Modeling and Simulation of Cyber-physical Systems
Including Requirement Formalization using the
OpenModelica MBSE Toolkit based on
Modelica and partly on UML

Keynote
MESCONF 2016, Munich
October 6, 2016
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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

YLl
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Open Source Model-Based Development Environment
Covers Product-Design V — (OPENPROD ITEAZ2 Project)

...................................... Feedback_____ |
; H V System
] Simulation
Eusmess Requirements Model Driven Compilation
rocess Capture Design & Code Gen /|
4 goftware &
; Fstem Produc
Process Regyfrements Prgfiuct Platform
models

fodels gPoels modkels ‘
Unifigf Modeling: Meta mgfte I|n&Mo .

Level of Abgtraction M’
N

System N

require@n

Maintenance

"‘) 4 / Prgduct verification and

debloyment

bubsystem level integration test

calibration and verification
Architectural designpfand

system functional design

Detailed feature design
implementation

Subsystem level integration and
verification

Component verification

Realization
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Recent Big Modelica Book, 2014 (Warning! Commercial

PRINCIPLES OF
OBJECT-ORIENTED
MODELING anp
SIMULATION

witH MODELICA 3.3

A CYBER-PHYSICAL
APPROACH

SECOND EDITION

PETER FRITZSON

<& IEEE
IEEE PRESS

Peter Fritzson

Principles of Object Oriented
Modeling and Simulation with
Modelica 3.3:

A Cyber-Physical Approach

Can be ordered from Wiley or Amazon
Wiley-IEEE Press, 2014, 1250 pages

« OpenModelica

« www.openmodelica.org

« Modelica Association
« www.modelica.org

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

Overview of this Talk

« Part | — Introduction to Modelica

« Part Il — Introduction to the OpenModelica Open
Source MBSE Environment

« Part lll — Dynamic verification/testing of formalized
reqguirements vs Models in MBSE

« Part IV — Dynamic debugging of equation-based
models

« Part V— New Project OPENCPS




Part |

Introduction to Modelica

YLl
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Modelica Background: Stored Knowledge

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

Internal-combustion engines 41 7

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

3/
Ty =Ty

1 . . .
\ I The change of motion is proportional

fom T to T», supplied by the heat Wherepzn‘p (Tz-"T) = (T . . 14
exchanger is coupled with a thermal d Ty = T - (T4/T2) thus
discharge (4 — 4'). If heat is completely =1y 0 t e
exchanged, the quantity of heat to be T
added per unit of gas is reduced to Current gas-turbine powerplants achieve
thermal efficiencies of up to 35 %.
an=cp (Ta=Ta) =y (Ta=Ta) Advantages of the gas turbine: clean ex-
and the quantity of heat to be removed is haust without supplementary emissions-
o (T =Ty =&y (Ta=T4). control devices; extremely smooth run- — e O n
Gout ning; multituel capability; good static lor—
que curve; extended maintenanc
The maximum thermal effici ency for the intervals.
gas turbine with heat exchanger Disadvantages; manufacturing costs still
high; poor transitional response; higher

h=1-Qos/Qn=1-(To-Ty M(T3-Ts)  fuel consu mptw Iassslh\eiorlow

S o bex
,Mxtatzam’m nrotus proportionalem effe vi motrici impreffa, & fieri fe-

i, & Boaon gearset, > Power turbine, aAr.u table guide vanes, 9 Compressor
cxndwin lineam reSlam qua vis illa imprimitnr.

aust po
!wbma 10 Starter, 11 Auxiliary equipment drive, 12 Lubricating oil pump.

12 11 109 8 7
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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

] ‘%*ze,* 'W%mw'# H ?..t_ g S G AT ::.-1-7 1 _}?‘

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

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

v = INTEG (F)/m

Programming languages usually do not allow equations!

/777
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What is Modelica?

A language for modeling ofComplex cyber-physical 3ystems

* Robotics

« Automotive

e Aircrafts

« Satellites

* Power plants

e Systems biology

7772

MODELICA

YLl
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What is Modelica?

A language for@of complex cyber-physical systems

Mechanics

ja»—

Reference

] Electric

PID cControl System

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

10 0
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What is Modelica?

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

Free, open language
specification:

mao |I{:I}'T:: L]

r Phvimal 3essmr Mabdin

Shadelicn” - A Uakfiedd Oljer-Ovis ]
nges P =

Available at: www.modelica.org

Developed and standardized
by Modelica Association

There exist several free and commercial
tools, for example:

* OpenModelicafrom OSMC

» Dymola from Dassault systems

* Wolfram System Modeler fr Wolfram MathCore
« SimulationX from ITI

« MapleSim from MapleSoft

« AMESIM from LMS

« JModelica.org from Modelon

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

« ESI Group Modeling tool, ESI Group

11
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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

12

MOD
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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*l = v:
can be used In three ways:
| :=V/R;
V .= R*;
R =V,

/777
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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

14 Mop’ELl’



Multi-Domain
Modeling

Reference

iipe andh

/

What is Special about Modelica?

Cyber-Physical Modeling

Electric

3 domains
- electric
Physical - mechanics

/ \ - control

Mechanics

Bearing
Angle-

Sensor

™

n

Cyber PID  Control System

15
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What is Special about Modelica?

Multi-Domain Visual Acausal

Keeps the physical

Modeling Hierarchical
structure Component
Modelino
Torque Inertia 1 -
Acausgl model f Eu/\%__é_l
(Modelica) T [T
duraion={2} J=10
| N 1 omega 1 \
o —2 > B B e S L Rt
Conslanis Divide 1 |nt¢g|ﬂ| 3 Integrator 1 Gain T
Causal | — ™
block-based ot
model L »s
(S|mU||nk) \iT|_:; > 13 2|:|r|19932 = Gain 1
16 VL4
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What is Special about Modelica?

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

Modeling

cut joint

tn
\qd\

|

Srel = n*transpose (n)+(identity(3)- n*transpose (n))*cos(q)- axisl
skew(n)*sin (q) ; VA
wrela = n*qd; 1
zrela = n*qgdd;
Sb = Sa*transpose (Srel) ;
r0b = r0a;
vb = Srel*va;
wb = Srel*(wa + wrela); Y
ab = Srel*aa; -. X-

inertial

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

Courtesy of Martin Otter 1 =

17 7.
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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"
dec|arations\) Real x(start = 1) '"Descriptive string for x”;
Real y(start = 1) "y coordinate”;
parameter Real lambda = 0.3;
equation
Typed der (x) = y;
. der(y) = -x + lambda* (1 - x*x)*y;
DGClaratlve end VanDerPol;

Equation-based
Textual Language

S

18 M 0 D’
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What is Special about Modelica?

Multi-Domain
Modeling

Visual Acausal

Component
{ ¥y Modeling

Hybrid modeling =
continuous-time + discrete-time modeling

N ] .
/\/\/ Continuous-time

=— Discrete-time

:—:

. Clocked discrete-time

Typed i |

Declarative
Equation-based
Textual Language

Hybrid

Modeling

19 7,
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Modelica — Faster Development, Lower Maintenance
than with Traditional Tools

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

vs Modelica
Causality
- Derivation
Modeling of erivatio o
Svstem Subsystems (manual derivation of
chomposition iInput/outputrelations) Implementation
Proprietary
Code 0 I

woseica 1N I

20 7,
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Modelica vs Simulink Block Oriented Modeling
Simple Electrical Model

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

/
l l Res2 sum3 Ind 12
L {3
i)

\ 4
)
N

R1=10 R2=100

|
P H] n n L—pp(+1 z
Pl +1
AC=220 é?
sinin s Resl Cap 11

Lln E b 1

s

C=0.01 — _ ' E

L=0.1

—+VV
™M

| l
©
®

/777
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Graphical Modeling - Using Drag and Drop Composition

A :
A-1 W # 0L 0 WeROE 94

,w X uwul

e, U m A E B e o

~ «D= ConstantCurrent

-~ =4 ConstantVoltage

~ «(= ExponentialsCurrent
- »0= ExponentialsVoltage
-« ExpSineCurrent

- «& ExpSineVoltage
- »= PulseCurrent
~ v DulseVoltage = -
i Emor |
D= RampCurle & | [ CORRCEG vt .00 08 R URagE 101 -
[~ €~ RampVoltage —Info3: 10:39:17 —
- o SawToothCusrent Conncted: (ressstor 1.n, inductor 1.p)
-e- SawToothiohage s —Info 4: 10:39:39 — @
¥ || Conncted: (inductor 1.n, sinevoltage1.n)

22 Vs
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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) ;

U

><> EM 1 €
DC — —

‘—l~l:|43—l—

R L

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

end DCMotor

23
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Corresponding DCMotor Model Equations

The following equations are automatically derived from the Modelica model:

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

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

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

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

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

EM

0 ==
EM.
EM.
EM.
EM.

DC

DC
DC

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

.1==DC.p.1
A =DC.AMp+ Sin[27wDC.£ % t]

(1oad component not included)

p.v-R.n.v
i+R.n.i
p-i
.R*R.1i

p.v-L.n.v
i+L.n.i
p-i
LxL.it

Automatic transformation to ODE or DAE for simulation:

dx
— = f[x, u, t]
dt

dx
g[E, X, Uu, t] == ()

24
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Model Translation Process to Hybrid DAE to Code

Modelica q\:>
Graphical Editdr Modelica Modelica
,‘: Source code

Model
{} <{=mm Modelica Model

Frontend ——| Translator
Modeling —___=— <= Flat model Hybrid DAE
Environment Analyzer
—___— @ goried equations
Optimizer
g Optimized sorted
equations
Code generatolr

- = C Code

Backend

Executable

YLl
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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
« 3.3rev 1released July 2014

* Modelica Association established 2000 in LinkoGping
* Open, non-profit organization

26 s
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Modelica in Power Generation
GTX Gas Turbine Power Cutoff Mechanism

parameter_settings controller
[y SSm— P
Pel... P pel...
droop P clro.. o
L P LS
10 | 10 8% ]
po Pep0 P T p3 A7 .
Grid b F W F 3 4 ) —_—
Parid - il il
5 =
PHEEP! |
o e
piotier _cortrol W
Itk -
startTime={300}
lo&d_cirop F={0}
—,_ clitch ..
startTime={350} _/_
meach_faraak clUFEmD ... Dwer'L k=T30.

L ' e
k=11 : ettia2 > Inettia
e r i \r'slr'n‘:ubIeDasum;:uéF}_J ¥ b i
Fee... | feh oo o
load_gain Ioad =... |effect . .
Fy

LI ; e

start Time={a0 IEAN
Zero 9.
R T . Developed
by MathCore
for Siemens

Courtesy of Siemens Industrial Turbomachinery AB
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Modelica in Automotive Industry

28
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Modelica in Avionics

Inputs | Outputs

=

AETOOyYNAMICS

TYYYYYYY

GO

r_rel=(0 008 -
+
atmosphe .

LoEngine enging
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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.qg.
Flight, Car Driving,
Helicopter)

* Developed at DLR
Munich, Germany

« Dymola Modelica tool

Courtesy of Tobias Bellmann, DLR,
Oberphaffenhofen, Germany

YLl
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Combined-Cycle Power Plant
Plant model — system level

Courtesy Francesco Casella, Politecnico di Milano — Italy

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

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

GT model: simple law
relating the electrical load
request with the exhaust gas
temperature and flow rate.

and Francesco Pretolani, CESI SpA- ltaly

SH2 RA2 SR RA1 EV_.. SHP

ECO2  EV_IP

I_P

H

31
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Modelica Spacecraft Dynamics Library

Formation flying on elliptical orbits

| spacecraft

Control the relative motion of two or more Y
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, Iltaly

32 /777
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System Dynamics — World Society Simulation
Limits to Material Growth; Population, Energy and Material flows

a’..imli-ui Q-m-ldm--:l-'.mn-.m-:--mlw . L — = = . v ) ]
enme %00 Boic wememne TEIT Left. World3 simulation
e [ PPy EE | | ~ . ... with OpenModelica

=T : it enitiond » 2 collapse scenarios

(close to current
developments)

« 1 sustainable scenario
(green).

=
F
'l
= =
>
-

CO2 Emissions per

Lk Husian. pidl r! 1 el
HCF ustan_. tiity ] 1230+1
O Human. i | it !
| Y411
I § Inchus _tment L4 1 412 leslE
I } Labox, bon . dlrti . resmics]
FH Larsd Fatibty 1 | Bl populstion. 7412281
| E.. ctancy PO ol Gen_nd
FLN WR = _aiion 1 popuiatan T 4122¢+
! Fodbat__ASTINS ' \\ I Popl_int A, 0
§ A 1  Flpapd_int BILTE, iy .
B Popui_amics
1O servimens {77 . t Ppasa fITETTEE: person.
FI Scemarie_1 ] \ P pap [EmEon50.0
I Saumaria_ St 1 o I U populaton Tod12dw=Ix ° SA 1 7 to n/ r
Seenaria_} Db o Populat. samical l J
Lrpnaric 4 | -5 it B
| bl
de4lH o bd_r
oo

Sweden 7 ton/yr
[smmics (0] e o India 1.4 tOI’l/yI’
M | fime e v 2| |em Bangladesh 0.3 ton/yr

''''''''''

F1 scenania 7

« System Dynamics Modelica library by Francois Cellier (ETH), et al in OM distribution.
« Warming converts many agriculture areas to deserts (USA, Europe, India, Amazonas)
« Ecological breakdown around 2080-2100, drastic reduction of world population

« To avoid this: Need for massive investments in sustainable technology and renewable
energy sources

33 0
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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

0e+09 9
] /'/_ Start 2022
8e+09 8
7e+09 o 7 // Mzz
_ p \ S

6e+09 |6
] / Start 2042
Se+00 |5 /
4e+09 14 /
- _ : /’
2e+09 ’}’,’—
1e+09 - . . . : . . . . . : . . . . . .
1,900 1,850 2,000 2,050 2,100

Time (years)

YLl
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The 30-Year Update \

N,

DONELLA MEADOWS | JORGEN RANDERS | DENNIS MEADOWS

~
IR v

THE NEW YORK TIMES BESTSELLER

How SocIieTIES C

TO FAIL OBR

GUNS, GERMS, and STEEL

WITH A NEW AFTERWORD




What Can You Do?
Need Global Sustainability Mass Movement

« Develop smart Cyber-Physical systems for reduced energy and material footprint
« Model-based circular economy for re-use of products and materials

* Promote sustainable lifestyle and technology w
» Install electric solar PV panels

* Buy shares in cooperative wind power

- Producerad solel
1500 —+ Exporterad solel netto
< Forbrukning el
E 1000 —&-Importerad el netto
/

maj juni juli aug sept okt nov dec jan feb marsapril

Expanded to 93 sqgm, 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

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

Renault ZOE; 5 seat; Range:

« EU-drivecycle 210 km

« Realistic Swedish drivecycle:
e Summer: 165km

e Winter: 100-110km
Cheap fast supercharger

DLR ROboMONDil
« experimental electric car Teslamodel S
- Modelicamodels range 480 km

YLl
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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

R/

Linkopings CentralstationO

&> &> & 19h3 min

y I
Hamburg Hbf/ZOB 'Hamburg HBF
dam B_eé""
lederland
astherland
in :

: zech Republic
> > 19h36
e
O eeeeeee
||||||

38
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&

Small rectangles — surface needed
for 100% solar energy for humanity
’”w : *"' | :::' e .

Vel
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Sustainable Society Necessary for Human Survival

Almost Sustainable

India, 1.4 ton C02/person/year
Healthy vegetarian food
Small-scale agriculture

Small-scale shops

Simpler life-style (Mahatma Gandhi)

Non-sustainable

USA 17 ton CO2, Sweden 7 ton CO2/yr

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

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

i
Gandhi - role model for

future less materialistic
life style

40
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Part Il

Introduction to the OpenModelica Environment

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

r
g& OMEdit - OpenModelica Connection Editor . -—— EE

° Gra hlcal edltor File Edit View Simulation FMI Export Tools Help
P ‘eBB kO B0 \ONOTER 5098 #[S/ B- 95/ X[0*

. | Libraries Browser g X K Plot 1 1 | Variables Browser 8 X

. A -

[ ] Mod el CO m p I | er Libraries Pan | FtinView | Save = Prnt = Grid noGrid [ LogX [ Log¥  Setup I;mam
S MultiBody Case Sensiti __Regular Exy ~

and simulator % @ UsersGuide T cerleadu [edle) e

E} World 1,200 ] Varables Val

HEE]E]B@WP'E‘S - ] ; En g i n ev‘s ]_]_]_015%6021_525‘1 % Debug_...er_nsl
° DEbUgger (5] Loops T [ equa’tion model Flanimation [

bearing

r '>‘ Enginela

1

800 ] cylinderl

cylinder2

>

« Performance oo ] / || |
an alyzer i~ (») Engine..alytic _

Fourbarl

cylinder3

cylinderd

cylinder5

400 H cylinderé
. . . Fourbar2 ] [Tengin..d_rpm 53
* Dynamic optimizer Feutea. e Henginetoque 77
) Planar...alytic 200 H B filter

[} Utilities m E [filter..Torque 10
U‘E] Rotatio...Effects load

« Symbolic modeling P 3 !

&b systems [Cltime 10

# [ +] Forces -200 | torqueSensor
« Parallelizatio n j l
r ization
| = M Interfaces ]
5T -400 - . .
) Joints 0 0.2 0.4 0.6 0.8 1 12 |l :
i Parts
« Electronic = T -
@ Sensors [5] 13:35:25 Translation Warning -
¥ Visualizers Alias set with several free start values * candidate: cylinder2.Cylinder.s(start = -0.3) * candidate: cylinder2.gasForce.s_rel(start = -0.0) => select value from
Ote OO cylinder2.Cylinders(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 |*‘
e Types component reference depth for several components choose the ane with non zero binding. —
h % <

for teaChIng l %6106 Y 10482 | G Welcome | o Modeing | B pettng |
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The OpenModelica Open Source Environment
www.openmodelica.org

* Advanced Interactive Modelica compiler (OMC) « OMEditgraphic Editor
* OMDebugger forequations

* OMOptim optimization tool
* OM Dynamic optimizer collocation
» ModelicaML UML Profile
» MetaModelicaextension
» ParModelica extension

» Supports mostof the ModelicaLanguage
* Modelicaand Python scripting

« Basic environment for creating models
* OMShell - an interactive command handler
*  OMNotebook —a literate programming notebook

« MDT - an advanced textual environmentin Eclipse P — ]
s L 1 = 10 o . an
21015 T — alorx At s -
FETE w8 = — =
e & 10 .::“] ‘ - e —
bpantiadaliza 1.4.3 3 DrModelicaressics ediion L o = = —
) Copyright: (o) Litkoping Untversky. PELAB, 20032007, Wik [EEE Press, o - L]
i cieRh B Modeica Associuion -l
Fremp anter. Co odelia Progeciwebdee. [ ] ] e e e . i
< 3 ———— —e]
an 1 cal o od . ~—— : -B_ . e |
il ] o~ . l — = ——— A |
o " ‘..d.u.-.n..-a.—u.u—r——u- »
w1 Sand e B e emidma Pel i Heip
srum DM ol i ool L s 2o @0 woaReEN S e A s -
Fie A e [reee—y T ]
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http://www.ida.liu.se/~adrpo/mdt/mdt-0.6.8.1/MDT-0.6.8.1-ClassElementsCompletion.JPG
http://www.ida.liu.se/~adrpo/mdt/mdt-0.6.8.1/MDT-0.6.8.1-ClassElementsCompletion.JPG

OSMC - International Consortium for Open Source
Model-based Development Tools, 48 members Jan 2016

Lines

Founded Dec 4, 2007 Industrial members
. . * ABB AB, Sweden + ISID Dentsu, Tokyo, Japan
Open-Source Communlty ServiCes -Bosch Rexroth AG, Germany * Maplesoft, Canada
) * Siemens Turbo, Sweden * Ricardo Inc., USA
« Website and Support Forum « CDAC Centre, Kerala, India « RTE France, Paris, France
.  Creative Connections, Prague » Saab AB, Link6ping, Sweden
* Version-controlled source base * DHI, Aarhus, Denmark * Scilab Enterprises, France
o * Dynamica s.r.l., Cremona, Italy * SKF, Goteborg, Sweden
Bug database * EDF, Paris, France * TLK Thermo, Germany
e Dev e|0pment courses * Equa Simulation AB, Sweden * Sozhou Tongyuan, China
. * Fraunhofer IWES, Bremerhaven «VTI, Linképing, Sweden
« www.openmodelica.org « IFPEN, Paris, France « VTT, Finland

Code Statistics

* Wolfram MathCore, Sweden

University members

ftrunk: Lines of Code * Austrian Inst. of Tech, Austria * Heidelberg University, Germany

8,000,000 « TUBerlin, Inst. UEBB, Germany -« Linkdping University, Sweden
7,000,000 * FH Bielefeld, Bielefeld, Germany e« TU Hamburg/Harburg Germany
6,000,000 * TU Braunschweig, Germany * [IT Bombay, Mumbai, India
5 000,000 * University of Calabria, Italy * KTH, Stockholm, Sweden
4.000.000 * Univ California, Berkeley, USA < Univ of Maryland, Syst Eng USA
* Chalmers Univ Techn, Sweden < Univ of Maryland, CEEE, USA
4,000,000 « TU Dortmund, Germany « Politecnico di Milano, Italy
2.000.000 * TU Dresden, Germany * Ecoles des Mines, CEP, France
1,000,000 * Université Laval, Canada » Mélardalen University, Sweden
0 * Ghent University, Belgium * Univ Pisa, Italy
22382 30T QL85 TS 4N m * Halmstad University, Sweden * StellenBosch Univ, South Africa
5488 &8 S ﬁnieﬁ 8 88 888 S + Telemark Univ College, Norway
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OpenModelica MDT - Eclipse Plugin

Browsing of packages, classes, functions

Automatic building of executables;
separate compilation

Syntax highlighting
Code completion,
Code query support for developers

Automatic Indentation
Debugger

Eclipse Platform

Workbench IDE UL

Workspace-Sased
Document Editors

Workbench
Text Editor

JFace Text

JFace

SWT
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OpenModelica Eclipse MDT: Code Outline and Hovering Info

& Modelica - OpenModelica/Compiler{Absyn.mo - Eclipse SDK

Help

— File Edit Mavigate Search Project Run  Field Assist  Window

=101

O J W - | |ond J @ -Q - J = | & J & J @ J il J - - - - J arrect Indentation i HEcic++ >
[F% Modelica Projects 53 | =t <}==r’|> = =0 Absyr.mo 24 =8
Eﬁ’ rrnl 2sig ;I case (MATRIX (matrixz = expll)) ﬂ
& runtime _l lccal.list-tlist{list{:::f.p:nentRe:'b-b-b- resl;
H- (5 scripts equation
g tEStI:l_CDdEgEI'l :esi. = Ut-.l:.l . lJ:.st,I:istlfIF_p Eex.pl.:l., getCrefFromExp) ;
: resZ = Util.listFlatteniresl);
-Gy tD':'ls res = Uril.listFlattenires:);
EE’ Va7 then
EEE, Absyn.mo 3116 2008-02-04 14:44 krsta res;
- absyn 3116 2008-02-04 1944 krsta case (RRENGEZ (stzrt = el,step = SO0MEZ (e3),stop = e2))
Eﬂ Algorithm.mo 2532 2007-12-22 22:17 adrpo equation
[ [vf] Builtin.mo 3585 2008-05-22 07:03 adrpo 11 = getCrefFromExpiel);
(- rgy Ceval.ma 3605 2008-05-27 02:43 adrpo 1% = [Function getCreZFzom=xp
: res
Eﬂ, ClassInf.mo 3496 2008-04-23 11:59 krsta 13 =
Eﬂ, ClassLoader.mo 3193 2008-02-1505:17 adrpo zes . .
@ Codegen.ma 3585 2008-05-22 07:03 adrpo Fhen izlt:‘l-}it;fpisi:ifﬁl;ﬂnent.ie—':- cutComponentReflst; -
B[} Connect.mo 3584 2008-05-22 06:45 adrpo 7250 L) ordthm - T B T
EEI Constants.ma 3011 2007-12-22 22:36 adrpo case :Rf.—'_N cutComponentRefLst :=matchoontinue inExp
Eﬂ, Convert.mo 3496 2008-04-23 11:59 krsta - equaticl | ___¢
lI I [ 3 i;‘ : ComponentRef cr;
0= outline 52 B % % e x ¥ T O ijs = listippend(1l, 12); -
E B absyn ﬂ 1]
5 ADD .
. ) . [3_\ Problems &3 = Cu:unsolew E]:ﬂ Bu:unkmarks} = Prog =8
ALG_ASSIGM{Exp assignCompanent, Exp valug) . .
ldentifier Info on
ALG_CATCH(ist<AlgorithmItem > catchBody) Description = =
ALG. EQUALTTY (Algorithm equ) =l B Errors {100 of 113 items) | |
ALG_FAILURE(Algorithm equ) @ The identifier at start and end are different I I o
—_ \ & . . -
ALG_FOR(Forlterators iterators, list<AlgorithmItem> forBo g The fdentfﬁer st start and end are dff‘ﬁarent Ove r] n g
ALG_GOTO(String labelName) The identifier at start and end are different, pa
ALG_IF{Exp ifExp, list<@agrithmItem o pa —
ALG LA}BEL’String labelNa ‘ O d e O u t l'l n e fo r en 'y’ online| rmidump.mo | OpenModelica tools frml2mod
- L5 N "
ALG_NORETCALL{ComponentRey «en ;' on line| rmitomad.mo | OpenModelica /toolsrml2mod
ALG_RI:—I'LIRP-I : . . . . «en ;' on line| modrefacto... | OpenModelica /tools/rml2mod
ALG_THROW ea Sy n aV] g a t'l O n W'I t h'l n cen 'y on lime moddump.mo | OperModelica ftools/rml2mod
ALG_TR'T"'list-’Alguriﬂ'lmltem:b trvBodh «en 'y’ on line| rmltomod.mo | OpenModelica tools frml2mod
- \ = Y 1l
— PP . . :en '}’ on line| rmltomod.mo | OpenModelica tools frml2mod
ALG_WHEN_A{Exp whenStmt, list<Alg M d l' f'l En i an ! !
- IR e en 't o ling | roltomod.mo | OnenMaodelica fonls ol 2mod bl
N 1 odeliCa T1Les | . I—'
[ |[ epmofzsan [0 | Jl% Al Ctrl Contrib (Bottom) g




Model-based Failure Mode and Effects Analysis
(Marc Bouissou and Lena Buffoni)

* Modelica models augmented with reliability properties can be used to generate
reliability models in Figaro, which in turn can be used for static reliability analysis

* Prototype in OpenModelica integrated with Figaro tool (which is becoming open-

source)
Application
Modelica Library B 3 Modelica model ‘\—{ w

Automated
generation

Reliability mode : :
WY FT generation FT processing

7
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General Tool Interoperability & Model Exchange
Functional Mock-up Interface (FMI)

Gearbox Thermal
with ECU with ECU systems cargodoor roadway, ECU (e.g. ESP)

functional mockup interface for model exchange and tool coupling

courtesy Daimler

* FMIldevelopment was started by ITEA2 MODELISAR project. FMl is a
Modelica Association Project now

 Version 1.0

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

« FMIfor Co-Simulation (released Oct 12,2010)

 Version 2.0

« FMIfor Model Exchange and Co-Simulation (released July 25,2014)
« > 60 tools supporting it (https://www.fmi-standard.org/tools)
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FMI in OpenModelica

FMI Model Exchange implemented (FMI 1.0 and FMI 2.0)
A prototype of FMI 2.0 co-simulation is available
Ongoing work to support full FMI 2.0 co-simulation

The FMI interface is accessible via the OpenModelicascripting
environment and the OpenModelica connection editor

[ A OMEdit - Import FMI ) |
Import FMI
FMU File: || | [ Browse...
Output Directory (Optional): | Browse...
* If no Output Directory specified then the FMU files are generated in the current working directory.
Log Level: lWarrmg - ]
[] Debug Logging

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

3 hiotpssher githubioyrd pad mdgadUhtmiT Madelica, B = B &

R=Ea4af0éaYins &

Bi - B - & - Page~ Safey~ Tooks- @- 8 H B

OpenModelica simulation example

Modelica Mechanics MultiBody_ Examples_Systerns. RobotR 3 fullRobat

Simulation Mrished.  Time: 00040

Wicdel

e L
v aa

OpenModelica compiles
to efficient

Java Script code which is
executed in web browser

MultiBody RobotR3.FullRobot

im o 2

Kample
Examples Systems. RobotR 3. fullRobot

Simulabon inshed.  Tome 0040
] Resuks
= S R T
FEChankcs riw r
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Modelica3D Library with OpenModelica

 Modelica3D
Graphics Library
by Fraunhofer
FIRST, Berlin

« Part of
OpenModelica
distribution

« Can be used for
3D graphics in
OpenModelica

51

YLl

Moo ELI"CA



Problems OMOptim — Parameter Sweep Design Optimization

Solved problems Result plot Export result data .csv

( MinEIT M=%

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

Problems ’ Plot &
e X gobal.gancoutoperationnel

¥ global.coutdinvestissement
( Pareto only
: Point Here
: Pareto
s front
2 optimiza-
4 tion
9

Problems

' EI result

Optimization result
e
od e

0 10000 20 000 30 000 <0 000 50 000 &0 000 70 000 80

gahoouhpentionnd
Blocks Recomp. vars | Plot
Misc, &
[Celculate all variables from selected points] [T] Force recomputation Export...
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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

In OpenModelical.9.1
betarelease Jan 2014.

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

ti

Example speedup, 16 cores:

MULTIPLE_COLLOCATION

16,0
14,0
12,0
10,0

8,0

6,0

4,0

B

0,0 - T . T T T L]
4 8 16

1 2

ipopt [scaled] ®jac_g [scaled]

L
ELICA
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OMnotebook Interactive Electronic Notebook
Here Used for Teaching Control Theory

[EENEETS)

File Edit Cell Format

Insert Window Help
i h - H E ¥ '-’ x L "
1 Kalman Filter

| Flle Edt Cell Format Intet Window Help

Often we don't have access to the internal states of 8 =D S Y D | v ©
.
have to reconstruct the state of the system based o nodel Falasnresdback ] *
The idea with an observer is that we feedback the « parameter Real Al:,size(A, 1)] = ({0,1},(1,0}} ;
the estiamtion is correct then the difference should | pazamctar Real Blsize (R, 1),:] = 1{0},{1}})
parameter Real C[:,size(a, 1)] = [{1,0}};
parameter Real([2,1) K = [2.4;3.4];
Another difficulty is that the measured quantities off parameter Beal(1,2] L = [2.4,3.4];
parameter Real[:,:] ABL = A-BYL;
- parameter Real[:,:] BL = B*L;
X = parameter Real[:,:) 2 = zeros(size(ABL,2),size(ARC,1));
j parameter Real(:,:] AXKC = A-K*C;
parameter Real[:,:] Anew = [0,1,0,0 ; -1.4, -3.4, 2.4,3.4; 0,0,-2.4,1;0,0,-2.4,0};
parameter Real[:,:] Bnew = [0;1;0;0];
Here are e denoting a disnwrbance in the input signa, parameter Real(:,:] Fnew = [1;0;0;0];
. stateSpaceNoise Kalman(stateSpace.A=Anew, stateSpace.B=Bnew, stateSpace.C={1,0,0,0]},
be evalated by the difference stateSpace.F = Fnew)
stateSpaceNoise noKalman;
K(J-’(t} end RalmanFeedback;
p simulate (KalmanFeedback, stopTime=3) 1
B}r nsing this quanfity as feedback we obtain the ot plot ({Xalman.stateSpace.y[1l],noXalman.stateSpace.y[1]}) |
- ' true
£ = A®(t) + Bul Plot by OpenModelica
L
Now form the error as
15
@ Kaknan stateSpace. y[1]
The differential error is 0
Ready . @ noKakman stateSpace, y[1]
S =
: .l EX

Ready Inl2 Col 3
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MetaModelica Language Extension for
Model Transformations and Advanced Applications

Large-scale existing application — OpenModelica compiler
written in MetaModelica, compiling itself

MetaModelica language extension
 single assignment equations (with opt. patterns)
 tree data structures, garbage collection
e pattern equations
 matching, backtracking
« Very efficient portable implementation (compilesto C)

Now ongoing standardization in Modelica Association
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OpenModelica Model Parallelization
Faster Simulation on Multi-Core

Automated parallelization of models

= 1 = = :D start
s (LA TR il L
C] == = =
@ - =
0 0
. @ (=5
i
- [= D =
“
0 . o
Modelica.Fluid.Examples.BranchingDynamicPipes
7
6
5 B level, openmp
-]
3 4
' B mcp, pthreads
w
2
1 I theoretical
prediction
0
1 2 4 6 8
number of threads

Parallelizing numeric Jacobian
computations in simulation

Speedup ScalableTestSuite
N=39 nnz=818

Sp...

4,5

35 _ — — —

2,5 BE BN B B B

15 +—

o5+ — — — — — — — — —

number of
thraare

Speedup about 4
using 8 threads
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Faster Simulation — Compiling Modelica to Multi-Core
Speedup on NVIDIA, Modelica Model, Generated Code, n Problem Size

15
o
0
-
Q
-
3
<10
v
£
—
o
0
2 5
=
£
)
0

—e—  E6600 g

—=— 8800 GTS
C1060 single

——C1060 double /

¢__¢—— # | | | |

30 60 120 240 430 960 19203840
n
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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

« Softwareincluding 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 powerin
Germany
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Industrial Product with OEM Usage of OpenModelica —
MIKE by DHI, WEST Water Quality

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

simulation environment

Includes a large part of the OpenModelica compiler using the OEM license.

Here a water treatment effluent and sludge simulation.

[ —
.

e Isert  Vew  Tools
§Z4 Logging |17 ASMLPlntMLE2.SmulExp | = ASUTanks . = Effluentand Shidge | 4 b % || Model Explorer # || Bock Detal
Evaluation /|| Effuent: Asm specs V|| effuent: custom specs V| & @ & Parameters | Variables | Descripton
e S TEET i cop ™™ 155~ [+ = <Root> @8 L h-9 B
[d] [gfm3] [gim3] [gfm3] 2 Asratct
0.94338384 25024204 Ez Name [ vaiue [ume -
052338884 0 0 0 g v B perchic +| v Category: Manipulated Variables
ZE0ZEED 1 45.289581 31561871 9.487041 Egln
0.50338884 2 cutt v Group: Operation
21.024294 2 45773552 29,725889 10.88546¢ = —
0.88338884 1 v P Anoxic [ Temp. 20 degc
0.86338884 15.024294 E 46036447 29.3629% 11765554 et a o yd
4 44040595 34.262537 12.20536 © —
0.84338884 ErEn L £ eutt || v category: Parameters
T _— Lo ommaas 5 42.345799 37056501 12.65240 v Ex et v Group: Composition
T —_— 4 6 42.757363 37434967 13.06752. =R m W50 0.088]
0.78338884 13.024294 7 43.007458 37.505334 13,41812¢ L2l — xp o.08]
0.76338884 11.024294 8 43.394997 37.395354 1371643 Lemnia — — .
s 43.65701 37.132642 13.97481¢ £ Quet [ i
0-74336864 5.0242036 g v B Loopt F_BOD_COD 065 -
0.72338884 020258 10 43892176 36733418 14.20420: et — Er=c 05|~
0.70338884 11 44091757 36.2113 1440204 Eaout | v Group: Dimension
0.68338884 EOEEEIED . 3 ¢ v [ Loop2 —
12 44255402 35.57176 14.57345 s Loop = [ provon
0.66338684 3.0242936 13 44.398744 34.815228 14.72252. =2 ml & Kimatic
= v Group: Kinetics
0.64338884 14 44512505 33940434 14.85255¢ Ex out —
LOEES B2 Municipality | | KNH 1 gm3
B e EE aE e o 15 44604535 32543553, 14.96650¢ 2 0ut KN sl
. . L] 16 44.67607 3181922 15.06663; + £u Pipeout o o5\ ais =
E I 2 L] 17 44729283 30.560761 15.15491; Eemn e 0.4 i3
: . v B Splitho —
| 18| 44.766027 29.16126% 15.23303% B ‘Dlw o 0.2 gim3
Sludge profile /|| swudge profie £d 19 44.787766 27.614122 15.30240¢ En — e 20/ gim3
F) sar9sTes 25914331 15.36423¢ Ezoutil — -
SSTx tayeri] B S 44791435 24.060378 15.41956 £z oul <X 8.03ai3
10000 - g g ~ E splitwas Temp_Ref 20 degC
2 44776078 22.057107 15.46929; @ —
\SST.X_Layer[2] - B Theta_K_X 1116 -
L] 3 44751554 19920096 15.51422¢ £z ougy CreiEYs) L]
\SST_Layer(3] | 24 44720324 17.682199 15.55503% L& out{2] — Theta_b_H 112 -
25 44.685777 15.402657 15.59229¢ v EzssT — Theta km 1072
1000 - e [ Y 072 -
E 44652394 13.17692% 15.62647¢ =
ST ] 27 44625761 11137655 15.65730¢ Lom — Thete ki L
- - - = outz Theta_mu_A 1103 -
55T _Layer(s . . .68675: —
_Layer(s] B 2| 4610673 5.4252418 15.68675 e Lol
. ] £ 44,6087 8.119762 15.71307 A 015 1R
SR _ ] 30 44617227 7.1962705 15.73686: o o621k
31 44631905 6.563942 15.75817¢ . -
55T Layer(7] 32 44649248 Control Center
33 24.666843
SSTX_Layer(s] — S —— Experiment
- - Start Current Stop
35 24.699349
\SST.X_Layer[9] b o [o I IS
a id o= Z Run o, Info
s .SST.X_Layer[10] || b= S [ 1 ] -
0.1 10 100 1000 - oan Siniasnd - L
4 ]
@ cipevi: 1_PlantMLEVASM 1_PlantMLE2.Simul. Exp.xanl
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Part Il

Dynamic Verification/Testing of
Requirements vs Usage Scenario Models

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

£ DoubleLaneChangeAndBraking - Vehiclebynamics. Vehicles. Experiments. Examplez. bo. .. [ |[E1[3K]
s Wrdow Heb T
Beryoln @: 888 BOH &-
x Spesd | 02 ks
ark Carrs
-]
T et =
o nx| 3
‘JE:J =i Vi I
-+ _,“
by T — .
Van der Pol Model : oomsrer RO CUN
1
=
‘ 4
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OpenModelica and Papyrus Based Model-Based
Development Environment to Cover Product-Design V

Feedback
- Tt T
v v v 4 Syem
. irgulation
EUS'”ESS Requirements Model Driven Compilation
rocess Captur Design & gode Gen

)

Regflirements Pgbduct Platfor
odels #odels ! model

Process
models

Unifigd Modeling: Meta nfodeling & Maffle

Level of Abgfraction M’
N\ , -

System N

require@wt

Maintenance

Prgduct verification and
deployment

Bubsystem level integration test

calibration and verification
Architectural desiggfamny

system functional d®esign

Detailed feature design
implementation

Subsystem level integration and
verification

Component verification

Realization

o == Ve

MODELICA
Documentation, Version and Configuration Management



Business Process Control and Modeling

OO .- -1 =<1, S

0 ' N . .

v v v e VTT Simantics

i imulation .
Business Eeeinerenll  (IEERSE. Compilation Business process modeler
(P:';(r);ii)ls Capture Design & Code Gen

Process

Product Platform
models models

Meta- modeling & Modelica & UML

OpenModelica
compiler & simulator

OpenModelica based simulation

Metso Business model & simulation

S : VTT Simantics Graphic Modeling T
- IMantics Grapnic ivioaeling 10«
s Simulation of 3 strategies with
, v v
+h P - STRATEGY 2 STRATEGY 3
| mWasted (change requests)  mWasted (Errors) O Profit |
: \ f 1400 000 € 1400 000 € 1400 000 €
. ‘ + Remforcmg . 1200000 € 1200 000 € - 1200 000 €
Pncmg Demand - Orders AT Average Schedule \“ 1000000 € 1000 000 € — [1 000000 €
P erformance 800000 € 800000 € —| sooo0oe
+ Sale‘; + Average Quality] 600000 € — 600000 € ——| s00000¢
P " 400000 € +——1 400 000 € | 400000¢
Pruceeds Projest St Rate erformance o —’: o 4‘_’7 | ﬂi
Wasted work Total Profit Wasted work Total Profit Wasted work Total Profit
Completlon Rate
PrOflt s 7% I o [ oo [ so% 7% o5 [ oo I s0% 7% o5 I oo I
Total Peoft Tota Broft Total Brof smooth
4M 4N 4M
Matenal-__* Work in process
C(]‘;t‘; BEalancing 2u p— o 2
et
[ 0 ——| 0
—
2M 2N 2M T
Resource ‘ ‘ ‘
Labour'————____‘Resom.ces___._—‘. Avallable B Ade LA Mg %5 103 1295 156 AN 765 103 1295 156 Mg 3 1295 156
by RBSOUICES + quacy Tune (Week) Time (Week) - E]m (\Eiek) ELTTA



Requirement Capture

Business Requirements
Process Capture
Control

Feedback
'* System
Simulation
okl Driven Sere IR vVDR (virtual Verification of

Designs against Requirements)
Software &

Process
models

Product Platform
models models

System Produc

in ModelicaML UML/Modelica
Profile, part of OpenModelica

Unified Modeling:

Verification Mddel
Design Mogel
Scenario Moplel

Requirement
Models

Meta- modeling & Modelica & UML

OpenModelica based simulation

. Class Components Tree 52 R = |{‘1~=={>| @ o ¥ = 0
= E instantiated el For: k=1 - Fill and Drain Tank!
| [#-E] sm_spws_environment (2] .
= vs_tsl__ Fill_and_drain_tank () Provider from
q = req_o02_fill_maode_behaviar (5] des |g n model
7=l req_003_jdle_mode_behavior (4)
y (= req_001_tank_Filling_time (7 . .
[—* violakion_Manitar | Binding
E=1l(tnand. client), inpu EankIsErmpty = sm_s

63

Ed {mand. client), input tankl: SeingFilled . . .
Ed {mand. client), input kankIzFull = sm_spws_environmenk, spws. tank. level = 0,98

[Ed Real timeLimit = 300

Al output violated Client fromrequirement model
Bl oukput evaluakionskarted

=l _reqverificationverdict (4)



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

Is defined towards generation of executable Modelica code

Current implementation based on the Papyrus UML tool + OpenModelica

64 M 0 D’
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Example: Simulation and Requirements Evaluation

gmodels
{Two TankaSystemExample:  SyatemSimulations)
TankSystemSimulation

i Plot Window EEX
File Edit Insert Tools Help

= scomponents dm; TanksConnectedP|
= wreguirementinstances 001 _tank1: Max level of liquid in a tank —
ENeguirementinstances 001 tank2: Max level of liguid in a tank |° Open Ssve  Print | Select | Zoom | Pan | Grid | Hold | Preferences | Active | Image
= wgmentinstances W02 tankl: Yolume of the tank?

| 1

Req. 001 is instantiated 2 times @dn.tarkih
(there are 2 tanks in the system) 0.8

Plot by OpenModelica

@dm.tankz.h

[tank-heightis 0.6m J/ \/_/,\h Oront_tankl violated

. S @001 _tankz . violaked
Req. 001 for the tank2 is

violated

50 100 150 Z00 250 300 0 350

N— time
Req. 001 for the tank1 is
not violated
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ModelicaML: Graphica

Notation

amadlel

(TwoTanksSystemExarmple: Designlodels:: Models Librang

BaseController

(5] «variables
5] wvariables
= evariables
(=] evariables

K ModelicaReal
T: ModelicaReal
ref. ModelicaReal
error: MadelicaReal

Structure

Requirements

«Reguirement:

id =001

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

specifiesType = [Tank]

I srequirements
Max level of liquid in a tank

" =} svariablex maxlevel: ModelicaReal
= wvariablex tank_height: ModelicaReal
7 gvariables level: ModelicaReal

m

«Reguirement»
id =002
text = The volurne of the tank1 shall be 0.8m3.
specifiesObject = [TanksConnectedPl.tank1]

[aN srequirements
Volume of the tank1

=] wvariablex tank_volume: ModelicaReal
= evariables design_value: ModelicaReal

sm

& wariables outCtr: ModelicaReal madel:
(TwoTanksSystel o Designil
Eo—— TanksConnectedPl
«ExtendsRelatior
typeModificati
components “«components ‘acomponerts
amadel: source tankl tank2
(TonanksS‘ys{e.mExampte. DesignlMocels) “‘O“‘D |:| gln qomD D aln qout |:|
PlcontinuousController
E wvariables x: ModelicaReal 15ensor tAetuator t5ensor tactuatar]
= «variables powered: ModelicaBoalean
«COMpOnent: «companert:s
piContinuoust piContinuous2
cin cout cin cout
B h i
sconditionalalgorithmDisagram)
limit value algorithm
~ - off
| [P = pha] i [P =pMin] |' ;
T «lf» 1 pLim
[else]
pLim := p:

[ hot powered |

[powered ]

on
[clnwval = 0.1]

monitoring the level controlling the level
[cinval =0.1]
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Example: Representation of System Structure

smocels

{TwoTanksSystemBExample: Designlfodels)
TanksConnectedPl

scomponents COMmpone

it

source tankl

FCOMponents

tank2 /

a0 [ | Jan a0t [ ]

Interconnections

Inheritance

mocel:
(TwoTanksSystemExample:: DesignlWodels:: Models Libran)
BaseController

=} evatiables K ModelicaReal

= evariables T ModelicaReal

=} ¢variahles ref ModelicaReal
=} ¢variahles error; ModelicaReal
=} evariables outCtr: ModelicaReal

| «ExtendsRelations
- typeModification = [K

=2,T=10]

amadels
{TwoTanksSystemExample:: DesignlModels)
PlcontinuousController

_i tSensor thctuator tSensor tActuatar
aoomponents «components
piCoentinuous1 piContinuous2
_D cln cOut cln cOut
s«models
{TwoTanksSystemExample:: Designllodels)
Tank
ehsserts

=] evariables flowZain: ModelicaReal condition = mint==0
= gvariables miny: ModelicaReal . message = min'' - minimum Yalve level must be >=0
= svariables maxy' ModelicaReal level = warning
=] ¢variables h: ModelicaReal
= «variables tank_height: ModelicaReal
=] evariables tank_width: ModelicaReal —
= gvariables tank_length: ModelicaReal
] «calculatedPraperty» areaCal: AreaCalculation C om po ne nts
= «calculatedPropertys volumeCal: WaolumeCalculation
= avariables volume_of_liquid_lost: ModelicaReal

= evariables x ModelicaReal
= evatiables powered: ModelicaBoolean
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Example: Representation of System Behavior

' .
State Machine

sm

<WJ of the Controller

aon

N Y,

| !

[ not powered ]
‘ off

maonitoring the level
[ powwerad ] g

[clnval=0.1]

[clnaal =0.1]

controlling the level

State

Machine of

( Conditional

kS E— [elze] ~

Algorithm (Activity
Diagram)

geonditional&lgorithmi Disgram s
limit value algorithm

the Tank

[ = phas] w (R =pMin]

pLim := pMax; I «ifs i

pLim = pMin;

|I pLim = p; |

\_

sm =

empty

[h=0001]

partially filled
[h=0.001]
[h ={tank_height]
[h = tank_height]
overflow
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Example: Representation of System Requirements

Textual Requirement

¢«Requirements

id =001

text = The lewel of liguid in a tank shall never
exceed B0% of the tank-height.

specifiesType = [Tank]

1
Frequirements
Max level of liquid in a tank

=} evariables maxLevel: ModelicaReal
= evariables tank_height: ModelicaReal
= gvariables level ModelicaReal

«Requirements
id =002

text = The volume of the tank1 shall be 0.8m3

specifiesObject = [TanksConnectedPl.tank1] .

requirements
Volume of the tank1

= evariables tank_wolume: ModelicaReal

= gvariables design_value: ModelicaReal

69

sm: evaluating the requirement

!

monitoring the level, no violati |

[level = maxLevel *tank_height]

[level = maxLevel *tank_height]

violated

‘ violated ones or several times, ti itoring }

[level = maxLevel * tank_height]

sm: evaluate the volume requirement

maonitoring

[tank_volume = design_value| or tank_volume < design_value ]

violated

7
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vVDR Method —

virtual Verification of Designs vs

Requirements

Actor Task

Formalize
Requirements

-

Formalize
Scenarios

e

&g

% |I-Formalize Designs |
&y

[ L%
| Create Verification

Models

Execute and
Create Report

Analyze Results

ﬁ’b

Created Artifact

vl Rquirement
Monitor Models

Designs
Alternative
Models
|| Scenario
Models

Verification Models

..........

Reports

it = —
L - —

Analyze Modify

* Verify

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

W e 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

RMM
| 1 1| o o K
 — 4 S\
| sm | Iﬁh!ﬂﬂiar.

ee .k =i SM
| Create Verification

Models

1. Verification
e Model SM

2. Verification
Model

n. Verification
Model
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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
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Generating/Composing Verification Models

algorithm

Clients of design
alternative satisfied
by providers from

scenario? More req.

else

All requirement
clients satisfied?

Create Combination
(i.e. Create Verification
Model)

Combinations
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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

« eftc.

Plot by OpenModelica

Jo A

0.8

0.6

04 \/w \/\k

0.z

P

50 100 150 200 250 300 350
time:

{ModelicaMLModel:

Settings: startTi

(ModelicaMLMede

(ModelicaMLMode

Type
Wariability
Binding code :

(ModelicaMLMode
Text: When the

Type
Variability
Binding code :

Type
Wariability
Binding
code

74

verification models number (3],

Failed VeM for: s1-Fill and Drain Tank (Plot)
Failed VeM for: s2-Fill tank (Plot)
Failed WeM for: s3-Drain tank (Plot)

Failed VeM for: si-Fill and Drain Tank (Plot)

verdict allRequirementsEvaluated : yes
verdict someRequirementsViolated : yes

Model to be verified: SPWS Environment

Verification Scenario: s1-Fill and Drain Tank

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

Violated Requirement: Drain mode behavior (ID 004)

verdict evaluated : yes
verdict violated

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

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

: = if sm_spws_environment.spws.overFlowValve.isFullyClosed and sm_spws_environment.spws.supplyVavle.isFullyClosed

:GenVeMs for: SPWS Environment_1::VeM for: s1-Fill and Drain Tank]

me = 0, stopTime = 1500, tolerance = default, intervals = 0, cutputFormat = plt

l::Design:: SPWS Environment)

|::Verification Scenarios::s1-Fill and Drain Tank)

ModelicaReal
coentinuous
= sm_spws_environment.spws.tank.height

|::Requirements::Drain mode behavior)

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

: yes

continuous
= sm_spws_environment.spws.fillDrainValve.isFullyOpen

ModelicaBoolean
continuous

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 any-leduration >
time period of a given duration fime
« A Discrete Time Locator (DTL) defines one or more positions in time
and has no duration T 1 T
>

« An eventis associatedwitha DTL
that specifies when the event occurred

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

time

« That position may be relative to the initialisation of the system or

to another DTL

75
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Time Locators Expressed in Modelica

Special FORML-L syntax
duringAny duration

after event

after eventl untilNext event2
after event for duration

after event within duration
until event

every durationl for duration2

when condition changes

Standard Modelica syntax
duringAny(duration)
after(event)

afterUntil(eventl, event2)
afterFor(event, duration)
afterWithin(event, duration)
until(event)
everyFor(durationl, 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 requwed Setl must be powered within 20 s

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

end P2a;

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

20 20
Ye - 4 — >

t=0 time

Setl.Powered mustbecometrue within the
timeframe s20 and remain true afterwards

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

50

—— p2a.bP5_needed —— p2a.sA_required p2a.setl_powered p2a.status —— r2.status
1 —
Requirement
validated
o -
'D.S —
BPS Powered
[I) llﬂ I I I 2IU 3|U I 4|U I I I I :
time
Within 20s PS.Needed and SA.Required

Requirement
undefined
outside the
specified time
window

3-valued logic

prototype:
1-true
0 —false

-1 —undefined

Setl.Powered

)sZO i

!

0

time
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Industrial Use Case for Requirements
Verification and Model Composition in ModelicaML

OPENPROD-Project Case Study

‘Wiladimir SCHAMAI  (EADS Innovation Works, Germany)

*Peter Fritzson (Link6ping University)
«Audrey JARDIN (EDF - R&D, France)
*Daniel BOUSKELA (EDF - R&D, France)

¢
~ s €DF OPENPROD ,

EADS



EDF Use Case — System Description of SRI system

(Intermediate Cooling System) in turbine hall of a nuclear power plant

LC:

Limit condition

S~

Heat exchanger 2

S~

t

I
[
)
—
]
x
(=]
>
Q
=3
Q
[
=
-

Regulating valve 2

Feeding on-off valve Feeding tank

TCS

Bypass valve

Tube T4

2@

Auxiliary

-
1
1
1
1
! [t A
1 Pump 1
l Tube | , Tube
: T6 1 | 1 T8
| | N
! 1 1
! 1 1
I Sensor of 1 1
:temperature 1 1

1 1
! 1 1
| . Pump 2 .
: ! I Tube
. TubeT2| !'| TubeT1 | I 15
1 ) X » | :

1
! 1 1
1 1 1
1 | 1
1 | 1
1 | 1
1 | 1
I 1 1
1 1 ?\/l 1
1 | 1
: v | Water !
1 circulation
1
1
1

(>|<} equipment :
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System Requirements

#002: The set point of the SRI water temperature must be held at a
minimum value of 17°C.

#003: In a normal operating mode, the water temperature of the SRI
circuit should be between Ts - e and Ts + e (Ts : set point temperature).

#0083: A pump must not start more than 3 times per hour.

#013: In a normal operating mode, there must not be less than 2
operating pumps during more than 2s.

#007: The water temperature must not vary more than 10°C/hour.
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SRI Case Study Conclusion and Lessons Learnt

« Showed applicability of vWDR method to realistic industrial
applications

 ModelicaML is a promising prototype implementation of the vWDR
method, needs improved usability and stability

e Lessons learnt:

 Formalized requirements should be tested separately in order to
ensure correctness

 Model validity asserts must be included
« Parameterized requirement monitors can be re-used as library
components (later realized in MODRIQO project)
« Later work, now ongoing

« Stochastic aspects (model uncertainties, tolerances in
requirements, ...) should be taken into account

/777
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Part IV

Equation-Based Model Dynamic Debugging

83



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

84
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Example Symbolic Transformations
with Compiler Debug Trace

« Complicated to understand source of some errors
« Efficienttrace of transformations <1 % overhead

Example: 0=y +der(x*time*z); z=1.0;

(1) substitution: (3) expa_nd c_leri.vative
y + der(x * (time * 2)) (symbolic diff):
=> y + der(x * time)
y + der(x * (time * 1.0)) = |
(2) simplify: y + (X + der(x) * time)
y + der(x * (time * 1.0)) (4) solve: |
=> 0.0 =y + (x + der(x) * time)
=>

d *1i
Y+ der(x time) der(x) = ((-y) - X) / time

85 0
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Integrated Static-Dynamic
OpenModelica Equation Model Debugger

Efficient
handling
of

Large
Equation
Systems

Showing
equation
transfor
mations
of a
model:

@& OMEdit - Transformational Debugger

=nacy X

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

Source View

Mapping dynamic run-timeerrorto source model position

826 regular
827  regular
828 regular
829 regular

(assignm...e_b.t[2]
(assignm...e_b.f[2]
(assignm...e_b.t[2]
(assignm...xed.phi

=

L L SN

Variables Source Browser
Variables Browser Defined In Equations Used In Equations [: [OpenModelica ftrunk /build/li... Mechanics MultiBody,Joints. mo
frame Index  Type Equation Index Type Equation / relationships between -
|:| Case Sensitive Regular Expression guantities of frame a and of
frame b (N
’ Expafd il ” Colopoe N ] frame b.r 0 = frame a.r 0;
Variables Comment il
JE] boxBodyl Absolut..frame_a E Variable Operations lfﬁrjziei (frame a.R} then
Bl body Abselut...frame_a Operations Frames.planarRotation (e,
Bframea  Positio..d frame solved: boxBodyl body.frame_aRT[L1] = boxBodyl frame_bR.T[L1] phl—”ijz;hpzl; w);
R Absolut...| frame substitute: boxBodyl.body.frame_a.R.T[L,..xBodyl frameTranslation frame_a.R.T[1,1] Frames.absoluteRotation {Erame
‘ }-T Transfo..| frame  _ a.R, R rel):
2 frame a.f = -
[ I b . . L
l | Equatlons Vlew Frames.resclyf (R rel,
frame b.f):
Equations Browser Defines Depends T frame a2t = -
Ind;_x Type Equation * | | Variable : Variable 1] Frames.resolvgl (R rel,
. frame b.t):
819 regular (assignm...er.a_rel waorld frame_b.f[2] boxBodyl frame_b.R.T[1,2] eyt
820 regular (assignm...cluted.a boxBodyl frame_b.R.T[2,2] R rel
821 regular  (assignm..er.a_rel revelutel frame_b f[1] | Frames.planagpotation(-e,
. phi offset +pphi, w):
822 regular (assignm...e_a.f[2] revolutel frame_b f[2] - frame 4 R =
823 regular (assignm...e_af[l] || Equation Operations Frames.abscolffreRotation(frame
824 regular  (assignm..e bf[2] —||Operations g b.R, R rel):

solve: -world frame_b f[2] = (-boxBodyl...ame_b.R.T[2,2] * revolutel frame_b.f[2]
scalarize(2): {-world frame_bf[1], -worl...rame_b.R.T[2,2]) * revolutel frame_b.f[2]
simplify: -{boxBodyl frame b.RT[11]*..1.frame_b.f[2], -revolutel frame_b.f[3]}

m

substitute: -Modelica.Mechanics.MultiBo....frame_b.f[2], revolutel frame_b.f[3]})

inline: -Medelica.Mechanics.MultiBody.Fr..e_b.f[2] + 1.0 * revolutel frame_b.f[3]} ||

frame . = -
Frames.resolfel (R rel,
frame a.f):
frame
Frames.reso
frame a.t):
end if;

.t_ = -
rel (R_rel,
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Example — Detecting Source of Chattering
excessive event switching) causing bad performance

OMEdIt - Transformational Debugger

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

Variables

| [source Browser |

Variables Browser

[Defined In Equations

|[Used In Equations

Find Variables
"] Case Sensitive

In¢ =
| Regular Expression = |:2

Type
initial

Equation

(assignmen...0 else 1.0

Inc + Type
ts initial

Equation
(assignment) y=2.0*z

Expand All collapse All 5 regular (assignmen...0 else 1.0 6 regular (assignment)y=2.0%*z
Variables ~ Comment Line  Location
X 7 /hom...g.
y 8 /hom...g.
z 9 /hom...g.
[variable Operations
Operations
Equations
Equations Browser | [Defines | [Depends
Inc v+ Type  Equation Variable v || variable v
1 initial  (assignment) x= 1.0 z Lx
2 initial  (assignment....0 else 1.0
3 initial (assignment)y=2.0%z
4  initial  (assignment) der(x)=y
5 regular (assignment....0 else 1.0
6 regular (assignment)y=2.0*z
7  regular (assignment) der(x)=y

[Equation Operations

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

—>

(S

6 <p=>

w

o

| /home/marsj/trunk/testsuite/openmodelica,
1 within ;
2 package Debugging "Test

cases for debugging of
declarative models"

package Chattering "Models
with chattering behaviour®
model ChatteringEventsl
"Exhibits chattering
after t = 8.5, with
generated events”
Real x(start=1,
fixed=true);
Real y;
Real z;
equation
z = if x > © then -1
else 1;
y = 2*z;
der(x) =y;
annotation
(Documentation({info="<html>
<p=After t = 8.5, chattering
takes place, due to the
aVe 1A 1 g ¢ {ght
eguation

equatlon.</p>

det
tightly spaced events are
gengryted. THE)fegebasy Jto
theyerﬁhu allo 9
iderftify the equation from
which the zero crossing
Rckion that generates the
events originates.</p>
</html="},
experiment (StopTime=1));

end ChatteringEventsl;

model ChatteringEvents2
"Exhibits chattering
after t = 0.422, with

nenerated euents™ -

=ifx.> 0then -1 else 1;
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Error Indication — Simulation Slows Down

Running Simulation of Debugging.Chattering.ChatteringEvents1.
Please wait for a while.

s
IIRRRNRNRNRNRNRNRNEE

Cancel Simulation

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

Output | Compilation |

Jtmp/OpenMode]l i ca/OMEd] £ /Debugging .. Chattering . ChatteringEventsl -
port=>502l2 -logFormat=xml —w -1wv=LOG S5STATS

stdout | info | Chattering detected arcund time

0. 300000005. .0.500000995001 (100 state events in a row with a total time
delta less than the step size 0.002). This can be a performance
bottleneck. Use -1lv LOG_EVENTS for more information. The zero-crossing

was: x > 0.0 D%g more
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Transformations Browser — EngineV6 Overview
(11 116 equations in model)

FomMEdit

OMEdit

Transformational Debugger

B fempfOpenModelica_marsj/OMEdit/Modelica Mechanics MultiBody Examples.Loops. EngineVs_infoxml

Variables | Source Browser
‘Variables Browser  Defined In Equations | Used In Equations | fuspflibfomlibrary/Modelica 3.2.1/Mechanics/MultiBody o
phi index = Type Equation Inc > Type | Equation ; Connections.branch{frame_a.fA,
Case Sensitive Regular Expression = |- 58T initial (nonlinear) F.. regular (assignment) cylinder...cos(oylinder3.B2.phi) frone_b.R);
Expand All Collapse All 5016 regular  (nonlinear) e regular (assignment) cylinder3... sinfcylinder3.82.phi) assert(cardinality|frame a) = @,
- | {a%si I inder. s linder3, B2 phi) "Conmector frame af revalute
variables * Comment Line Location | rrgular _n“!gnr'-wnl] ryt!ndrr i :n dﬂ ]szll. joint is -.._:1 cn:'mn.-Ll:l:'ﬂ'_l;;
L phi Exter...phi]l 6616 fusifli...onalmo regularlassignment) cylincer.cosloylinderd 82 phi essert(cardinality{frane b} = @
B ek o ... regular [assignment) dericyl.._der3 Rod body.w_a[1] *Connector frame b of revolute
pl ...ame_b 260 fusgili...ints.ma -
. * ] r... regular (assignment) derfcyl...derd.Rod body.w_a[1] joint is not connected®);
* phi_offset Relatl...+ phi] 242 fusrfli.. ints.ma )
F regular (assignment) dercyl...derd.Rod.body.w_a[1]
= : | angle = phi offset + phi;
regular (assignment) dercyl...derd.Rod.body.w_a[1] W = deriphi]:
) a = der(w);
phi Dumm...body BO5 fusgfli...arksmo [Varabls ey ()
phi[1] Dumm...body B05 fusgfli. arts.mo Do ation £/ relationships between quantities
phi[2] Dumm... body BOS Jjuseli., artsmo P of frame_a and of frame_b
phi[3] Dumim... body BOS jusefi. artsmo frame_b.r_ 8 = frame_a.r_6;
phi_d = der{phi) BOg  fusrfli...artsmo if roatediframe_a.R} then
phi_d[1] = der{phi) BO%  fusgli...artsmo nl R_rel = Frames.planarfotationie,
nhi dl?1 = derlnhil RS  fusefllartsma - phi_offset + phi, wi;
Equations frome b.R =
9 = Frames . absoluteRatation Trans a.R,
Frjuatinns Rrowser || nefines Depends R rel}: -
Inc * Type  Equation variable = | \ariable - N frame_a.f = -
regular [assignment) cylind ... ylinder3. Cylinders derjeylinder3 B2 R_rel.T[3,3]) cylinderd. B2 phi Frﬂ"ts%::ﬁ:l:ciiﬁ'r_-ﬂ + frame b.1);
.. regular (assignment) cylind.. linderd gasForce.L) eylinderd Red body.w_a[1] Frames. resolvel (R_rel, frame_b,t);
... regular [assignment) cylind.. linderd gasForcex) else
... regular (assignment) cylind.. linder3.gasForceV) | - - R_rel = Frames.planarfiotation|-e,
&g 4 I'-!I' 4 | Equation Operations phi_offset + phi, w);
oo regular (assignment) cylind. ..linder3.gasForce.L) — = frome &R =
o regular (assignment) cylind. . linder.s else 1e-06 Lol - — - - Frames_ absoluteRatation|frane bR,
L regular (assignment) cylind... k2 frame_b.R.T[2,3] I sobved: der{cylinder3.82.R_rel.T[3,3]) = [-sin(cylinder3,82.phil) * cylinder 3.Rod. bady.w_a[1] R rell;
| ’ . _ ) . I substitute: [-sin(cylinder3, 82 phi)] * eylinderd. B2 w == -sinfcylinder3, B2 phi)] * eylinder. Rod body.w_a[1] frame b.T = -
. regular (linear,r_rel_a=Fra...r_0-frame_a.r_0);.) X . X i . e ) L . i Frames. resolvel{R rel, frame a.f);
L regular (linear,frame_bur 0 ... * (s_offset + )i, differentiate: deos(eylinderd. B2 phi)/diime = (-sinjcylinder3 B2.phi)) * derfeylinderd B2 phi) frame bt = -
regular (assignment) eylind. . linder3.gasForee.x) differentiate: deylinder3 B2.R_relT[3 3]/dtime = der{cylinderd. B2 R_relT[3,3]) Frames.resolvel(R_rel, frame a.t);
L regular (assignment) cylin.. linder3.gasForce p I scalarize(s): cylinder3.B2.R_relT = {{1.0, 0.0, 0.0}, [-0u0, c....B2.phi}}} == cylinder3.B2.R_relT[3,3] = coscylinder3.B2_phi) end if;
- simplify: cylinder3.B2.8_relT = {{1.0 * 1.0 + (1.0- 1.0 * 1.0)....B2phi}], {0.0, -sin{cylinder3.B2_phi), cos{cylinder3.B2.
... regular (assignment) cylind...r3.gasForce.d * 2.0 implify 5"' i - .H { I phil}.{ o [<y i “‘." os{eyl ‘”:']]:' # d'Alemberts principle
L. regular (assignment) cylind.. linder3.gasForce.k) - substitute: {{olinder3.B2.e[1] * cylinder3.B2.e[1] + (1.0~ gy...2.phi}, 0.0 * 0.0+ {1.0- 0.0 * 0.0) * cos(cylinder3.B2.phil}] tau = -frame b.tee:
- regular (assignment) cylind...ody.w_a[1] - loadw | [ inline: cylinder3.82.R_rel = ModelicaMechanics.MulkiBody....[2] * cylinder3.B2.w, cylinder3.B2.e[3] * cylinder3.B2.wj) -
‘ i B [a?sigrrntntil deric...r3 Rud-bodyw a[1| original: B_rel = Frames.planarRotation(e, phi_offset + phi, w); => flattened: S¢ Conmnection to internal =
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Performance Profiling
(Here: Profiling all equationsin MSL 3.2.1 DoublePendulum)

» Measuring performance of equation blocks to find bottlenecks
» Useful as input before model simplification 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

Eciuations Browser |[Defines
Index Type Equation Executi Max time Time Fraction & ||\~ | Variable
876 regular linear, size 2 4602 0.000501 0.0134 75.7% 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.

T L
g VR

« ABB: "OpenModelica provides outstanding debugging
features that help to save a lot of time during model
development.”
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Equation Model Debugging on Siemens Model

(used on Siemens Evaporator test model, 1100 equations)

FGflow

f

duration=600

FGtemp

f

duration=600

FGsource

F\Glﬂ‘ur

FGoutVu

k=1

FGsink

— =
Fiwout etV

defaults

A

SteamSink

FwinletVu

LBAp

e+ 2 orummem o

FWpump_p

—]

~

duration=300

FWpump_h

~
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Equation Model Debugger on Siemens Model

(Siemens Evaporator test model, 1100 equations)

@ OMedit - Transformational Debugger - b
| =) ‘ E:/Dynamik/Temp/Paket2. Tests.Boilers. EvapTest_c_info.json
Variables [Source Browser |
Variables Browser | [Defined In Equations Used In Equations C:/OpenModeiica1.9. 6/ib/omlibrary Modelica 3.2. 1 tath.mo
Find Varisbles | ¥ index  Type  Equation Exccutior Max | Index  Type  Equation Exccution Ma: extent={{-100,-100}, { A
Variables Comment Line  Location 100,100}}), graphics={Rectangle(
Sesel 0 extent={{-100,-100},{100,100}},
Scse2 0 lineColor={0, 0,255},
Scse3 (] fillColor={255,255,255},
Sesed o fillPattern=FillPattern.Solid),Line (points={{-100,6
e : 0}, {-40,60},{-30,
Evap Structur...ractions 4481 Cy/OpenMod...package.mo 4031, color={0,0,255}),Line(points={{-100,-60},
FGflow Output ..artTime 421 C:/OpenMad...Sources.mo . . . }r{-30,-40}},
FGinY Volume ..port b) 333 C:/OpenMode. terfaces.mo color={0,0,255}),Line (points={{50,0},{100,0}},
FGinVu Constan.tvalue 239  Ci/OpenMod..Sources.me ,0,255}),
FGoutV =true..volume 243 Ci/OpenMode. terfacesmo || ¢ : pe—r o
FGoutVu Constan..tvalue 239  C:/OpenMod..Sources.mo Line [points={{-30, Gi’ (30,013,
FGoutletVu  Consten.tvalue 233  Ci/OpenMod..Sources.mo | Variable Of —_— . 10,01}, Line (points={{-15,
FGsink Boundary density 13 C:/OpenMod..Sources.mo || Operatio — u u 25.99},{15,-25.99}},
FGsource Get the..nnector 446 Ci/OpenMed...Sources.me ) ,0,0}),Line (points={{-15,-25.99}, {15,
FGtemp Duratio..a Step) 412 C3/OpenMod...Sources.mo . . . . 25.99}}, color={0,0,0}),Ellipse (extent={{-50,50},
FWinletV v (metr, fficient 436 C/OpenMode...d/Valves.mo t h t y
i at gives division by zero ' vecnien |
FWoutletV C:/OpenMode.. terfaces.mo g lineColor={0,0,255})}))+
FWpump Needed.nector 333 Ci/OpenMod...Sources.me oduct;
FWpump h  Height of ramps 417 C:/OpenMod...Sources.mo
EWpur;nT(n gffset o. tz\gna\ 420 E:r'gnenmn: Sﬂultesmn block Division "Output first input divided by second input”
teamSin ensit.medium 4484 Ci/OpenMod...package.me 1 .
system Constan..eration 14 C:/OpenMod.../System.mo extends Interfaces.SI250;
i equation
M y = ul/u2;
Er /’ annotation (_ ) . )
Equations Browser Defines y 4 Depends Documentation (info="<html>
Index  Type  Equation | [Variable Variable <§> ) ee n out <ooy</bs (o] s
Tha comp P 1 -wW1l )
1451 regular  EvapHeclnCUsl1] := EvapHexlnCms[1] = Evap. || Evap.HexLnQ2.add1.ul Evap Hex LnQ2 division2.u2 Thns Doock compunes The output thrye/b (slemen sel
1462 regular  Evap.HexLnC.flowModel.mus[1] := Modelica.Med by <i>dividing</i> the corresponding elements of
1463 regular  EvapHexLnC.mediums(1].sat Tsat := Modelica.Me the two inputs <b>ul</b> and <b>u2</b>:
1464 reguler  EvapHecLnCmediums(2].p_bari= 1e-005 * Evap.l </p>
14585 regular  EvapHecLnCstatesPM(2] phase i= if Evap.Hexln. <pre>
1466 regular  EvapHecLnCheatTransfer.Ts(2] i= Modelica Medi N - ul / uzs
1457 regular  EvapHeclnC.mediums[2).T_degC = -273.15 + Ewi ¥ :
1488 regular  EvapHexLnC.statesFM[2].d i= Modelica.Media.We </pre>
1489 reguler  EvapHecLnCmsl2] := Evep.HexLnC fluidVelumes
1470 regular  EvapHecLnC.mediums[2].u = Evap.HexLnC.med </html>"),
1471 regular  EvapHecLnClUsl2] := EvapHexLnC.msl2] * Evap.l Icon (coordinateSystem(
1472 reguler  EvapHeclnCflowModelmusl2]) = Modelica.Med Sl
1473 regular  EvapHexLnC.mediums[2].sat Tsat := Modelica.Me preserveRspectRatio=triue,
1474 regular  Evap.HexLnCflowModel Fs_pl1):= 0.5 (Evap.He. /’ extent={{-100,-100},{100,100}3,
1475 regular  Evap.HexLnC.flowhodel.dps fgl1] := -2.0 * DIVISI. initialScale=0.1), graphics={
1476 regular  EvapHexLnC.m _flowsl2] = Modelica.Fluid.Pipes. Line (points={{50,0},{100,0}}, color={0,0,127}),
L e Sephelad oot sl gt | s et e Line (pointa=( (30,01, (30,011}

78 regulsr  EvapHexLnC.flowModells[1] = Evap.Her.LnC.m_ : Evap.Hex1.LnQ2. ! Hex.LnQ2. . : . oLy : e
1479 regular  EvapHexLnCH flowsl2] = semilinear(Evap.Hex.. fition: Evap. Hex LnQ2.adivision2d1.yu1 . Ellipse(fillPattern=FillPattern.Sclid, extent={{-5,20},
1480  regular  EvapHexLnCflowModel.thos_act[1] := if noEvent frtening: Evap.Hex.LnQ2. division2.y = Evap.Hex.LnQ2.division2.ul / Evap.Hex.LnQ2.division2.uZ; {5,30}1), . . ) .

1481  regular  Evap.HexlnC.state a.T := Modelica.Media.Water... Ellipse(fillPattern=FillPattern.Solid,

1482 reguler  EvapHeclnCstate_o.d := Modelica.Media Wate extent={{-5,-30},{5,-20}}),

1483 regular  EvapHeclnCustate b.T:= Modelica.Media.Waf.. Ellipse(linecolor={0,0,127}, extent={{-50,-50},
1484 regular  EvapHexLnCastate bud fter. (50,50}))

1485 reguler  EvapHexlnQ2Areay ca.offsc oHr '

1486 regular  EvapHexLnQ2.division?.u2 := Evap. gl nQ2.kinr Text (

1482 reaular

.| . Hex.
FuanHexl n00?2.add1 v = Fuan.Hexd n02.add k1 .. ¥
>

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

N +4

’

3 @ ) B 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 debuggerto point out the slow equations

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

SteamPaor

FGport_a
rur : : urce CrumllHezt Mass 40
v Y 2 T T -8 = fi/3nm s

Conclusion from the evaluation:

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

FGport_|

oLe
5
= -
durtion=500 T
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Part V

New Project OPENCPS
Open Cyber-Physical Development

Integrating

OpenModelica (Modelica) — Papyrus (UML)

95



New ITEA3 Project: OPENCPS
Open Cyber-Physical System Model-Driven Certified Development

2016-2018




OPENCPS - Integrating OpenModelica and Papyrus
for Cyber-Physical System Development

physical system
development:
Complexity ~

High demands
Cost efficiency velopmenttoo
arecomplex and
critical for industry:
Interoperability

Cha"enges in CPS « Tool vendor lock-ins

Life cycle support

Greatindustrial
interestin open
sourcetools:

Control of features

DEVE|0pment Tools * Industry collaboration
critical for industry

Open Source

Thetwo leading open sourcetools OpenModelicaand Papyrus will be
significantly developed and integrated for cyber-physical development
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OPENCPS WP3: Translation and Validation of Code
for Real-Time Embedded Applications

Goal: OpenModelica production code generation for advanced control

applications supporting the translation validation of discrete and

continuous-time models based on (acausal) equations.

engineer

manual

real system &
requirements

Ly

physical
behaviour
model

N

solvable
mathematical
model

~r

optimized
mathematical
model

L

source
code

executable

___________________

causal modeling
(block-diagram)

real system &
requirements

Ly

physical
behaviour
model

7

engineer

solvable
mathematical
model

optimized
mathematical
model

1L
source
code

code
generato

executable

C
compiler

acausal modeling
(Modelica)

real system &
requirements

5

engineer

physical
behaviour
model

solvable
mathematical
model

Ly

optimized
mathematical
model

Modelica - Compiler

C
compiler

s

source
code

executable
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Summary and Questions

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

MODELICA WG

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

Typed —L__ -
Declarative e Hybrid

Textual Language Thanks for listening! Modeling

YLl
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