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Industrial Challenges for Complex Cyber-Physical
System Products of both Software and Hardware

* |ncreased Software Fraction
 Shorter Time-to-Market

« Higher demands on effective
strategic decision making

« Cyber-Physical (CPS) — Cyber (software)
Physical (hardware) products
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Big Book on Modelica and Technology, Dec 2014
Download Free OpenModelica Software

Peter Fritzson
Principles of Object Oriented

PRINCIPLES OF

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

Can be ordered from Wiley or Amazon

witH MODELICA 3.3

A CYBER-PHYSICAL
APPROACH

Wiley-IEEE Press, 2014, 1250 pages

SECOND EDITION

 OpenModelica

« www.openmodelica.org

* Modelica Association
« www.modelica.org

PETER FRITZSON

EEEEEEEEE
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Introductory
Modelica Book

September 2011
232 pages

Modeling and Simulation

Introduction to —

Translations
available in
Chinese, >
Japanese,
Spanish

Wiley
IEEE Press

For Introductory
Short Courses on

ModelicaiZS &ip .
eorumm s oen. BENYSICAl Systerns
xR | with Modelica

Muodcling and Simailarion

EEHS kum
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Modelica Background: Stored Knowledge

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

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.

“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.
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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!

YL
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What is Modelica?

A language for modeling ofCcomplex cyber-physical $ystems

 Robotics

« Automotive

» Aircrafts

o Satellites

* Power plants

« Systems biology

7772

MODELICA
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What is Modelica?

A language fo@of complex cyber-physical systems

Mechanics
' Axis,
_|> >_’_ 1 L 1
R " Electric .
eference Bearing
= Angle-

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?

for modeling of complex cyber-physical systems

l.e., Modelica is not a tool

Free, open language
specification:

HODELILA

L sorgmasge fuy Pyl Seosmen Sivdsding

Avalilable at: www.modelica.org

Developed and standardized
by Modelica Association

There exist several free and commercial
tools, for example:

* OpenModelica from OSMC

* Dymola from Dassault systems

* Wolfram System Modeler fr Wolfram MathCore
« SimulationX from ITI — ESI Group

* MapleSim from MapleSoft

« AMESIM from LMS

* JModelica.org from Modelon

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

10
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Modelica — The Next Generation Modeling Language

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

Multi-domain modeling

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

Everything is a class

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

Visual component programming
Hierarchical system architecture capabilities

Efficient, non-proprietary

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

11 M 0 D’
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Modelica Acausal Modeling

What is acausal modeling/design?

Why does it increase reuse?

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

Example: a resistor equation:
R*i = v;
can be used in three ways:
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

13 MoDELICA



What is Special about Modelica?

Multi-Domain

Modeling

/

_I_ +I_D_’< l> u Electric

Cyber-Physical Modeling

3 domains
- electric
Physical - mechanics

/ \ - control

emf

Mechanics

Bearing
Angle-

Sensor

N

+

PID

Control System

14
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What is Special about Modelica?

Multi-Domain Visual Acausal
Modeling Keeps the physical Hierarchical
structure Com
ponent
Modelingo
Torquet Inertia1 -
Acausa_l model f v L. .
(Modelica) T [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
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What is Special about Modelica?

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

-
/ Modelingo
qd‘l]?ef quef k1 r3Control Moo\ r3Drivet tn .
L --—————
= = 1
>— s S @ - =T T~_——"D>>

qdRef Kd
axis4
—
qRef  psum Ky sum wSum rate2 rate3 iRef S 1
+1 b(s) 340.8
A » +1 z - a(s) s
. [ |
axis3 :ii:;'ﬂ'
—
rate1 tacho2 tacho1
B |, | _bs) ot
a(s) a(s) .
axis2
—
§
i - t
Srel = n*transpose(n)+(identity(3)- n*transpose(n)) *cos(q) - axis1

skew (n) *sin(q) ;

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

|'|

|

=
=

Courtesy of Martin Otter =
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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

17 %
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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

18 %
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Modelica vs Simulink Block Oriented Modeling
Simple Electrical Model

Modelica: Keeps the Simulink:
Physical model — physical Signal-flow model — hard to
structure

easy to understand understand

/
! WS

R1=10 R2=100

Hp H]
n n _>+1z
1

>+
AC=220 é
WP p sinin sumf Res1 Cap 1
[(In
/ —Pt1 1
— ~ -1 Z b s
C=0.01 —— L=0.1 | |—> " > >
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OpenModelica Tool Graphical Editor and Plotting
Graphical Modeling Using Drag and Drop

o4 OMEdit - OpenModelica Connection Editor - [Modelica.Electrical. Analog.Examples.ChuaCircuit] =
o4 File Edit View Simulation FMI Export Tools Help EEIE
B 1=l o dmEeee \oHeT -E-H- 9~ -
Libraries Browser e o E @ |writable | Model | Diagram View | C:/OpenModelical.9.4-...amples/ChuaCircuit.mo | Line: 1, Col: 0 | [y
Libraries = ~
7 8 o Chua Circuit
= @ Modelica
0 UsersGuide
T
. Blocks
ComplexBlocks — G=0.565
B StateGraph ,HL - [ | oA OMEdit - OpenModelica Connection Editor - [Plot : 1] - oIEH|
0 . . |Z File Edit View Simulation FM| Expert Tools Help \;nilx
) Electrical FeBBR &0 @Eeee \OHNOT - 5-E- 9 ¢
= Libraries Browser 8 x Pan | AutoScle | FitinView | Save | Print  Grid | Detaled Grid | 3 Variables Browser 8 x
H} Aﬂﬁlﬂg r|—|3 ﬁ f|_|, f-'] Libraries ~ |Find Variables
H_} = :: M — :: H . Complex —— Clv[] —— cav[v] DCaseSEnsiﬁu( Regular Expr
E] Examples el =] =5 P
— n = 7] Modelica 8 Expand Al | | Colapse Al
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> ... uit > 1 ‘ || 1 } [=4e]
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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
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[x]
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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);

connect (EM.p, DC.n);

connect(DC.n,G.p) ;

= e

R L

L

> o

connect (EM. flange, load. flange) ; + G

end DCMotor

EM

2 ‘
Q
o

22
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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
DC.p.v==R.n.v

0==R.p.1+L.n.1i
R.p.v==L.n.v

Q=L.p.1+EM.n.1i
L.p.v==EM.n.v

0==EM.p.1+DC.n.1i
EM.p.v==DC.n.v

0==DC.n.1+G.p.1
DC.n.v==G.p.Vv

EM.u==EM.p.v-EM.n.v R.u==R
0==EM.p.1+EM.n.1i 0==R.p
EM.ji ==EM.p.1 R.i==R
EM.u==EM.k+*EM.w R.u==R
EM.ji==EM.M/EM.k
EM.J*EM.w==EM.M -EM.b*EM.w L.u==L
0 == P
DC.u==DC.p.v-DC.n.v L.i==L
0==DC.p.1+DC.n.1 L.u==L

DC.i==DC.p.1i
DC.u==DC.2mp* Sin[27wDC.£f »t]

(Load component not included)

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]
dt

dx
g[E, X, u, t] == 0

23
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Model Translation Process to Hybrid DAE to Code

Modelica

Graphical Editgr :

Frontend —

Modelica
Model

Modeling
Environment

-
-

"Middle-end”

~
~
~
~

Backend

—

Modelica
Source code

< T <=mm Modelica Model

Translator
< @ Flat model Hybrid DAE

Analyzer

~__— {mmm 3orted equations

Optimizer

v Optimized sorted
equations
Code generator
C Code
Executable

24
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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 May 2017

Modelica Association established 2000 in Linkoping

* Open, non-profit organization

25
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Modelica in Power Generation
GTX Gas Turbine Power Cutoff Mechanism
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- . 1. L s .
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N
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i

—
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K du\—m—‘r .. Developed
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Courtesy of Siemens Industrial Turbomachinery AB for Siemens
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Modelica in Automotive Industry

27
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Modelica in Avionics

Inputs

TYYYYYYY

B

referancePoint

% r_ml=[l]ll:| Iﬂ]
L
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aerodynamics
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Outputs
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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

Courtesy of Tobias Bellmann, DLR,
Oberphaffenhofen, Germany

29 M 0 0’
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Large Robotic Flight Simulator (Demo)

T

-_b

VL
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Combined-Cycle Power Plant
Plant model — system level

e GT unit, ST unit, Drum
boilers unit and HRSG units, |
connected by thermo-fluid ———

ports and by signal buses

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

 GT model: simple law PP P
relating the electrical load
request with the exhaust gas
temperature and flow rate.
I
Courtesy Francesco Casella, Politecnico di Milano — Italy
and Francesco Pretolani, CESI SpA - Italy .lml yic Rz S ORATEV.. SH G ECOZ Ev P
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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
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Biggest Immediate Challenge for Humanity -
Create a Sustainable Society — Avoid Global Collapse in 50 Years

di OMEdit - OpenModelica Connection Editor o |[@ ] 3
EHMHA Y LABEQAaQiweneBNR(L) E : @rized
Lbraries Browser | 2 Plot: 1 Variables Browser 8 x
Libraries “||'(Zoom) Pan | FtinView = Save Print [Gnd)[JLogX [LogY pop
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Levels 1e+10 off T T T - - [ Expand Al | [ colapse Al |
Rates 1l ’ <
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+ (») World2 g 0o/ 3 [CIt_pop_...I_time |
i se+09 4% improvem ar s
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-D Foo...ion 1l pop3_init
F{} Hum...int 7e+09 pop2_init
*g Hum...ity ] . popl_init
-} Hum...dex 1 COIIaps ca 2070, Scenarlo 2 i ?erv:ce“.stln:f-zntl
-D Ind...ent 6e+09 | popula |.on
] Labion - Close to\current developments - Populat..namicsL
F{} Land...lity - . gl total_fertility
|3 vte.ancy [l ser00.] Climate change, pollution, desertification,etc.
{1 NR_...ion 1 = source
9 L
-D Poll...mics | _ i [ , II<3N‘Iass...ortl
-3 Pop..ics | 1 = sin
- L
-} Ser..ent =D [ . k2Mass...ort1
-[] Scen..io_1 = Tm
-|_] Scen...io_2 3e+09 1 [ 1Mass...ortl
- i SE] ' = sink
Msmnd | Download soft f -
] seios ownload software fro |Le
B Scen...io_5 1
o L
-[] Scen...io_6 2e+09 - Mass...c.;rtl
s www.openmodelica.org s i
[ ] Scen...io_8 ] Year .
[ ] Scen...i0_9 1e+09 g = — —— e e —_——— — popgf{n!t
I e 1o 1,900 1,950 2,000 2,050 2,100 2,150 2,200 i
H[ ] Sce..._11 time pop2_ini
Litilitiac i <« m N

X:23.11 Y:219.86 | @ Welcome | off Modeing | B potting

World System Dynamics Simulation with OpenModelica — World3 model, Meadows et al
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World3 Model in Modelica, Meadows et al, Cellier

Comprehensive model — 13 areas

L

L B

Service Sector

AT T T

Investment

* FPopulstion r i Human N f Human _
Dy rnamics = Ferttility = i Ecological Footprint =
= = = ]
= = = + =
f Pallution f f Industrisl f " Human
= Dynamics = = Inwestment = Wielfare Index Bl
+ 4
. .Y .
™ Arable Land ] = Labor * Life
= Cryrmamics &= = Lttilization &= = Expectancy =
|
i L _
- £ = e = Mon-recoverable H=
Food Land
- . = - 4 - - Fesource =
= Production - Fetility Litilization -
il * Py T -

Population
dynamics

Human fertility

Human ecological
footprint

Pollution
dynamics

Industrial
investment

Human welfare
Arable land
Labor utilization
Life expectancy
Food production
Land fertility

Non-recover
resource

Service sector
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Each Year New Record for Global Mean Temperature
This is February 2016

5 NASA

o) 4
D

< o

> v~
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E 0 |

= =
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1 "
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T W0 |

o O

D— I

E | | | | | | | |
- 1880 1920 1960 2000
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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 48
7e+09 47
6e+09 | 6

Start 2042

50+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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THE NEW ¥Y@BK FIMES BESTSELLER

(GOLLAPSE

How SOCIETIES CHOOSE

The 30-Year Update

DoNELLA MEADOWS | JORGEN RANDERS | DENNIS MEADOWS




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

See 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




A Unique Point in History — Exponential Trends
Approaches Planet Earth Boundaries yvear 1750-2000:

¢ Mean temperature

north hemisphere,

¢ Population,

¢ CO,-concentration,

e BNP,

e Loss av rain forest,

e Water usage

¢ Paper consumption,

¢ Exterminated species

¢ Oil consumtion,

e Motor vehicles

¢ Destroyed fish
populations

¢ Destruction of ozon
layer

¢ Foreign investments
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Need Smart Systems to Support a Circular Economy
for a Sustainable Society

TAKE > MAKE > DUMP

PP O S Ee e

& BIOLOGICAL
NUTRIENTS MIXED UP

ENERGY FROM FINITE SOURCES ENERGY FROM RENEWABLE SOURCES

« Circular management of products, material, throughout the life-cycle
« Optimize manufacturing and usage over the entire life cycle

40 o
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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

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

41 M 0 D’

ELICA



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

Renault ZOE; 5 seat; Range:

22kw (2014) vs 41 kw 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
« experimental electric car
 Modelica models

Tesla model S
range 480 km

42 M 0 D’
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What Can You Do?

More Train Travel — Less Air Travel

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

« By train from LinkOping to
Munich and back — saves
almost 1 ton of CO2e
emissions compared to flight

« Leave Linkoping 07.00
in Munich 23.14

More Examples, PF travel 2016:

* Train Linkoping-Paris, Dec 3-
6, EU project meeting

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

Y/

Linkopings CentralstationO

Train
travel
Linkoping
- Munich

Hamburg Hbf/ZOB (Y Hamburg HBF
dam P % -Eeélln
lllllll {
;;;;;;;;; it

bl > b > B 19 h 3 min

a X
FFFFFFF

, > b= > . 19h36
tincl en
N
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&

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

- { R




Part I

Introduction to the OpenModelica Environment

/770
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The OpenModelica Environmen
www.openmodelica.org

Top information

Industrial Frosducts

4% Commercial Applcalions
2 ' using Openidodedca
DOMEdit
Enhanced Openiodalica
.n._ Connaciion Edior

Libirary Coverage
Latest Mrary coverage

Modelica/CpenMedelica Videos

Ovewview of Modelica..

m e

DEVELOPERS FOHRL EVENTS

Introduction

DPENMODELICA is an apen-source Modalica-based modeling and simulalion
environment intended for indusiial and academic w=age. He long-term development =
suppored by a ron-profil crganization — the Open Sowcs Modelca Consorlivm
(ISMC)

The gaal with the Opankodelica efforl is io create a comprehansive Open Source
Modelica modeling, compilation and simulabon envmonment based on free soffwarse
distributed in banary and source code form for research, teaching, and industrial usags.
We Inwiie researchers and shudents, or any inierested developer 1o participale in the
project and cooperate around Openkiodelca, tooks, and appboations.

T — = =

Eerr]

.
]

(ORI . |

L r—
e =

Register vourself fo gat miormation abouf new releasas

Parlicipate in the Openhlodadicalnbares] mailing list

Hedp us: get the latest source code or nighity-build and report bugs
To lz=am aboul Madedica, read a book ar a tutorial abowul Modelicas:

Inberaclive step-by-slep beginners Modalica on-line: spaken lularials
Intermclive ORASebBook with examples of Modelica lexdieal modeling

RESEARCH

January 17, 2007, Opendbiodeica 1.11
Selad released

Dacambar 20, 2016 OpenMaodelica 1.11
Belad released

Movamber 22, 2018 OpenMadelica 1.9.7
released

March 16, 2016 Openfdodalica 1.8.6
relgagad

March 8, 2016; Openfodelica 1.9.4
releasad

February 16, 2016 Openhkadelica 1.9.4
hela? released

FProgram Openddodeica Annual
Warkshogp 2016

January 31, 20168 Openddodedca 1.9 4
belal releasad

Seplember B, 2015 QpenModelica 193
aleased

Juily 10, 2015 SIMS 2015 regisialion
opeEn




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

bl =1~ O Eeee \eHOTH 29% - 98 X[e*
Libraries Browser 8 X | IZ Plot: 1 | Variables Browser g X
Libraries Pan | FitinView | Save Print | Grid Mo Grid [ LogX [ Log Y | Setup [Find Verables ‘
B |EJ MultiBody [7] Case Sensitn __Regular =
—— der{load. dfs] — ¢
> @ vsetance ot ) — o
1,200 — =
World " | - Variables Vall
=[5 Eanples : EngineV6 11116.....
# | Elementary 1,000 | = =8 Modeli..gineVé
i 2] i t d I [“]animation tru
(8] Loops : equation mode [ B e
(») Enginela 1 = bearing
= 800 - ,
Enginelb i & cylinderl
(») Engine...alytic 1 W:i”je'j
© Engineve  [EIEEIOE ‘Ylf”de'4
i & cylinder
(») Engine...alytic i Cy_
i Fourbarl ] B cylinders
=/ rourber 400 # cylinders
“Z:’ZJ Fourbar2 ] [Clengin..d_rpm 53
’ Fourba...alytic ] [ClengineTorque  77¢
‘;D' Planar...alytic 200—_ & filter
%] Utilities T - [Cfilter. Torque 101
[»] Rotatio..Effects 0 & load
] Constraints & load2
# (1] systems ] [Cltime 1.0
[ Forces _200_, I torqueSensor
& [ Frames 4 E world
H Interfaces 400 4
. I . L B
= (4] Joints 0 0.2 0.4 0.6 0.8 1 12 | .
B =0 Parts
) Messages Browser & X
@ sensors [5] 13:35:25 Translation Warning -

(& visualizers
w [F] Types

m [ .

Alas set with several free start values * candidate: cylinder2.Cylinder.s(start = -0.3) * candidate: cylinder2.gasForce.s_rel(start = -0.0) == select value from
cylinder2.Cylinder.s(start = -0.3) because its component reference (or its binding component reference) is closer to the top level scope with depth: 3. If we have equal ‘_|
component reference depth for several components choose the one with non zero binding. -

%5106 v: 10482 | @ wekome | of modeing | B8 piotting |
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The OpenModelica Open Source Environment
www.openmodelica.org

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

« OMOptim optimization tool

: : f : del « OM Dynamic optimizer collocation
« Basic environment for creating models . ModelicaML UML Profile

«  OMShell — an interactive command handler « MetaModelica extension
«  OMNotebook — a literate programming notebook

« MDT - an advanced textual environment in Eclipse
=E

File Edit View Help

Tersion 2007-06-20
s 2@ & 90 } j

« Supports most of the Modelica Language
 Modelica and Python scripting

new °* ParModelica extension

opemiodelics 1.4.3 = DrModelicaodsiica edition

Copyright 2002-2006, PELAE, Linkoping University

Copyright: (¢) Linképing University, PELAB. 2003-2007. Wiley-IEEE Press,
To get help on using OMShell and OpenModelica, type "help(}" and Modelica Association.
press enter. Contact: OpenModelica@ida lin.se; OpenModelica Project web site:
www.ida.liu.se/projects/OpenModelica b
»> loadModel (Modelica) Book web page: www.mathcore.comv/drModelica; Book author: X = r e
tru . Peter, - - =l
trus Problems = — S
DrMs 4 = o& OMEdit - OpenModelica Connection Editor o=
>>» loadFile("C:/CpenModelical.4.3/te=tmodels/BouncingBall.mo™) Sand; Solved problems el e 1 o et ol e
trus DrMa™ e BEE = - -1 # R2RPEO \GICESE NS WO -
This J| & Promet_Probiem oiplay 1ok " Conpenents | = |
»>» simulate (BouncingBall, stopTime=3) It e Preden: ject | _Optmzation Elrosu | Optewaston result Y L=l Resc-Criy | Model | Dagram Vi
= SN Problems Plot = . — — =
rrrrr d simull Cptmizston | e -
resuleil =loix Paer e L
end recor 4 File Edit Special Modk world
examjf Point 200000 ll l
»» ol . . Pllot by OpelnModellFa i i Most E ) |
- F i 50000 X
tru 1.0 ot Deta g
H fixed1
r 100000
>» 0. 1 Geti g ﬁ—"
Problers
il 1 IMP El resk 50000 -]
Ifyor]  Oomamenresuk
04ar 1 Teturn
chang {45 550 b B 48 o A
02r 1 the ¢ ¥ind e Resource ocaton Message o
Bocks | Recong. vars | Plot 2
0.0L 4 & # Modelica.MechanicsMultiBod.. (=]
L L L ; . T 1 = o
0.0 05 1.0 1.4 20 25 3.0 [Coltot o8 voriblosfom alostod i) [ Fexee g 73
Al_
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The OpenModelica Tool Architecture

OMWebbook
OV R otebook Interactive OMPython || OMJulia | OMMatlab
reractive Notebooks Python Julia Matlab
Notebooks . . .« e . L.
\ Scripting Scripting || Scripting
ModelicaML . t(,)Mg )
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 Hmi a. on
Execution '\ 3D
MDT iR
. . isualization
Eclipse Plugin OMSens pep—
sensitivity § R lr.nu ato.r J _ -
analysis FMI Simulation OMSysident
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OSMC - International Consortium for Open Source
Model-based Development Tools, 53 members Febr 2018

Lines

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

4,000,000 4

3,000,000 {

2,000,000 4

1,000,000 4

0! = , - - ,
o O O ~ N O = v O I~ 0O O O ~ N M =
o O ©O © O O O O O O O O ™ ™ = = ™~
o OO O O O O O O O O O O O O O O O
N A N N N N N N N N N N N N N NN N
Date

Industrial members

- ABB AB, Sweden

* Berger IT-Cosmos, Germany

* 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

University members

* FH Bielefeld, Bielefeld, Germany

* University of Bolivar, Colombia
* TU Braunschweig, Germany

* University of Calabria, Italy

» Univ California, Berkeley, USA
* Chalmers Univ, Control,Sweden

* Maplesoft, Canada

* RTE France, Paris, France

» Saab AB, Linkoping, Sweden
* Scilab Enterprises, France

* SKF, Goteborg, Sweden

* TLK Thermo, Germany

» Siemens Turbo, Sweden

* Sozhou Tongyuan, China

* Talent Swarm, Spain

* VTI, Linkoping, Sweden

* VTT, Finland

* Wolfram MathCore, Sweden

* Heidelberg University, Germany
*TU Hamburg/Harburg Germany

* lIT Bombay, Mumbai, India

* KTH, Stockholm, Sweden

* Linkoping University, Sweden

* Univ of Maryland, Syst Eng USA

* Chalmers Univ, Machine, Sweden - Univ of Maryland, CEEE, USA

* TU Darmstadt, Germany

* TU Delft, The Netherlands
* TU Dresden, Germany

* Université Laval, Canada

* Politecnico di Milano, Italy

* Ecoles des Mines, CEP, France
» Malardalen University, Sweden
* Univ Pisa, Italy

» Georgia Inst of Technology, USA - Univ College SouthEast Norway

* Ghent University, Belgium
* Halmstad University, Sweden

» Tsinghua Univ, Beijing, China
* Vanderbilt Univ, USA
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OpenModelica Graphical Editor and Plotting

oA

OMEdit - OpenModelica Connection Editor - [Modelica.Electrical. Analog.Examples.ChuaCircuit]

— SN

Edit  View

o4& File

Libraries Browser

Simulation

FTwBHE anu

FMl  Export

Tools

y [5]

Help

ooe \OHOT -5-E- 9 <

BEIE]

* hAE O

Writable

Model

Diagram View

C:/OpenModelical.9.4-.. amples/ChuaCircuit.mo

Line: 1, Col: 0

@

- |

[-Ja]x

Variables Browser 8 X

Libraries & .
. e Chua Circuit
= @ Modelica
0 UsersGuide
. Blocks
ComplexBlocks — G=0.565
B StateGraoh LA - [ | A OMEdit - OpenModelica Connection Editor - [Plat : 1]
F" o0 . . |Z File Edit View Simulation FM| Expert Tools Help
) Electrical FeBBR &0 @Eeee \OHNOT - 5-E- 9 ¢
H_} . Anal (] O Libraries Browser g x Pan | AutoScale | FitinView | Save | Print  Grid | Detsiled Grid | »
nalog _—
I 1 h M 1 r-] Libraries e
—a . I — & —— Clw[V] —— c2v[v]
H} E] Examples 0 = M = . Complex .
S I = @ Medelica
I I\ /' CEU |0g . E g [}o UsersGuide i
-y un D’ Blocks
)
~(») Cau..OPV @ 1 = \
- l.-.:l (&) compleaiocks
[*F I:: :I Cau..s5C [}@ StateGraph |
») 7 B e MRkt (B 3 | (L
— |\ /| Cha...des LJ}. Analog 2 | ‘ v | | A LU I | -
) & (B Bl ‘ ‘ ‘
— (») Char.tors [E,]_\ e 1 ‘ |’ h
- - (») Cau.leg I | |
L . L o | ISR e R LR A R
I\!/I Chu...uit [ |:!< Cau...OPV 1 |‘ || | |
— —_— () Cau..s5C
L . ») i
— () Diffe...ifier - - () Chawdes H ‘ |
— ~ | J [ \
et () Char.ters 24 | I I ] |
() Heat...rter Gnd L ® s .
) —~ o 7
B |\,/' Hea...ate W () Diffe..ifier
T E— _'iE;‘ Heat...rter -4 ; ;
X:-105.69 Y:98.37 t. Welcome - (%) Heaate 0 10,000 20,000 30,000 40,000 50,000
X:9150  ¥:-102.94 WL Welcome

|Find Variables

D Case Sensitive | Regular Expr

Expand All Collapse Al

variables =

& [ Modelica..aCircuit
Ea

- Oc [

= [ derfv)

- Oi

G n

Fp

L&

B2

e

- [Cderfv)

- Oi

B n

#rp

L Fv

(ri:- >

oﬂ Modeling

P | [mcm

[=ul

ﬂ Flotting
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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

S0 WM S 1
o — — - | -
Cutput indervals b
. AN X
Tolerance i) - { Pt vanabe
4 .
Chans A

OpenModelica compiles
to efficient

Java Script code which is
executed in web browser

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

News Forums About Statistics «

DOWNLOAD TOOLS & AFFS

:= Search Tutorials

To learn about Modelica, read a book or a tutonal about Modelica®.
Interactive step-by-step beginners Modelica on-line spoken tutorials ., .., =
Interactive OMWebbook with examples of Modelica textual modeling Reset dropdowns

OpenModelica is an open source modelling and simulafion environment intended for industrial and academic usage.lt is an object oriented declarative multi
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 equafions are solved simultaneously if doesn't matter whether the unknown
variable in an inpuf or output variable. Read more

Number of students/teachers trained in their colleges/schools
About 12 results found. o, Instruction Sheet

1,600,000

1,400,000

1. Introduction to OMEdit Basic
Foss : OpenModelica - English

1,200,000

1,000,000

Qutline: Introduction to OpenModelica Introduction to OMEdit Perspectives in OMEdit Browsers in [ |

800,000 OMEdit View icons in OMEdit Open a Class from Libraries Browser Checking for correctnes..

600,000 |~

400,000 2. Examples through OMEdit Basic

Foss : OpenModelica - English

200,000

0

Qutline: Expand Modelica library Expand Electrical library Expand Analog library Open Rectifier ]

2,011 2,012 2,013 2,014 2,015 2,016 B 2 / Op
Class Compare the values of IDC & Losses time vs Losses plot Expand Mechanics library .

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

Qutline: Introduction to OMEdit Declaration of variables and equations Simulation of a model in [ |
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OMnotebook Interactive Electronic Notebook
Here Used for Teaching Control Theory

OMNotebook: Kalman.onb [EEREE

Edit

"

File

Cell Format Inset Window Help

F o

—_— L *
= .

1 Kalman Filter

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

Another difficulty is that the measured quantities of

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

K(y(t)

o

By using this quantity as feedback we obtain the ot

. ]
X = Ax(t) + Bull

Now form the error as

The differential error is

Ready

54

Format  Insert  Window Help

N =P \ v @
modal Ealmanfesdback
parameter Beal Af:,=size(k, 1)) = [({0,1},(1,00} ;
parameter Aeal Bsize (&, 1},:] = {{0}.{1}};
parameter Resl C[:,size(A, 1)] = {[1,0}};
paramater Real[2,1] E = [2.4;3.4];
parameter 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));
parameter Real[:,:] ARC = A-E*C;
paramater Real[:,:] Anew = [0,1,0,0 ; =1.4, =3.4, 2.4,3.4;
parameter Real[:.:] Bnew = [0:;1;0:0];
paramater Beal[:,:] Fnew = [1:0;0;0];

statefSpaceNoise FKalman|stateSpacs.A=Anew, state=fpace.BE=Bn=w,
stateSpace.F = Fnew) ;

stateSpaceNolse noFalman;
and FalmanFeedback;

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

=tate8pace.C=[1,0,0,0],

=simulate (EalmanFesdback, stopTim==3)
plot ({Ealman.stateSpace.y[l] ,noKalman.stateSpace.y[1] }}

frue

Plot by OpenModelica

15

P Kalman. slateSpace, v[1]

@ nokalsan statespace, v[1]

Ready Ln12 Col39
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OM Web Notebook Generated from ONINotebooOK

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

File

Edit Cell
WM-H| = & |y Q% =

Format Insert Window Help

Evvtito

OMNote
book

2 Simulation of HelloWorld

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.

— a * x. Thevariable x is a state variable

The Modelica program solves a trivial differential equationr =' =
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}

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

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

end SimulationResult;

Plot the results. }

|plot[ ®x )

! [done]

[Gaea] rer

AutoScale  FitinView  Save  Print  Grid | Detailed Grid | No Grid [ JlogX [LogY Setup

Plot by OpenModelica

0.8

0.6

0.4

0.2

OMWEBbook b4 -+

B +$ A O - »

openmodelica.on B0 ¢ '}

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 1s a state
variable that can change value over ime. The x * is the time derivative of x

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

equation
der(x) =

end HelloWorld;

- a * x;

2 Simulation of HelloWorld

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

Plot the results.

plot( x )

1\

OMweb
book
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OMPython — Python Scripting with OpenModelica

* Interpretation of Modelica
commands and expressions

* Interactive Session handling
e Library/ Tool

* Optimized Parser results

* Helper functions

* Deployable, Extensible and
Distributable

'ﬁu--—-nn-—- e et m - —
G e G gt Si—

h.&lll‘-l..?
wod=\ ' Buler\*')*)

Co .

mm.mul".‘:wﬂx‘.el‘.'c :‘isezx:-k.:lca‘. 8.1/testmodel
resul t=Cliython . execute (* e (BowmoingBall, stopTimes2, met
print result

OMFrython . execute (“plot (h) *) ‘o e e

‘ si.‘htimﬂm

s* 500. ‘tolerance”:
simhtimwlu

ugull-rﬂ st}
oMC has been Shutdown

C:\users\gananba2»

Get/5et Helpers

il anizulste on e
dctiomery reufEs

C:\users\gananb42>python test_execute

| CMython execute (“quit()") | OMC Server is up and runai

t file:/// \ \ganant42\appdat I
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General Tool Interoperability & Model Exchange
Functional Mock-up Interface (FMI)

P

En-gine Gearbox Thermal Automated Chassis components,
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)
> 80 tools supporting it (https://www.fmi-standard.org/tools)
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Functional Mockup Units

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

 differential-, algebraic-, discrete equations,

« with time-, state, and step-events
 An FMU consists of (compiled) C-code, + interface description in XML
« 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
c ——— ey Vi
s —LLLLLLILLTTTT
Up | g —ly; Uz
# ...............
___________________ .
B
AN DL
s Yo T |
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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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OMSimulator Composite Model Editor with 3D Viewer
Combine External (FMI) Models into New Models

& OMEdit - OpenModelica Connection Editor - [Pendulum)] — O >
Sl EE T TS S e, o —. * Composite model editor
r—— & x| [ AR | wrtable | Disoram view | G- | o | 30 Viewer Browser 8 with 3D visualization of
= | | | f——i connected mechanical
e model components which
" BB et can be FMUs, Modelica

e ]' models, etc., or co-simulated

components
o T - 3D animation possible

« Composite model saved as
XML-file

t Welcome qﬁ Modeling Plotting ¥ Debugging
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OMSimulator - Integrated FMI and TLM-based
Cosimulator/Simulator in OpenModelica

C-API OMSimulator
interface Integrated TLM & FMI
libOMSimulator

OMEdit

FMI component Composite FMI
component

TLM component

FMI component

A

Papyrus

ADAMS wrapper

Scripting ... Beast wrapper

Simulink wrapper
FMI FMU

Modelica model
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Embedded System Support in OpenModelica

* Code generation of real-time Controllers from Modelica
models for small foot-print platforms

62 VLl

MoDELICA



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
kB flash memory available).

Movie Demo!
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Example — Code Generation to SHBS
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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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Communication & I/0O Devices:

MoDELICA_DEVICEDRIVERS Library

[ IModelica_DeviceDrivers
+@User's Guide
- [=]Blocks
= |Examples
+[_|Packaging
~[ JCommunication
-[a}sharedMemoryRead
-f8]SharedMemoryWrite
-EajUDPReceive
-fa]UDPSend
-[=}serialPorReceive
-f=]SerialPort$end
’;-DSDﬁingCAN
+_|SocketCAN
+ Intemal
--[ JInputDevices
-[&}oystickinput
-[ClKeyboardKeylnput
-[®]$paceMouselnput
-[EKeyboardinput
= |Types
+[_|OperatingSystem
+[_HardwarelO
2 HHinterfaces

.- Ts: 401 =

* Free library for interfacing hardware drivers

* Cross-platform (Windows and Linux)

« UDR SharedMemory, CAN, Keyboard,
Joystick/Gamepad

« DAAQ cards for digital and analog IO (only

Linux)

* Developed for interactive real-

time simulations

[T 20 e e

T

 —

daC Wit

o e )
Subdevice: 1
Channet {I

a

Device, comedi

| T

dinR=ad
'E-.lbd:'.'ir,ﬂ' 2

Chann=l 1

Ts: 001 5

EHE!MMEMU:EEEH

i

a

Dewvice: comed

cAHCanfig
T —
CaNush 1

P P
=&

joy st kimpil
= oy

x|
rildes=sage
Fx id: idant
(0,01} 3

&

spaceiousenpul

T

o

Reaftime
kevboarndingul
' .

=
-

Ly

®

= =
'\-F =
o g — k]

h

synchronizeReallime

L

(LR

66

MODELICA

Vs



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

I =
: SHEDPEEeTY . T " =i
FFFEQ D £ 18§81 ]

Tk s oneon i S E oo
T
oo \OHOTEZ E- 998 ->-NQ.~\»§\LE aBY oD
x| A Engreve o
B © [ e s e s ) e =

Simulate

with
Animation
e i L < m—
|| Fle Edit Wiew Simulstion FMI Espot Debug Toeks Help
i Hoee \OHOTH < E-99E 929445 95| X9 g o -
LEN"4 Plat s 1 1 Modebca. Mecharncs. MuitBody. Examples Loaas Engre_res mat (£
wMHPIC elio  speedt 1 v [Bsomeve <) T

New
Animation

Window
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OpenModelica 3D Animation Demo

o4 OMEdit - OpenModelica Connection Editor o |@] R
@B BHeoee \OHNOTHK E- Q98 3995 7 -
Libraries Browser & x 4 : B _PointGravityl | A EngineVé (%]
ID.O@E o irWritable Model .Diagram View | Modelica, Mechanics. MultiBody .Examples.Loops.EngineVé |D:PrwmwlOPEMdODEL!CA_GHIOpenModelajbuldﬂblmnkb(uylModeiu 3.2.2Mechanics/Multil lesL V6. mo Line: 1, Col: 0
Libraries 22

¥ [E] OpenModelica

¥ o ModelicaReference
£ ModelicaServices
¥ Complex

"ﬁ.‘ Modelica

. UsersGuide

+ @ Blocks

B |G ComplexBlocks L

world

# o< StateGraph :
8 93| Electrical

¢ €l Magnetic

n={1, 0,0}
/) Mechanics

3 MultiBody
cylinder1 cylinder2 cylinder3 oflinder4 oflinderS oflindere
¥ o UsersGuide a

+ .] World

torqueSensor s
P | Examples q load K\
| | Elementary
m
8

» Loops o

Enginela

Enginelb
Enginelb_analytic

EngineV6

EngineV6_analytic

Fourbarl

Fourbar_analytic
PlanarLoops_analytic
Utilities

>
>
>
>
>
>
P) Fourbar2
>
>
(%

il M | Pntatinnal2DEéacte
X: 148,21 Y:-54.16 (W:Icnmz o‘f{Made\:ng BPIultmg I @& Debugging
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OpenModelica 3D Animation Demo — Excavator

{ OMEdit - Openiodelica Connect

File Edit View Simulation FMI Export Debug Toels Help

Pl Foeo \ONOTHE < IV FE XOG XY T ¢ 9

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

Filter Cla — — iter Variabl
|. ilter Classes | G K ’ II D Time [SJ:D el i - ﬁ—_:\ 4—"2\. |Fu r Variables | ’
Libraries ¢ Simulation Time Unit [s |

| S="+

|E OpenModelica Variables |
= | T i
[E3] o MuodelicaReference Modelica...analytic
Pt * bodyl
[E3] ModelicaServices [E3] body2
= [E3]
&3] Complex = .bo-d)r3
— 3 [# jointRRR1
= % Modelica [ jointRRR2
[* jointRRR3
&2} o UsersGuide S )
pomed] [ mountinglD
= [S] Blocks # position
=) 1a[l =
= |[E] ComplexBlocks '— [ 2an]
ey [ af2] (
F o4a StateGraph [l ra[3] (
=y 1b[1 (
# £73 Electrical [ abi]
= [Flrabl2] (
| Eq Magnetic [T ib[3] {
e 2all (
El ~m Mechanics [l 2al1]
 — [ r2a[2] (
2| %,) MuttiBody [ 2al3] (
% 2b[1 (
) o UsersGuide [ 261] =
[F12b[2] (
@ World [ e2b3] (
= 3a[l (
2| p Examples [ 3a1]
—— [T r3a[2]
3] ;", Ele...ary [ r3a3] (
=1 3b[1 (
=lN = Loops [l 3bi1]
& . [F13bl2] (
(P} En.la [C]r3b[3] (
# rev =
- 4 | L1} | 3

¥: 23.88 ¥:13.29 I-t.w;el.r;'cme .l-.ﬂii'"'lod.eli.ng | ﬂPIotﬁng | &-I-Jet.:ugging .
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Visualization using Third-Party Libraries:
DLR Visualization Library

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

Offline, online and real-time
animation

Video-export function

Commercial library, feature
reduced free Community
Edition exists

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

|

A

Courtesy of Dr. Tobias Bellmann (DLR)
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Problems

Solved problems

OMOptim — Parameter Sweep Design Optimization

| Result plot I Export result data .csv

MinEIT ok
Fie Project Problem Display Tools
Models | Problems | | Project | Optimizstion | EI | EIresuk | Optimization result
Problems | [Plot &
- Optimization
El % global. gaincoLtoper ationnel v
¥ global. coutdinvestissement v|
Pareto only I
Paint ] Here
u -
! g ; 5 Pareto
: gmfm - front
; § ] optimiza-
7 :s 100 000 = 1
8 z ) pe tion
| 9 3 o
Problems I i
EI result S0 000 —
Optimization result 1
4 -
0 e
0 10000 20000 30 000 40 000 SO 000 60 000 70 000 80
glhoout:opentionnel
Blocks Recomp. vars Flot
Misc, &
Calculate all varisbles from selected pdl'lli] ["] Force recomputation || Export... l m
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Optimization of Dynamic Trajectories Using
Multiple-Shooting and Collocation

« 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(tiy1) = h; + f f i), u(t), t) dt = F(t;, titq, hi,uy),
ti

16.0
14.0
12.0
10.0
8.0
6.0
4.0
2.0
0.0

<

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

f. -—— -

-

In OpenModelica 1.9.1
beta release Jan 2014.

x; (t;) = h;

Example speedup, 16 cores:

MULTIPLE_COLLOCATION

- rEE

1 2

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

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

h 2

¥ @

Collocation technique

- ¥ @

Discrete NLP

OpenModelica

Discrete Discrete
goal constraint

function function

Gradient Jacobian

Hessian
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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

Modelica Library | 2

Application e -
Modelica model e m —
o

Automated
generation

RCl1ab1l1ty mode

FT generation FT processing

=y
A
[

in Figaro

3D
()
<l
(=)
o‘f
®

30

ELICA
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OpenModelica Model Parallelization
Faster Simulation on Multi-Core

Automated parallelization of models

Parallelizing numeric Jacobian

p ap pang - E E a T computations in simulation
jl:llej$ - — -
IR - = = Speedup ScalableTestSuite
‘ | - = N=39 nnz= 818
o= Iy =0 = [ Sp...
Cﬁ ;J _ _ .
—' - K _ 5
- ' 4
g A 3.5
3 -
. : . - 2.5 |
Modelica.Fluid.Examples.BranchingDynamicPipes )
7 -
[] 1.5 —
6 |
5 M level, openmp 1 [
o 0.5 — |
% 4 B 0 T T T T T T T T 1
§_3 | ‘ B mcp, pthreads 1 2 3 4 6 8 10 12 14
2 o Speedup about 4  number of
. thraade
1 ~ Wtheoretical .
ﬂ redicton using 8 threads
0 !
1 2 4 6 8
number of threads
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Recent 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
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Part Il

Equation-Based Model Dynamic Debugging
and Performance Analysis
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Need for Debugging Tools
Map Low vs High Abstraction Level

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

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

P
@& OMEdit - Transformational Debugger

ESRENC)

@ | Va riables View OpenModelica/OMEdit/Modelica. Mechanics. MultiBody. Examples. Elementary. DoublePendulum_info. xml

Source View

time <> 0

Variableg Source Browser
Variables Browser Defined In Equations Used In Equations [: /JOpenModelica/trunkfbuildli.. MechanicsMultiBody,Joints.mo EX am I e Of
frame Index  Type Equation Index  Type Equatien / relationships between - p
|:|Case Sensitive Regular Expression quantities of frame a and of .
[ Bpandal || Colapseml | frame b [ equatlon
xpa’ = frame b.r 0 = frame a.r 0; .
Varables Comment  * transformations
. e i |_| if rooted(frame a.R) then
1= boxBodyl Absolut..frame_a Variable Operations R_rel = — On a mOdeI'
El bady Absolut..frame_a Operations Frames.planarRotation(e, "
Eframea  Positio..d frame |:so|\.red: boxBodyL.body.frame_aRT[11] = boxBodyl frame_bR.TIL1] phl—‘:fij:;e*hpﬁl; Wl
ER Abselut..| frame substitute: boxBodyl .body.frame_a.R.T[1,..xBodyl.frameTranslation frame_a.R.T[1,1] Frames.zbsoluteRotatic 0=y + der(x * time * z); z = 1.0;
‘ }~T Transfo..l frame  _ a.R, R rel); 4 T
4 | [T | 3 " W 323 frame a.f = - . .
Equations View Frames.resolvel(R_re1, (1) substitution:
frame b.f); y + der(x * (time * z))
Equations Browser Defines Depends frame a.t = - -
Ind)ex Type Equation || Variable E Variable - FIames.resoEvel(R rel, .
P i r frame b.t): - y + der(x * (time * 1.0))
F819 regular  (assignm..era_rel world.frame_b.f[2] bexBodyl.frame_b.R.T[1,2] eisé "
820 regular  (assignm..olutel.a boxBodyl.frame_b.R.T[2,2] R rel = (2) simplify:
821 regular  (assignm..era_rel revolutel frame_b.f[1] m Frémes.planarRot_: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] B Operations 4] b.E, REIEII:h .
rame b.f = - . q .
825 regular (assignm...e_b.f[1] solve: -world frame_b.f[2] = (-boxBodyl...ame_b.R.T[2,2] * revolutel frame_b.f[2] Frames.resolvel (R rel, (3) expand derivative (SYmbOllc
826 regular  (assignm..e_b.t[2] scalarize(2): {-world.frame_b.f[1], -worl...rame_b.R.T[2,2]) * revolutel frame_b fl2] |E frame a.f): diff):
= - + * £
| 827 regular  (assignm...e bA[Z] simplify: -{boxBodyl frame_bRT[L1] * .1 frame_b.f[2], -revolutel frame_b.f3]} frame b.t B & © time)
2 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.phi substitute: -Modelica.Mechanics.MultiBo....frame_b.f[2], revolutel frame_b.f[3]}) end 1f; (4) solve:
= ' e 0.0 = y + (x + der(x) * time)
=>
der(x) = ((-y) - x) / time
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Integrated Static-Dynamic
OpenModelica Equation Model Debugger

Efficient
handling
of

Large
Equation
Systems

Showing
equation
transfor
mations
of a
model:

Mapping dynamic run-time error to source model position

@ OMEdit - Transformational Debugger

=RREN X

g Va riables View OpenModelica/OMEditModelica. Mechanics. MultiBody. Examples. Elementary. DoublePendulum_info.xml

Source View

xed.phil

-

Variables Source Browser
Variables Browser Defined In Equations Used In Equations [: [OpenModelica/trunk build/li.../Mechanics MultiBody Joints. mo
frame Index  Type Equation Index  Type Equaticn / relationships between -
|:| Case Sensitive Regular Expression quantities of frame a and of
frame b |_
I[ Expafd A ” fobapce Al ] frame b.xr 0 = frame a.r 0;
Variables Comment o
. [ if rooted(frame a.R) then
Bl boxBodyl Absolut..frame_a | [yzrizble Operations R rel = -
B body Absolut..frame_a Operations Frames.planarRotation (e,
Hframea  Positio..d frame solved: boxBodyl bodyframe_a.R.T[L1] = boxBodyl frame_b.RT[11] F'u—‘jf::;;bpgl; )
EIR Absolut...| frame substitute: boxBodyl bodyframe_aR.T[1,..xBodyl frameTranslation.frame_a.R.T[1,1] Frames.absoluteRotation (frame_
‘ }~T Transfo...| frame a.R, R rel);
323 frame a.f = -
4 1 b . s i
| l Equatlons vlew Frames.resoly@ (R rel,
frame b.f):
Equations Browser Defines Depends T frame aflt = -
Index Type Equatien * || Variable : Variable ] Frames.resclvjl(R_rel,
. frame b.t);
819 regular  (assignm...era_rel world.frame_b.f[2] boxBodyl frame_b.R.T[1,2] else
FB820  regular  (assignm..cluted.a boxBodyl frame_b.R.T[2,2] E rel
821 regular  (assignm..era_rel revolutel frame_b.f[1] b | Frames.planajpotation(-e,
) phi offset + phi, w);:
F822  regular {assignm...e_a f[2] revolutel frame_b.f[2] - frame 4.R =
823  regular {assignm..e_af[l]  ||Eguation Operations Frames.absolf§teRotation(frame_
824 regular  (assignm..e_b.f[2] L4 Operations ) b.R, B_rel):
frame j.£ = -
& solve: -world.frame_b.f{2] = (-boxBodyl..ame_b.R.T[2,2] * revolutel frame_b.f[2] Frames.rescllfel (R_rel,
826 regular  (assignm..e_b.t[2] scalarize(2): {-world.frame_b f[1], -worl...rame_b.R.T[2,2]) * revolutel frame_b f[2] |E frame a.f):
. N . frame p.t = -
827 regular  (assignm..e_b.f[2] simplify: -{boxBodyl.frame_b R.T[11] * ..1.frame_b.f[2], -revolutel frame_b.f[3]} i Frames.resofrel (R rel,
FB828 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);
regular  (assignm.. end 1f;

substitute: -Modelica Mechanics.MultiBo....frame_b.f[2], revolutel frame_b.f[3]})
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Transformations Browser — EngineV6 Overview
(11 116 equations in model)

OMEdiE

q".i"'l- it

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 Ing * Type Equation : Connections, branch|frame_a, A,
fase Sensitve Regular Expression . |' 587 initial {nonlirear) Fo. regular (assignment) cylinder...cos(oylinder3.82.phi) frame_b.R):
Expand All Collapse All 5016 regular  (nonlinear) e regular (assignment) cylinder3... sinjcylinder3.82.phi) assert(cardinality(frame_a) = @,
g | (5% L inder. . & linderd. B2 phi) *Connector frame af revalute
Variables * Comment Line La<aticn | rrgulﬂr .ﬂw.'i!gm?rnl:l ryt!ndrr sin(cy :n dﬂ ) BJP II'I jeint is ."_:-l {E-|-||__|_r.|;-;|"l;;
L i Exter..phi] 5616 fusifli...onalmeo L regularlassignment) cylinder_cosicylinderd. Bl phi asserticardinality(frame b} > 8
o - regular (assignment) derieyl...derd Red body.w_a[1] *Connector frame b of revolute
phi Relat...ame_b 260 fusgli..ints_mo
. . " ... regular (assignment) dercyl...der3. Rod.bodyw_a[1] joint is not connected®);
 phi_affset Relati...+ phi) 242 fusgfli.. . ints.ma )
B regular [assignment) derjcyl...der3. Rod.body.w_a[1]
=3 ) , angle = phi offset + phi;
regular [assignment) derfcyl...der3.Rod. body.w_a[1] W = dar(phil;
) a = der(w);
phi Dumm...body 805 fusgli..arts.mo [Variabis e !
phi[1] Dumm...body 805 Jfusgli...arts.mo -'C' o /¢ relationships between guantities
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 = phi_offset + phi, w);
Equations frame Eb.R =
= Frames . absolutefotationiTrans &.R,
Fruations Arowser Defines Depends A rell; -
Int * Type  Egquation variable = | wariable " - frame_a.f = -
regular  [assignment) cylind. . ylinder3.Cylinders derjeylinderd B2 R_rel T[2,3]) cylinderd. B2 ph Frants%::::lzt:*f‘r_-ﬂ « 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
I A_rel = Frames.planarfRotation]-e,
o regular (asskgnment) cylind. .. linder3.gasForce ) : : , - i
-5 . i g . | |Equation Cperations phi_offset + phi, w);
Moo regular (assignment) cylind...linder3.gasForce.L) — F——
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};
L . o ) . | 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)) differentiate: deas(eylinder. B2 phil/dtime « (-sinicylinder3 B2 phil) * derfoylinder B2 phi) Fromes. reaolvel(R_rel, Troee o.1);
regular  [(linear,frame_bor_Ow=... ¥ (5_offset +s]),.) ) o 1y =Pl A -'"_ o -HO ¥ =P 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;
o i T= - -1.0% ¥ ' | i
L. regular [assignment) cylind...r3.gasFarce.d » 2.0 5-m|:-l:f§.|. cgt.tlndetrs.ﬂz.q_rel ..[{1.;:! 1.0+ (1.0~ 1.0 * 1.0)....B2phil], ll:l.l:l. 5.:[‘-|E}|II'|I2|E‘[3;EZ.|}|1:|,{{:F.Ey.lnderl.ﬂz.ﬂl?n]]l P —
L... regular (assignment) cylind...linder3.gasForce.k) rsubstitute: {{odinders.Bz.e[1] * cylinder3.Bz.e[1] + (1.0 - cy...Z.phi), 0.0 * 0.0 + (1.0 - 0.0 * 0.0} * cosicylinder3.B2.phil}} tau = -frame b.tee;
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-bodyw i['ll original: R_rel = Frames.planarfRotation(e, phi_offset + phi, w); => flattened: F¢ Conmection to internal =
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Performance Profiling
(Here: Profiling all equations in MSL 3.2.1 DoublePendulum)

» Measuring performance of equation blocks to find bottlenecks
» Useful as input before model simplitication for real-time
platforms
» |ntegrated with the debugger so it is possible to show what
the slow equations compute

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

Equations Browser ||Defines
Index Type Equation Executi Max time Time Fraction 4\~ |Variable
reqular linear, size 2 0.000501 H damper.a_rel

-836 regular (assignment)...evolute2.phi) 1534 2.57e-05 0.000377 2.12% revolute2.frame_b.f[2]
-840 regular (assignment)...mper.phi_rel) 1534 1.38e-05 0.000237 1.33%

-837 regular (assignment) ...evolute2.phi) 1534 8.38e-06 0.000235 1.32%

-841 regular (assignment)...mper.phi_rel) 1534 8.48e-06 0.000192 1.08%

-849 regular (assignment)...mper.phi_rel) 1534 8.04e-06 0.000146 0.824%
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ABB Commercial Application Use of Debugger

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

« ABB: “OpenModelica provides outstanding debugging
features that help to save a lot of time during model
development.”

83 s
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Equation Model Debugging on Siemens Model

(used on Siemens Evaporator test model, 1100 equations)

FGflow

/.

duration=600

FGtemp

k=1

k=1
FGsource
[
—»
> — =
’ FGIinY
FGoutvu

Steamsink

§ et 0 crummesins
: i } .1

defaults

A

e

Fupump

LBAD

FWpump_p

O\

duration=300

FWpump_h

T

84

MOD

/770

ELl

CA



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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Performance Profiling for faster Simulation
(Here: Profiling equations of Siemens Drum boiler model with evaporator

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

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

FGport_a SteamPor

CrumislHeatMass _0
[ 1 TS o =& = {1 /3" 0nem

Conclusion from the evaluation:

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

FWport
51, ®

-
AV
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Part IV

Dynamic Verification/Testing of
Requirements vs Usage Scenario Models

Wiladimir Schamai, Lena Buffoni, Peter Fritzson
and contributions from MODRIO partners

DoubleLaneChangeAndBraking - WehicleDynamd ‘chicles.Experiments. Examples.

Fie Ect Smubton Fiot Animaton Commands Wrdow Hep

SHOS e @) He @R @:5EE ODH F- = — =1
R n} Specet[ 02 @ = of Eli D04 BERoE
8 e wramrirem || Optmangihe Design of an ice Tank Camsgs

Variables (L e
Dcubkl ansChangasndEraking 1 'm

Suaticla e

3 chasis =

T surnany_a_x ‘3

1 sutnmany_a_si_g

Ee it Gl fomat st wndn

Van der Pol Model

Van der Pol osclator.

dinstead of class vith

6 Wew haem s Sapt Wedow Sysematuiogy Help

meaning. This example contains declarations of o sate variabes x ane

amatan - o pe Realad a parmcter hada N2 \OoaAd o - =Cl@ &
- : ‘ ida,wiich s dat e reee ix[m ——
T — : - e, o e by o == it
anzed 4 o section starting withthe el

dsmamics of the model. o] s s

rrmtabebiodat |"Vaniat I .

1 Simulation of Van der Pol
o fusirate te beavior of the modke, e iv a command t slate the Van der Polosclator g 25 seconds
sartig at time
simulace (VanDerPol, scarchime=0, scoplime=25 );
[ 1|4
Pectorm 2 parametic plot
[rotrarametzic( x, 1)
Plotby ey -
. 2 2 m
X ) are it e e i Sumiowi O
1 i st e
|
. S
/ =
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OpenModelica and Papyrus Based Model-Based
Development Environment to Cover Product-Design V

Eeedback

v ¢ i, . System

. irgulation
]lfusmess Requirements | . ModelDriven Compilation
rocess Capturg Design & gode Gen

oftware &
Fystem Pypguc

Process Regliirements Pyduct
models odels odels

Uniffd Modeling: Metagfodeling& Mgllelica& U]

Level of Abgkraction J
AN

System
requirermgnt >

Maintenance

<

Prgduct verification and
deployment

>/
iy

Preliminary feature deslyg
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

88 C I
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Business Process Control and Modeling

Feedback

System
Simulation

VTT Simantics T

llzusiness Requirements § . | ModeIDriven Compilation Business process modeler
rocess Capture Design & Code Gen
Control

Software &
System Produc

Process
models

OpenModelica
compiler & simulator

OpenModelica based simulation

Metso Business model & simulation
o <o VTT Simantics Graphic Modeling Toc

’ Simulation of 3 strategies with

y %
#5170 -outcomes
L .. 9 STRATEGY 2 STRATEGY 3
- :L Y g | DWasted (change requests) ®Wasted (Erors) O Profit |
! A . 1400 000 € 1400 000 € 1400 000 €
e ‘ + Remforcmg A Y Schedul % 1200 000 € 1200000 € — 1200 000 €
N VErage »che e N
Pmmg Demand—hOrders AN ag! \ 1000 000 € 1000 000 € 1000 000 €
P erformance . 800000 € 800000 € —— | s0o00¢
600 000 € 600 000 € —— | s00000€
L Sales + Average Quality —
P d P . 400 000 € +—— 400000 € —— | 400000 €
200 000 € +—— 200 000 € —— —— | 200000€ ——
rocee S Project Start Rate
0¢ o€ 0¢
Wasted work Total Profit Wasted work Total Profit Wasted work Total Profit
P fit Complenon Rate
ro l sov  75% 9% [ 1oov s0%  75% 9% [l 100v I so% 7% o5 I oo
Total Profit Total Profit Total Profit smooth
% M M M
Material w
——— ork m ro cess
Cogts Balancmg p 2M 2M 2M
o o —-ﬂ |
2M 2M -2M ——
Resource
Labouf_‘—ﬂR Available Ad M 1 Mg %65 1295 M 765 103 1295 156
BSOUrCes -_d_++ Res ources + equacy  (Week) Tine o) Time (Week)
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Requirement Capture

e _ Feedback
v i, i, System
Busi Simulation
usiness Requirements ModelDriven Compilation i ifi i
v Captare b & Code Gen vVD.R (V|rtua_l Verlflcat!on of
ontro Designs against Requirements)
Software &
‘ System Produc . . .
Pro((i:elss Pro((ijulct Plat;o:'m In MOdellcaML UML/MOdellca
moaels moaels moaels . .
—I —I _I Profile, part of OpenModelica

Unified Modeling: j Meta modeling& Modelica& UML

OpenModelica based simulation

,;E-,-,Class Components Tree @ cl E?l- I | = |{-}==p| 7 =
= E instantiated "eM For: k=1 - Fill and Drain Tank!
Verification Mqdel =] sm_spws_environment (2]
H-=] ws_ts1_ Fill_and_drain_tank (2 Provider from
Design Mddel = req_002_fill_mode_behavior () design model
2=l req 003 jdle_mode_behaviar (4)
. [4-[E req_001_tank_Filling_time (7 . .
Scenario Moglel [* Yiolation_Monitar (1 Binding
_
Requirement Edl (mand. dient), input tankl: 3eingFilled = sm_spws_environment, spws, tank, pLiquidFillDr ain. massFlowRate =0
Models Edl (mand. dient), input tankIzFull = sm_spws_environment . spes, tanl level = 0,98
[Edl Real timeLimit = 300

23]

5l output violated Client from requirement model
EAl output evaluationStarked

=l _regWerificationerdick ()

(s
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OpenModelica — ModelicaML UML Profile
Based on Open-Source Papyrus UML and OpenModelica

* 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 yet exist in Modelica language (extension work ongoing)
* Which are translated into executable Modelica code

» |s defined towards generation of executable Modelica code

« Current implementation based on the Papyrus UML tool + OpenModelica

91 M 0 0’
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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




ModelicaML: Graphical Notation

«modeks
(TwoTankaSystemExample:: DesignModels: Models Librany)
BaseController

= evariables Ko ModelicaReal
=] ewatiables T: MaodelicaReal
=} evariables ref ModelicaReal

Structure

= «variables eror: ModelicaReal
=} evariables outCtr ModelicaReal

amodels
(TwoTanfiaSystemExample:: DesignModels)
TanksConnectedPl

«ExtendsRelatior
g typeModificati

«modeks
(TwoTanksSystemExample:: Designiodels)
PlcontinuousController

=] ewatiables % MaodelicaReal
= ewariables powered: ModelicaBoolean

aComponerts aCOmponErts ecompanents
source tankil

tank2
sou T an ou[ [ Jan aou []

tsensor tActuator tgensor tActuator|
®COMPonETts scomponerts
piContinuous1 piContinuous2
cln cout cln cout

Behavior

Requirements

sReguirements

id =001

text = The level of liquid in a tank shall never
exceed 80% of the tank-height.

specifiesType = [Tank]

[EN areguirement:
Max level of liquid in a tank

| 5 evariables maxLevel: ModelicaReal
=] evariables tank_height: ModelicaReal
3 gvariables level: ModelicaReal

i

sReguirements
id = 002
text = The volume of the tank1 shall be 0.8m3.
specifiesObject = [TanksConnectedPlLtank1]

[ES srequirements
Volume of the tank1

i

1 gvariables tank_wolume: ModelicaReal
=] evariables design_value: ModelicaReal

]

pLim = pMax;

wconditionalalgarithm( Disgram)s
limit value algorithm

sm

[ = phdax] [ = pMin]

ifs

I pLim = pMin;

[else]

pLim = p;

[ not powered ]

[powered ]

on
[clnwal =01

monitering the level controlling the level
[cinwal =0.1]

93
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Example: Representation of System Structure

<M

oclels

{TwaTank sSystemExample:: Designlfodels)
TanksConnectedPl

wcOmpanents
Source

scompanents
tank1

_D tSensar

scompanents
piContinucust

_Dcln

ot }—‘ gln
TActuatnrD—

cOutD_

FComponents

tank2
qout || —

_DtSensur t&ctuatorD—

FComponents
piContinuous2

cOutD_

_D cin

Interconnections

Inheritance

«models

[TwoTanksSystemExample:: DesignlWodels:: Models Librany)
BaseController

ermodels

{TwoTanksSystemExample:: Designliodels)

Tank

= «variables K ModelicaReal

= ¢variables T: ModelicaReal

=] svariahles ref ModelicaReal
=} evariables error ModelicaReal
=} evariables outCtr ModelicaReal

=] avariahles
= avariables
=] avariables
= avariables
=] avariables
= avariables
=] evariables

= avariables

flowGain: ModelicaReal
min%". ModelicaReal
max": hModelicaReal

h: ModelicaReal
tank_height: ModelicaReal
tank_width: ModelicaReal
tank_length: ModelicaReal

—

= zcalculatedPropertys areaCal: AreaCalculation
=} «calculatedPropertys wolumeCal: VaolumeCalculation

volume_of liguid_lost: ModelicaReal

«ExtendsRelations
typeModification = [K =2, T=10]

amodels

{TwoTanksSystemExampie:: DesignlWodeals)
PlcontinuousController

chsserts
condition = min''==0
. message = min% - minimurm “alve level must be == 0
A level = warning
—

Components

=] evariables x: ModelicaReal

= evariables powered: ModelicaBoolean
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Example: Representation of System Behavior

=

<
State Machine
| ) of the Controller

)

I i on ™ \\
. [notpowered] I
‘ off [clnwal =0.1] —
owere - monitering the level | controlling the level
! ) ‘ Efcln.valﬂim ] State
Machine of
k " the Tank
Conditional _

"

zconditionallgarithmDiagrsm s
limit value algorithm

"
[

_KDlagram)

| Algorithm (Activity

[p = phtas] w [P = pMin]
&l

pLim = pMax; |

fi i pLim := pMin;

[elze] ~

e

pLim = p; |

[h=0.001]

empty

partially filled

[h=0.001]

[ h ={tank_height]
[h =tank_height]

overflow
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Example: Representation of System Requirements

Textual Requirement

«Reguirements
id = 001

exceed 30% of the tank-height. .
specifiesType = [Tank]

text = The level of liguid in a tank shall never o

grecuirement:s
Max level of liquid in a tank

= gvariabler maxlevel: ModelicaReal
= evariables tank_height: ModelicaReal

«Regquirerments
id = 002
text = The volume of the tank1 shall be 0.8m3.
specifiesObject = [TanksConnectedPl tank1]

reguirement:s
Volume of the tankl

= evariables tank_wolume: ModelicaReal
& evariables design_walue: ModelicaReal

sm: evaluating the requirement

! evatiables level: ModelicaReal .

| [level = maxLevel * tank_height]
monitering the level, no violation |

[ level = maxLevel *tank_height]
violated

‘ violated ones or several times, continue monitering ‘

[lewvel = maxLevel * tank_height]

. =,
sm: evaluate the volume requirement
maonitoring
[tank_wolume = design_value| or tank_volume = design_value |
violated
. i
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VVDR Method -
virtual Verification of Designs vs Requirements

Actor Task Created Artifact
e | Formalize m“ Requirement
ﬂ Requirements Monitor Models —
) . Analyze Modify
e Designs
@ ' Formalize Designs Alternative
\ ) Models

Pw ‘ Formalize | || Scenario Verify

Scenarios Models

. —— o GO?l.: Er!able on-d_emand

| Creattlaw vzrnl'ncatnon Verification Models verification of designs
odeils - -

| against requirements

using automated model

i Executeand | J@.1 Reports composition at any time
Create Report L R during development.
y R ]
ﬂ ' Analyze Results
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Challenge

We want to verify different design alternatives against sets of requirements

using different scenarios. Questions:

1) How to find valid combinations of design alternatives, scenarios and requirements in
order to enable an automated composition of verification models?

2) Having found a valid combination: How to bind all components correctly?

Designs Alternative Scenario Requirement
Models Models Models

‘ 7*'\
Create Verification
Models

1. Verification
Model

: ’ 2. Verification
Model

n. Verification
Model

/770

98 MopELl

CA



Composing Verification Models

main idea

« Collect all scenarios, requirements, import mediators

« Generate/compose verification models automatically:

« Select the system model to be verified

« Find all scenarios that can stimulate the selected system model (i.e., for
each mandatory client check whether the binding expression can be inferred)

« Find requirements that are implemented in the selected system model (i.e.,
check whether for each requirement for all mandatory clients binding
expressions can be inferred)

* Present the list of scenarios and requirements to the user

« The user can select only a subset or scenarios or requirements he/she
wishes to consider

99 M 0 0’
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Generating/Composing Verification Models

algorithm

Combinations

¥
............................................ SM
Clients of design
alternative satisfied =

by providers from

io? More req.
scenario: Y -
| : ? e Select Requirement SEES m
else y :

All requirement
clients satisfied?

Create Combination
(i.e. Create Verification
Model)
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Simulation and Report Generation in ModelicaML

Verification models are
simulated.

The generated Verification
Report is a prepared summary of:
« Configuration, bindings

» Violations of requirements

- efc.

Plot by OpenModelica

oA

0.5

0.6

0.4 \/ ’J \/\k

N T

=

0.2

50 100 150 200 250 300 350
time

werification models number (3), p

Failed VeM for:

(D), failed (3)

s1-Fill and Drain Tank {Plot)

Failed VeM for:
Failed VeM for:

s2-Fill tank (Plot)
s3-Drain tank (Plot)

Failed WeM for: s1-Fill and Drain Tank (Plot)

(ModelicaMLMedzl: : GenVeMs for: SPWS Environment_1::VeM for: s1-Fill and Drain Tank)

Settings: stariTime = 0, stopTime = 1500, tolerance = default, intervals = 0, cutputFormat = plt

verdict allRequirementsEvaluated : yes
verdict someRegquirementsViolated : yes

Model to be verified: SPWS Environment
[(ModelicaMLMadel: : Design: : SPWS Environment)

Werification Scenario: s1-Fill and Drain Tank

(MaodelicaMLMedsl: : Verification Scenarios::s1-Fill and Drain Tank)

madantory client: vs s1 fill and drain tank.tankHeight (changed its value)

Type
Wariability

Binding code :

ModelicaReal
continuous
= sm_spws_environment.spws.tank.height

Violated Requirement: Drain mode behavior (ID 004)

(ModelicaMLMeodel: : Requirements: :Drain mode behavior)

Text: When the system is drained only the fill/drain valve should be open, all other valves should be closed.

verdict evaluated : yes
verdict violated : yes

madantory client: req 004 drain_mode behavior.fillDrainValvelsOpen (changed its value)

Type
Wariability

Binding code :

: = ModelicaBoolean
: = continuous
= sm_spws_environment.spws.fillDrainvalve.isFullyOpen

madantory client: req 004 drain _mode behavior.otherValvesAreClosed {changed its value)

Type
Wariability
Binding
code

: = ModelicaBoolean

: = centinucus

1 = if sm_spws_environment.spws.overFlowValve.isFullyClosed and sm_spws_environment.spws.supply\Vavle.isFullyClosed
then true else false
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Continuous and Discrete Time Locators for
Time-related Requirements

« A Continuous Time Locator(CTL) specifies one or more time

intervals |—|
* Time intervals have a duration —>
* They usually have a position in time, >
but a sliding time window defines anyle_duration >
time period of a given duration fime
* A Discrete Time Locator (DTL) defines one or more positions in time
and has no duration T T T
« An event is associated with a DTL time

that specifies when the event occurred

 The difference between events and
DTLs is thata DTL is not an object

« That position may be relative to the initialisation of the system or
to another DTL
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Time Locators Expressed in Modelica

Special FORML-L syntax
duringAny duration

after event

after event1 untilNext event2
after event for duration

after event within duration
until event

every duration1 for duration2

when condition changes

Standard Modelica syntax
duringAny(duration)
after(event)

afterUntil(event1, event2)
afterFor(event, duration)
afterWithin(event, duration)
until(event)
everyFor(duration1, duration2)

Maps to Modelica if
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From Text to Simulated Requirement
— Modelica Extended with new Operators

From a text requirement expressing a condition:

A - In the absence of any Backup Power Supply (BPS) component failure or in the presence of
a single sensor failure, when the BPS is not under maintenance, in case of loss of MPS, and if

safety injection is required, Set1 must be powered within 20 s

model P2a extends Condition;
input ConditionStatus bPSNeeded, sARequired, set1Powered;
equation
status = if afterWithin (0PSNeeded == notViolated and
sARequired == notViolated, 20) then
if set1Powered == notViolated then
notViolated else violated else undefined;

end P2a;

L $20 J * $20 R

t=0 time

T BPS.Needed and SA.Required BPS.Needed and SA.Required

Set1.Powered must become true within the
timeframe s20 and remain true afterwards

YL
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From Text to Simulated Requirement —
Requirement not Violated — OpenModelica Simulation

—— p2a.bPS_needed —— p2a.sA_required p2a.setl_powered p2a.status —— r2.status
Requirement :
- 9 3-valued logic
validated
] prototype:
1 —true
0 — false

-1 — undefined

-0,5 —

BPS Powered

[ T T T I T T T T I T T T T I T T T T I T T T T I
0 10 20 30 40 50
time

Requirement Within 20s BPS.Needed and SA.Required  Set1.Powered

undefined T | .

outside the L 520 4 X
specified time t=0 time
window t=10 t=25
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Outlook:
New OpenModelica Frontend for Large-Scale models

« Soon: New OMC
Compiler frontend for fast
compilation and large-

Modelica trunk (newlnst branch)

scale models 4001
« Been under development  *°] ——
the past 2-3 years 3991 frontend (394)
. 250 - b.ackend (359)
 Now (sept 24) simulates simcode (359)
67% of MSL models 2007 ot (300)
y —— compile
coverage increases about ] vty (o3
6% per month 1001

- About 10-200 times faster [l
than the old frontend,
depending on model

AL oy _or o> ox o2 oo _ ot o _ o
A1 " AD T ADT ADT ADT 4B 4D 4D 4D D
fLQ rLQI fLQ fI__Q 1__0 '1-0 'LG fLQ! '1-0 "?,Q
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OpenModelica DAEMode for Large-Scale models

Goal — to handle hundreds of thousands to millions of
equations

Introduced sparse solvers in the solution chain:
« KLU for linear algebraic equations,
 Kinsol for nonlinear algebraic equations, and
« |DA for causalized differential equations.

Largest system so far: electro-mechanical power system
model with about 600.000 differential-algebraic
equations

Under development for even larger systems
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Summary and Questions

Multi-l_)omain / , ) J Visual Acausal
Modeling ¢ Component

MODELICA mponent

www.modelica.org — Language, Standard Library
www.openmodelica.org — Open Source Tool

Typed
Declarative S Hybrid

Textual Language Thanks for listening! Modeling
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