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PRINCIPLES OF
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MODELING AND Modelica 3.3_
SIMULATION A Cyber-Physical Approach

Can be ordered from Wiley or Amazon

witH MODELICA 3.3

A CYBER-PHYSICAL
APPROACH

Wiley-IEEE Press, 2014, 1250 pages

A OpenModelica
A www.openmodelica.org

A Modelica Association
A www.modelica.orq
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Modelica standard library
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Detailed Schedule 09:00-12:30

09:00 - Introduction to Modeling and Simulation
A Start installation of OpenModelica including OMEdit graphic editor

09:10 - Modelicai The Next Generation Modeling Language
09:25 - Exercises Part | (15 minutes)

A Hands-on exercise on graphical modeling using OMEditi RL Circuit
09:50 1 Part Il: Modelica Environments and the OpenModelica Environment
10:20 - Exercises Part Il (10 minutes)

A Hands-on exercise for exploring features like 3D animation and FMI support

10:30 7 Coffee Break
11:00 7 Part lll: Modelica Textual Modeling

11:10 - Exercises Part llla (10 minutes)
A Hands-on exercises on textual modeling using the OpenModelica environment

11:20 - Modelica Discrete Events, Hybrid, Clocked Properties
11:40 - Exercises Part llIb (5 minutes)

A Short hands-on exercises on textual modeling using the OpenModelica environment

11:457 Part IV: Components, Connectors and Connections & Modelica Libraries

11:55 - Exercises Part IV (35 minutes)

A Hands-on exercise on graphical modeling using OMEdit i DC Motor

Copyright © Open Source Modelica Consortium

MOD

/772

L
ELICA



Software Installation - Windows

A Start the software installation

A Install OpenModelica-1.12.0 Download or from the
USB Stick
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Software Installation T LinuX (requires internet connection)

A Go to
https://openmodelica.org/index.php/download/down
load-linux and follow the instructions.
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https://openmodelica.org/index.php/download/download-linux

Software Installation T MAC (requires internet connection)

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

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

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

A port selfupdate
A port install openmodelica-devel
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Part |

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

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

Internal-combustion engines 417

ene 4 }
¥ The change of motion is proportic

X .
mm r | T pplsd by the heat Wherepzr’w=(Tz/T|)’-‘:(Tszu)”‘

EiEeE T to the motive force impressed

Thermodynamic comparative cycle as shown in the p-V- und T-5 diagrams

oL
4]

dd dp |t g reduced to Current gas-tu ml e powerplants achieve
thermal efficien of up to 35 %.
wn=cp (Ts-Te)=cp (Ta=Ts) Advantages of the gas turbine: clean ex- '
and the q ntity of he H be removed is haust without supplementary smisslons—
control devices; extremely smooth run
qua=cp- (T =T} =cp - (To-Th)-

ning; multifuel capability, good static tor-
que curve; extended maintenanc

The maximum thermal effici y for the inlewals.
gas turbine with heat exchan g

A ufacturing costs still
hgh. DDU r transitional response; higher
fn=1-Qow/Qin=1-(T2-T) M(Ta-Ts)  tuel consumption; less suitable for low-

Gnrurb-'n-wm d silencer, 2Rams aan:m::r :‘:m:rAHsﬁra change [chc n’
,Mx:atmem motns proportionalem effe vi motrici mpeﬂ:c, & fieri fe-

$ Extaust port, uongee Fwor turbine, 8 Adjustable guide vanes, 8 i mpresso
exndum lineam reSlam qua vis illa imprimitw.

tubine, 10 S 1 Auxiliary q'unpms!dnvs 2 Lubricating oil pump.

2 11108 8 7
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Modelica Background: The Form i Equations

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

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

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

Impressed

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

v = INTEG(F)/m

Programming languages usually do not allow equations!

/772
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What is Modelica?

A language for modeling ofComplex cyber-physical 3ystems

A Robotics

A Automotive

A Aircrafts

A Satellites

A Power plants

A Systems biology

7772

MODELICA
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What is Modelica?

A language for@of complex cyber-physical systems

Mechanics

I>—b—

Reference

] Electric

Sensor

PID control System

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

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

Free, open language
specification:

Languags far Pheai sl 2ommren Mebding

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

Available at: www.modelica.org

Developed and standardized
by Modelica Association

There exist several free and commercial
tools, for example:

AOpenModeIicafrom OSMC

ADymola from Dassault systems

AWolfram System Modeler fr Wolfram MathCore
ASimulationX from IT]

AMapleSim from MapleSoft

AAMESIM from LMS

AJModelica.org from Modelon

AMWORKS from Tongyang Sw & Control
AIDA Simulation Env, from Equa

AESI Group Modeling tool, ESI Group
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Modelica I The Next Generation Modeling Language

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

Multi-domain modeling

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

Everything is a class

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

Visual component programming
Hierarchical system architecture capabilities

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

16  Copyright © Open Source Modelica Consortium MoDELI"CA



Modelica Acausal Modeling

What is acausal modeling/design?

Why does it increase reuse?

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

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

/772
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What is Special about Modelica?

A Multi-Domain Modeling
A Visual acausal hierarchical component modeling

A Typed declarative equation-based textual language
A Hybrid modeling and simulation

18  Copyright © Open Source Modelica Consortium MoDELI"CA



What is Special about Modelica?

/

Multi-Domain Cyber-Physical Modeling

: 3 domains
Modeling - electric
Physical - mechanics
/ \ - control
a Mechanics
i R L Axis, Axds,
j .- ) u emf - i—%&é -
Electri
[ |
Reference eetrie Bearing
= Angle-
Sensor

7
1 | \{ 4
Cyber PID  Control System
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What is Special about Modelica?

Multi-Domain Visual Acausal

Modeling Keeps the physical Hierarchical
structure
Component
Modeling
Torquef Inertia1 -
Acausgl model f EU/\‘U_é_l
(Modelica) T (]
- J=10
duration={2}
| e 1 om \
o 2 i = > 15 phit > P5 e TS
Constant2 Divide 1 Integrator 3 Integrator 1 cain
Causal
u 2
block-based izt mj
model Ny
(S|mU||nk) br[:; » 1 omega2 = Gain 1
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What is Special about Modelica?

Multi-Domain Hierarchical system al Acausa
Modeling modeling ora :

o 6 0de
cut joint
tn . >

qddRef
r3Drivel

T~

axis5

j

axis4
-'—
1
| |
axis3 Gnl 9
— :E'-g
axis2
T
i L} t
Srel = n*transpose(n)+(identity(3) - n*transpose(n))*cos(q) - is1
skew(n)*sin(q); N I
wrela = n*qd,; |
zrela = n*qdd;
Sh = Sa*transpose(Srel);
rOb = r0a;
vb = Srel*va;
wb = Srel*(wa + wrela); Ty
ab = Srel*aa; =X
zb = Srel*(za + zrela + cross(wa, wrela)); inertial

Courtesy of Martin Otter t =
= qd - a
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What is Special about Modelica?

Visual Acausal

Multi-Domain
Modeling

Hierarchical
Component
Modeling

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

Behaviour described declaratively using
ADifferential algebraic equations (DAE) (continuous-time)
AEvent triggers (discrete-time)

Variable

class VanDerPol  "Van der Pol oscillator model"
dec|arations\$ Real x(start = 1) "Descri pt i ve str;in
Real y(start = 1) "y coordijnat eo

parameter Real lambda =0.3;
equation
Typ ed der (x) =;
. der (y) = -x+lambda*(1 - XYY,
Declarative V) ( Y

end VanDerPol;
Equation-based
Textual Language

S o<
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What is Special about Modelica?

Multi-Domain
Modeling

Visual Acausal

Component
{ Y v Modeling

Hybrid modeling =
continuous-time + discrete-time modeling

N : :
W Continuous-time

+— Discrete-time

.—E

J Clocked discrete-time
Typed I I

time

Declarative
Equation-based
Textual Language

Hybrid

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

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

vs Modelica
Causality
: Derivation
Modeling of o
Svstem Subsystems (manual derivation of
Décomposition Input/output relations) Implementation
Proprietary

I
wocerca N

24  Copyright © Open Source Modelica Consortium MO u‘E: LI'CA



Modelica vs Simulink Block Oriented Modeling
Simple Electrical Model

Modelica: Keeps the Simulink:
Physical modeli physical Signakflow modeli hard to
easy to understand Structure understand

/

l l Res2 sum3 Ind 2
p p 1
] I 1
12 s }
R1=10 R2=100
N um?2
P H] n n _>+1z
AC=220 'g
M p p sinin suml Resl Cap 11
Lin pli1 1
1 A S ] £
Cc=0.01 _ L=0.1 ’—»
LIn n

RO

/772

25  Copyright © Open Source Modelica Consortium MoDoE'LiCA



Graphical Modeling - Using Drag and Drop Composition

A- 1K # 2P0 O \eROE 4+

Companents X moon@ |

1= [£] Modelica

& (@) Blocks

# [2) Constants

= [ Electrical

& [[J Analog

® [ Basic

# [ Examples

& [J 1deal

# 7 interfaces

@# [T Lines

# [ Semiconductors

# ] Sensors

2 [ Sources

- »D= ConstantCurrent
- =4~ ConstantVoltage
~ «= ExponentialsCurrent
-~ ExponentialsVoltage
- D= ExpSineCurrent
~ »s ExpSineVoltage
- == PulseCurrent

- = PulseVoltage
-« RampCurrent

[ Rempholtage —Info 3¢ 10:39:17 —
~ w= SawToothCument Conncted: (resstor 1.n, inductor 1.p)

L w5e SawToothiVoltage 5 —Info 4: 10:39:39 — E
Ry X ¥ || Conncted: {inductor 1.n, sinevoltage1.n)
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Multi-Domain (Electro-Mechanical) Modelica Model

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

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

Inertia load; \_.Eﬂ_.

equation 4 .
connect (DC.p,R.n);
connect (R.p,L.n); ’C) DC = =
connect (L.p, EM.n); =]
connect (EM.p, DC.n); load

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

R
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Corresponding DCMotor Model Equations

The following equations are automatically derived from the Modelica model:

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

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

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

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

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

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

Automatic transformation to ODE or DAE for simulation:

dx £ £] [ dx t] 0
—_ == X, 1, —, X, 4, ==
dt J dt

/772
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Model Translation Process to Hybrid DAE to Code

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

Source code

Model
< <€=== Modelica Model

Frontend ——| Translator
Modeling —___=— <= Flat model Hybrid DAE
Environment e
"Middle-end’ Ly
” — __— {mmm sorted equations
Optimizer . .
Optimized sorte
> <{==m .
equations
Backend Code generatof

- > C Code

Executable

VLl
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Modelica in Power Generation
GTX Gas Turbine Power Cutoff Mechanism

parameter_settings cortraller
o SO ¥ _—
Pel... P el
droop P ciro e
Lo i LC
to |0 IGY F—
R0 Peipd P T p3 {7 .
Grid | & & F 9 P —
Poricd | pilo... pilo...
5 51 - 3
PP ] 1F
LY AL ] mai... mai
piosver _cortral W
Itk -
startTime=1400}% | S—
load_drop E={0}
—I_ clutch ...
startTime={350} _/_
mech_break ourEmo... ower.L k=T30T..
|
Inerial
farnTime=0; L 5 1T
Fee... JlTEIU]D
load_gain
sERTImE=150
Tero ..
w=107 LT Developed
by MathCore
for Siemens

Courtesy of Siemens Industrial Turbomachinery AB
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Modelica in Automotive Industry

31
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Modelica in Avionics

Inputs | Outpus

YYYYYYYY

e

AErOdyNAMICS

GBI ETEHIHH

r_rel=(000) v
L
L] &
atmosphers LTI

taEngine Brging
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Modelica in Biomechanics

__ startTime=0
(=
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Application of Modelica in Robotics Models
Real-time Training Simulator for Flight, Driving

A Using Modelica models
generating real-time
code

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

A Developed at DLR
Munich, Germany

A Dymola Modelica tool

(Movie demo)

Courtesy of Tobias Bellmann, DLR,
Oberphaffenhofen, Germany
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Combined-Cycle Power Plant
Plant model i- system level

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

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

A GT model: simple law et
relating the electrical load

request with the exhaust gas
temperature and flow rate.
$ f
Courtesy Francesco Casella, Politecnico di Milano 7 Italy ! Fe
and Francesco Pretolani, CESI SpA - Italy .ml y 2 FHE SHTORHT BV SH G Eco2 ey P

| T || [ H
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Modelica Spacecraft Dynamics Library

Formation flying on elliptical orbits

| spacecraft

Control the relative motion of two or more
spacecraft

Perigee

/

Formation
Center

Attitude control for satellites
using magnetic coils as actuators

Torque generation mechanism:
Interaction between coils and
geomagnetic field

Courtesy of Francesco Casella, Politecnico di Milano, Italy
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System Dynamics T~ World Society Simulation
Limits to Material Growth; Population, Energy and Material flows

To o o I

a DRdEd . Dperidodein Consecton Edior . — - - 2

CenmS XL0 WOAG NesemEMI RO 8- zeEs Left. World3 simulation
S LLTELLLT == it OpenModelica
S ESS=SEESSESSSSSESSESE == R 2 collapse scenarios
- (close to current
J sern /\ developments)
It : . / \ A 1 sustainable scenario
lE : . \ (green).
:t 3 - NN CO2 Emissions per
0 - N\ person:
s ] \ A USA 17 ton/yr
[ . T [ e A Sweden 7 ton/yr
¢ == Aindia 1.4 ton/yr
e - S 1 A Bangladesh 0.3 ton/yr

System Dynamics Modelica library 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

37
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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 ] ta]

7e+00 7 /

6e+09 | —

] / Start 2042
4a+09 E £ /
3e+09 ,/
26409 ’3/_'_ /
1e+09 ]

1,900 1,950 2,000 2,050 2,100
Time (Years)

/ N
N

[=p]

2e+)9

(W g

[§8]

VLl
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