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DLR - Institute of Robotics and Mechatronics

Space-Robotic

8 Industrial Robots
’ New drive trains, Service-
Robots, cooperation with

KUKA

D2 M1ss10n 1995 (Robot in Space
Shuttle is controlled from Earth, 7s for
signal transmission )

Automobile
Modeling, simulation of
Control Design for fly-by-wire, mechatronical components
automatic landing, etc.; based on
optimizing of parameter
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Test of Protection Devices in Power Systems
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Power Flow Analysis in Power Systems
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Modelica Design Effort

Modeling und simulation of multi-domain physical systems

* to beat the modeling complexity

Example: Dynamics of an air plane

= Mechanics (3D-Mechanics, Drive Trains)
= Aerodynamics
* Thermo-fluid dynamics (Turbine engine)

= Hydraulics

= Electrics
= Control systems

= Discrete Control

Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica 6 ol
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Component diagram

-
b
Ra=0.5 L in Dymola
o
l Jm=1.0E-3
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Block diagram
in Simulink

Tragheit

[ ]

Initialization Phi Int

Component diagrams generalize Block diagrams
=> The next generation of simulation tools
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Modeling Knowledge

Where to find?

* Books
* Experts

Main Idea:

Computer based storage of
modeling knowledge

LexK

Jsflﬁtmmem HIOtHS pr‘apmzmlew effewi mm‘m*z_
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Thermodynamic comparative cycle as shown In the p-V- und T-5 diagrams
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fom Tz 10 Te, supplied by the heat
gchanger is coupled with a thermal
dscharge (4 — 4'). It heat is complately
exchanged, the quantity of heat to be
added per unit of gas is reduced to

fin = ip° Ta-Te)=cp (Ta-Ta)
and the guantity of heat to be removed Is

Jor = cp " (Ta = Ty} = ¢y~ (T2= T).

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

=1 - Qo Qin=1= (T - Ty W(Ta-Ta)

Fa Fa
Where palpy = | T/Th) ' -7 = (Ty/Ty) -1
and Ty = Ty - (To/T:) thus

= 1= {Ta/Ta)
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-
gue curve; extended maintenance
intervals,

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

Gas turbire 1 Filter and siencer, 2 Radial-fiow
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compressor, 3 Bumer, 4 Heat exchangey,
£ Exhaust port, 8 Reducton gearset, 7 Power furbine, 8 Adjustabla guide vanes, § Compressor
wbine, 10 Starter, 11 Auxiliary aguipmant drive, 72 Lubricating ofl pumg.
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Component Diagrams

Connection
Component

 Each icon represents a physical component.
1.e.: electrical Resistance, mechanical Gearbox, Pump

« Composition lines are the actual physical connections.
i.e.: electrical line, mechanical connection, heat flow between two components

 Variables at the interfaces describe interaction with other components
 Physical behavior of a component is described by equations

 Hierarchical decomposition of components

Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica
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Modeling and Simulation with Modelica tools

Graphical Editor
[ ]
Inertial=0.002 — Inertiaz2=20
_.é_ 1 !—l 1 _én
=T i =7
Ideal Gear1=100

Modelica model (Text file: test].mo) /

model testl

Modelica.Mechanics.Rotational.Inertia J1(J=0.002)

C-function

void dsblock (double *x,

compile + link

Simulator

File: .\Modelica\Mechanics\Rotational.mo

Component-
Library

Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica 11 Vi
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Modelica Language Design Goals

=  Unify object-oriented modeling languages
— Dymola, gPROMS, NMF, ObjectMath, Omola, Smile, U.L.M., ...
= Allow reuse of physical models
— Electrical motor, robot arm, ...
= Combine components of different engineering disciplines
Electrics, mechanics, thermo-dynamics, hydraulics, ...
= Description using differential- und algebraic equations
— Declarative instead of procedural
= Achieve efficient simulation code
— Event handling, 1deal devices, etc.
= Develop component libraries
— http://www.Modelica.org/library/library.html

Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica 12
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Modelica Association

MathCore, Linkdping, Sweden
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Universitat Paderborn, Germany
Dynasim AB, Lund, Sweden

Linkdping University, Sweden
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Status of Modelica

* Design started September 1996

» Modelica Version 1.0 - September 1997
» Modelica Version 1.1 - December 1998
* Modelica Version 1.2 - June 1999

* Modelica Version 1.3 - December 1999
» Modelica Version 1.4 - December 2000
* Modelica Version 2.0 - March 2002

2. International Modelica Conference 18./19. March 2002, DLR Munich
*> 30 Modelica-Design-Group Meetings (each 3 days)

.~ Modelica design group, Twente 1999

http://www.Modelica.org

« > 25 members of the “Modelica Association”
* > 120 members of the “Modelica Interest group”

 Libraries and tools are available

Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica 14 s
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Modeling with Modelica

= Flat und hierarchical models

— data types, attributes, components, interface-variables, package-concept,
inheritance

= Special model classes

— constraints on variables and parameters
* input, output, final, protected

— equations versus Algorithms
— class types in Modelica
* type, connector, model, block, function, package
=  Matrices, arrays and arrays of components
— definition, index sets, for-in-loop, array-functions

= Physical fields

— global variables, inner, outer

= Hybrid modeling

— events, if-then-else, when-statement

Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica 15
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Simple Modelica-Model (Flat)

m=2kg _
Version 1: S f=6N ..
———————————————— > ’—} m-s = f
____________ graphical information e new model
_ _ comment
............ parameters (Changeable before start Of ﬂoatlng pOlnt number d 1 . d 1
simulation) g name + default-value (display in dialogue)
\ 4
model MovingMassl < - "Moving Mass";
...................................... » parameter Real m=2 "Mass of block";
parameter%Realﬁf=6§ "Force";
Real s ? A

"Position of block";

"Velocity of block";
» annotation (Diagram(Rectangle (extent=..)..)..);

Real v

v =der(s); ..
.............................................. ’m*der(V) — f,'
end MovingMassi;™

differentiation with regards to time

mathematical equation, ( non—causal)

Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica 16
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Pre-Defined Basic-Data Types in Modelica

Real
Integer
Boolean

String

Monday, 18-03-2002
B. Bachmann, FH Bielefeld

floating point variable, i.e. 1.0, -2.3e-5
integer variable, i.e. 1, 4, -333
boolean variable, 1.e. false, true

string, 1.e. "from file:"

Multi-domain Modeling and Simulation with Modelica
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Cause of Failure of the Mars Climate Orbiter on September 23, 1999

o

Picture from NAS/J PL/Caltech.

Mars Climate Orbiter Failure Board Release Report, Nov. 10, 1999:

... "The 'root cause' of the loss of the spacecraft was the failed
translation of English units into metric units in a segment of ground-
based, navigation-related mission software, as NASA has previously
announced," said Arthur Stephenson, chairman of the Mars Climate

Orbiter Mission Failure Investigation Board.

Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica 18
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Simple Modelica-Model (Flat)

Version 2:

m=2kg

S f=6N .
———————————— > ’—} m-szf

attribute of real data type

model MovingMass2 v :

parameter Real m(min=0,unit="kg") = 2;

parameter Real f (unit="N") = 6;

Real s;

Real v;

annotation (Diagram (Rectangle (extent=..)..)..);
equation

v = der(s);

m*der (v) = f;

end MovingMass?Z;

Monday, 18-03-2002
B. Bachmann, FH Bielefeld

unit of variables can be checked in equations <

Multi-domain Modeling and Simulation with Modelica
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SI-Base Units
Each physical unit can be calculated based on the 7 SI-base

units:

kg, m, s, A, K, mol, cd

Comparison in equations:

Two physical variables are comparable, if the units with
regards to the 7 SI-base units are identical.

Example:
Type Unit in SI-base units
Moment Nm kegm®/s”
Energy J kgm®/s”

Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica

B. Bachmann, FH Bielefeld
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Realization of Units in Modelica

attributes of Real variables:

quantity type of physical quantity
unit unit of variable, used within equations
displayUnit | unit, used for visualization

Example:
quantity = | unit = | displayUnit =
"Torque" "N.m"
"Energy" "J"
"Angle" "rad" "deg"

Syntax of unit-expressions,

Examples:
kg.m2/s2, kg.m.m/(s.s), rad/s, 1/s, s-1

Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica 21 ,
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More Attributes of Real Variables:

min minimal value of quantity
max maximal value of quantity
start start value of state variables. i.e.:

m-v=f, v(t,)=3
nominal | nominal value can be used for scaling
purposes in numerical routines

Example:

parameter Real m(min=0, quantity="mass", unit="kg") = 2;
Real v (quantity="velocity", unit="m/s", start=3);

Pre-defined variable types:
¢.g. variables with a given set of attributes

Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica 22
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Pre-Defined Variable Types

Examples of different variable types:

type Angle = Real (quantity = "Angle", unit = "rad",
displayUnit = "deg");

type Torque = Real (quantity = "Torque", unit = "N.m");

type Mass = Real (quantity = "Mass", unit = "kg", min=0);

type Velocity = Real (quantity = "Velocity", unit = "m/s");

Use of variable types:

parameter Mass m = 2;
Velocity v(start=3);

Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica 23
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The Modelica Library Modelica.SIunits

includes all 450 ISO-standard units in form of pre-defined
variable types!

Slunits - package Modelica.5lunits
File  Edit

= . package SIunits "Tyvpe definitions baszed on SI units according to Ifs
=] Modelica !E gextends Modelica. Icons.Librarve: j
Eile - Edit s/ Space and Time (chapter 1 of ISO 31-1992)
type Angle = Real |
final guantity="Angle",
final unit="rad".
Blocks Constants displayUnit="deg"):
- - type Solidingle = RFeal (final gquantity="Solidingle", final units=
Library Library tyvpe Length = Real (final quantity="Length". final unit="mn"};
EE%] ral type Pathlength = Length
type Pozition = Length
type Distance Length (min=0};
. type Breadth = Distance ;
Electrica lcons type Height = Distance
: : type Thickness = Distance ;
Lbrary EEEE type Radiu=s = Distance
E WI tvpe Diameter = Distance
type Area = Feal (final guantity="Area". final unit="m2"):
type Yolume = Real (final quantitvy="Volum=". final unit="m3"):

Math Mechanics type Time = Feal (final quantity="Time". final unit="="):
type Duration = Time
Library Library type AngularVelocity = Heal |
final guantity="AngularVelocity".
f . -
G I final unit="rad-s".

displavlUnit="rev - min"):
' / type Angularicceleration = Real (final gquantity="Angulariccelera
Slunits final unit="rad- s2"):
- _,,,——————"” type Velocity = Eeal (final gquantitv="Velocity". final unit="mn-s
Library type Acceleration = REeal (final quantity="Acceleration". final u
[kg.mi]

<« Periodic and related phenomens (chapter 2 of IS0 31-1992)
type Period = Feal (final gquantity="Time"., final unit="="}:
type Frequency = Eeal (final gquantity="Freguency". final unit="H

« | H 4

(File: ...\Modelica\SIunits.mo)

Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica 24 7
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Use of the Modelica.SIunits Library

Variant 1 (full name):

parameter Modelica.SIunits.Mass m = 2;
Modelica.SIunits.Velocity v (start=3);

Variant 2 (short name):

package SIunits = Modelica.SIunits; §// Alias—Nameé
z " :

parameter SIunits.Mass m = 2;
SITunits.Velocity v (start=3);

Comment ....................

Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica 25
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Simple Modelica-Model (Flat)
m=2kg

. f=6N )
Version3: [ > H m-s=f

component library

model MovingMass3 : v
package SIunits =§Modelica.SIunits; 5
parameter STunits.Mass m = 2 "mass of block";
parameter STunits.Force f = 6 "force to pull block";

SIunits.Position s "position of block";
STunits.Velocity v "velocity of block";

annotation (Diagram (Rectangle (extent=..)..)..);
equation

v = der(s);

m*der (v) = f;

end MovingMass3;

This is the prefered style of modeling!

Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica 26
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Hierarchical Modelica Model
(Model of a simple drive train)

Graphical Editor }

DC-motor
flange
Resistor] Inductari
Rampi o L]
= Inertia 1=0.002 ] P Inertiaz=20
g 1L B } 1
f g [ .
A Ideal Gear1=100
duration={1}
— A
Ground!
electric wire motor-inertia + ideal gear box + load-inertia
Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica 27 Y1
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Resistor] Inductart

Part of drive train model : L e b e
° ° . ° = L ! J—éu
(without graphics-information) /Y Om—iﬂ s
del-cl .
new mog clelass models-class model-lnstanc;e (component) modifier
T |
model SimpleDrive ! i v T

‘Modelica.Mechanics.Rotational.Inertia Inertial (J=0.002);

Modelica.Mechanics.Rotational.IdealGear IdealGearl(ratio=lOO)% -------

Modelica.Electrical.Analog.Basic.Resistor Resistorl (R=0.2)

equation : ;
_connect (Inertial.flange b, IdealGearl.ﬁlange_a?;
------------------ » connect (Resistorl.n, Inductorl.p); z A |
S ; A

end SimpleDrive;

connector "flange a" of IdealGearl

connection connector "n" of Resistorl

Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica 28 7
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Variables within interfaces
(connector variables)

f3
S3 —
1
\% T 3 S 1
Vi I v, -
== -
«— —> e >
L i S) —— ——
fl fz
VI=Ww =V S =8, =8,

i1+i2+i320 ]p1+]p2+,f3:0

connect (Rl.p, R2.p); connect (ml.flange a, m2.flange a);

Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica 29 7
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Two kind of variables in connectors

Potential-Variable | Connected variables are identical

Flow-Variable Connected variables fulfil the zero-
sum equation

connector-class
new connector-class

%connectorépin connector%Flanqe ?W”
SIunits.Voltage v, STunits.Angle phi;

flow STunits.Current 1i; ﬁﬁlgmeIunits.Torque _____ tau;

end Pin; end Flange;

ﬂOW-VaI‘Iable ..................................

Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica 30
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Interface variables within the
Modelica standard library

Type Potential variable Flow variable
electric V potential I current
translatorial | s distance f | force
rotatorial 1, angle T |torque
hydraulic p pressure V| flow rate
thermal T temperature Q. heat flow
chemical U chem. potential ]\.7 Current of particles

connector XXX

Real Potentialvariable
flow Real Flussvariable
end XXX;
Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica 31
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Model of Resistor
p.1

-, n.1
p.v n.v

model Resistor

package SIunits = Modelica.SIunits;

package Interfaces = Modelica.Electrical.Analog.Interfaces;
parameter STunits.Resistance R = 1 "Resistance";
STunits.Voltage v "Spannungsabfall Uber Element";

Interfaces.PositivePin p;
Interfaces.NegativePin n;

equation
0 =p.i + n.1i;
V = p.vV - n.v;

v = R*p.1i;
end Resistor;

Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica 32 7
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Summary

InertiaZ=20

model SimpleDrive

..Rotational.Inertia Inertial

Resistorl (R=0.2)

connect (Inertial.flange

nnect (Resistorl.n, Inductoxl.p);

d SimpleDrive;

(J=0.002) ;
. .Rotational.IdealGear IdealGearl (ratio=100)

IdealGearl.flange a);

A

model Resistor
package SIunits Modelica.SIunits;
parameter SIunits.Resistance R = 1;

type Voltage

Real (quantity="Voltage",

SIunits.Voltage v; unit ARK
..Interfaces.&ositivePin 1o} K\
..Interfaces. ativePin n; — .

equation connecto P031t}veP1n | |
0 = p.i + n.i; package SIunits =Modelica.SIunits;
¥ = P.V - N.V; SIunltslV?ltage] Y;
v = R¥p.i; flow SIunits.Current 1;

end Resistor: end PositivePin;

Monday, 18-03-2002
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The package concept in Modelica

Modelica models are structured in hierarchical libraries (packages)

package Modelica
package Mechanics

package Rotational
model Inertia <«——— Modelica.Mechanics.Rotational.Inertia

end Inertia;
model Torque
end Torque;
end.éétational;
end Mechanics;
end.ﬁédelica;

Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica 34
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The package concept in Modelica

Name-lookup within a package

package Modelica

package Mechanics
package Rotational
------------ » package Interfaces,

~ connector Flange;a

equivalent definitions

end Flange a;
end Interfaces

model Inertia 4 a
-t [NCerfaces.Flange a flange a; \
Modelica.Mechanics.Rotational.Interfaces.Flange a a;
end Inertia;

end Rotational;
end Mechanics;

end Modelica;
Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica 35
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The package concept in Modelica

Storage of a hierarchical package within one file

File: Modelica.mo

package Modelica
package Mechanics

package Rotational
model Inertia
end Inertia;
model Torque
end Torque;

end Rotational;

end Mechanics;

end Modelica;

Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica 36
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The package concept in Modelica

Storage of a hierarchical package distributed within different files and directories

File: ...\Modelica\Mechanics\Rotational.mo
...\Modelica
\Blocks package Rotational
\Electrical model Inertia
\Mechanics ..
package.mo end ITnertia;
Rotational.mo >
Translational.mo model Torque
end Torque;
Modelica is case-sensitive ! end Rotational;
package Mechanics Each package-directory must include a file
end Mechanics; package.mo that contains additional
File: information to the package (i.e. annotations

... \Modelica\Mechanics\package.mo to \Mechanics)

Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica 37 7
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Partial Models and Inheritance

package Flectrical

épackagé STunits = Modelica.SIunits;

................. P—
connector Pin o

SIunits.Voltage V; = abbreviation

flow SIunits.Current i; (see: type Force = Real (unit="N")
end PositivePin;

\ 4

nggpag;gmodel TwoPin
Pin p,n;
STunits.Current 1i;

SIunits.Voltage u;

equation incomplete model (cannot be instantiated)
0 =p.i + n.i;
u=p.v — n.v;
i =Dp.1;

end TwoPin;

model Capacitor

parameter SIunits.Capacitance C;
equation

C*der (u) = i; inheritance
end Capacitor; 5

end Electrical;

Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica 38 7
B. Bachmann, FH Bielefeld MODELICA



Previous Model is identical to:

package Electrical
package SIunits = Modelica.SIunits;
connector Pin
STunits.Voltage V;
flow SIunits.Current 1i;
end PositivePin;

model Capacitor «—

Advantage of extends:

Common properties are
defined only once!

Pin p,n;
SIunits.Current 1i;
SIunits.Voltage u;

parameter SIunits.Capacitance C;
equation

0 = p.1 + n.i;

u = p.v — n.v;

1 =p.1;

C*der(u) = 1;

end Capacitor;
end Electrical;

‘\\\\\\\\\\\\\\\\\\\\\\\

partial model TwoPin
Pin p,n;
STunits.Current i;
SIunits.Voltage u;

equation
0 =p.1i + n.i;
u=p.v - n.v;
i=p.i;

end TwoPin;

model Capacitor

extends TwoPin;

parameter STunits.Capacitance
equation

C*der (u)
end Capacitor;

Monday, 18-03-2002
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Constraints on variables and parameters

TorqueSensor
Restriction of outputs

1.e. no connections to other outputs.
(Same yields for input)

connector OutPort
parameter Integer n=1;

................................... >output Real signalln]; tau

end OutPort;

model TorgqueSensor
SIunits.Torque tau;
Rotational.Interfaces.Flange a flange a;
Rotational.Interfaces.Flange b flange b;

Blocks.Interfaces.OQutPort outPorthina1§n=l);

equation A
flange a.phi = flange b.phi; |
tau = flange a.tau; |
tau = -flange b.tau; May not be changed any more
tau = outPort.signal[l];

end TorqueSensor;
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FirstOrder Efficient and reliable modeling

kK
T-s+1

‘u = T-y+y=k-u

4 > y

i = model, for which all public variables are
" ' input, output, parameter or constant.

parameter Real k=1 "gain";

parameter Real T=0.01 "time constant";
Blocks.Interfaces.InPort 1inPort (final n=1);
Blocks.Interfaces.OutPort outPort (final n=1);

............ > protected '-
Real y = outPort.signall[l]; <

equation ion i '
------------------------------ equation in declaration part
T*der(y) + y = k*u;
end FirstOrder;

variable, which cannot be accessed
from outside

Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica 41 7
MODELICA

B. Bachmann, FH Bielefeld



Limiter Comparison of equations
and algorithms

Variant 1:

block Limiter
parameter Real uMax= 1 "maximum value";
parameter Real uMin=-1 "minimum value";
Blocks.Interfaces.InPort 1inPort (final n=1);
Blocks.Interfaces.OutPort outPort (final n=1);

protected
Real u = inPort.signall[l];
Real y = outPort.signalll];
equation

y = if u > uMax then uMax else
if u < uMin then uMin else u;
end Limiter;

if - expression
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Comparison of equations and algorithms

Variant 2: block Limiter

parameter Real uMax= 1 '"maximum value";
Limiter parameter Real uMin=-1 "minimum value";
Blocks.Interfaces.InPort 1inPort (final n=1);
” Blocks.Interfaces.OutPort outPort (final n=1);
protected
Real u = inPort.signall[l];
Real vy = outPort.signal[1l];
>algor1thm
“if u > uMax then
y - UMaX’. .......................... lf-block
= elseif u < uMin then (as in C, Fortran, etc.)
pmmahnﬂpmt y := uMin; P
(no equatlonS) else ...................
y T ~ all assignments in an

algorithm-section will be

end Limiter; . .
executed in the given order

............ assignment operator
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Variant 3:

. v \
function Limiter

input Real uMax=2, uMin%—2;§

Functions in Modelica

Function, as in C or

input Real u; —
Fortran
output Real vy;
algorithm
if u > uMax then
default-value
y = uMax;
elseif u < uMin then
y := uMin;
else
y 1= u;
end if;
end Limiter;
model test Functioq calls
Real x0, x1, XZ; :
equation v |
xl = Limiter(1l, -1, x0); (d.h. uMax=1, uMin=-1, u=x0)
x2 = Limiter (u=x0); (d.h. uMax=2, uMin=-2, u=x0)
end test;
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Different class-types in Modelica

type

connector

model

block

function

package

Monday, 18-03-2002
B. Bachmann, FH Bielefeld

class to define variable types

class to define interfaces
class to define model components

model, for which all public variables are
input, output, parameter or constant.

block with algorithm-section and function-call
syntax

class to define libraries.
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Arrays and Matrices

Declaration of multidimensional arrays:

parameter Real v[3] = {1, 2, 3};

{} 1s array constructor and generates the dimensions. Allows for initialization of
arrays with arbitrary dimension. In example:

11 12 13
21 22 23

parameter Real ml[2,3] = {{11,12,13}, {21,22,23}}; {

11 12 13
parameter Real m2(2,3] = [11, 12, 13; 21, 22, 23];
21 22 23

[...] generates matrices Matlab compatible.
In general: [...] generates a Matrix, therefore, [v] 1s a 3 x 1 Matrix.

parameter Real m3[3,3] = [ml; transpose([v])];
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Array access operator

€6,

:” in the declaration section 1s used, when the sizes of the array is undefined

parameter Real vI[:]; // Size not defined yet
parameter Real Al:,:];

Access to matrix elements:

M2[2,3] // element [2,3] of Matrix M2

Vector constructor normally used to generate an indices-vector:
1:4 // generates {1,2,3,4}
1:2:7 // generates {1,3,5,7}

Extraction mechanism of sub-matrices like in Matlab:

M2[2:4,3] // generates {M2[2,3], M2[3,3], M2[4,3]1}
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Matrix operations

Addition/Subtraction: element-wise

Real Al1[3,2,4]1, A2[3,2,4], A3[3,2,4];
equation
Al = A2 + A3;

Scalar Multiplication: element-wise

Real Al1[3,2,4]1, A2[3,2,4], A3[3,2,4]1;
Real pl, p2;

equation
Al = pl*A2 + p2*A3;
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Matrix operations
Matrix Multiplication:

Real A[3,4]1, B[4,5], C[3,5]
Real v1[3], v2[4], sl1, s2[1,1];

equation s .~ 0
// Vector*Vector = Scalar fo;j_;n]Jshm(VLl):kmp
sl = v1i*vl; s 1= s + vI1[i]*v1[i];

end for;

// Matrix * Matrix = Matrix

A = B*C;
s2 = transpose ([vl])*[vl];
sl = scalar(s2);

: qr —
// Matrix*Vector Vector for i in l:size(A,1) loop

vl = A*v2; v1[i] := 0;
for j in l:size(A,2) loop
v1[i] := v1[i] + A[i,3]*v2[7];
end for;
end for;
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Example: Transfer function

_bs"+bys" +..+b,s+b,

Y U

n n—1
a,s +a,s -I-...-I-CInS-I-Canrl

Transformation in controller canonical form (for n=m=5):

4 a4 a4 _as 1
a, a a; a; a
x=| 1 0 0 0 [.x + 10 |.4
0 1 0 0 0
0 0 1 0 | 0
Y= bz_azﬁ b3_a3ﬁ b4_a4ﬁ bs —a;—
i 1 a a
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Example: Transfer function

partial block SISO "Single Input/Single Output block"

Modelica.Blocks.Interfaces.InPort inPort (final n=1) "input";
Modelica.Blocks.Interfaces.OutPort outPort (final n=1) "output";
Real u = 1nPort.51gnal [1]; r a, a, a, cg_ T 1]
Real y = outPort.signall[l]; - - T T —
nd SISO; e @
< / x=| 1 0 0 0 |.x4+|0]y
block TransferFunction 0 0
extends SISO; | 0 0 i LY
parameter Real b[:] ={1} B b b b b
.1 = =\b,—a,—+ b,—a,—~ b,—a,—~ b,—a,—L|-x+ —L-u
parameter Real al:] ={1, 1} VYV 2~ & 375 47 5T P
protected - : : : : :
constant Integer na = size(a, 1);
constant Integer nb(max=na) = size(b, 1);
constant Integer n = na-1

Real x [n] "State wvector";

Real bO[na] = wvector( [zeros(na-nb);b] );
equation

der (x[2:n]) = x[1l:n-1];

all]l*der (x[1]) + a[2:na]*x = u;

v = (bO0[2:na] - bO[1l]/a[l]l*a[2:nal)*x + bO0[1l]/all]*u;
end TransferFunction;
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For-loop, indexing and Arrays

block PolynomialEvaluator
parameter Real al:];
input Real x;
output Real vy;
protected
parameter n = size(a, 1)-1;
Real xpowers[n+t+l];
equation
xpowers[1l] = 1;
for 1 in 1:n loop
xpowers[i+l] = xpowers[i]*x;
end for;
Yy = a * Xpowers;
end PolynomialEvaluator;
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Pre-defined Array-Functions

Modelica Erkldrung

ndims(A) Returns the number of dimensions k of array expression A, with k >= 0.

size(A.1) Returns the size of dimension i of array expression A where i shall be > 0 and <= ndims(A).

size(A) Returns a vector of length ndims(A) containing the dimension sizes of A.

scalar(A) Returns the single element of array A. size(A,i) = 1 is required for 1 <=1 <= ndims(A).

vector(A) Returns a 1-vector, if A is a scalar and otherwise returns a vector containing all the elements of
the array, provided there is at most one dimension size > 1.

matrix(A) Returns promote(A,2), if A is a scalar or vector and otherwise returns the elements of the first
two dimensions as a matrix. size(A,i) = 1 is required for 2 <i <= ndims(A).

transpose(A) Permutes the first two dimensions of array A. It is an error, if array A does not have at least 2
dimensions.

outerproduct(vl,v2) | Returns the outer product of vectors v1 and v2 ( = matrix(v)*transpose( matrix(v) ) ).

identity(n) Returns the n x n Integer identity matrix, with ones on the diagonal and zeros at the other
places.

diagonal(v) Returns a square matrix with the elements of vector v on the diagonal and all other elements
Zero.

zeros(n;,ny,ns,...) Returns the n; x ny X n3 x ... Integer array with all elements equal to zero (n; >= 0).

ones(n;,nz,ns,...) Return the n; x ny X n3 x ... Integer array with all elements equal to one (n; >=0).

fill(s,n;,nz,n3, ...) Returns the n; x ny X n3 x ... array with all elements equal to scalar expression s which has to be
a subtype of Real, Integer, Boolean or String (n; >= 0). The returned array has the same type as
.
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Pre-defined Array-Functions

Modelica Erklirung

linspace(x1,x2.n) | Returns a Real vector with n equally spaced elements, such that
v=linspace(x1,x2,n),
v[i] = x1 + (x2-x1)*(i-1)/(n-1) for 1 <=1 <=n. It is required that n >= 2.

min(A) Returns the smallest element of array expression A.

max(A) Returns the largest element of array expression A.

sum(A) Returns the sum of all the elements of array expression A.

product(A) Returns the product of all the elements of array expression A.

symmetric(A) Returns a matrix where the diagonal elements and the elements above the
diagonal are identical to the corresponding elements of matrix A and
where the elements below the diagonal are set equal to the elements
above the diagonal of A, i.e., B := symmetric(A) -> B[i,j] := A[i,j], if i <=
J> Blij] == Alj.i], if i > j.

cross(x.y) Returns the cross product of the 3-dim-vectors x and y, i.e.
cross(x,y) = vector( [ x[2]*y[3]-x[3]*y[2]; x[3]*y[1]-x[1]*y[3];
X[1]*y[2]-x[2]*y[1] ] );

skew(x) Returns the 3 x 3 skew symmetric matrix associated with a 3-dim-vector,
i.e., cross(x.y) = skew(x)*y; skew(x) = [0, -x[3], x[2]; x[3]. 0, -x[1]; -
x[2], x[1], O];
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Arrays of components

Arrays cannot only consist of Real variables, but of any model class.
In example:

Modelica.Electrical.Analog.Basic.Resistor R[10] // 10 Widerstédnde

for i in 1:9 loop
connect (R[1].p, R[i+1l].n); // zusammenschalten
end for;

This can be utilized to discretize simple partial differential equations in a
modular way.

Example:
electrical line
with losses

ground
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Arrays of components

model ULine "Lossy RC Line"
Modelica.Electrical.Analog.Interfaces.Pin p, n;

parameter Integer N (final min=1) = 1 "Number of lumped segments";
parameter Real r = 1 "Reslistance per meter";
parameter Real c¢c = 1 "Capacitance per meter";
parameter Real L = 1 "Length of line";

protected
..Electrical.Analog.Basic.Resistor R[N + 1] (R=r*length/ (N + 1));
..Electrical.Analog.Basic.Capacitor C[N] (C=c*length/ (N + 1));
..Electrical.Analog.Basic.Ground g’

equation

connect (p, R[1l].p);
for i in 1:N loop

connect (R[i].n, R[1 + 1].p);
connect (R[i].n, C[i].p);
connect(C[i].n, g); —
end for;
connect (R[N + 1].n, n); P
end ULine
ground
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Modeling of physical fields

Modeling of physical fields, such as

e gravitation,

e electrical field,

* (constant) temperature or pressure of the environment

can be done in Modelica with the
inner/outer language element
(= more selective than globale variables)
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The inner / outer concept

A component ¢ with the outer prefix in an objekt B refers to
a component with the same name and having the inner prefix
in an object A, provided B is contained in the hierarchy of A

inner Real c;
T\\ \\\\\\\\\
Bl e
N T
N
B2 N outer Real c;
N
outer Real c;
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Example: o1 &2

TO=sin (time) TO=sin (2*time)
N N
model Component \ ™\ cl \ N c1
outer Real TO; \ < Y N
TO ™ TO ™\
Real T; NDoe2 Nooc2
equation \\‘TO AN TO
T = TO;
end Component;

model Environment
inner Real TO;
Component cl, c2; // cl.T0=c2.T0=TO

e].T0 e2.T0
parameter Real a=1; -
equation
TO = Modelica.Math.sin(a*time) ; 08

end Environment; 054

0.4
model SeveralEnvironments

Environment el (a=1), e2(a=2) 0.2+

end SeveralEnvironments ol

a 0.z 0.4 0.6 0.a 1
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Example: Heat exchange

Physical connection between all

components and their environment, such
as heat exchange implies many explicit

connections

i

compl

compd

Monday, 18-03-2002
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connector HeatCut
SIunits.Temp K T;
flow SIunits.HeatFlux g;
end HeatCut;

model Component
HeatCut heat;
end Component;

model TwoComponents
Component Comp[2];
HeatCut heat;
equation

connect (Comp[1l].heat, heat);
connect (Comp[Z2] .heat, heat);

end TwoComponents;

model CircuitBoard
HeatCut environment;

Component compl;
TwoComponents comp?Z;
equation

connect (compl.heat,environment) ;
connect (compZ.heat,environment) ;

end CircuitBoard;

Multi-domain Modeling and Simulation with Modelica
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Example: Heat exchange

Also a connector can have the prefix
outer and is then a reference to the
corresponding inner connector. A
connection to the connector declared
outer 1s therefore implicitly a connection
to the global inner connector.

A new component in the hierarchy gets

automatically connected

compl

e

comp2

Monday, 18-03-2002
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connector HeatCut
SIunits.Temp K T;
flow SIunits.HeatFlux g;
end HeatCut;

model Component
outer HeatCut environment;
HeatCut heat;
equation
connect (heat, environment);
end Component;

model TwoComponents
Component Comp[2];
end TwoComponents;

model CircuitBoard
inner HeatCut environment;
Component compl;
TwoComponents comp?Z;

end CircuitBoard;
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Model of point mass in gravitational field

All kinds of objects can be declared as inner/outer. For
example, functions and connectors can be used.

Pomt mass (equations independent of environment!)

...........
...............
..........
..............
----------------
..........
...........
...........
..........
...........

............. a A
v v v v
parallel field central field
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Model of point mass in gravitational field

model Particle

parameter Real m = 1; V
outer function gravity = gravityInterface;
Real r[3] (start = {1,1,0}) "position";
Real vI[3] (start = {0,1,0}) "velocity";
equation
der (r) = v; r
m*der (v) = m*gravity(r);
end Particle;
partial function gravityInterface g=grav1ty(r)

input Real r[3] "position";
output Real g[3] “gravity acceleration";

end gravitylnterface; function pointGravity

extends gravityInterface;

parameter Real k=1;
function uniformGravity

protected
extends gravityInterface; Real n[3]
algorithm algorithm
g = {O, _9.81, O}; n := _r/sqrt(r*r);
end uniformGravity; g := k/(r*r) * n;
end pointGravity;
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Use of point masses in different
gravitational fields = T e ==

cl.pt.2)ict.ple[1])

model Compositel
inner function gravity =
pointGravity (k=1);
Particle pl, p2(r(start={1,0,0}))
end Compositel;

model Composite?
inner function gravity = 1 5 P2 2T p2 1]
uniformGravity;
Particle pl, p2(v(start={0,0.9,0})); ]
end Composite?Z; 0.4+
0
106 c2.p1.12] c.p2.2] 1
model system ]
Compositel cl; 104 084
CompositeZ c2; | - ]
end system; N
14
098 +—rm—7—-—¥—
a 0.1 az
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Hybrid Modeling

Goal:
Modeling and simulation of discontinuous and/or non-differentiable
systems.

Examples for ,,simple Discontinuities*:

Discontinuous input functions (i.e. ,,step functions®)
Sample system (digital controller)
Hysteresis

Examples for ,,Systems with variable structure*:

1deal Diode

ideal Thyristor

Coulomb friction

Clutch based on Coulomb friction
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Pre-defined discontinuous components

Dizcrete - pack... [Il[=] E1
2o L i.e. Sample systems:
- ModelicaAdditions.Blocks.Discrete
Interfaces Gl
Libran > T
ZeroOrderHold  First OrderHold Each block has a continuous illpllt
. J_IILL - /\A ! and output. s1gnal. This signal 1s
sampled within each block based on
UnitDelay  TransferFunction the corresponding sample time.
1 biz) |
g e I Therefore, the components can be
srates easily mixed with ,,continuous‘ blocks.
aSpace
A B
SN
C D
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Pre-defined discontinuous components

Example:
Clutch and Brake from the Modelica.Mechanics.Rotational library

ﬁ The input signal defines the pressing force of

== the clutch and the break
N
Clutch
Clutch.mode and Brake.mode
— = 2: clutch/brake is not active
O 0 = 1: forward sliding
- = 0: stuck (no relative motion)
Brake = -1: backward sliding

Monday, 18-03-2002 Multi-domain Modeling and Simulation with Modelica
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Automatic gear box with 6 clutches (friction elements)

|
: :
oA
lutch | o
clurc \ I |Q#H

Modelica model pI=10450  pa=11005 p3=104i50

\ 1 1 lal 1
f._:ﬁ‘j _Eﬁa inertE|31=11e-4 ::..}l li.l inertiaz=1e-4 hI éi1 _fIEII:-
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Example:

Modeling of events

Modelica:

y = 1if u > 0 then 1 else -1;

.
"
.,
e,
.,
.....
.,
e,
.,
.....
e
e,
N,
L

>
u continuation of branch for
............................................................ switching point detection
. +
Ly = y()
A
y
- - -
" "t
-7 event
D -
‘pre(y) = y()
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Modeling of events

Relations, such as u > 0, automatically trigger state or time events to handle
discontinuities in a numerical sound way.

This feature can be switched off with the noEvent() Operator:

y = 1f noEvent(u >= 0) then u”"2 else u”"3;
y = if noEvent(u > eps) then 1/u else 1/eps;

+

A LY = y(t)

At a discontinuous point yields: A y
is the right limit P
pre (y) is the left limit -~ ’u " event

Co -
‘pre(y) = y()
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Example: noEvent-Operator

model twoPoint
parameter Real w=5, A=1.5;
Real u, vl1, vy2;

equation
u = A*Modelica.Math.sin(w*time) ;
vyl = 1if u > 0 then 1 else -1;

y2 = 1if noEvent(u > 0) then 1 else -1;
end twoPoint;

Plot Window = =]
Wariables Diagram  Setup
5 U w1 v
1.5
1 Integrator = DASSL,
05+ .
50 output points
D_
0.5
-1+
1.5
_2 T T T T T T T T T T T T T
0 02 04 06 08 1 12 1.4
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Discrete variables and the when-statement

Additional equations can be declared at an event using the when-statement.
These equations are de-activated during the continuous integration.

when <condition> then
<equations>
end when;

When <condition> is true, <equations> are calculated.
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Example: model whendemo

parameter Real A=1.5, w=4;

when-Operator Real  u;
Boolean bj;
equation

u = A*Modelica.Math.sin(w*time)
when u > 0 then
b = not pre(b);
end when;
end whendemo;

Plot Window =]
YWaniables Diagram  Setup
5_d b
NVA A
-
-] -
-2 T T T T T T T
a 1 2 3 4
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Hybrid Operators in Modelica

Modelica Description
initial() Returns true at the simulation start
(where time is equal to time.start).
terminal() Returns true at the end of a succesful simulation
noEvent(expr) Real elementary relations within expr are taken literally i.e., no

state or time event is triggered.

sample(start,interval)

Returns true and triggers time events at time instants "start +
1*interval" (i=0,1,...). During continuous integration the operator
returns always false. The starting time "start" and the sample
interval "interval" need to be parameter expressions and need to be
a subtype of Real or Integer.

pre(y) Returns the "left limit" y(t,. ) of variable y(t) at a time instant t.
edge(b) Is expanded into "(b and not pre(b))" for Boolean variable b.
change(v) Is expanded into "(v<>pre(v))".

reinit(x, expr)

Reinitializes state variable x with expr at an event instant.
Argument X need to be (a) a subtype of Real and (b) the der-
operator need to be applied to it. expr need to be an Integer or Real
expression. The reinit operator can only be applied once for the
same variable x.
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Re-Initialization of states
(Bouncing Ball)

model bouncingBall
g , parameter Real e=0.7;

parameter Real g=9.81;
Real h(start=1);
h Real v;
equation
der (h) = v;
der (v) = -g;
when h <= 0 then
Plot Window =] . .
Wariablez Diagram Setup relnlt ( Vv 12 - *pre ( A4 ) ) ;
Lo end when;
end bouncingBall;
1 -
0.5
D -
-0.54
-1 T T T T T T T T T T T T T T
] 1 2 3
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Summary

" Introduction
— Industrial Application Examples
— Composition Diagram versus Block Diagram

— The Modelica Association

= Modeling with Modelica
— Flat and Hierarchical Models
— Special Model classes
— Matrices, Arrays and Arrays of components
— Physical Fields
— Hybrid Modeling
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