p.1+EM.n.1i 0==R.p

EM.i ==EM.p.1i R.1i==R
0==R.p.1+L.n.1i EM.u==EM.k+*EM.w R.u==R
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
Q=L.p.1+EM.n.1i 0==L.p
L.p.v==EM.n.v DC.u==DC.p.v-DC.n.v L.i==L

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

0==EM.p.i+DC.n.i DC.i==DC.p.1i
EM.p.v==DC.n.v DC.u==DC.2mp* Sin[27wDC.£f »t]

0==DC.n.1+G.p.1 )
(Load component not included)
DC.n.v==G.p.Vv

P-v-R.n.v
.1+R.n.i

p-1i
.R+xR.1

p-v-L.n.v
.1+L.n.1i

p-1i
LxL. i

Automatic transformation to ODE or DAE for simulation:

dx
— =f[x, u, t]

dx £] < 0
dt g[ErKrur ] ==

30
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Model Translation Process to Hybrid DAE to Code

Modelica :l/,\
Graphical Editgr

Modelica::> Modelica
Model Source code

Modelica :/.\
Textual Editor < L <= Modelica Model

Modeling —__ = === Flat model Hybrid DAE
Environment . -

"Middle-end" Analyzer

./ <= sorted equations

Optimizer

— 7' Optimized sorted
/ !

equations
~ | Code generator
< > «¢=mm C Code

C Compiler

Backend
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Modelica in Power Generation
GTX Gas Turbine Power Cutoff Mechanism

parameter_zettingz controller
T ] ap b
Pel... P el
draogp P ciro.. o
LC P L
to | 10 IGY =
pa plp0 P f p3 17
Grid = F O 3 & PO
Pigricd [~ pilo. .. pila...

b= i

F_swiich
hY
T _zwitch
h
Ll
)

poweer_control

Ideh e

stariTime={400} I

load_drap E={UF o clutch ..

1 R
clutch .. clutch ..

art Time={350} _/_

ear, .

mech_hreak dUFETa .. A k=T300.

| il
- . 1. L s .
stErTmes) L& k={-1 3‘“ varisbleDampdpertiaZ - = é} .i I_nfii
Fee.. = ek oo i
o _cpain load =, |effect . e
N

[ BT

i

—

o

startTime={30 T=ITF
Zera ... Q:‘/ Famgl
K du\—m—‘r .. Developed
by MathCore

Courtesy of Siemens Industrial Turbomachinery AB for Siemens
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Modelica in Automotive Industry
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Modelica in Avionics

Inputs Outputs

\

TYYYYYYY

e =|a C|I.I‘|
L ‘
#

aerodynamics

reference oint

h
<:%%@%@@@@ﬁﬁ@

@ r_rel=(0 00} ¥
i

atmosphers

toEngine enging
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Modelica in Biomechanics
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Application of Modelica in Robotics Models
Real-time Training Simulator for Flight, Driving

« Using Modelica models
generating real-time
code

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

« Developed at DLR
Munich, Germany

* Dymola Modelica tool

(Movie demo next page)

Courtesy of Tobias Bellmann, DLR,
Oberphaffenhofen, Germany

36  Copyright © Open Source Modelica Consortium M 0 D’ |sj LI'CA



DLR Real-time Training Simulator Movie Demo

— : E:_
B ——

Y
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Combined-Cycle Power Plant
Plant model — system level

Courtesy Francesco Casella, Politecnico di Milano — Italy

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.

and Francesco Pretolani, CESI SpA - Italy

-

J ,

ECO2  Ev_P

S | .-

SH2 RH2 SH1 RH1 EV_.. SH_IR
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Modelica Spacecraft Dynamics Library

Formation flying on elliptical orbits

| spacecraft

Control the relative motion of two or more Ye
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

39  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
« 2012: initial delivery (for 50 plants)
« 2013: SW extension (500 plants)
« 2014: HW+SW extension (> 2000)

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

Manage 7.5% - 10% of German Power

« 2015, Aug: OpenModelica Exports FMUs
for real-time optimizing control (seconds)
of about 5.000 MW (7.5%) of power in
Germany

40 Copyright © Open Source Modelica Consortium M 0 0’ |sj LI'CA



Industrial Product with OEM Usage of OpenModelica —

MIKE by DHI, WEST Water Quality

, Water Treatment and Sludge

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

Includes a large part of the OpenModelica compiler using the OEM license.
Here a water treatment effluent and sludge simulation.

=) Insert  View  Tools o
¥4 Logging | ]  ASM1PlentMLE2.SmuExp | ASUTanks - Effluentand Sludge | 4 b x| Model Explorer E - » x|
Evaluation 7| Effluent: ASM specs /|| Effluent: custom specs | | Parameters ‘ Variables | Description | - [
0.96338884 27.024294 L e, ‘ e ‘ = = EaL LS
[d] [a/m3] [afm3] [a/m3]
0.94338884 S = o - r Name | value Unit -
0.92338884 23024904 | — e et b | v category: Manipulated Variables
0.90338884 = v Group: Operation
0.83338884 21.024294 | 2 Shimsen 2 Temp. 20 degC
0.86338884 19.024294 4 3 il Bl o0 B ia | 0 1/d
s 7020984 ] 4 44.040595 34.262537 12.205363 g —————
0.87338884 o omenes o 5 42.345799 37.056501 12,65240: N —r——
0.80338884 2 ] 6 42.757963 37.434967 13.067522 s FEIm
0.78338884 13.024294 [} 7 43097458 37.505334 13.41812¢ = e T
0.76338884 11.024294 | ] s 43.394997 37.395354 13.71643: i E——
0.74338884 e o, | ] 43.65701) 37.132642 13.97481¢ 1 ety PR
0.72338884 T I o 10 43.892176 36.733418 14.20420% — e | el
0.70338884 1 | 11 44.091757 36.2113 14.40204¢ — i N
0.68338884 5.0242936 | ! 1 i l \ it ' 4 ] 12] 44,259402 35.57176 14.57349¢ | p——
[ vel | 2000 m3.
0.66338884 3.0242936 13 44,398744 34.815228 1472252 — .
bR L 5] 14 44.512905 33.940434 14.85258¢ Rl s
1.0242936 4| ‘ - g - K_NH 1/g/m3
101 106 111 116 121 126 131 101 106 111 116 121 126 131| | = st 8 SZ0IL) 14.96604 u KNH_H 0.05 -
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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

42  Copyright © Open Source Modelica Consortium
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System Dynamics — World Society Simulation
Limits to Material Growth; Population, Energy and Material flows

T eHES .0 B ii: esemEM Ros 8- 22s Left. World3 simulation
e L e o . With OpenModelica
S | =s==r===-c==t=to=—= ==+ 2collapse scenarios
< el — (close to current
=3 /\ = developments)
ILL::':'*"...' 2 \ “Z..  + 1sustainable scenario
=i \ : ioreen)
G X | e sz CO2 Emissions per
o Ok =i S| person:
o T « USA17 ton/yr
= et | (I, e - Sweden 7 ton/yr
o W e « India 1.4 ton/yr
------------- u“ T Tam T Tam | g - ° Bangladesh 0.3 ton/yr

Systém D-yha.micé .I-\/I.c.)d.ellidé Iibrary by Francois Cellier (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
finite
Earth

VS

Bacteria
on a
finite
substrate

Log of numbers of bacteria

Time
Bacterial growth curve /kinetic curve (Wikipedia)

/770
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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 47
6e+09 | 6 !
] Start 2042
5e+09 —
4e+09 -

3e+09

2e+09

1e+09 ] T L T T I T T T T I L] T L Ll I L) L T L] I
1,900 1,950 2,000 2,050 2,100
Time (Years)
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(GOLLAPSE

How SOCIETIES CHOOSE

The 30-Year Update
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How the world could be in 80-100 years Business-as-usual
at a global warming of 4 degrees scenario, IPCC

The world: 4°C warmer
No one knows exactly what this world will look like,
but models provide insights into forced human
migrations and our future power generation Greenland
= Greenland's ice sheet

will be melting rapidly Scandinavia/UK/Northern Russia/Greenland

. Compact high-rise cities would provide shelter for much of the world's population S ibEl’fa
Arctic passage . ET 3 -~ Reliable precipitation and warmer
With no sea ice, this valuable shipping 5 ir%i - S temperatures provide ideal growing conditions
route is open all year, providing e @ Wi ; for most of the world's subsistence crops

v -

transportation links beween
habitable zones in Canada and Russia

. Alps a’re ree. Goats and other
hardy animals are kept at the fringes

Canada
Reliable precipitation and warmer

i No‘rth Africa/Middle East/ .:

temperatures provide ideal PN i
growing conditions for most of a8 L5 &
the world's subsistence crops Southern US 3 S0,
Solar Energy Belt stretches for thousands Vsl |
of kilometres, employing a mixture v
of photavoltaic and solar thermal # Southern China

Dried rivers and aquifers mean
this region has been abandoned.
{\ Intense monsoons have helped
A
%

energy. At frequentintervalsa
high voltage direct-current
“substation sends power narth

o
South-west US
Desertification led to the last
inhabitants of this region
migrating north. The Colorada
river is a mere trickle. The
land is used for solar farming

erode the land, leaving a dustbow!

Amazon Qi

and geothermal energy . Desert =9 Asia ¢
N s . Most of the Himalayan glaciers -
MAntL—I!cﬂEse & tho h{\ ¥ have melted, with repercussions - T ey
sume{nndelsshaul;lg farmany of the major riversin the x N _“‘ N POl nesia
region. Bangladesh is largely (== r s y
greening of the Sahel = +  Vanished beneath

abandoned, as is south India,
Pakistan and Afghanistan. Isolated
communities remain in pockets

Peru
Deglaciation means
this areais dry and
uninhabitable

Patagonia
Melted glaciers revealed a

& new arable zone, although the
|poor soils needed preparation

New Zealand
Unrecognisable, This densely
mining for nufleaj populated island state has

Uninhabitable bl

Sea level rise 2 m
flooding coastal cities

Western Antarctica

Unrecognisable now. Densely
populated with high-rise cities

Wind
energy

Food-growing zones / Uninhabitable Uninhabitable due to floods, Potential for . Land lost due torising sea levels, @ @ Solarenergy
Compact high-rise cities desert drought or extreme weather ref i ing a 2-metre rise ..

. Cities, agriculture

Uninhabitable desert

Uninhabitable due
to extreme weather

Flooded

Massive migration to
to northern Europe,
Russia, and Canada

Example Emissions
CO2e / person

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

- Flight Canaryisl — 2 ton

- Flight Thailand — 4 ton

References

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




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
» Install electric solar PV panels -

« Buy shares in cooperative wind power

Elstatistik 2013/2014

2500
2

- Producerad solel
1500 —4- Exporterad solel netto

000
/ Forbrukning el
1000 , —A—Importerad el netto
500
0

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

kWh

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

48  Copyright © Open Source Modelica Consortium MoDELICA



Example Electric Cars
Can be charged by electricity from own solar panels

Renault ZOE; 5 seat; Range:

22kwh (2014) vs 40 kwh battery (2017)
* Realistic Swedish drive cycle:

« Summer: 165 km, now 300 km

* Winter: 110 km, now 200 km
Cheap fast AC chargers (22kw, 43kw)

DLR ROboMObil 2018, Tesla Model 3 LR, range 560 km
 experimental electric car
Modelica models Tesla Model S, range about 550 km
7
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Example Foldable Electric Bike

Lightweight and compact electric mobility

Example, Avance bike

Range up to 100 km on one charge
(about 50 km at higher speeds)

Speed up to 25 km/h (or 40 km/h)

Fold and bring on bus or train

| Bike in
a bag

Folded bike
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What Can You Do?

More Train Travel — Less Air Travel

 Air travel by Swedish Citizens 2
— about the same emissions i et g Train
as all personal car traffic in travel
Sweden! Linkoping
« By train from LinkOping to - Munich
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 Linkoping-Paris, Dec 3-
6, EU project meeting
 Train Linkoping-Dresden,
Dec 10-16, 1 week workshop
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—

Small rectanles — surface needed
for 100% solar energy for humanity

- { R
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Solar Energy PhotoVoltaics Growth Trends

Exponential
worldwide
Growth of
Photovoltaics
2006 - 2018

Worldwide growth of photovoltaics

P EECE

Cumulative capacity in megawatis [Mj'a_"'.-'p] grouped by region:
Split-up for 2016 estimated from IEA [

a00.000 -—

500,000 =+

400000 =

300.000 =+

200,000 =

100,000 =+

2006 2008 2010 2012 2014 2016 2018F

. Europe |:| Azia-Pacific
. Americas . China

Middle East and Africa . Rest of the world

. Global fotal: no splif-up by region available yet.
Forecast for 2015

i i

5%

50 %

0%
ARo20 2000 202 204 2006 2028 2030

2018 2.5% solar

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

Almost Sustainable

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

Small-scale agriculture

Small-scale shops

Simpler life-style (Mahatma Gandhi)

Non-sustainable

USA 17 ton CO2, Sweden 7 ton CO2/yr

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

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

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
* Industry and academia

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

Modelica Association established 2000 in Linkoping

* Open, non-profit organization
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Modelica Conferences

The 1st International Modelica conference October, 2000

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

The 3™ International Modelica conference November 5-6, 2003 in Linkoping, Swedel
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 7t 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 10t 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

Coming: 13t International Modelica conference March 4-6, 2019, Regensburg,
Germany

Also: Japanese Modelica conferences 2016, 2017, 2018
Also: US Modelica conference 2018
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Exercises Part |
Hands-on graphical modeling
(15 minutes)
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Exercises Part | — Basic Graphical Modeling

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

 Draw the RLCircuit

« Simulate
resistorl inductorl
—._ _D ._n' LI I_| |—
R=100 -1
L]
=
an z
o
g
—
T The RLCircuit Simulation

YL
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Exercises Part | - OMEdit Instructions (Part I)

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

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

\/-Under the Modelica Library:

« Contains The standard Modelica library components
« The Modelica files contains the list of models you
have created.

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

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

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

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

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

 Simulate the model

 Go to Simulation menu and choose simulate or click on the simulate button in the
toolbar. 'l"

 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 Il

Modelica environments and OpenModelica

BN RS- TR O
7 Ny | £

]

i
i
L

fiperp
i
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Dassault Systemes Sweden
Sweden
First Modelica tool on the market

Initial main focus on automotive
industry

www.dymola.com
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Wolfram System Modeler — Wolfram MathCore
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Courtesy Car model graphical view

Wolfram

Research
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Wolfram Research
USA, Sweden

General purpose
Mathematica integration
www.wolfram.com
www.mathcore.com

Mathematica

Simulation and
analysis
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Simulation X

 |ITI Gmbh (Part of ESI Group)
« (Germany

« Mechatronic systems

« www.simulationx.com

7
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MapleSim

e CE v oy
o r——— . e

Tetwe s et
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e — T o=
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I Aoz 002 ot oA s
o | Optmizing the Design of an Ice Tank Camiage Pesvaon
}ﬂ o e 4 =
| e - AL
Temi P g ", : TR o
Frow  Bea , ."".l" p— t Jm'.-' :‘ :..,.
ofn| i W .
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:‘ . oy
- / o
pes

Maplesoft

Canada

Integrated with Maple
www.maplesoft.com
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Modelon

')

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 model creation, automation, simulation and products, built on the FMI apen standard,
models for a wide range of industrial optimization. enables collaboration and rapid deployment of
applications. system models across multiple platforms,

varying tools, and organizations.

« Modelon
« Sweden and International
« Library Suite

« Creator Suite with Optimica Compiler Toolbox
Jmodelica.org, and WAMS model editor

« www.modelon.com
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www.OpenModelica.org

Top information

s Industrial Products
. #%. Commercial Applications
i using Openmodelica

~ OMEdit
Enhanced OpenModelica
O“ Connection Editor.

Library Coverage
Latest library coverage.

Modelica/OpenModelica Videos

Overview of Modelica, : <

DOWNLOAD TOOLS & APPS USERS DEVELOPERS FORUM EVENTS RESEARCH

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).

The goal with the OpenModelica 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.

Register yourself to get information about new releases.

Participate in the OpenModelicalnterest 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®.

For systems engineering with requirement traceability and verification, see ModelicaML.

search...

Latest news

October 25, 2014: OpenModelica 1.9.1
released

Preliminary Program OpenModelica
Annual Workshop 2015

October 07, 2014: OpenModelica 1.9.1
Beta4 released

March 08, 2014: OpenModelica 1.9.1
Beta2 released

New Book: Peter Fritzson - Principles o
Object-Oriented Modeling and Simulatiq
with Modelica 3.3

February 02, 2014: OpenModelica 1.9.1
Beta1 released

CFP OpenModelica Workshop Februar|
2014

October 09, 2013: OpenModelica 1.9.0
released

September 27, 2013: OpenModelica
1.9.0 RC1 released

February 1, 2013: OpenModelica 1.9.0
Beta4 released

The OpenModelica Environment
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OpenModelica — Free Open Source Tool
developed by the Open Source Modelica Consortium (OSMC)

« Graphical editor

* Model compiler
and simulator

« Debugger

« Performance
analyzer

* Dynamic optimizer
« Symbolic modeling
- Parallelization

 Electronic
Notebook and
OMWebbook

for teaching

« Spokentutorial for
teaching

r
ot OMEdit - OpenModelica Connection Editor

File Edit View Simulation FMI Export Tools Help

S@HER &

Libraries Browser 8 X | IZ Plot: 1 | Variables Browser g X
Libraries ji Pan | FitinView | Save Print | Grid Mo Grid [ LogX [ Log Y | Setup [Find Verables ‘
B |E| MultiBody [T Case Sensitn
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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 scripting « OMOptim optimization tool
«  OMSimulator — FMI Simulation/Co-simulation * OM Dynamic optimizer collocation

* ModelicaML UML Profile
 MetaModelica extension
 ParModelica extension

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

«  OMNotebook — a literate programming notebook [ —
« MDT - an advanced textual environment in Eclipse s T 3
i e —— || = o e - —
Lm S 10 ] j - -
- . n DrMOdellcaMnmuca Edition e
i ilm;l:-‘;::‘.“ Unbrersity, PFELAB, 20031007, Wiky-[EEE Fress, ] ot sy 1_="=-|_ = et =
FrEEs sTEer mm—-. -: I _.:_ - e =
Feter| Sohwd problems [ et pion i, — —
[WIRATY hreer =) v S '- .-...-\. (%1% .-P).-’P ."‘ “woemOoeEBN / + F o -
|-'|,.f_I E:‘"'. T ,;: =——— — - .; | B s [t [
T — Sl s o —T 3
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"._‘ [ et e . ——
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OSMC - International Consortium for Open Source
Model-based Development Tools, 51 members Febr 2019

Founded Dec 4, 2007

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

Code Statistics

/trunk: Lines of Code

8,000,000 {|
7,000,000 {
6,000,000 4
5,000,000 4
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Q
£ 4,000,000 {
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0! = , - - ,
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Date

Industrial members

- ABB AB, Sweden

* Bosch Rexroth AG, Germany

* Brainheart Energy AB, Sweden
* CDAC Centre, Kerala, India

* Creative Connections, Prague
* DHI, Aarhus, Denmark

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

* Equa Simulation AB, Sweden

* Fraunhofer IWES, Bremerhaven
* INRIA, Rennes, France

* ISID Dentsu, Tokyo, Japan

* Maplesoft, Canada

* RTE France, Paris, France

» Saab AB, Linkoping, Sweden
* SKF, Goteborg, Sweden

* TLK Thermo, Germany

» Siemens Turbo, Sweden

* Sozhou Tongyuan, China

* Talent Swarm, Spain

* VTI, Link6ping, Sweden

* VTT, Finland

* Wolfram MathCore, Sweden

University members

* Augsburg University, Germany
* FH Bielefeld, Bielefeld, Germany
* University of Bolivar, Colombia
* TU Braunschweig, Germany
* Univ California, Berkeley, USA * Linkoping University, Sweden
* Chalmers Univ, Control,Sweden < Univ of Maryland, Syst Eng USA
* Chalmers Univ, Machine, Sweden ¢ Univ of Maryland, CEEE, USA
* TU Darmstadt, Germany * Politecnico di Milano, Italy
* TU Delft, The Netherlands * Ecoles des Mines, CEP, France
* TU Dresden, Germany » Malardalen University, Sweden
* Université Laval, Canada * RPI, Troy, USA
* Georgia Inst of Technology, USA -« Univ Pisa, Italy
* Ghent University, Belgium * Univ College SouthEast Norway
* Halmstad University, Sweden » Tsinghua Univ, Beijing, China

* Vanderbilt Univ, USA

* Heidelberg University, Germany
*TU Hamburg/Harburg Germany
* lIT Bombay, Mumbai, India

* KTH, Stockholm, Sweden
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Build System with Regression Testing

« 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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The OpenModelica Tool Architecture

OMWebbook
OIMtN"te:’.""k Interactive OMPython | | OMJulia || OMMatlab
nreractive Notebooks Python Julia Matlab
Notebooks Scripti . e . .
\ cripting Scripting || Scripting
ModelicaML Int tOMg 0
UML/Modelica 4/> n eracslve ompiler OMSh.ell
and requirement crver MOfiel.lca
verification Scripting
OMEdit Graphic OMOptim
and Textual Optimization
Model Editor v
Simulati
Debugger 1 a. on
Execution '\ 3D
MDT iR
. . isualization
Eclipse Plugin OMSens :
‘e e OMSimulator
Sy ! FMI Simulation*——>] OMSysident
analysis imulation ysiden
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Spoken-Tutorial step-by-step OpenModelica and Modelica
Tutorial Using OMEdit. Link from www.openmodelica.org

Mews ~ Forums About ~ Statistics -

DOWNLOAD TOOLS & APFS

= Search Tutorials ] . ] ]
https://spoken-tutorial.org/tutorial-search/?search foss=OpenModelica&search lanquage=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 modelling and simulation environment intended for industrial and academic usage.lt is an object oriented declarative muiti
domain modelling language for complex systems. This environment can be used to work for both steady state as well as dynamic systems. Attractive
strategy when dealing with design and optimization problems. As all the equations are solved simultaneously if doesn't matter whether the unknown
varable in an input or output varable. Read more

About 12 results found. ¥, Instruction Sheet

1. Introduction to OMEdit Basic
Foss : OpenModelica - English

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

2. Examples through OMEdit Basic

Foss : OpenModelica - English

Outline: 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

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

B

Tl oot ebok: Drttodebesonts® : ==
Flg Edt Cel Fomat Insert  Window  Help

* Primarily for teaching orson 20060611 |

* Interactive electronic book DrModelic gredeica ediion
« Platform independent
Cogpynight: (o) Linksping Unreerery, PELAE, 2003-2008, Wiley-IEEE Preee, Modelca Association

Contact Openbdodebeaimida bu se, Openbdodebea Project web site
werw ida b, sefprojectsOpenhdodelca

CO m m a n d S . Eool web page: warw mathcore, comidiMadeiea, Book author: Feter Fritzsoni@ida l 22

Dirodehea Authors: (2003 version) Susanna Monemer, Eve.-Lens Lengoust Sandeling Peter Frtzson, Peier Bunus

Y Shift_re turn (e Valua teS a Cell) Debdodetea Aol G003 end laber updatag): Peler Frizeon

This Dridodelica wotebook has been developed fo facilitate lrarming the Modelica langrage as well as ]

PY F i Ie M e n u (O pe n , CI Ose : etC . ) providing an imtroduction io ohject-oriented modeling and srndation. It 1z based on and 1=

supplewiesiary materal to the Madelea book: Peter Frtzson: "Prisciples of Object-Onented
Modeling and Sirmulation with Madelca® (2004), 240 pages. Wiley-IEEE FPrezs, IZBN (-471-47 1831,

° Text C ursor (Ve rt| ca I ) , Cel I Al of th examplec and exercises 1n DriModelica and the page references an from that book. Most of
. the text in DrModelica 15 alse based on that book,
C u rS O r ( h O rl ZO n ta I ) Dretailed Copyright and Acknowledgment Information
° Cel | types : text ce | |S & Getting Started Using OMNotebook
execu ta b I e COd e Cel IS OpenModelica commanids

Berkeley license OpenhIodelica
Copy’ paSte’ group Ce”S 1 A Quick Tour of Modelica

¢ CO py, paSte, g FOU p teXt 1.1 Getting Started - First Basic Exsanples
* Command Completion (shift- g et TRl 195 e Bt ok St e i

ta b ) language, prnang a strng dees not make much sence. Instead, our Hello World Modebea program sobves

a tmal differennal equation. The second exarmple showe how you can wride a e del that solves a

Differeptal Alpebrage Eonabon System (p. 190, In the Mg der Pol (p. 22) examgple declaratron as well as
wshahzation and prefoc ugage are shown i a shghtly more compbcated way

1.2 Classes and Instances

. . . In Modebea objects are created imgdicatly st by Declanng Instances of Clagaes (po 26). Almaost anytheg ]
74 COpyrIght © Open Source Modelica Consortium mn Modehca 15 a class, but there ars some keywords for specific use of the class concept, called




OMnotebook Interactive Electronic Notebook
Here Used for Teaching Control Theory

OMNotebook: Kalman.onb [EEREE

File Edit Cell Format Inset Window Help
N I H = . v

1 Kalman Filter

Often we don't have access to the internal states of . = PE - D v |9 .

have to reconstruct the state of the system based o andil Ealtanresdback :
The idea with an observer is that we feedback the | paramster Beal Al:,=ize(n, 1)] = [{0,1},(1,01} ;

the estiamtion is correct then the difference should | prrmmetes Seal Bleisa(h, 1.3 = 1101, {11

parameter Resl C[:,size(A, 1)] = {[1,0}};
paramater Real[2,1] E = [2.4;3.4];

Another difficulty is that the measured quantities off paramster Real(l,2] L = [2.4,3.4]);
parameter RBeal[r,:] ABL = A=B*L;
= parameter Real[:,.:] BL = B*L;
= paramater Beal[:,:] 2 = zeros (size(RBL,2) . 8ize (ARC,1)); |
j parameter Real[:,:] ARC = A-E*C;
paramater Real[:,:] Anew = [0,1,0,0 ; =-1.4, =-3.4, 2.4,3.4; 0,0,=-2.4,1;0,0,-2.4,0];
parameter Real[:.:] Bnew = [0:;1;0:0];
Here EIEEdEﬂOﬁﬂgﬂdiEthbﬂﬂCEiﬂﬂlE ﬁ]_pm 5ig‘-_15 parameter Beal[:,:] Fnew = [1:;0;0:01;
bE E:"i-’ﬂ.hlﬂ.tEd b}' thE d:iﬂ‘ETEﬂCE :tntnﬂpﬂc\eﬂniﬂu Ealman (state8pace . A=Anew, stateS8pace . E5=Bnaw, statel8pace.C=[1,0,0,0],

stateSpace.F = Fnew) ;
stateSpaceNolse noFalman;

Kyt end EalmanFeedback;
' =simulate (EalmanFesdback, stopTim==3) ]
B}r us:mg this ql-lﬂﬂtf'l.'}’ as feedback we obtain the ot plot ({Ealman.stateSpace.y[l] ,noKalman.stateSpace.y[1] }} |
n . L Irue
X = A%(t) + Bult Plot by OpenModelica
Now form the error as
15
i Kaiman. siateSpace, v[1]
The differential error is i
Ready I @ nokal=an statespade, y[1]
] =

Ready Ln12 Col39

75  Copyright © Open Source Modelica Consortium Moo’ELrcA



OM Web Notebook Generated from ONINotebooOK

Edit, Simulate, Plot Models on a Web Page
http://omwebbook.openmodelica.org/

OMNote
book

mddlalkels  *AEBERICY LT 7
First Basic Class
1 HelloWorld }

The program contains a declaration of a class called He 11 oWor 1d with two fields and one equation. The first field
is the variable x which is initialized to a start value 2 at the time when the simulation starts. The second field is the
wariable a. which is a constant that is initialized to 2 at the beginning of the simulation Such a constant is prefixed by
the keyword parameter in order to indicate that it is constant during sinmlation but is a model parameter that can be
changed between simulations.

The Modelica program solves a trivial differential equationr x' = - a * x=. The variable x is a state variable
that can change value over time. The x ' is the time derivative of x.

class HelloWorld

Real x(start = 1, fixed=true);
parameter Real a = 1;
equation
der(x) = — a * x;
end HelloWorld;
{HelloWorld}

2 Simulation of HelloWorld

|simu15te( HelloWorld, startTime=0, stopTime=3 )

record SimulationResult
resultFile = HelloWaorld_res.mat”,
messages = ™"

end SimulationResult;

Plot the results. }
!plot[ ) 1
| [done]

Pan | AutoScale  FitinView = Save | Print | Grid MoGrd [JlegX [Jleg¥ = Setup
*
Plot by OpenModelica
1
0.8 -
0.6
0.4
- \
] et S
| |
—_
i RS e
0 0.5 1 15 2 315 3 3.5 4
time
Ready

OMWEBbook b4 -+

ooe Q e +$ A O O »

openmodelica.on

First Basic Class
1 HelloWorld

The program contains a declaration of a class called HelloWorld with two fields and one equation. The first
field is the vanable x which is initialized to a start value 1 at the time when the simulation starts. The second
field 1s the vanable a, which 1s a constant that 1s imtialized to 1 at the beginning of the simulation. Such a
constant is prefixed by the keyword parameter in order to indicate that it 1s constant during simulation but 1s a
model parameter that can be changed between simulations

The Modelica program solves a trivial differential equation: x* = - a * x. The vanable x i1s a state
variable that can change value over time. The x * is the time derivative of x

class HelloWorld
Real x(start = 1, fixed=true);
parameter Real a = 1;

equation
der(x) = - a * x;

end HelloWorld;

2 Simulation of HelloWorld

simulate( HelloWorld, startTime=0, stopTime=4 )

Plot the results.

plot( x )

08l \

06 AN

OMweb
book
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BouncingBall Example of Using OMWebbook
Editing and Simulating the BouncingBall model

e :% http://omwebbook.openmodelica.org/static/QuickTour/W D~ %} OMWEBbook

1 model BouncingBall "The bouncing ball model"

2 constant Real g = 9.81; // Gravitational acceleration

3 parameter Real c = 0.9; // Elasticity constant of ball

4 parameter Real radius = 0.1; // Radius of the ball

= Real height (start = 1, fixed=true); // height above ground of ball center
6 Real velccity(start = 0, fixed=true); J/ Velocity of the ball

7 equation

8 der (height) = velocity;
= der (velocity) = —g;
10 when height <= radius then
11 reinit (velocity, —-c*pre({velocity)};
12 end when;
13 end BouncingBall;

A bouncing ball

2 Simulation 1 of Bouncing Ball

When we simulate the BouncingBall model from 0 to 8 we see how it bounces

1 simulate( BouncingBall, stopTime=8 }

1 plot{ { height, wvelocity } }

— height — velocity

ok
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Mathematical Typesetting in OMNotebook
and OMWebbook

OMNotebook supports Latex formatting for mathematics

File Edit Cell Format Insert Window Help

Sl = pe v CaE=lRsviiTo 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 hydrogen gas and iodine gas to form hydrogen iodine: O M N Ote boo k

H-+1> =-= 2HI

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

Latex instructions
can be hidden by

o o
qp (1] = 282 [H2) . [12] — 2ha [ 1?]

‘\documentdass[12pt] {artide} . .
\begin{document} dOUb|e CIICkIng the
\thispagestyle{empty} . .
\frac{ymathrm{d} }\mathrm{dt}}Yeft [ H_{2}\right ]=k_{2}.Yeft [ HI~{2} Vright]&_{1}.Veft [H_{2} Yight].Yeft [ I_{2} Yright]Y] Ce" N tree view

\DfracOmathrm{d} M ymathrm{dtieft [ I_{24yight J=k_{2%.\eft [ HI~{2} Yight]&_{1}. Yeft [ H_{2* Yvight ].Veft [ I_{2} right 11
\frac{ymathrm{d} ¥ \mathrm{dt}}Yeft [ HI\right ] =2k_{2} Yeft [ H_{2} Yright ].Yeft [ I_{2} Yright ]-2k_{2}.Yeft [ HI~{2Z} Yight Y]
‘\end{document}

Ready
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OpenModelica Environment Demo

File Edit View Simulatien FMI Tools Help

A HE # 220 WORNOEN[T 20 wm 22 (K| Bro

Components Fox
| Modelica Files '
& @] ThermoSysPro
# [P] UncertaintiesDema
& [P] e1100_Modules
# [P] Approximated
O GV _Unit
O G¥ Unet_sppre...
@ 5G_Unit_Propag...
SG_Unit_Reconci...

i LB S B
[Ty - Bt mnves e wes [T Cims Tlemgr
¥ N P TATL W 2 Rt
-Iiu—u-m-m-n— |
o [T i ostuies W | e bt
AP L hersE o . I
Erary | Modelcaries 4] F:{:w
i Mu Lrd Frpmpien ¥ E . 4
Made! Bravser B and Time Fesource Location Massage Eq-as_u.._n.:..._ .
,I ivinil? T ‘ L l i
% G_Unit ; Il f ; ’ il !
ii i |
-u B2 as A an 1
T ey | e time
:-_ — :rlu-m-u- :w- l::: m-nmmwmmw Caren _];
v W e | -.ll [ITETe = [Z5TT ) i l.l-l--n—--r—-l—-\.-u-l-ﬂl?_-uﬂ-_hn H
iz o Al e -
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OpenModelica MDT - Eclipse Plugin

« Browsing of packages, classes, functions

« Automatic building of executables;
separate compilation

« Syntax highlighting
 Code completion,

Code query support for developers
« Automatic Indentation

« Debugger
(Prel. version for algorithmic subset)

Eclipse Platform

Workbench IDE LI

il

‘Workspace-Based Compare [/
Decunent Editars Search

Workbanch :

Tesxct Editor Update
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OpenModelica MDT: Code Outline and Hovering Info

£ Modelica - OpenModelica/CompilerfAbsyn.mo - Eclipse SDK - |EI|£|

File Edit Mavigate Search Project Run  Field Assist  Window Help

J O] = | ot J - @ - Q- J = | = J & J @ J = J - - - - J Correct Indentation B oo+ »
P ra T
[t Maodelica Projects 53 T | =t <}=={,‘> ¥ =0 Absyn.mo &3 = O
[& rml2sig ;I case (MATRIX (mztrix = expll)) ;I
EE! runtime _l lccai.list<list«':list{C:rr.p:nentRe:'b-}b- resl;
i scripts ecuation
gt F d resl = Util.listListMapiexpll, getCrefFromExp);
: Est_todegen resZ = Util.listFletteni{resl);
[&' tools res = Util.listFlatten(resZ);
g VT then
EEE, Absyn.mo 3116 2008-02-04 14:44 krsta res;
¢ E-H) Absyn 3116 2003-02-04 1444 krsta case (RRNGE (start = el,step = SCME(el),stop = el))
[} Algorithm.mo 2952 2007-12-22 22:17 adrpo equation
[} Builtin.mo 3585 2008-05-22 07:03 adrpo 11 = getCrefFromExplell;
+ @ Ceval.mo 3605 2008-05-27 02:48 adrpo 1z I
: res
Eﬂ, ClassInf.mo 3496 2003-04-23 11:59 krsta 13 =
Eﬂ ClassLoader.mo 3133 2008-02-15 05:17 adrpo res = O CREAE EESSSSRCES 2n =R sxpressicn’
- [igy Codegen.mo 3585 2008-05-22 07:03 adrpo then izi:rﬁt;fpist:ifﬁl;“nenth—'b- st ComponentResLecs =
‘[ Connect.ma 3584 2008-05-22 06:45 adrpo res; ‘l?r“rjith:f T TTTToTTTTTET e
EEI Constants.ma 3011 2007-12-22 22:36 adrpo case (RAN cutComponentRefLat:=matchcontinue inExp
Eﬂ Convert.mo 3496 2003-04-23 11:59 krsta - squaticl g
4| I 4 i;’ : ComponentRef cr;
o i —=-.--_—.,.,,=_,.;- = —
o= Outiine £3 B w e X 7750 res = listiRppend(ll, 12); _ILI
T
E 3} absyn ﬂ < 4
el aDD T s
}:' i . . [L Problems &3 El Cu:unsu:ule} E]]] Bonkmarkﬂ " Prog = 0O
ALG_ASSIGMN(Exp assignComponent, Exp valug) = . .
. . 113 errors, 0 warnings, 0 infos
LG_BREAK
e et | Descrpton_~ |dentifier Info on X
ALG_CATCH(list<AlgorithmItem= catchBody) D & - -
. R ; - Errors (100 of 113 items)
ALG_EQUALITY (Algorithm equ) e / |
ALG FJ'J.ILLIRE’Angl:urimm equ) 3 The identifier at start and end are different I I d
—_— LY £ . . .
ALG_FOR({Forlterators iterators, list<AalgorithmItem = forBo g The !dent!ﬁer st start and end are I:I!f'ﬁarent Ove r] n g
ALG_GOTO(String labelName) The identifier at start and end are different, pa
ALG_IF{Exp ifExp, list<algarithmItem o pa
e LA:EEEL’String _— ‘ O d e O u t l'l n e fo r «n '} on line| rmldump.ma | OpenModelica /toalsfrml2mod
J.:.'LG_HOREFCALL [ComponentRe «en ;' on line| rmitomod.mo | OpenMaodelicatoalsfrml2mod
ALG:RI:—I'LIRP-J : . . o . «n ;' on line| modrefacto... | OpenModelica/tools/rml2mod
ALG_THROW t th «en '} on line| moddump.mo | OpenModelicaftoalsfrml2mod
ALG_TRY{ist<AlgorithmItem > tryBody easy n aV] ga ] O n W] ] n «n '} on line| rmltomod.mo | OpenModelica/toals/rml2mod
_ JIST= Y . i . p
gLt Modelica files o | o[ Qo s 4"

|| emorzsar [ | | 7 ) 7




OpenModelica Simulation in Web Browser Client

2 g o g i i - B MultiBody RobotR3.FullRobot

REAafN&aYing %

# ~ Page~ Safetyv Took~> @~ A N ©)

OpenModelica simulation example

in < 3

Modelica.Mechanics. MultiBody Examples. Systems.RobotR3 fullRobot

shion Meished. Time 00 40 Xample

Examples.Systems.RobotR3.fullRobot

Simulston inshed  Time 00 40

s Mode

OpenModelica compiles
to efficient

Java Script code which is
executed in web browser

YL

82 Copyright © Open Source Modelica Consortium MoDELICA



Interactive Simulation

BT2

Simulation Control

Simulation Center E]

0.02

-
v

1.0

-
v

1.3

Start Pause Stop

-

Simulation Time: 00:01:56:220

Status: Simulation is running...

Examples of Simulation

el fa

[

File Edit HS

Requirements Status Info | History

v

| Show violations (2)
Req.001: tank1 [\ | Violation warning
1. Start Time: 22 (sec) | End Time: S0 (sec)
g Start Value: tankl = § (m)
Req.001: tank2 Violated
6 - - | Maximum Value: tankl = 15 (m)
¢

2. Start Time: 95 (sec) | End Time: 110 (sec)
Start Value; tank! = 8 (m)
Maximum Value: tankL = 11 (m)

v
~

Status: Simulation is running...

Formulartitel

H =

Plot View

Requirements
Evaluation View
in ModelicaML

Domain-Specific
Visualization View
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OMPython — Python Scripting with OpenModelica

Interpretation of Modelica o —

e S G g S— -

commands and expressions @
OMPython . execute (" loadFile (\"¢: /OpesModelical . §.1/testmodels /BouncingBall . mo\ ")
. . . l“ul!m.mt.('nrala'.n|h:c..‘»:ln«)hl‘.‘. stopTine=2, mathod=\'Euler\')")
Interactive Session handling =&k ,
CAython . execute (“plot (h) *) | B Ommaimnitonion o e
1 execy ‘Séms:n\“i 2::‘” o :esl_:::ciu‘ne I/ ﬂw \ganantd2\appdat .
‘quit ()" rver is runaing a e:///c:\users a
lerary / Tool erythen.execute ("quit07) | \Tocal\tesp\opensode]ica . obyid. 201208251207 56188080 _

‘Simulationoptions’: {‘optioas’: “°*" ‘storelnTesp': ralse, ‘cf
‘m': sk sinﬂaos‘:oe“'. ‘varfablerilter’: ="+ “‘noclean
“: False, ‘outputFormat’: "‘mat’”, ‘msethod’: "“dassl'”, ‘seasurer
ime’: ralse, ‘stopTime’: 2.0, "startTime': 0.0, “nusberofinterval
32°: 500, ‘tolerance’: 1e-06, “filenamePrefix’: ““Bounci 1)
‘Simulationmesults’: {"timeCompile’: 6.89815662792063, timeBack
end': 0.0229111689831523, ‘messages’: """  ‘timefrontend’: 0.024
5992104508417, 'Hnstuhtlm': 0.131418166559841 'N-thlo
2°: 0,02063799113441139, “timesincCode”: D.W?ulélﬂou!. time
Total": monouumi. ‘resultrile’: "TC:/users/ganantdl/sounch
noBall_res . mat”'})

OMC has been Shutdown

Optimized Parser results
Helper functions

Deployable, Extensible and
Distributable

(™" L .
. —

" - -

B v mea we s (B 7wt ©oyt

C: nanb4?
\users\ga » Pt by

oL By 2
¥
.
Get/5et Helpers
dlaniculate on b w

et reaufE
T R | Dicticnary

cSe
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OMJulia — New Julia Scripting with OpenModelica

« Interpretation of Modelica commands and Control example with OMJulia in Jupyter notebooks
eXpreSSionS from JUIia, tranSfer Of data Use of Modelica + Julia in Process Systems Engineering

Education

» Control design using Julia control
package together with OpenModelica

Complex models of "Seborg reactor”

Bernt Lie*, Arunkumar Palanisamy**, Peter Fritzson*™

* Interactive Session handling

*University of South-Eastern Norway, Norway

o lerary / Tool **University of Link&ping, Sweden
* Separately downloadable. be run with itrctucing packages
OpenMOdellca 1 . 1 30 In [1]: :‘Siiggfgém:;;l;to we assume that this step already has been carried out

using LaTeXStrings
using DataFrames

«  Works with Jupyter notebooks

#using DifferentiglEquations

Root locus plot 8

Aqlk=-1.0)
Aglk=8,0) 7
A .
L — s
Ag(L14) 6 i

Out[9]: Reactor temperature

"
TC.O(G

r
XXOX

—_— T 10

=
. —

*
e e

-anm *
125 | ' \ A - Teets
B P L

J(A}
[o]
X
X
—
-

*
— T

T Cl
o
-

— T +5

'
un
T

| —TF.-10

5

u/-

L I 1 1 .
-10 5 ] 5 50 b " e — — — — — — — — — g
R(A) .

time t [min]
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OMMatlab — Matlab Scripting with OpenModelica

* Interpretation of Modelica

commands and expressions from Reactor temperature
Matlab, transfer of data el N = N S T
* Interactive Session handling 140 |

« Library/ Tool i

« Separately downloadable. be run 2
with OpenModelica 1.13.0 nightly w

build
. . . Bl -
 Now a basic version supporting
basic simulation and plotting 0 1 | ! | , | , ,
H 2 4 & 8 10 1z 14
time € [min]

Work in progress
Complete version in near future
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PySimulator Package

« PySimulator, a e — —
simulation and e = = ~- .
. LibAsdelca Mechanicr Pusascnalisamles Fricsion e o &
analysis package | ommesesseme | —jpmanl| ¢
developed by DLR | = “ A .
* Free, downloadable | ‘- - P : =
~ P = , FAVEVAVEPS ,
 Uses OMPythonto | = i mwm—
simulate Modelica e P | - -
mOdeIS by E:ﬁ% .' moon 1 —iﬁ:ﬁ-n&nl-ﬂuﬁww[w
OpenModelica e il e
i "” || ||I||’|ﬂ'”f||“| N
" .J';huﬂ; l“ 'thlm
:'-:-: u:-:;:: ||||
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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

. ]

ModelicaServices

e =
=

View  Simulstion  FMI

i
E——
ﬁqq«\.loTlEe—o@E»»(}ﬁQ;FumaAH@m,
& x A Engreve

_:@E O [vreatie | odel | Dagram view | Madelca ochanc - A G trne: 1,Ca0 |

Simulate
with
Animation

|| Fe Edit View Simulation P

-
s Bromser

<
e

UsersGuide

T EECED Fd

nnnnnnn

AAAAA
nnnnnnnnn

nnnnnnnn

T e
—

Eoee \ONOTH < 5- 008 » ;

ax | 22 Modeica Mecharics MutiBody Exsmples, Loops Engrev_res.mat ()

B Pt 1
=MD LT R C R pem— i

New
Animation

Window
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OpenModelica 3D Animation Demo
(V6Engine and Excavator)

ﬁMEdL- OpenModelica Connection Editor o | [ =
@B BHeoee \OHNOTHK E- Q98 3995 7 -
Libraries Browser B X 4 . PointGravity 1 ] A EngineVé (%]
ID.O@E o Wntable Model .Diagram View | Modelica, Mechanics. MultiBody .Examples.Loops.EngineVé |D:lProgutrmnglOPEhMODEL!CA_GITIOpenModelcajbuld,flblomlnburyModelca 3.2, 2Mechanics/Multil les /L V6.mo Line: 1, Col: 0
Libraries 22

¥ [E] OpenModelica

¥ o ModelicaReference

ModelicaServices
Complex

"ﬁ.‘ Modelica

. o UsersGuide

+ @ Blocks

B |G ComplexBlocks .

# p4d StateGraph

8 93| Electrical

+ €0 Magnetic

/) Mechanics

3 MultiBody
cylinder1 cylinder2 cylinder3 oflinder4 oflinderS oflindere
L o UsersGuide

+ M World

I
torqueSensor —
P | Examples q load K
# | » | Elementary

» Loops

Enginela

Enginelb

Enginelb_analytic

EngineV6

EngineV6_analytic

Fourbarl

>
>
»>
>
>
>
P) Fourbar2
P) Fourbar_analytic
) PlanarLoops_analytic
3] utilties

il M | Pntatinnal2DEéacte
X: 148.21  Y:-54.16 (Wzlcnmz o’lMadehng Eplulhng | v Debugging
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OpenModelica 3D Animation — Excavator

{ OMEdit - OpenModelica Conn

File Edit View Simulation FMI Export Debug Toels Help

FeBE H O \OHOTH < & IPSPS| D6 X0 [ B T &9

Libraries Browser g X | MH_City_RT_meca_Test_Gesamtmodell_Gesamtmodel_omc_workingGear. fmu B8 | Variables Browser 8 X

. Filter Variabl
e P> IlD melas st 1 v [rom oG g L 1S
Libraries . Simulation Time Unit [s |

|F|Ite|' Classes |

|E OpenModelica Variables |
= [ ica... i
[E3] o MuodelicaReference Modelica...analytic
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[E3] MeodelicaServices * body2
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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

. | A

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

Modelica Model

Visualization

Network '

o & & o

/

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 >» DS S8 X

example in OMEdit |Simu|atem:rithAnimation|
Press Simulate with Animation
mechanics.load.frame_a.r 0[1] [m]

Replay the animation —— mechanics.load.frame_a.r 0[2] [m]
Compare With the pIOt ;mechanics.load.frarm_a.r_O[3] [m]

i " ’ II Tlme[s]:EI Speed: 1 v_ 1‘2 f/_\
1

0.5 3
0 .«--"'—"ﬁ:‘?—'—"“ S
0.5 T i e
S e IS s e s s s ey s
0 05 1 15

92
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Exercise 1.3: Visualization using the
DLR Visualization Community Edition (1)

 Unpack

VisualizationCommunityEdition.zip

* Open the library in OMEdit
« Simulate the EMotor example

start automatically

« Export the animation

(File—Export Replay as Video)

The DLR SimVis visualization app should

(Please note: As of OpenModelica
v1.13 support for the library is only
partial and it is not yet as stable, fast
and complete as for the Dymola tool

~

o& OMEdit - OpenModelica Connection Editor

<[ =t

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

eeeeeeeeee

/

(work in progress!)

\\\\\\\\\\\\\\\\\

000000
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Extending Modelica with PDEs
for 2D, 3D flow problems — Research

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

equation
dom.eqg=ht;
dom.left.bc=h glass;
dom.top.bc=h 1iso;
dom.right.bc=h iso;
dom.bottom.bc=h heated;

end PDEModel;

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

[nsulated boundary

Poorly insulated boundary:

T =20

1

Conducting boundary;:

u=60
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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 (which is becoming open-
source)

APDP dllo “ M. " x
Modelica Library | 2 Modelica model e (e . —
SN A

Automated
generation

= " Firo — FT generation FT processing
=

=y
A
[

3D
()
<l
(=)
ol
®

/770
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OMOptim — Optimization (1)

Optimized

e \ 7
L f = = N
__Model structure Model Variables Optimized
e —~yn -
\ \ Qme(;uyes J
o ~
MinEIT =23
File  Project  Problem  Display  Tools
Models | Problems | | Project | Opfimization | EI || Elresul | ;
rName \ [variables ﬁ!
. ' '
T Filker :
~vb r ) Optimized variabl
=1a Name M Value Description  |[g%] “-FHmized variabies
..... b : |
Ic global sourceeaudeville b 1,18294e+06  [Jkq] Name v | Description | Opt
Ea i
= global.sourceeaudeville .AowPort.p 100000 qlobal.sourceEffuentss..debit [kaks) 0
e global.sourceInEchColdB h 1,41347e+06  [1kg] global sourceEfuentsA debit [kais) 0
- coutdinvestissement
- gaincoutoperationnel global.sourceInEchColdB AowPort.p 100000 global.scenarioPACE MySpecPcomp 0
-~ EmCO2ZPAC1 global sourceInEchCaldB debit 12,78 [kals) 0
Ca I
b global sourceEfMuentsECS h 1,35495e+06  [Jkq] J
Isslssae global.sourceEfluentsECS AowPort,p 100000 Scanned variables E
-~ Puissbe global sourceEfMuentsECS etat 1 1
- Puissce lobal p debi Marne Description Scan Minimum Scan Maximum | 0
. global.sourceEfluentsECS .debit1 0
x global sourceEfuentsECS debit 1 [kals)
S global sourceEfuentsB.h 1,35495e+06  [Jkq]
~0ch lobal.sourceEffluentst AowPort 100000
ochp 2 . .
- coutdefonctavecPAC global sourceEfuentsB .etat 1 5{ 1 11l i }
- TOSygmaA =l P . £
. TOSyamaB global sourceEffluentsB .debit 1,22612 [kals]
: ygm Optimization objectives E
- TOSygmaECS global.sourceEffluentsa.h 1,35495e+06  [kg]
-~ COPECSSystem e =
- PElecECSMax global sourceEfluentsA AowPort.p 100000 Name Description Direction M
g : g;?tliggl#Cdds global sourceEMuentsa etat 1 global.gaincoutoperationnel Maximize 0
# - echA qlobal sourceEMuentsa . debit 0,601234 [kals] global.coutdinvestissement Minimize 0
[#- Sourcemod
#- scenarioEcha global scenariosourceE audeville debit 0,940001 [kals)
- scenarioPACA global scenariodepan® .z 0
# echB \_ 74 £4 >
-+ ] Variables | Components [ Launch .




Problems OMOptim — Optimization (2)

Solved problems | Result plot I Export result data .csv

MinEIT E]@

Fie Project Problem Display Tools
Models | Problems |  Project | Optimization | EI | Elvesuk | Optimization result

Problems | [Piot. 8
- Optimization
El % global. gaincoutoper ationnel v.|
¥ global. coutdinvestissement _'f"":|
Parebo only I
Paink
u -
1 £ i
2 - 4 §
3 § 150 000 -
4 @ 1
5
6 § ]
7 % 100 000 -
8 s " '
9 3 o
Problems j
EI result S0 000 —
Optimization result -
il o
0d e
0 10000 20 000 30000 40 000 S0 000 &0 000 70 000 80
gahooutopenuonnel
Blocks Recomp. vars Plot
Misc, &
[l'.alcl.hta all variables from selectad pdnt*s] ["] Force recomputation || Export... l
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Multiple-Shooting and Collocation
Dynamic Trajectory Optimization

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

« Multiple Shooting/Collocation

Solve sub-problem in each sub-interval
ti+1

xi(tiss) = i + f FOe(O,u(),0) dt = Fty tin how), % (8) = hy
ti

Example speedup, 16 cores:

MULTIPLE_COLLOCATION

16.0
14.0
12.0
10.0

8.0

6.0
4-0 E
i
0.0 — [ : : :
4 8 16

1 2

f - - - - - -
*. O N N NN N SN NN NN N S R R —— -

f. -—— -

ipopt [scaled] mjac g [scaled]
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OpenModelica Dynamic Optimization Collocation

h 2

Cost -
DAE os- Co.n
function straints
Weight .
ODE sum of the Re5|d.ual
equations
cost

. 2

. 2

Collocation technique

- ¥ @

Discrete NLP

OpenModelica

Discrete Discrete
goal constraint

function function

Gradient Jacobian

Hessian
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OMSens — Multi-Parameter Sensitivity Analysis

 Individual and simultaneous multi-parameter analysis Planned for
« Optimization-based simultaneous analysis OpenModelica 1.14.0

+ Robust derivative free optimizer Tool architecture

’ - N N , P - ~ .
I . \ ' \
. . . 1. Models and scripts Vo \
Heatmap visualization | handing . K :
1
: Python . !
P.49 ! h !
: i | :
P.26 l . . . I
” ! 3. Optimization 2 Modelica :
|
P.61 —) !
pas : CURVI OpenModelica l
e | (Fortran) Models and Scripts :
- : ' :
: | A
P.73 | l : : :
P.28 | 11 |
P.84 | 4. OS I 1 |
P.74 : I 1 1
P.19 11
34 | Linux Simultaneous 1 1 Individual :
pa | Sensitivity | | Sensitivity '
P.70 \ . Ana|YSiS y) \ Anal)(SiS ,,
P.24 N e e e e e e e e e »7 A N e e e e e m Mmoo .’
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OMSysldent — System Parameter Identification

« OMSysldent is a module for parameter estimation of behavioral
models (wrapped as FMUs) 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.

101 Copyright © Open Source Modelica Consortium MoDELICA



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

P

En-gine Thermal Automated Chassi co ponents,
with ECU with ECU systems cargo door roadway, ECU (e.g. ESP)

functional mockup interface for model exchange and tool coupling

courtesy Daimler

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

 Version 1.0

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

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

 Version 2.0

« FMI for Model Exchange and Co-Simulation (released July 25,2014)
« > 120 tools supporting it (https://www.fmi-standard.org/tools)

102 Copyright © Open Source Modelica Consortium MoDELICA



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 4 B yi
T ...............
u1 ................... — Y1 2
# ...............
................... — y2
B
yr oo ]
M Yo T |

YL
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OMSimulator - Integrated FMI and TLM-based
Cosimulator/Simulator — part of OpenModelica

OMEdit

omMC

C-API OMSimulator
interface = Integrated TLM & FMI
libOMSimulator

/N

Main Framework Aspects

Unified co-simulation/simulation tool

* FMI 2.0 (model exchange and co-
simulation)

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

Standalone open source simulation tool
with rich interfaces

¢ C/Java

Papyrus

TLM component FMI component Composite FMI

Scripting

FMI component

* Scripting languages Python, Lua

com ponent Co-simulation framework as a solid base

A

for engineering tools
* Integration into

ADAMS wrapper

Beast wrapper

Simulink wrapper
FMI FMU

Modelica model

OpenModelica/Papyrus

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

OMSimulator in OpenModelica 1.13.0

Supports both FMI and TLM
TLM connections are optional
Co-simulation to multiple tools
Composite model editor

External API interface and scripting
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OMSimulator Composite Model Editor with 3D Viewer

ot OMEdit - OpenModelica Connection Editor - [Pendulum)] _ O x

o?i File Edit View  Simulation FMI Export Debug Git Tools Help - x

. : *— = . =
7 - F @ i N 2 22 & 22 g1:4’»’ A to t1 >

Libraries Browser g X |°& = IWritable |DiagrarnV’|ew C:U....xml ‘ 3D Viewer Browser & X

~l i}’_&}lsometric S

Libraries
ModelicaServices
Complex

+ 772 Modelica
pendu
hd Pendulum

shaft2

shaft1

v
< >

t Welcome q?i Modeling g Plotting ¥ Debugging

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

3D animation possible

Composite model saved as
SSP XML-file

Support for SSP — System
Structure and
Parameterization standard

Numerically stable co-
simulation with TLM
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OMSimulator Simulation, SSP, and Tool Comparison

Adding SSP bus connections FMI Simulation == :_ = = ... ==
o& OMEdit - Add Bus Connection 7 X results 7 Mo
in OMEdit : i
Add Bus Connection
Connect bus2 input connectors to bus1 output connectors
busd inputs  busT ocutputs ez Connection T m“( : MMMMMMMM _ oo
1 u1 }r <sschCon..t="sc2" . . .
FMI Simulation Tool Comparison
2 [Ju2 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
bus? cutputs  busl inputs secliConnection GUI Yes Yes Yes No
1 y1 ul <sediCon...t="sc2" SSP Yes No No No
platform Linux/Win/macOS  Linux/Win Linux/Win/macOS  Linux/Win/macOS
2 My? uz <ssdiCon...t="sc2 Dymola  PySimulator FMI Go! FMI Composer
3 [y3 Commercial Yes No No Yes
Open-source No BSD MIT No
Lookup Table Yes Yes Yes Yes
oK 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 1.0 and FMI 2.0)
 FMI 2.0 Co-simulation implemented

« The FMI interface is accessible via the OpenModelica scripting
environment, the OpenModelica connection editor and the
OMSimulator tool in OpenModelica

r Y
oA OMEdit - Import FMI 2|

Import FMI

- i [
Output Directory (Optional): | | Browse...

* If no Output Directory spedified then the FMU files are generated in the current working directory.

Log Level: (\aam_ng vj

Debug Logging

V| Generate input connector pins

V| Generate output connector pins
* This feature is experimental. Most models are not yet handled by it.

YL
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OpenModelica Code Generators for
Embedded Real-time Code

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

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

« These platforms can map FMI inputs/outputs to analog/digital I/O in
the importing FMI master.
* A very simple code generator generating a small footprint
statically linked executable.

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

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

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

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

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

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

Supports only a limited Modelica subset

No initialization (yet)

No strongly connected components

No events

No functions (except external C and built-in)

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

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

FMU-like interface (but statically linked)

YL
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Communication & I/O Devices:
MoDELICA_DEVICEDRIVERS Library

[ IModelica_DeviceDrivers

+-@User's Guide * Free library for interfacing hardware drivers
--[z]Blocks , _

5 [FExamples « Cross-platform (Windows and Linux)

+[_|Packaging

L D communication « UDP SharedMemory, CAN, Keyboard,
---{%}gzaregmemowﬁe?d Joystick/Gamepad
aredMemoryWrite
“pdUDPReceive « DAQ cards for digital and analog 10 (only Linux)
-fa]UDPSend
---ESerileoﬂRecewe « Developed for interactive real-time simulations
~p={SerialPortSend
| |SoftingCAN
+%500k&giCAN uDPRecane sharedilemoryfizad eANCanfig n':ME'EEgE' synchronizeReallime
+ Intemal o0 BN AR

[ JInputDevices o T B EIE g ) L s
-[&}oystickinput . ) \ ) . ) r— 1 )

Reat

-OKeyboardKeylnput SACWrite diaRead joystiekinpul  spaceMausedpul he-ebulurfpul
"'@SFGCEMOUSE|HPU1' [ Subdevice: 1 [ Subdevics: 2 i -‘? i E =
---%Ke&rbomdlnpui » e ool S b _ d‘ _5
~[Types A A - | L |

+[_|OperatingSystem Cevice comedi  Dovie comed ! e a

+[_|HardwarelO

+HHIntefaces

https://qithub.com/modelica/Modelica DeviceDrivers/
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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 1/0 is modeled explicitly in Modelica, which makes code
generation very simple

Modelica Device Drivers Library - AVR processor sub-packages:
|0.AVR.Analog (ADC — Analog Input)
10.AVR.PWM (PWM output)
|O.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)

YL
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Use Case: SBHS (Single Board Heating System)

Single board heating system (lIT
Bombay)

Use for teaching basic control
theory

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

OpenModelica can generate
code targeting the ATmegal6
on the board (AVR-ISP
programmer in the lower left).
Program size is 4090
bytes including LCD driver _
and PID-controller (out of 16 Movie Demo, see next page!

kB flash memory available).

114 Copyright © Open Source Modelica Consortium Moo ELrcA



Example — Code Generation to SHBS
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OPENPROD - Large 28-partner European Project, 2009-2012
Vision of Cyber-Physical Model-Based Product Development

_______________________________________ Feedback ___ _ |
‘;, \:, v System
. Simulation
llzusmess Requirements ModelDriven Compilation
rocess Capture Design & Code Gen
Control
Software &
System Product

| |
Process Requirements Product Platform
models models models models

Unified Modeling: Meta-modeling& Modelica& UML

OPENPROD Vision of unified modeling framework for model-based
product development.

Open Standards — Modelica (HW, SW) and UML (SW)
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OPENPROD Model-Based Development Environment
Covers Product-Design V

e Keedback_____
v v v . System
. Simulation
];usmess Requirements ModelDriven |y Compilation
rocess Capture Design & Code Gen

4 Joftware &
; ¥'stem Produc
Process Reqgffirements Prgluct Platform
models Hodels godels

Unifigll Modeling: Metam@deling& Moglelica& U

Level of Abgtraction J
AN

System
requirermgnt >

Maintenance

<

Prgduct verification and
deployment

>/
e

Preliminary feature deslyg
I:\'*L:(\
\ : >/
Architectural desiggane

system functional deesign

Detailed feature design a
implementation

bubsystem level integration test
calibration and verification

Subsystem level integration and
verification

Component verification

Realization

117 Copyright © Open Source Modelica Consortiu- . Moo ELrcA

Documentation, Version and Configuration Management



Business Process Control and Modeling

Feedback

\7 v
113;13:2::5 Requirements Model Driven
Capture i
Control P DEst

Process
models

Compilation
& Code Gen

System
Simulation

Software &
System Produc

+

............. =
I
i+
Demand—.lOrders AM
Sales +
Proceeds

Project Start Rate

+ Resources

Remforcing

OpenModelica based simulation

VTT Simantics
Business process modeler

OpenModelica
compiler & simulator

Metso Business model & simulation
VTT Simantics Graphic Modeling To

Simulation of 3 strategies with

Averagé Schedule
Performance

Resource
4+ Adequacy

Average Quality
Performa.nc e
Complemon Rate
Ava:lable

V1 I‘AAMAA
VULLOIEIG O

STRATEGY 2

| mWasted (change requests) mWasted (Errors)  OProfit |

STRATEGY 3
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[ [TT]

[X3
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Requirement Capture

e Feedback_____
; i, ‘n, System
. Simulation
l;usmess Requirements Model Driven Compilation
rocess Capture Design & Code Gen
Control

Software &
System Produc

Verification Mddel
Design M
Scenario M

Requirement
Models

Unified Modeling:§} Meta modeling& Modelica& UML

OpenModelica based simulation

.;E-.-, Class Components Tree -

= E instantiated “eM For: ts1 - Fill and Drain Tank!

[+ sm_spws_environment (2]

E3] ws kel Fill_and_drain_tank (9}
[z req_002_Fil_mode_behawvior (5]
Ed req_003_idle_mode_behavior (4)
Ed req_001_tank_Filling_kime (7

[* Yiolation_Monitar (1 Binding
IR mand. client), inpu tankIsEmply =
B (mand. client), input ta

2 o = o = o o I o [ o ]

[Edl Real timeLimit = 300
Edl output violated
EAl output evaluationStarked

=l _regWerificationerdick ()
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sm_spws_enviranment, spws, tank. level < 0,001

vVDR (virtual Verification of
Designs against Requirements)

in ModelicaML UML/Modelica
Profile, part of OpenModelica

MEIEEE S =0

Provider from
design model

nkl: GeingFilled = sm_spws_environment.spres, tank, pLiquidFillCrain, massFlowRate =0
Edl (mand. dient), input tankIzFull = sm_spws_environment . spes, tanl level = 0,98

Client from requirement model



OpenModelica — ModelicaML UML Profile
SysML/UML to Modelica OMG Standardization

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

« Standardized Mapping UML/SysML to Modelica

» Defines transformation/mapping for executable models
* Being standardized by OMG

« ModelicaML

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

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

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

gmodels
{ Two TanksSystemExample:: SystemSimuiations)
TankSystemSimulation

¥ Plot Window
File Edit Insert Tools Help

= ecamponents dm: TanksConnectedP|

= erequirementinstances 01 _tank1: Max level of liguid in a tank
ENequirementinstances 001 _tank2: Max level of liguid in a tank | ©Open Save | Print Select | Zoom | Pan | Grid | Hold | Preferences | active | Image
= «gmentinstances 02 tankl: %olume of the tank1

Plot by OpenlModelica

1
Req. 001 is instantiated 2 times @dm.tanki.h
(there are 2 tanks in the system) 0.8
g @ dm.tankz.h
N—
[ tank'height is 0.6m J/ ! 3001 _tankl violated
. N @001 _tank2 violaked
Req. 001 for the tank2 is
violated

=0 100 150 200 250 300 350

\/ kime
Req. 001 for the tank1 is
not violated
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VVDR Method —

virtual Verification of Designs vs Requirements

Task

Actor

‘ Formalize
Requirements

' Formalize Designs

~

‘ Formalize
Scenarios

‘ Create Verification
Models

~

‘ Execute and
Create Report

\ Analyze Results

é?

Created Artifact

=

Ex

...........

Requirement
Monitor Models

Designs
Alternative
Models

Scenario
Models

Verification Models

—

Analyze Modify

" Verify

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

122 Copyright © Open Source Modelica Consortium

/770

MoDELICA



Need for Debugging Tools
Map Low vs High Abstraction Level

« A major part of the total cost of software projects
Is due to testing and debugging
« US-Study 2002:
Software errors cost the US economy annually~ 60 Billion $

 Problem: Large Gap in Abstraction Level
from Equations to Executable Code
« Example error message (hard to understand)
Error solving nonlinear system 132
time = 0.002
residual[0] = 0.288956
x[0] = 1.105149
residual[1] = 17.000400
x[1] = 1.248448
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OpenModelica MDT Algorithmic Code Debugger

= Debug - Hellay

File Edit Mavigate Search Project Run  Window Help

1 Debug 51 Rt D@2 RS i 7T T O M= Variables 31 . % Breakpoints| = MDTDatastack| £ sE B | S M W T T = |
B% simulation Model [Modelica Developement Teoling (MDT) GIE] Mammis Declared Type Value Actusl Type
i MDT @ invalue Res! 1 double
alf s Thpus gy _ @ outvalue Real 6.0453280720608350e- 208 double
= getValuebdultiphedByTwo st ssmulationmodel mocl 3
= eqfunction_3 at simulationmodel mo:5

sl CUsers\adeas3l\workspaceMDT\HelloWerld\ SimulationModel exe

| IF) SimulationMedelme 12 Varia bles Vlew: 5[ B= Outline 52 RARafwE~E0
- model simulationModel « || F getValeMultipliedByTwe
Real x(start = 1); & inValue (Real - IN)
alng;:}.tym{“aﬂ R o outValue (Real - OUT)
% 1= getvelueMultipliedByTwo(x); WV SimulstionModel
¥y o= xj; oy
end SimulationModel: oy

7 - function getvaluetultipliedByTwo
2 input Real invalue;
= output Real ocutValue;
(i algorithm
% outVelue := inmValue * 2;
& end getvalueMultipliedByTwo; -

0 ] |

#5 Tasks [2 Problems| ) Executables B X % ﬂn;..:iﬁ e3> 0

Simulation Model [Madelica Developement Tooling (MDT) GDE] C:\Users\adeas3lvwarkspaceMDT\HelloWorld\SamufationModed, exe

QOutput View
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The OpenModelica MDT Debugger (Eclipse-based)

Using Japanese Characters

125 Copy

—= Debug - trunk/testsuite/mosfiles-nosim/QuotedFunction.mo - Eclipse S

File Edit Mavigate Search Run Project Window Help

rd~ | & HF-O Q- ®P G £ (35 Debug )

Correct Indentation | Build project B Modelica

fSFDebug oy s B O 3 _E %| i= = = O || 9= Variables &2 Ca Breakpointq <k E|| ar 3 % Y — O

ﬁ MDT GDE [Modelica Developement Tocling (MDT) GDE] |;| Mame Declared Type Yalue

i MoT @ Fry-H— FH—2— Z— Rel 15

! Main Thread (stepping) @ AIVR-Ayh-Fr Real -4.836697827222
FA—rE—FUwi— - Ow 4 at quotedfunction.mo:5

Ceval_cevalCallFunction at Ceval.mo:1294

Ceval_ceval at Ceval.mo:318
Interactive_evaluatebxpr at Interactive.mo:935
Interactive_evaluatebExprToStr at Interactive.mo:985

Interactive_evaluate? at Interactive.mo:507 |5
Interactive_evaluateToStdOut at Interactive. mo:329
Interactive_evaluateToStdOut at Interactive.mo:333
Interactive_svaluateToStdOut at Interactive.mo:333 |E|

1| 1 | b

molGenerator.c (@ Main.mo ( LUtil.mo (@l System_omc.cpp (El systemimpl.c ( QuotedFunction.mo &2 a1 =8
function 'F—ALE T sl — 0903 i
input Real e e P T
ontput Real '-{I%A4 - ul-Fwpi;
algorithm
» AIVAAYh-Fp o= sin(Fy T D=5,
end 'F-NLE-Twh—0Ov03

4 2

& console i3 E.Taskq = Problemq Qo Executableq *x %5 | EN 5E| B0
MDT GDE [Modelica Develepement Tooling (MDT) GDE] C:h\OpenMeodelicattrunkitestsuite\bootstrappinghmain.exe

true =
mn
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OpenModelica Equation Model Debugger

@ OMEdit - Transformational Debugger l = | El éj
@ ‘ Va riables View OpenModelica/OMEditModelica. Mechanics. MultiBody. Examples. Elementary. DoublePendulum_info. xml SO‘U rce View
Variables Source Browser
Variables Browser Defined In Equations Used In Equations [ jOpenModelica ftrunkfbuild/li.. MechanicsMultiBody /Joints.mo S h OWi n
frame Index  Type Equation Index  Type Equatien // relationships between - g
DCase Sensitive Regular Expression ¥ gquantities of frame a and of .
[ frame b (H equatlon
Expand All ” Collapse Al ] —
= frame b.r 0 = frame a.r 0; .
Variabes Comment transformations
. L ) |_| if rooted(frame a.R) then
B boxBodyl Absolut. frame_a Variable Operations R rel — - Of a model_
= body Absolut...frame_a Operaticns Frames.planarRotation (e, -
Efamea  Positio..d frame solved: boxBodylbodyframe_aR.T[L1] = boxBodyl.frame_bRT[L1] P"l—°f:i:;e+bp;1; W
B R Abzolut...| frame — i T .
substitute: boxBodyl body.frame_a R.T[1,..xBodyl frameTranslation frame_a.R.T[1,1] Frames.absoluteRotatig g — y + der(x * time * z); z = 1.0;
| }-T Transfo..l frame  _ a.R, R rel);
« | i | ' . . 323 frame a.f = - ) X
: Equatlons Vlew Frames.resolvel (R_rel, (1) substitution:
Eouations frame b.f); y + der (x * (time = 2Z)) )
Equations Browser Defines Depends frame a.t = — .
I d} Ty Equati * || Variabl = Variabl i Frames.resolvel (R rel, ,
ndex  Type quation ariable ariable 4 e (R_ y + der(x * (time * 1.0))
819  regular (assignm...er.a_rel world.frame_b.f[2] boxBodyl.frame_b.R.T[1,2] .e'_sn;-_ "
F820 regular  (assignm..olutel.a boxBodyl frame_b.R.T[2,2] 1 R rel = (2) simplify:
821 regular  (assignm...er.a_rel revelutel frame_b.f[1] | F_L?_rr.es.planarR.m_;ation y + der(x * (time * 1.0))
. phi offset + phi, w); -
822  regular (assignm...e_a.f[2] revolutel frame_b.f[2] - frame a.R = =>
823 regular  (assignm..e_af[l]  ||Equation Operations Frames.absoluteRotatic y + der(x * time)
824 regular  (assignm..e_b.f[2] || Operations | b.R, REI'EJ-]:b .
rame b.f = - q d .
1825 regular  (assignm..e_bf(1] solve: -world.frame_b.f[2] = (-boxBodyl...ame_bRT[2,2] * revolutel.frame_b.f(2] Frames.resolvel (R rel JRGS) c*pand derivative (symbolic
826 regular  (assignm..e_b.t[Z] ccalarize(2): {-waorld.frame_b.f[1], -worl...rame_b.R.T[2,2]) * revolutel frame_b f[2] |E frame_a.f); diff):
= - * 1
| 827 regular  (assignm...e b.f[2] simplify: -{boxBodyl.frame_bRT[1,1] * ..1.frame_b.f[2], -revolutel frame_b[3]} frame b.t B x © time)
B Frames.resolvel (R rel, =>y + (x + der(x) * time)
828 regular  (assignm..e_b.t[2] inline: -Modelica.Mechanics.MultiBody.Fr..e_b.f[2] + 1.0 * revolutel frame_b f[3]} frame a.t):
829 regular  (assignm..xed.phi0 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 e
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Transformations Browser — EngineV6 Overview
(11 116 equations in model)

SO MEdIt

OMEdIt - TransFormational Debugger

B furpfopenModelica_marsi/OMEdiL Madelica Mechanics MultiBady Examples. Loops. EngineVs_infa xml

variables | Source Browser
Variables Browser | |Defined In Equations | Used In Equations | fusrflibfomlibrary/Madelica 321 /Mechanics/MultiBody o
phi Index * Type Equation Inc = Type  Equation i Connections.branch{frane_a.A,

Case Sensitive Regular Expression = |- 5ET initial {nonlinear) L reqular (assignment) cylinder....cosloylinders. 82 phi) frane b.R);

Expand All Collapse All 5016 regular  (nonlinear) e regular (assignment) cylinder3... sinjcylinder3.82.phi) assert(cardinality(frame_a) = @,
variabl c " Line | Locets ... regular (assignment) cylinder.. sin(cylinderd. B2 phi) “Conmector Trame_a of revolute
vallabies - CHTIME N ne QLalion r q il tad® ).

| hi — h) 6616 fusell | .. regular (assignment) cylinder.. cosoylinderd. B2 phi) 1 I;Si;*;:la?’;;r‘::tl?;(“al& b} > 8
phi Relat...ame_b 260 jusg/l..intsmo - regular (assignment) dericyl._derd Red body.w_a[1] "Connector frame b of revelute
. - - - ... regular (assignment) dercyl...der3. Rod.bodyw_a[1] joint is not connected®);
 phi_affset Relati...+ phi) 242 fusgfli.. . ints.ma ) |
- ... regular (assignment) derfcyl...der3 Rod.body.w_a[1]
=3 lar (assi ) derfcyl...der3 Rod.bod (1] angle = phi offset + phi;
i} regular (assignment) dercyl...der3 . Rod.bodyw_a W = dar(phil;
) a = der(w);
phi Dumm...body 805 Jfustfli...artsumo Variabie e !
phi[1] Cumm...body 805  fustfli...artsmo '0 - nl 7¢ relationships between quantities
phi[2] Dumm...body BOS  Jfusgli.. . arts.mo BRI of frame_a and of frame b
phi[3] Dumm...body BOS fussli.. artsmo frame b.r_8 = frame_a.r_€;
phi_d = den{phi) BOS Jusgfli...arts.mo if roatediframe_a.R) then
phi_d[1] = den{phi) BOS  fusnfll...artsmo 321 A_rel = Frames.planarRotation(e,
hd_dl21 = derinhil B Al arsmn = F‘hl_“:‘“ * F‘:'L L E
Equations rosc_b.R =
= Frames . absolutefotationiTrans &.R,
Fruations Arowser Defines Depends R_rell; -
Int * Type  Egquation variable = | wariable " frame_a.f = -
regular  [assignment) cylind. . ylinder3.Cylinders derjeylinderd B2 R_rel T[2,3]) cylinderd. B2 ph Fr-ﬂntsli::;::l:t:*f_rﬂ « frame b.f);
regular (assigniment) cylind.. linderd gasForce L) eylinder3. Red body.w_a[1] Frames, resolvel(R_rel, Frame b t);
... regular (assignment) cylind. . linder3 gasForce x) else
... regular (assignment) cylind...linder3.gasForce) R_rel = Frames.planarfotationd -,
Fa (assig :' ! ) . X Equation Operations phi_sffset + phi, w);
.. regular (assignment) cylind...linder3.gasForce.l) = - ~ frame a.R =
Moo regular (assignment) cylind.. linder.s else 1e-06 it - — - - Frames. sbsoTuteRatation(frame b.R,
| regular (assignment) cylind...k2.Frame_b.RT[2.3] I sobved: der{odinder3.B2 B_rel.T[3,3]) = (-sinlcylinder3.82.phi)) * cylinder3.Rod.bady.w_a[1] R rel};
grul W) L
L . ) _ ) . | substitube: (-sin(cylinderd. B2 phil) * eylinder3. B2 == (Sin(cylinderd, B2_phi)) * eylinderd. Rod body.w_a[1] frame b.T = -
= reguar (ineace_reLa = Fra...r.0 - frame_s1_0)) differentiabe: deos(eylinderd B2 phi)fdtime = (in(cylnder 102 phi)) * der(cylinderd 82 phi) Fromes. reaolvel(R_rel, Troee o.1);
regular  (linear,frame_bor 0=, (s_offset +5));,) ! e 1y =P o =1 -'"_ =<-pil ¥ -=<-philf frame_b.t = - -
regular (assignment) cylind. . linder 3 gasForce x) differentiate: deylinder3.B2.R_relT[33)/dtime = dericylinder1.B2.R_relT[3.3]) Frames.resolvel{R_rel, frame_a.t);
L regular (assigrament) cylin.. linder3_ gasForce.p - scalarize(s): cylinder3.B2.R_relT = {{1.0, 0.0, 0.0}, [-0u0, €....B2.phil}} == cylinder3.)82 .R_relT[3,3] = cosloylinder3.B2_phi) end if;
L . T= * -1.0% - ' A Ba. ]
L. regular [assignment) cylind...r3.gasFarce.d » 2.0 [ 5-n'||:ul:f§.-. l:[.trl{rul:letrll-:iﬂz.?_rel ) .[{1.Il:|"d1;_|:| + [1.-::1 | ::u. 1.D|....EZ.|:|-1hl:|]_ ll:l.l:l, 5.-r:|c:.llnder3;52 p:lh*-L{.ar.s,l:Ig:'ﬂldndfrs B2 :*:H], 17 d'Alemberts principle
.. regular (assignment) cylind...linder3.gasForcek) substitue: {{clinderd.52.e{1) * cylindera.fi2.(1) + (1.0- cy...2.phl), 0.0* 0.0 + (1.0- 0.0 * 0.0) * cos(eylinder.a2.phi) tau = -frame_b.t*e;
L regular (assignment) cylind...odyw a[1] - loadw | [ inline; cylinder3.82._rel = Modelica.Mechanics. MultiBody... . [2] * cylinder3.B2.w, cylinder3.82.e(3] * cflinder3.B2.wi)
‘ - B [iE’S-iﬂI'll'I'I!‘I'II::I deric...r3 Rud_budyw i['ll original: R_rel = Frames.planarfRotation(e, phi_offset + phi, w); => flattened: F¢ Conmection to internal =

Copyright © Open Source Modelica Consortium

MODELICA



Equation Model Debugger on Siemens Model
(Siemens Evaporator test model, 1100 equations)

& OMEdit - Transformational Debugger

-

| %] | E:/Dynamik,/Temp/Paket2. Tests Boilers. EvapTest_c_info.json

Variables | Source Browser |
Variables Browser | [Defined In Equations Used In Equations C:/OpenModelica1.9.6/lib/omlibrary/Modelica 3.2, 1/BlocksMath.mo
[Fin s | ¥ |index  Type Equation Execution Max |Index  Type Equation Executior Ma extent={{-100,-100}, { "
Variables Comment Line  Location 100,100} }), graphies={Rectangle(
Sesel 0 extent={{-100,-100}, {100,100},
Scse2 0 lineColoxr={0,0,255},
Scsed 0 fillcolor={255,255,255},
Scsed 0 fillPattern=FillPattern.Solid),Line (points={{-100,6
Seses 0 03%,{-40, 60}, {-30
Cooch 0 et #8603, 4 .
= 55 ] : —r i1 _
Evap Structur...ractions 4481  C:/OpenMod..package.mo 404}, color={0,0,255}),Line (points={{-100,-60},
FGflow Output ..artTime 421 +/OpenMod. - - - Pre{-30,-40}},
FGinV Velume ...port_b) 333 color={0,0,255}),Line (points={{50,0}, {100, 0%},
FGinVu Constan...t value 239 b, 0,255,
FGoutV =true...velume 243 < ; : —ri_
FGoutVu Constan..tvalue 239 Line .(polnt§ { {730' [J?:' (30,013,
FGoutletVu Constan..tvalue 239 |Variable Of — " P,0,0}) sLine (POlntE—{ {-15,
Fisink Boundary density 13 Operatio y — u u 25.99},{15,-25.99}},
FGsource Get the..nnector 446 ) P,0,0}),Line (points={{-15,-25.99}, {15,
FGtemp Duratic...a Step) 418 25.993}, color={0,0,0}),Ellipse(extent={{-50,50}
FWinletV Ay (metr.. fficient 436 th t H - - H } ! T ! e ! !
e, Bl S at gives division by zero o
FWoutletV ~ Tempera.. = true 346 g lineColor={0,0,255})}))~
FWpump Needed...nector 333 foduct;
FWpump_h Height of ramps 417
EWPU”S’!F‘_kF‘ gffSet o.t Z‘_Q"‘ﬂ 420 block Division "Output first input di jed by second input”
teamSin| ensit..medium 4484 3 .
system Constan..eration 14 Ci/OpenMod.../System.mo extends Interfaces.SI250;
eguation
Tﬁﬁs ¥y = ul/u2;
"4 annotation (
Equations J ) ) " -
Equations Browser Defines J Depends Documentation (info="<html>
Index  Type  Equation [ Variable Varigble :i> . . , .
i ck comp D
1851 regular  EvapHexLnC.Us[1] := Evap.HexLnC.ms{1] * Evapl | |Evap.HexLnQ2.add .u1 Evap.HexLnQ2.division2.u2 This block computes the output <b>y</b> (element
1452 regular  EvapHexLnCflowModelmus(1]:= ModelicaMed ing</i> the corresponding elements of
1483 regular  Evap.HexlnCmediums[1]sat.Tsat := Modelica.Me o inputs <b>ul</b> and <b>u2</b>:
1464 regular  EvapHexLnCmediums[2].p_bar:= 1e-005 * Evap.[
1465 reqular  Evap.HexLnC statesFMI2].phase := if Evap.Hex.Ln,
1466 regular Evap.Hex.LnC.heatTransfer.Ts[2] := Modelica.Medi ul / u2;
1467 regular  EvepHexLnC.mediums[2]T_degC := -273.15 + Evi :
1488 regular  Evap.HexLnC statesFM[2].d := Modelica Media.We
1469 regular  EvapHexLnCms[2]:= Evap.Hex.LnC.fluidVelume:
1470 reqular  Evap.HexLnC.mediums(2].u:= Evap.HexLnC.med </html>"™),
1::12 fﬂgu:ﬂf EVEPE%FEE‘S[EI{;;VIHFLHE-]L"C&"SEEEE *E\SPJ Icon(coordinatesSystem(
72 regular  Evap.HexLnCflowModel.mus[2] := Modelica.Me: P
1473 regular  EvapHexLnC.mediums[2].sat.Tsat := Modelica.Me preser\je}!s}‘jectR‘atlo tFue, -
1474 regular  EvapHexlnCflowModelFs_p[1]:= 0.5* (Evap.He. / extent={{-100,-100},(100,100}},
1475 regular  EvapHexLnCflowModel.dps_fgl1]:= -2.0 * DIVISI. initialscale=0.1), graphics={
1476 regular  EvapHexlnC.m flows[?] := Modelica.Fluid.Pipes.. Line (points={{50,0},{100,0}}, color={0,0,127}),
170 reper EunpHedLnC eMode T Evp erin v it ot o s sen22 A RN SRR
: S g = heambvalls . . : - g TR g : i 1 —-Fi 1 —7{-5
1479 regular  EvapHexLnC.H_flows[2]:= semilinear(Evap.Hex.. tution: Evap.Hex.LnQ2. adivision2d 1, yul - Ellipse(fillPattern=FillPattern.Solid, extent={{-5,20},
1480 regular Evap.Hex LnC flowModel.thos_act[1] := if noEvent. ning: Evap.Hex.LnQ2.division2.y = Evap.Hex.LnQ2.division2.u1 / Evap.Hex.LnQ2.division2.u2; {5,30}1), . i . i
1481  regular  EvapHexLnCstate a.T := Modelica.Media.Water... / Ellipse(fillPattern=FillPattern.Solid,
1482 regular  EvapHexLnCstate a. extent={{-5,-30},{5,-203}}),
1483 regular  EvapHexLnCstate b.T Ellipse(lineColor={0,0,127}, extent={{-50,-50},
1484 regular  Evap.Hex.LnCstate_b. ater., {50,50}1)
1485  regular  EvapHexlnQZAreay:= EvapHexl ney Mea.offse 2Hrs '
1436 regular  EvapHexLnQR.division2.u? := Evap. gl nQ2.kinr Text(

v

lineColor={0,0,255},

extent={{-

50,110}, {150,150}},

sDINES] SWE

1617

2016-04-25
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Debugging Example — Detecting Source of Chattering

excessive event switching) causing bad performance

OMEdit - TransFformational Debugger

& | /Jtmp/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 Inc* Type  Equation Incv Type  Equation 1 within ;

"] Case Sensitive

Regular Expression tz iniial ~ (assignmen...0 else 1.0 |:3 initial ~ (assignment)y=2.0%z

2 package Debugging "Test
cases for debugging of

Expand All Collapse All 5 regular (assignmen...0 else 1.0 6 regular (assignment)y=2.0*%z déclarative models™ s
_Variables v Comment Line Location package Chattering *Models ‘
X i /hom...g. with chattering behaviour”
y 8 /hom...q. model ChatteringEventsl
9 h B "Exhibits chattering
Z /hom...g. after t = 6.5, with
[Variable Operations generated events”
. 7 Real x(start=1
Operations '
P fixed=true);
; Real y;
— Real z;
% equation
z = if x = 0 then -1
else 1;
2 y = 2%z;
der(x) =
v 14 annotation
Equations (Documentation(info="<html>
: n 5 <p»After t = 8.5, chattering
Equations Browser |[Defines | [Depends wuruiier ilnd-vig g
Inc v Type  Equation Variable v _\.fariable E manght
1 initial (assignment) x=1.0 z Lx g :
- . equatlon.</p>
2 initial (assignment....0 else 1.0 )
6 <p>eiphTeEmin
3 initial (assignment)y=2.0%z det eﬁeclfx ? 0 then '1 E|Se 1
4 initial (assignment) der(x)=y tightly spaced events are
: . genyg T T e T2f .to
5 (gnmenl:....u else 1.0 the¥ef‘§ho Tl
6 regular (assignment)y=2.0%*z ideMlify the equation from
7 regular (assignment) der(x)=y which the zero crossing

[Equation Operations

Operations
|:solved: z=ifx>0.0then-1.0else 1.0
original: z = if x > 0 then -1 else 1; => flattened: z = if x > 0.0 then -1.0 else 1.0;

wacaion that generates the
events originates.</p=
7 </html="),
experiment(StopTime=1));
end ChatteringEventsl;

model ChatteringEvents2
21 "Exhibits chattering
after t = 0.422, with

nenerated suvents” -
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Error Indication — Simulation Slows Down

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

L
QL] 528

Cancel Simulation

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

Output | Compilation |

Jomp/OpenModel ica/OMEdit /Debugging . Chattering .ChatteringEventsl -
port=30212 -logFormat=xml -w -1w=LOG_STATS

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

was: x > 0.0 DﬁE?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 a |~ Variable

- 876 regular linear, size 2 4602 0.000501 0.0134 75.7% [ 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 reqular (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 SteamPon

. rum_ \ Evai}source DrumWVialHe at Mass _O
] e [ b g SR R Y

Conclusion from the evaluation:

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

FGport_|

duration=500

sl
r
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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 ChatteringEvents1, 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);
Real vy;
Real z;
equation acrotray.exe “32
z = noEvent (if x > 0 then -1 else 1); AdobeARM.exe 32

Bootcamp.exe
Yy = 2%z; conhost.exe

der(x) = Vs C5I55.EXE

. DCSHelper.exe *32
end ChatteringNoEventsl; Debugging.Chattering....

dllhost.exe

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 ChatteringEvents
Simulate in debug mode

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

Uses 25% CPU

petirds

petfr27
petfr27
petfr27

o
0a
0a
0a
0a
0a
25
0a

9/0 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 = e - ]

[ R
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Exercise — FMU Export and Import (1)

* Open OMEdit and check FMI settings in
Tools->Options

A OMEdit - Options ORRRSS
General Export =
g Libraries \Version
E Text Editor

1.0

E Modelica Editor

e 2
E MetaModelica Editor 2.0
E CompositeModel Editor Type
E C/C++ Editor
Model Exchange
E HTML Editor
Oﬁ Graphical Views Co-Simulation
é Simulation e Model Exchange and Co-Simulation
m MessRged FMU Name: l default>
o Notifications Blatforms
%, Line Style
oL Aill Style Note: The list of platforms is created by searching for programs in the PATH
. Y matching pattem "#-*-*-*cc",
Plotting Static -

a Figaro
‘ Debugger
|

OMTLMSimulator

%86_64-linux-gnu

. °, Traceability
< »

* The changes will take effect after restart. OK Cancel
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Exercise — FMU Export and Import (2)

* Find the FMIExercise.mo file in the tutorial ~ [P Fmierercise

Ir TestPIControl

folder and open it in OMEdit. Click on the + at the ®) estpiEMU
left to open and see components TEstPIFMU, PT, Lo

I DCPMMotor

etc. ] P
« Goal: (1) Export this PI block as FMU, (2) import .
the exported FMU, (3) compare simulation results 2 oo
of imported PT FMU block vs. native use of the PT "B
block @ vow ommertain
« Export the PI block by selecting the model and o ’
use right-click context menu indicated at the right s
E Instantiate Model
* The message browser shows where the FMU was & ek i
generated on your system E
) Simulate with Animation
' Fa—
Messages Browser #¢ Delete Del
[2] 17:04:04 Scripting Motification ; E:EZr‘t Figaro
The FMU is generated at /tmp/OpenModelica_bernhard/OMEdit/FMIExercise_Components_Pl.fmu. Update Bindings
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Exercise — FMU Export and Import (3)

* Import FMU by selecting
~MI->Import FMU from the menu

* Find and select the FMU in the
directory where it was exported
before as indicated at the right

 The FMU should now appear in the
package browser

Export Debug Git Tools Help
e Export FMU

Import FMU Model Description

A OMEdit - Import FMU R

I Helica_bemhard/OMEdit/FMIExercise_Components_Pl. fmu || Browse...

Output Directo ry (Optional ): | || Browse...

f put Directory specified hi U file g d in th g directory.
Log Warning

g Logging
Generate input connector pins

¥ Generate output connector pins

his f re I dels are not yet handled by it.

» | P| FMIExercise
lr TestPIControl
(») TestPIFMU

| P| Components
¥ DCPMMotor

e

4 FMIExercise Components_Pl_me_ FMLU
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Exercise — FMU Export and Import (4)

 The imported FMU is wrapped inside a standard Modelica
model and can be inserted by drag and drop into an existing
model

 The model TestPIFMU has been prepared so that the

results of the imported FMU can be easily compared to the
native block. Simulate it and compare results by plotting

) step FI
w
P| FMiExercise feedback

I TestPIControl 4>—f—t>

::&:: TEStFlFI"-"lU startTime=0.1

| P| Components
g DCPMMotor

'_r"f* Fl V2.0 %
k FMIExercise Components Pl me FMU dcPfotor .
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Exercise with OMJulia — New Julia Scripting for
Simulation and Control Design

« Why Python or Julia Scripting?

» Access to libraries for postprocessing,
control design, visualization

« Julia is a rather new, but rapidly
expanding language
« Efficient execution via LLVM compilation
» Access to large number of libraries
« Combined numeric and symbolic processing

* Interactive Session handling

 OMdJulia Separately downloadable, run
with OpenModelica 1.13.0 or later

* Both OMJulia and OMPython work with
Jupyter notebooks
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Control example with OMJulia in Jupyter notebooks

In [1]:

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 Linképing, Sweden

Introducing packages

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

#using DifferentialEquations

we agssume that this step already has been carried out

Reactor temperature

— T

f— Tc*.ufﬂ + 5

150 | l

. —_— T, —10
"_ e Tc*.p
125 b ' \ v TI+5

! ve T -10 |

— Tc*. =

T Cl
o
-

— T +5

| —TF.-10

5

5o b . . — — — — — — — m— gy

time t [min]

[LFIpSS_S T S G T L

=D ELCA



OMJulia Exercise from Jupyter Notebook
Step 1. Starting Jupyter Notebook from command Line

« If you have installed python and jupyter notebook independently, you can start
jupyter notebook directly from windows command prompt by typing the following.

>> Jupyter notebook

e Ifyou have installed jupyter notebook from anaconda distribution, then, from
windows search, search for “anaconda prompt”, and open it and type the following

>> jupyter notebook

This will open the jupyter notebook in the webbrowser, it can take some 30 seconds to
open in the browser.

When the notebook opens in your browser, you will see the Notebook dashboard, which
will show a list of the notebooks, files, and subdirectories in the directory where the
notebook server was started.

Note:

Start the Notebook session from the OMJulia-tutorial folder, you have copied from the
USB stick.

YL
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Step 2. Starting Julia Session in Jupyter Notebook

Start the Julia 1.0.1 session given below.

sail - arunkurn X = Home b4 : waterTank > & OMlulhaStart » O OpenModelic * B (141) Chek =4« X . Project Jupyte > _J Anaconda Pytl X “+
+:888 w* O 0o W 9
2sul... D https://www.migrati... @@ Raanjhnaa Hindi M... [€] Binary Search using... D mypages.valdosta.e... m www.ida.liu.se/conf... R~ Read a specific line ... W Finland - Wikipedia,... @ P
,: J u pyte r Logout
Files Running Clusters
Select items to perform actions on them. Upload | New -~ || &
Notebook
4] ~ W/ d
Julia 0.6.2
[ figs Julia 1.01 J0
& OMJuliaStart.ipynb OpenModelica j0
- Python 3
& waterTank.ipynb Y jo
Other:
3 Bounc ngBall.mo e jo
Text File
[ waterTank.mo jo
Folder
Terminal

o L1  Anaconda3-2018.....pkg N Q- 190205-OMJuliakE....pptx ™ S test.mos -~
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Step 3. Exercise: Open OMJuliaStart.ipynb

If you have started the jupyter notebook from the “OMJulia-tutorial” folder, you can see
the list of notebooks, OMJuliaStart.ipynb, you can click on it. otherwise you can open
like given below

wail - arunkur x " Home b4 £ waterTank b4 OMIuliaStart b4 O OpenModelic = » (141) Chekka b4 - Project Jupyte b4 _) Anaconda Pyt > E o
t:8888/notebooks/waterTank.ipynb# r O 3 - L~
asul... [ https:/fwww.migrati... @@ Raanjhnaa Hindi M... [€] Binary Search using... [ mypages.valdosta.e... m www.ida.liu.se/conf... R— Read a specific line ... W Finland - Wikipedia.... S P
: Ju pyter waterTank Last Checkpoint: an hour ago (autosaved) .6@ Logout
File Edit View Insert Cell Kemel Widgets Help Mot Trusted | Julia101 O
New Notebook LA SR 2 MRun H | C M | Code ¥
Open.

Make a Copy
Rename.. nModelica & Julia
Save and Checkpoint

2 Information about installing OMJulia see https://github.com/OpenModelica/OMJulia.jl
Revert to Checkpoint » e |ist of API's https./mww.openmodelica.org/doc/OpenModelicalsersGuide/latest/omjulia.html

Print Preview

Download as » ucing packages

Trust Notebook tlots; pyplot()
LaTexstrings
lataFrames

Close and Halt Risulan

Specifying paths, colors, etc.

In [24]: | figpath = "figs/"
# Linewidths and styles
LWl = 1.5
L2 = 1
# colors - core

my_red = colorant”#D64349"
my_blue = colorant"#27B2DO"
my_green = colorant"#3BAFA2"
my_purple = colorant"#4646A5"

k.ipynb# 73

Lo L1 Anaconda3-2018....pkg i @ 190205-OMJuliaE....pptx = ™ = test.mos o~
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Step 3a. Exercise: List of APIs we will be Using

Start the OMJulia module and create an OMCSession() object referred to by s
>> using OMJulia

>> gs=0MJulia.OMCSession{() ;

Loading the model using the ModelicaSystem() constructor
>> s.ModelicaSystem ("BouncingBall.mo", "BouncingBall")

API calls to extract model information and simulate

>> s.showQuantities() // extracts list of all modelinformation in a table
>> s.getQuantities () // extracts list of all modelinformation in a dictionary
>> s.getInputs () // extracts list of all Inputs in the model

>> s.getOutputs () // extracts list of all Outputs in the model

>> s.getParameters () // extracts list of all Parameters in the model

>> s.setParameters (”e=0.9") // set the parameters of the model to a new value
>> s.simulate() // simulate the model

Extraction of results and Plotting

>> s.getSoultions () // extracts list of result variables

>> results = s.getSolutions([”time”,”h”]) // extracts the simulation data from
the result file

Plot the results using Julia Plot Library

>>plot (results[1l],results[2],title="BouncingBall",xlabel="time(s)",ylabel="h", le
gend=false)
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Step 3b. Exercise: Starting OMJulia Session

™ Inbox - rain100fall X E’ Mail - arunkumar.; X Q OpenModelica/Ol X 4\ Constructvalid M- X

liaStart.ipynb

C  © localhost:

Apps ﬂ Boka flyg - Sékresul... D https://www.migrati... @ Raanjhnaa Hindi M... [C] Binary Search using...

Home

: Ju pyter OMJuliaStart Last Checkpoint: 2 minutes ago (autosaved)

File Edit View Insert Cell Kernel Widgets Help

B+ x| B & ¥ MHRun B |C W | Code

Starting OMJulia Session in Julia

In [3]:  using OMJulia
omc=0MJulia.OMCSession();

D mypages.valdosta.e...

OMJuliaStart

X

m www.ida.liuse/conf...

Note if you are loading BouncingBall from different path you have to change the path in the below constructor

In [4]: | omc.ModelicaSystem("BouncingBall.mo","BouncingBall™)

In [5]: | omc.showQuantities()

[1 OMJulia—Openlv. X | # PyPlot - Plots X +
* O N Y

Re Read a specific line ...

out[5]: causality value description name changeable aliasvariable variability alias
String String Union... String String Nothing String  String

1 internal 1.0 height of ball h true continuous noAlias
2 internal None velocity of ball v true continuous  noAlias
3 internal None der(height of ball) der(h) false continuous  noAlias
4 internal None der(velocity of ball) der(v) false continuous  noAlias
5 internal None v_new false discrete  noAlias
] internal 0.7 coefficient of restitution e true parameter noAlias
7 internal  9.810000000000001 gravity acceleration g true parameter noAlias
8 internal 2 foo false discrete  noAlias
9 internal None impactand v==0.0 $whenCondition1 false discrete noAlias
10 internal false impact $whenCondition2 false discrete noAlias
11 internal None h=<=0.0andv<=00 $whenCondition3 false discrete noAlias
12 internal true true, if ball is flying flying false discrete  noAlias

W Finland - Wikipedia, ...

Trusted

= X

© PDA debugger »
.ee Logout
| Julia 1.0.1 ©

15:54

04/02/2019
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Step 3c. Exercise: Getting and Setting Parameters

™ Inbox - rain100fall X B2 Mail - arunkumar; X O OpenMadelica/O! X 4\ Constructvalid M/ X — Home X & OMJuliaStart X [ OMIulia - Openh % ® PyPlot - Plots X + = X

iaStart.i w* O . U [ 8 G 0 :
£ Apps u Boka flyg - Sékresul... D https://www.migrati.. [ Raanjhnaa Hindi M... [C] Binary Search using... D mypages.valdosta.e... m www.idaliusefconf.. Re Read a specific line... W Finland - Wikipedia,... Q PDA debugger »
Ju pyter OMJuliaStart Last Checkpoint: 5 minutes ago  (autosaved) .@@ Logout
File Edit View Insert Cell Kemel Widgets Help Notebook saved | | Trusted ‘Jul a101 O
B+ 2 A B 2 4 MRun B C W Makdown v
6 internal 0.7 coefficient of restitution e true parameter noAlias &y
7 internal  9.810000000000001 gravity acceleration g true parameter noAlias
8 internal 2 foo false discrete  noAlias
9 internal None impactand v <= 0.0 S$whenCondition1 false discrete noAlias
10 internal false impact $whenCondition2 false discrete  noAlias
1 internal None h<=0.0andv<=0.0 S$whenCondition3 false discrete noAlias
12 internal true true, if ball is flying flying false discrete  noAlias
13 internal false impact false discrete noAlias

Getting and Setting Parameters of the model

In [6]: | omc.getParameters()

Out[6]: Dict{Any,Any} with 2 entries:

g" => "9.810000000000001"
N

Change the parameter values using the API
In [8]: omc.setParameters(["e=0.9","g=10.1"])

In [9]: | omc.getParameters()

Out[9]: Dict{Any,Any} with 2 entries:
"g" > "10.1"
"a —y "B.o"

15557

3 Es

04/02/2019
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Step 3d. Exercise: Simulate and Extract Results

M Inbox - rain100fall X | @ Mail - arunkumar; X | €) CpenModelica/O1 X | <\ ConstructvalidM: X | . Home X & OMuliaStart X [ OMiulia-Openl X | PyPlot-Plots X | o+ = X
C @ localhost:888 tip w 0O . U E fE e :
£ Apps ﬂ Boka flyg - Sékresul... D https:/fwww.migrati... {@ Raanjhnaa Hindi M... [C] Binary Search using... D mypages.valdosta.e... m www.idaliuse/conf.. Re Read a specific line ... W Finland - Wikipedia,... Q PDA debugger »
Ju ]Dyter OMJuliaStart Last Checkpoint: 7 minutes ago  (autosaved) .®@ Logout
File Edit View Insert Cell Kernel Widgets Help Trusted Julia 1.0.1 O

B+ = & B 4 4 MRun B C » Makdown v

Simulation of Model

In [12]: | omc.simulate()

In [13]: omc.getSolutions()

out[13]: 11-element Array{Any,1}:

"der(h)"

"der(v)"

gt

"flying”

"foo"

e

"impact”

"time"

v
v_new”

In [15]: | results=omc.getSolutions(["time","h","e","g"])

Out[15]: 4-element Array{Array{Float64,1},1}:

[0.0, ©.002, 0.004, ©.806, 0.008, ©.91, 6.012, 0.014, 0.016, 0.018 .. ©.984, ©.986, 0.988, ©.99, 0.992, ©.994, ©.996, 0.998,
1.8, 1.0]

[1.0, ©.99998, ©.999919, ©.999818, ©.999677, ©.999495, 0.999273, ©.99901, ©.098707, 0.998364 .. ©.713114, ©.710296, ©.707437,
9.704539, ©.701599, 0.698619, 0.695599, ©.692539, 0.689438, 0.689433]

[e.9, 0.9, 0.9, 8.9, 8.9, 0.9, 0.9, 0.9, 0.9, 0.9 .. 0.9, 2.9, 0.9, 0.9, 2.9, 0.9, 0.9, 0.9, 0.9, 0.9]

[10.1, 10.1, 10.1, 10.1, 10.1, 1.1, 10.1, 10.1, 10.1, 16.1 .. 1e.1, 1e.1, 10.1, 1.1, 10.1, 10.1, 10.1, 1.1, 10.1, 16.1]

In [11]: plot(results[1],results[2],title="BouncingBall”,xlabel="time(s)",ylabel="h",legend=false)

15:59

SWE =

04/02/2019
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Step 3e. Exercise: Plotting the results

™ Inbox - rain100falls@gmail.c. X

notebook:

C @ localhost:

Apps B Boka flyg - Sokresul...

B~ Mail - arunkumar.palanisam. X

D https:/fwmw.migrati...

32 Open 190205-ModelicaTuto X Running the Notebook —Ju X Home

liaStart.ipynb

D Raanjhnaa Hindi M... 'a Binary Search using... D mypages.valdosta.e... m www.ida.liuse/conf...

T Ju pyter OMJuliaStart Last Checkpoint: 5 minutes age (autosaved)

File Edit View Insert Cell Kernel Widgets Help
B+ = @ B 4 % MRun B C W  Code v =
1:8, 19] ’ ) ’ ’ ’ ’ )
[1.8, ©.99998, ©.999922, @.999823, ©.999686, ©.999509, 0.999294, @.999839, @.998744, ©.998411
3, 0.247369, ©.242985, ©.238563, ©.234101, ©.2296, ©.22506, ©.22506]
In [11]: plot(results[1],results[2],title="BouncingBall”,xlabel="time(s)",ylabel="h",legend=talse)
out[11]: BouncingBall
100 | —
075 |
c 050} e
! / ¥
025 ‘\\ i
\ .’_’.
000 |- L L v L L I
0.00 0.25 0.50 0.75 1.00
time(s)
In [ ]

Re Read a specific line ...

X & OMuliaStart X +

* 0OQ@ o VHE

W Finland - Wikipedia,... Q PDA debugger
@
Logout
o0 ¥

Trusted | Julia1.01 O

©.260283, ©0.256018, 0.25171

4]
n
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Extra Exercise: Control Design and Simulation of
Flat Tank Model from OMJulia, see waterTank.ipynb

model ModWaterTank
constant Real rho = 1 "Density of liquid, kg/L";
parameter Real A = 5 "Cross sectional area of tank, dm2";
parameter Real K = 5 "Valve constant, kg/s";
parameter Real h_s = 3 "Scaling level, dm";
// Initial state parameters
parameter Real h_0 = 1.5 "Initial tank level, dm";

] ] parameter Real m_0 = rho*h_0*A "Initial tank mass, kg";
source inflow md_| // Declaring variables
/ /I -- states
[ 1T Real m(start = m_0, fixed = true) "Mass in tank, kg";
—]

/I -- auxiliary variables
mass m Real V "Tank liquid volume, L";
level h -~ tank volume V Real md_e "Effluent mass flow rate from tank, kg/s";
Il -- input variables
input Real md_i "Influent mass flow rate to tank, kg/s";
| /I -- outut variables
outflow md_e output Real h "Tank liquid level, dm":
// Equations constituting the model
equation
I/ Algebraic equations
Note: waterTank.ipynb is available Y
in the USB Stick md_e = K*sqrt(h/h_s);
// Differential equations
der(m) =md_i- md_e;
end ModWaterTank;
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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 = 0.6;
'Real  green: class ExpandedColor

iparameter Real red=0.2: ﬂ
ﬁ‘:parameter Real blue=0.6;3
______ Real green; |

child class or
subclass <«

keyword «————extends |ColorDatas Eéa_¥_51ﬁg_1"§EééH """"""
denoting equation W | Ly oI St
inheritance | 0TIy o TLTII oI 1 end ExpandEdCOlOf;

end Color:;

Typed

Declarative
Equation-based
Textual Language

Hybrid

Modeling
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Acausal Modeling

The order of computations is not decided at modeling time

Acausal Causal

Visual
SRV N DY VS
Component /. S

duration=(2} J=10 J=2
Level

Torqued Inertia
L

: Inertia2
Spring1 N

Equation A resistor equation: Causal possibilities:
Level R*i = v; i := v/R;

v := R*i;

R := v/i;
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Typical Simulation Process

“Static” semantics / compile time

“Dynamic” semantics / run time

- AN
- ™ —
LN Aoy
Modelica _ . .
model » | Hybrid DAE » | Executable — glmull:[atlon
Elaboration Equation Simulation esu
Transformation &
1 ~ Code generation 1
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Simple model - Hello World!

. , Name of model Initial condition
Equation: x° =-X

Initial condition: x(0) = 1 \ i

model HelloWngﬁf"A simple equation"
Continuous-time Real x(start=1);
variable parameter Real a = -1;
””,/” quation
Parameter, constant der (x)= a*x;
during simulation end HelloWorld;

Simulation in OpenModelica environment DPifferential equation

1 '
0.8

simulate (HelloWorld, stopTime
plot (x)

2)
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Modelica Variables and Constants

« 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  PI=3.141592653589793;
e parameter constant String redcolor = "red";
constant Integer one = 1;
parameter Real mass = 22.5;
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A Simple Roc

ket Model

Rock_etA-
I

thrust — mass - gravity

acceleration =
mass
thrust ,
N mass = —massLossRate - abs(thrust)
\l/mg altitude’ = velocity

velocity' = acceleration

new model

parameters (changeable <——
before the simulation)

floating point
type

differentiation with

------------- mmm s, declaration
iclass Rocket) "rocket class! comment
——parameter String name;

Real mass(start=1038.358);

Real altitude(start= 59404);

Fealveloci ty (Start= 2003} start value

Real acceleration;
Real thrust; // Thrust force on rocket

name + default value

Kthrust—mass*gravity)/mass = acceleration; ] mathematical
der (mass) = -massLossRate * abs (thrust); equation (acausal)
der (altitude) = velocity;

: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; i
parameter String name; f

parameter Real mass; \

end CelestialBody;

An instance of the class can be

declared by prefixing the type o eeti ot mody moon;
name to a variable name

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

Rocket

altitude

moon.g -moon.mdass

apollo .gravity =
(apollo .altitude + moon .radius )’

class Moonlandin

parameter Real
parameter Real

—————————— 1
1

only access JEETEEET
inside the class

parameter Real

~ parameter Real
access by dot T
notation outside Rocket
the class CelestialBody
equation

apollo.thrust

end MoonLanding;

36350;
1308;

forcel =
force2 =

thrustEndTime = 210;
thrustDecreaseTime = 43.2;

name="apollol3");
name="moon",mass=7.382e22,radius=1.738e0) ;

apollo
moon

if (time < thrustDecreaseTime) then forcel
else if (time < thrustEndTime) then force?
else 0O;

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

50 100 200

25000
i -100
20000
: -200
150005 —
10000 -300
soooJ ~400
| a ‘50‘ 100 150 200 } 1
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

157 Copyright © Open Source Modelica Consortium Moo ELrcA



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: Ablock 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
instantiated dynamically when called

function sum
input Real argl;
input Real arg2;
output Real result;
algorithm
result := argl+arg?2;

end sum;

YL

159 Copyright © Open Source Modelica Consortium MoDELICA



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 2, and
21 becomes the value of

the formal parameter x.

function PolynomialEvaluator
lzﬂﬁﬁinuﬁééiui[ ]; E // array, size defined
T ) At function call time
iinput Real = := 1.0;// default value 1.0 for x The function
output Real sum; ,
protected PolynomialEvaluator
Real  xpower; // local variable xpower computes the value of a
algorithm polynomial given two
sum = 07 - arguments:
xpower := 1; o
for i in l:size(A,1) loop a coefficient vector A and
sum := sum + A[1]*xpower; a value of x.
Xpower := Xpower*x;
end for;
end PolynomialEvaluator;
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Inherita

nce

parent class to Color

restricted kind <—
of class without
equations

child class or
subclass

parameter Real red = 0.Z;
‘parameter Real blue = 0.6;
green;

end ColorData;

keyword

S
class [Color:

__________

denoting
inheritance

_______________________________________

end Color;

class ExpandedColor

________________________________________

iparameter Real red=0.2; |

‘parameter Real blue=0.6;:
Real green; '

equation

|
[}
L

end ExpandedColor;

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

Extra slide

Multiple Inheritance is fine — inheriting both geometry and color

class Point

class Color
parameter Real red=0.2;
parameter Real blue=0.6;
Real green;
equation
red + blue + green = 1;
end Color;

Real x;
Real vy, z;
end Point;

class ColoredPoint

multiple inheritance

class ColoredPointWithoutInheritance
Real x;
Real vy, z;
parameter Real red = 0.2;
parameter Real blue = 0.6;
Real green;

equation
red + blue + green = 1;

end ColoredPointWithoutInheritance;

Equivalent to
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] ] Extra slide
Multiple Inheritance cont’

Only one copy of multiply inherited class Point is kept

class Point
Real x;
Real vy;
end Point;

class Verticalline class Horizontalline
extends Point; . . extends Point;
Real vlength; D|am0nd Inherltance Real hlength;

end Verticalline;

end Horizontalline;

class Rectangle
extends Verticalline;
extends HorizontalLine;
end Rectangle;
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Simple Class Definition

« Simple Class Definition

 Shorthand Case of Inheritance

« Example:

‘class SameColor = Color; I

Equivalent to:

class SameColor
inheritance <—— extends Color;
end SameColor;

« Often used for
introducing new
names of types:

type Resistor = Real; I
connector MyPin = Pin; I
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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) ;

YL
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. Extra slide
The Moon Landing - Example Using Inheritance ()

Rocket

Tthrust

mg mqgg%_599@§§“1g§neric rocket class"
(extends Body;
i arameter Real sLossRate=0.000277;
altitude CelestlaIBody P cal mas

Real altitude (start= 59404) ;
Real velocity(start= -2003);
Real acceleration;

Real thrust;

Real gravity;

model Body "generic body"

_%D> Real mass;

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

model CelestlalBody

——

end Rocket;

constant Real g = 6.672e-11;
parameter Real radius;
end CelestialBody;
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] _ . Extra slide
The Moon Landing - Example using Inheritance (ll)

inherited
parameters

model MoonLanding
parameter Real forcel = 36350;
parameter Real forceZ = 1308;
parameter Real thrustEndTime =|210;
parameter Real thrustDecreaseTime = 43.2;

Rocket apollo (name="apollol3", \mass (start=1038.358)) );
CelestialBody  moon (mass=7.382e22, radius=1.738e6,name="moon") ;
equation | [

apollo.thrust = if (time<thrustDecreaseTime) then forcel
else if (time<thrustEndTime) then force?
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

. class ColoredPoint
class Point :ﬁib_féc_:i_e_ci:
class Color Real x; ~extends Color;
Real red; heal v,z public
Real blue; end Point; extends Point;
Real green; end ColoredPoint;
equation
red + blue + green = 1; Equiva'ent to
end Color;
class ColoredPointWithoutInheritance
The inherited fields from Point keep Real x;
their protection status since that Real y,z/
) . protected Real red;
extends-clause is preceded by | protected Real blue;
public _protected Real green;
equation
A protected element cannot be red + blue + green = 1;
end ColoredPointWithoutInheritance;

accessed via dot notation!
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Exercises Part lll a
(15 minutes)
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Exercises Part lll a

Start OMNotebook (part of OpenModelica)

Start->Programs->OpenModelica->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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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 HelloWorld "A simple equation" I
Real x(start=1l);
equation
der (x)= -x;
end HelloWorld;

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

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

* (extra) Exercise 2.2: Simulate and plot VanDerPol. Do a
slight change in the model, re-simulate and re-plot.

YL
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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 (x)= a*x; (*XXXXX s¥*)
end HelloWorld;

Simulation in OpenModelica environment

simulate (HelloWorld, stopTime
plot (x)

2)
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(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 (x) = vy; // This 1s 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,y)
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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 vy;
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

1.20¢ '

plot (x)

1.10

1.05¢

1.0 : : time

0.95]

0.90

1.15] simulate (DAEexample, stopTime = 1)
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Exercise 2.4 — Model the system below

* Model this Simple System of Equations in Modelica

¥ =a2a+xX+x¥V-3+X
Vo= dxF-T+xX=x¥
x(0) = &
¥l = 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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Partlll b
Discrete Events and Hybrid Systems
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Modelica Hybrid Modeling

Hybrid modeling = continuous-time + discrete-time modeling

A
W Continuous-time

+— Discrete-time

._E

. Clocked discrete-time

I I —>

Events —

Real x;
Voltage v;
Current 1i;

discrete Real x;
Integer 1i;
Boolean b;

A pointin time that is instantaneous, i.e., has zero duration

* An event condition or clock tick so that the event can
A set of variables that are associated with the event
« Some behavior associated with the event,

take place

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

v=0;
end if;

end Diode;

if <condition> then model Diode "Ideal diode"
<equations> extends TwoPin;
elseif <condition> then Real s;
<equations> Boolean off;
else equation
<equations> off = s < 0;
end if; if off then
V=3
else

i = 1f off then 0 else

false if s<0

If-equation choosing
equation for v

[f-expression
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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 event?2  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 ,
when sin(x) > 0.5 then

end when;

end when;

Only dependent on time, can be

_ Related to a state. Check for
scheduled in advance

Zero-crossing
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Generating Repeated Events by unclocked sample

The call sample (t0,d) returns

true and triggers events at times
t0+i*d, where 1=0,1, ...

true

false

Variables need to be

discrete /
model SamplingCloy

Integer 1i;
discrete Real r;
equation
when sample (2,0.5)
i = pre(i)+l;
r = pre(r)+0.3;
end when;
end SamplingClock;

each 0.5 s
then

before the

Creates an event
after 2 s, then

pre(...) takes the
previous value

A sample (t0,d)

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

t0

=

3r

10
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 — solver clock

c1
true 3

class ClockTicks
/I Integer quotient rational number interval clock

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

end ClockTicks; faise |

T T T T T T T T
0.0 0.2 04 06 08
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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-———hMm@m
parameter Real g=9.81; //gravitational acc.
parameter Real c¢=0.90; //elasticity constant T
Real height (start=10),velocity(start=0); g
equation
der (height) = velocity; )
der (velocity)=-g; 4
when height<0 then
reinit (velocity, -c*velocity); |
end when; 0+
end BouncingBall; | | | | | | |
0 10

Initial conditions

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

* 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

ar 1 height =
3r 1 velocity ®
5 F

TN

ok

17

2T

37

-4 L

0 1 2 3 4 5 B 7 8
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Part llic

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).

Control
Measurements Computing Controller Outputs

¢ &

Actuators )
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Control Theory Perspective
Feedback Control System

r® + < Controller |u® 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)

Plant output should follow the reference signal.

Usual Objective l
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Embedded Real-Time Control System

Computer Clock
| i y l
A/D, Sample D/A, ZOH
y(tx) ] u(ty)
> M‘h - Algorithm —— JL_Il
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—Algorithm—DAC is synchronous (zero-delay model!)

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

YL
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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 = g(x);

e yis automatically sampled att=3, 6, 9,...;

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

 initial() triggers event at initialization (t=0)
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Controller with Clocked Synchronous Constructs

clocked models using Clock(), previous(), hold() in Modelica 3.3

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

ud

] = hold(ud) ]

// plant

y = g(x);

f(der(x), x, u);

ud = C*previous(xd) + D*yd;
end when;
X
3 v
t €0.3,6,..., i=0,1,2 :
yd(t;) = y(t)
E-xd(t;) = A-xd(ti_1)+ B-yd(t;)
ud(t;) = C-xd(ti—1)+ D-yd(t;)
) =

// sample continuous signal

vd = sample(y, Clock(3));

190 Copyright © Open Source Modelica Consortium

MOD

YL

ELICA



Unclocked Variables in Modelica 3.2

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

x(t) \//dl functions of time.

:x(n ) ' Piecewise-constant

| m(t;) 1 variables m(7) are

! —— . .

X : , constant inside each
o <t<tiq.

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

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

' Integer, etc. They are uniguely associated with a
@ clock c(t;). Can only be accessed when its clock is
active (ticks).

Clock variables c(1;) are of base type Clock.
® They are defined by constructors such as Clock(3)

. or by clock operators relatively to other clocks.
: 4 -
time t

._u
__..__,....;:_______
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Clocked Synchronous Extension in Modelica 3.3

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

—» E*xd = A*previous(xd) + B*yd; |— Jpm //:h]c;});ld(ud)_b 0 = f(der(x), x, Wit—

ud = C*previous(xd) + D*yd; y = g(x);
end when;
»
: yd // sample continuous signal y
yd = sample(y, Clock(3)); (<&
. ........... 56036;:012 ........
yd(6) = y ()
E-xd(ti) = A-xd(ti—1)+ B-yd(t)
ud(tj) = C-xd(ti—1)+ D-yd(t;)
u(t) =wd(), 4 <t<ti

Continuous variables are
Real numbers defined as

A Clocked variables r(t;) are of base type Real, A — (4 _ : )
! ! ! ' Integer, etc. They are uniquely associated with a X (t),  piecewise continuous
! ! i @ clock c(t). Can only be accessed when its clock is x(t) \_//d, functions of time.
(1) i @----q  active (ficks). ! X(11) | piecewise-constant
i) i H H i ! .
.‘ e ‘- -==+! Clock variables c(;) are of base type Clock. ' ' ' Varlable§ (1) are
'. . . . They are defined by constructors such as Clock(3) : ; : COQSta'jt inside each
c(t) . . . or by clock operators relatively to other clocks. : : : = E<Tipq.
: ' : : : ' : >
! ! : » time ¢ ! ! » time
o t fo I3 lo f4 Io
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State Machines in Modelica 3.3: Simple Example

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

4 state1 )

outer output Integer i;
output Integer j(start=10);
i = previous(i) + 2;

j = previous(j) - 1; i>10
\. J

i<\, state2 N\
tuter output Integer i; |

i = previous(i) - 1;

time

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

(14 (1L

* “I"is a shared variable, “j" is a local variable. Transitions are “delayed”
and enter states by “reset’
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Simple Example: Modelica Code

model Simple NoAnnotations "Simple state machine"
inner Integer i (start=0);
block Statel
outer output Integer i;
output Integer j(start=10);

equation
1 = previous (i) + 2;
J = previous(j) - 1;

end Statel;
Statel statel;
block State?2
outer output Integer i;
equation
1 = previous (i) - 1;
end State?2;
State?2 state?2;
equation
transition(statel,state?2,i > 10, immediate=false);
transition(state?,statel,i < 1,immediate=false);
initialState (statel);
end Simple NoAnnotations;
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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> 100 and i) or j
X = previous(x) + 1;

y==10
( c ) [ d ]
outer output Integer y; outer output Integery; [ b N\
y = previous(y) + 1; y = previous(y) - 1;
outer output Integer x;
y== X = previous(x) - 1;
z> 100
( e A ( f ]
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
J I\ 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> 100 and i) or j
X = previous(x) + 1;

y:: 10

( c ) d

outer output Integer y; outer output Integer y; b

)
_ _ 4 0
y = previous(y) + 1; y = previous(y) - 1;
outer output Integer x;
y==0 t previous(x) - 1: J

z> 100
( e A ( f ]
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
J I\ 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 <—

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

an instance pin
of class Pin

mechanical connector

________________ N —

connector class ‘connector. 'Flange.
Position S;
flow Force f;

end Flange;

an instance flange
of class Flange
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The £1low 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
« Sum-to-zero coupling, for £1ow variables

The value of a £1ow 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  potential Flow Carrier Modelica
Type Library
Electrical Voltage Current Charge Electrical.

Analog
Mechan] 1.
Translational Position Force Linear momentum T cchantes
ranslational
. Angular Mechanical.
Rotational Angle Torque momentum Rotational
Magnetic Magnetic MEgEE Magnetic flux Magnetic
potential flux rate
Hydraulic Pressure Volume flow Volume OpenHydraulics
Heat Temperature Heat flow Heat HeatFlowlD
Chemical Chemical Particle flow Particles Chemical
potential
P LibLight
Pneumatic Pressure Mass flow Air PO
MOD
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connect-equations

Connections between connectors are realized as equations in Modelica

connect (connectorl, connector?)

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

o v ov o+
. pin1 O——— ———1pin2 |,

| - —>
: .

Pin pinl,pinZ2;
//A connect equation
//in Modelica:

pinl.v = pinZ2.v;
pinl.i + pin2.i =0;

>
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Connection Equations

Pin pinl,pin2;
//A connect equation

_{!_%?__M?E?}_%?? _________ Corresponds to pinl.v = pin2.v;

pinl.i + pin2.1i =0;

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:

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

n

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

4+, +. (=i )+...i =0
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Common Component Structure

The base class TwoPin has

- - = =-=-=-=-====== 1
two connectors p and n for v i+ TwoPin .|
g . . —Lp n
positive and negative pins s R
[ ] - >
respectively .
partial class < partial ‘model TwoPin '
(cannot be _--V-Q-]jEé.-ge v e e e .
h . ' t P . electrical connector class
mst.afltlate.d) _(215 rrent i u 99.32?55 _cglz _ =0
positive pin Pin_py flow Current 1i;
negative pin Pin nk end Pin:
equation i
V = p.v - Nn.v;
0 = p.i + n.i;
i =p.i;

end TwoPin;
// TwoPin is same as OnePort in
// Modelica.Electrical.Analog.Interfaces
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Electrical Components

model Resistor ”“Ideal electrical resistor”
extends TwoPin;
parameter Real R;

equation
R*1 = v;

end Resistor;

model Inductor ”“Ideal electrical inductor”
extends TwoPin;
parameter Real L “Inductance”;

equation
L*der (i) = v;

end Inductor;

model Capacitor ”“Ideal electrical capacitor”
extends TwoPin;
parameter Real C ;

equation
i=C*der (v) ;

end Capacitor;
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Electrical Components cont’

model Source

extends TwoPin; . iva)

parameter Real A, w; Bi, N JE;
equation

v = A*sin(w*time) ; p-v n.v

end Resistor;

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

4,4311

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

Rl.p.v = R2.p.v;
> Rl.p.v = R3.p.v;
Rl.p.1 + R2.p.1 + R3.p.1 = 0;

\connect (R1.p, RZ2.p); | Corresponds to

end ResistorCircuit;

Vs
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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
noncommercial purposes under the conditions of
The Modelica License.

* Modelica libraries are available online including
documentation and source code from
http://www.modelica.org/library/library.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

* lIcons lcon 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

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

« Thermal Components for thermal systems

« Ulilities Utility functions especially for scripting

210 Copyright © Open Source Modelica Consortium MoDELICA



Modelica.Blocks

4 [=] Modelics Continuous, discrete, and logical input/output blocks
4 Blocks . .

= cominuoss 1O DUl block diagrams.
» Discrete
> Exarmnples
: Interfaces [
; Legical ——
- Math step 1 FI1 lirniter stateSpacel
» Monlinear
; Reuting

== Examples:

>T’_',.fFIE5 lﬂ..« > OF
; Constants —
: Electrical
: Icons - i i
; Math E — not —— and —
: Mechanics >
> Slunits
: StateGraph -
: Thermal g

feedhack

e
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Modelica.Electrical

Electrical components for building analog, digital, and
multiphase circuits

Library Library Library Library
Analog Digital Machines MultiPhase
Examples:

e

O RT1 LT1 RL1
=1 e oo Joermo——e[ o
—x — m=m m=m m=m
R2 R4 1 _§ E
Gnd9
Gate
}_i F XorGate!
r1

2 Gnd3 GHM & } }
R1 ransisto Transistor: R3
L] [ ]
= T E i Ea ) i Fl
i p— c3 Gnd4 E] w E] =3 Ix] E [

vt c1 E
Gnd1 Gnd2  Gnd7  Gnd8 Gnd5 o CGroundS1 GroundT1GroundT2
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Modelica.Mechanics

Package containing components for mechanical systems

Subpackages:

* Rotational 1-dimensional rotational mechanical components
« Translational 1-dimensional translational mechanical components
« MultiBody 3-dimensional mechanical components
(A h o - | i B e Ao e o
/\/,_Ptau = = = :I-Ell:lLa Culez:an'.h S:Ir;:a'.eﬂ- ;:g Sr':f:;lﬁ ':ll.'.eE:'.m:lE
sine torgque ineial idealGear inertiaz spring inertiai . L .
oo ] L
fixed 'I-’-‘II"-.M,” -_r_' Ly n I
Sinel Farcel .

YL
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Modelica.Stategraph

4 Modelica . . . . .
> ] Blocks Hierarchical state machines (similar to Statecharts)
[ Constants
B @ Electrical E-EEEEP:R-:":!

[ H Icons oo
[x @ Math D_.I_.D

[ @ Mechanics

[ @ Slunits

4 g StateGraph
[+ Exarnples
[ Interfaces
B Temporary

[+ UsersGuide
=2pd iznsRion1
| | Alternative I -
1 = x

COmposhasen

imns Rion2 sieph

 InitialStep ™ *

\ |
L o i =
e
e fe
Parallel

1]

¢ InitialStepWithSignal

—

+ PartialCompositeStep
StateGraphRoot

+ Step

| StepWithSignal ‘ .

-I Transition

&

setCondilon

'I TransitionWithSignal tme=T F_
[= Thermal
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PNIib - An Advanced Petri Net Library
for Hybrid Process Modeling

/(.‘_\
\
[ o
\
| L

\® o)/ Il 'J
A W\ /)

f///
i
- /
[f/.‘..-\.
\\L/
\
AN
Iy xHPN: Extended Hybrid Petri Nets
_/ Places
Transitions (time-)discrete state
I (time-)discrete process (integer quantity)
t
(event) @ continuous state
stochastic process \J (real quantity)
(random event) Arcs
_ —» ,normal“arc
continuous process s
D (flow) —O inhibitor arc
————% testarc
——eo readarc
215 Copyright © Open Source Modelica Consortium MoDELICA




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

Waste\Water

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

 Block domain

* Mechanical domain

ex vsen T 4
i Electrical 2
G domain

 Electrical domain

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, iner.flange a); connect(iner.flange b, emf.flange Db);
connect (emf.p, ind.p); connect(ind.n, Rl.p); connect(emf.n, G.p);
connect (emf.n, R2.n); connect(Rl.n, RZ2.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 (£=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 (DC.n,G.p) ;
connect (emf.flange, load.flange);
end DCMoto

(
(
(
connect (emf.p, DC.n);
(
(
r

.
4
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Part V
Dynamic Optimization
Theory and Exercises

using
OpenModelica
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Built-in Dynamic Optimization - Motivation

Simulation

Output
(result)

j> Simulation :>

Optimization — Try to find the inputs that result in a desired output

:> Simulation :>

Output
(desired)
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Optimization of Dynamic Trajectories Using
Multiple-Shooting and Collocation

» Minimize a goal function subject to model  This approach uses a single
equation constraints, useful e.g. for NMPC optimization run and is

: : : different from classical parameter
Multiple Shootlng/C.oIIocatlon_ sweep optimization typically using
» Solve sub-problem in each sub-interval a large number of simulations

ti+1

xi(tiy1) = hi + f fxi(),u(t), t) dt = F(t;, tizq, hi, uy), x; (t;) = h;
ti

Example speedup, 16 cores:

MULTIPLE_COLLOCATION

16.0
14.0
12.0
10.0

8.0

6.0
4-0 E
i
0.0 — [ : : :
4 8 16

1 2

ipopt [scaled] mjac g [scaled]

f. - - - - - -
r O N N NN N SN NN NN N S R R —— -

f. -—— -
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Optimal Control Problem (OCP)

Cost t
fonetion N/ GO,u(©,0 = E()ul) ) + [ Le@u©,0 @ g

Mayer—Term to Lagrange—Term

Subject to

Initial conditions x(ty) = xg (2)
Nonlinear dynamic model x = f(x(),u(t),t) (3)
Path constraints gx(®),u(t),t) < 0 (4)
Terminal constraints r(x(tf)) — 0 (5)
where

x(t) = [x1(t), ..., x™]Tis the state vector and
u(t) = [ul(t), ..., u™(t)]" is the control variable vector for
t € [to, ts] respectively.
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OCP Formulation in OpenModelica

The path constraints g(x(t),u(t),t) < 0 can be split into box
constraints

IA
IA

Xmin x(t)

Umin < u(t) =< umax

Xmax

Variable attributes min and max are reused for describing
constraints, annotations are used for specifying the OCP

Annotation

Mayer-Term Real costM annotation (isMayer=true) ;

Lagrange-Term | Real costL annotation (isLagrange=true);

Constraints Real x (max=0) annotation(isConstraint=true);

Final constraints | Real y(min=0) annotation(isFinalConstraint=true);
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Predator-Prey Example — The Forest Model

Dynamic model of a forest with foxes x¢, rabbits x,., fox hunters

up s and rabbit hunters wuy,. (adapted from Vitalij Ruge, “Native Optimization
Features in OpenModelica”, part of the OpenModelica documentation)

Xp = gr'xr_drf'xr'xf_drh’uhr
Xp = Gpr - dpp Xp - Xp —dp - Xp — dpp - Upy
IC: x,(ty) = 700, x¢(to) = 10

where

g- = 4-1072, Natural growth rate d,, = 5-1073, Death rate of
for rabbits rabbits due to hunters

gsr = 1-1071, Efficiency in growing dr = 9-107%, Natural death rate
foxes from rabbits for foxes

d,s = 5-1073, Death rate of rabbits dep, = 9-1072, Death rate of
due to foxes foxes due to hunters
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Predator-Prey Example — Modelica model

model Forest "Predator-prey model"

parameter
parameter
parameter
parameter
parameter
parameter

Real
Real
Real
Real
Real
Real

g r = 4e-2 "Natural growth rate for rabbits";

g fr = le-1 "Efficiliency 1n growing foxes from rabbits";
d rf = 5e-3 "Death rate of rabbits due to foxes";

d rh = 5e-2 "Death rate of rabbits due to hunters";

d f = 9e-2 "Natural deathrate for foxes";

d fh = 9e-2 "Death rate of foxes due to hunters";

Real x r(start=700, fixed=true) "Rabbits with start population of 700";
Real x f(start=10, fixed=true) "Foxes with start population of 10";
u hr "Rabbit hunters";

input Real
input Real
equation
der(x r) =
der(x f) =
end Forest;

u hf "Fox hunters"; A o

g r*x r - d rf*x r*x £ - d rh*u hr;

Control
variables

——

g fr*d rf*x r*x £ - d £f*x £ - d fh*u hf;
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Predator-Prey Example — Optimal Control Problem

Obijective: Regulate the population in the forest to a desired
level (5 foxes, 500 rabbits) at the end of the simulation (¢t = t¢)

JMayer = 0.1-(x(tr) —5)° +0.01 - (x,(t;) — 500)" (desired population at ¢ = t;)

Constraints: upr 20, upr20, X2 0, x¢= 0

Modelica model: Important for scaling,
, needs to be > 0 to make Cost function
Extension of the

constraint optimizer conver el Mayer-term
system model / | P J y

\
model ForestOCP;Vr \ /
extends Forest (

u hr (min=0, nominal=le-4),u hf (min=0, nominal=le-4)
x r(min=0),x £ (min=0));
Real J Mayer =
0.1*(x r- 5)"2 + 0.01*(x r - 500)"2 annotation (isMayer=true);
end ForestOCP;
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Predator-Prey Example — Using OMNotebook

Start the optimization from OMNotebook using a time interval

¢, t] = [0,400]seconds

setCommandLineOptions("+gDynOpt");

simflags="-s optimization");

optimize(ForestOCP, stopTime=400, tolerance=1e-8, numberOflntervals=50,

Option Example value | Description
numberOflntervals 50 collocation intervals
startTime, stopTime 0, 400 time horizon in seconds
tolerance 1e-8 solver/optimizer tolerance
simflags see documentation for details
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Predator-Prey Example — Using OMEdit

Tools—Options—Simulation

A G

General
g Libraries

E MModelica Text Editor
ﬂ'fg Graphical Views

9 Simulation

Line style
57 Fill Style

@ Plotking
ﬁ Figaro

L. |
</>Rig
E TLM Editor

*The chang...er resktark,

OMEdit - Options o &
A
M Simulation
hatching Algarichm: PFPlusExt
Index Reduckion Method: | dynamicStateSelection
Targek Language: C
Target Compiler: gcec
OMC Flags +gDynOpk I
| Save class before simulation
QOukbpuk
® ) Structured | | Formatted Text
L
L | | 1< >
| oK || Cancel

2

+gDynOpt

Simulation—Simulation Setup

A

OMEdit - Simulation Setup - OPCExample.ForestOCP @ & &

Simulation Setup - OPCExample.ForestOCP

General | Qutpuk

Simulation Flags

Archived Simulations

Simulation Interval

Start Time: [0

Stop Time: |400

&| Root Finding

| Restark After Event

Integration
Method; | opkimization v g
Tolerance: |1e-6 I |
DASSL Options
Colored Mumerical W

Compiler Flags (Optional): ||

Mumber of Processors!

|| Build only

.
| Use 1 processor if you encounter problems during compilation

|| Launch TransFormational Debugger

|| Launch Algerithmic Debugger

|| save simulation settings inside model

optimization

| Simulake ||  Cancel |
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Predator-Prey Example —

Plots

x_F

x_r

800

700

600

500

400

300

200

100

0 50 100 150 200 250 300 350 400
time

Simulation of the forest model with
control variables uy, = upr =0

x_F X r

1,000 —

800 —

|

600 -

L

400 —

200

P

0 50 100 150 200 250 300 350 400
time

Simulation of the forest model
using the control variables
computed by the optimization.
Notice (not well visible in the
plot) that

Xr(tf) = 500, Xf (tf) =5
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Exercise — Optimal Control

Load the OPCExample.onb ebook into OMNotebook and
modify the optimization problem in the following ways:

1. Constrain the maximal number of rabbit hunters and
fox hunters to five, respectively.

2. Change the Mayer-term of the cost function to a
Lagrange-term.

3. Penalize the number of employed hunters by a
suitable modification of the cost function and observe
how the solution changes for different modifications.
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Part Vb
More
Graphical Modeling Exercises

using
OpenModelica
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Graphical Modeling - Using Drag and Drop Composition

oA File Edit View Simulation FMI Export Tools Help HEE]
FEHH D0 BQAQQAwWemeBN[) BEQO9+»5 @8-z bd
Libraries Browser = I-I-IE ﬂ Writeable | Model | Diagram View | C:fUs..ormo | Line: 1, Col: 0 E Variables Browser =
Libraries = |Find Variables |
. Complex [T case sensitive lR.eguIar Expression v]
= 77 Modelica | BpandaAl || colapseal |
o UsersGuide =
P i Variables Value Unit =
= Blocks 3 rmrezl intluctarl @
@ ComplexBlocks = DCMotor
E StateGraph = emf _
& Election _ |—|;|der(ph|j 03403 deg
:E Magnetic % fixed
= E Mechanics g flan.ge =
E MultiBody P — - I_DI 0533307 A

. [# internalSupport
B ﬁ Rotational PR

o UsersGuide |‘ [k ML/

E Examples )
p
B @ Components groundl
hi d
— e Fixed Elph =
5 rt 0
— 40 Inertia Flusesuppo
-0.3403
— == Disc o
-0.3403 d
| o~ Spring Clw rad/s
groundl
— - Damper
) inductorl &
- i8¢ SpringDamper _ 1 m | 3

X:-35.03  ¥:-38.14 o4 Modeling
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File Edit View = Simulation

8- _DB i

Components

Tools Hel

RLL O wemOE 44
g X

Modelica Standard Library
(] Modelica

Modelica Library | Modelica Files

Messages

General | Infa | Warning | Error |

OMEdit, Version: 1.6.0
OpenModelica, Version: *1.6.0°




Multi-Domain (Electro-Mechanical) Modelica Model

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

model DCMotor
Resistor R(R=100) ;
Inductor L (L=100);
VsourceDC DC (£=10) ;
Ground G;

ElectroMechanicalElement EM(k=10,J=10, b=2) ;

Inertia load;
equation

connect (DC.p,R.n) ;

connect (R.p,L.n);

connect (L.p, EM.n);

= e

R L

L

> o

EM

2 ‘
Q
o

connect (EM.p, DC.n) ;

connect(DC.n,G.p) ;

connect (EM. flange, load. flange) ; + G
end DCMotor E—
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Corresponding DCMotor Model Equations

The following equations are automatically derived from the Modelica model:

0 ==DC.p.i+R.n.1 EM.u==EM.p.v-EM.n.v R.u==R
DC.p.v=R.n.v 0==EM.p.1+EM.n.1i 0==R.p

EM.i ==EM.p.1i R.1i==R
0==R.p.1+L.n.1i EM.u==EM.k+*EM.w R.u==R
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
Q=L.p.1+EM.n.1i 0==L.p
L.p.v==EM.n.v DC.u==DC.p.v-DC.n.v L.i==L

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

0==EM.p.i+DC.n.i DC.i==DC.p.1i
EM.p.v==DC.n.v DC.u==DC.2mp* Sin[27wDC.£f »t]

0==DC.n.1+G.p.1 )
(Load component not included)
DC.n.v==G.p.Vv

P-v-R.n.v
.1+R.n.i

p-1i
.R+xR.1

p-v-L.n.v
.1+L.n.1i

p-1i
LxL. i

Automatic transformation to ODE or DAE for simulation:

dx £ £] [ dx t] 0
—_ == X, 14, —,, X, 1, ==
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

« 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.

YL
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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.

Fesistor | nductor

ConstantYoltage

EMF 1 Inertial Springi InertiaZ

!
i

(Srourndi

YL

238 Copyright © Open Source Modelica Consortium MoDELTCA



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

Inductord

R ezistar

I ’_f_ ] / E;?;nalvnltage*l

Step1 Feedback Fl1 E

Ineriaz SpeedSensard

1 Inertial  Springt

VL
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Exercise 3.4 — DrControl

 If there is enough time: Open the DrControl electronic book
about control theory with Modelica and do some exercises.

 Open File: C:OpenModelica1.9.3\share\omnotebook\drcontrol\DrControl.onb

fike Edr Cwll Format imert Wissow Help
file Eof Cwll Formad el Wiscsow Feip ik T - = .- » "k = d W "‘}

- Transfer Function e
Feedback ———— “ e

[ 3]

T = = %, = =

K b erwiane pesctal o sdy e Lolay saniom of dw mokond qeanire
'!'h'rm[un:rm::\nr:ru'u:_:n].mnlmnr m 0 frediack laap. I rum be swed m pliroraw e Firl = ElpEi] g = L ™ State Space Furm
infleence of nabs of W devEs the R ST 4
Thie cdeiean ipicson i wlip U Dasalinren] quaiite s proemal b dul Be devbeatiee of A mzaie of 8 wywers in the e ol infomusios needed ior deiermnining e foae nrpo of e eyoen i the
V¥ if the inttal sadickan yi| i rem, Mo by assming the el vabee of the vignal i Bomares inpuses are kv, The e space oam bor contnios. dime: dependent syasme oo be sgeesed =2
dbervaive indsal vales aie ol peno el thes Laplace mansfaming the difessal apation wrm o frw arde dikmmisl rostom
= 4 ] anacw F
& e A+t irll) m g a4t By it Linear Differential Equations in State Space Form
4are o | il 4r= dr
Higher ooder dithereniual rquatons can b oresird oo geaciically f guesdonmd io ik osder dilmmidal
radum o
L b apr™ b e a, TR (Bpr™ 4 = B ) FEd + ey piEd 4 2y wE) = buft]
1 Example
F‘ Moo e difeiential ojaaion with il i6 devivatve ware b desoibed with B el of 3 pol 1y mersdharing e warishies, x, and T
AR N m-n..-rl||-n-:r||llhl-\.;|-ulm.u.i ooy e . Thee o b s L wEDCiY W A ; B ™ + e bhig : . [RyEt0m piE]
acrinbynre CocBoend o The § o e road sk, which is s e can be ingarded o e, Uir)m plgxng |
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Summary

Multi-Domain
Modeling

Typed
Declarative

Textual Language Thanks for listening!

Visual Acausal
Component
Modeling

Hybrid
Modeling
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