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Welcome

The 10*" International Modelica Conference is the main event for our community. Users, library developers,
tool vendors, and language designers will gather to share their knowledge and learn about the latest scientific
and industrial progress related to Modelica and FMI (Functional Mockup Interface).

This 10" milestone conference returns to Lund, where the first event took place in 2000. Since then, Modelica
has matured from an idea among a small number of dedicated enthusiasts to a widely accepted standard
language for the modeling and simulation of cyber-physical systems. Modelica is now used in many industries
including automotive, energy and process, aerospace, and industrial equipment. Modelica has even been tapped
for one-of-a-kind systems engineering designs such as the ESS (European Spallation Source) which is currently
being built nearby in Lund. Modelica is the language of choice for modeling and simulation of complex system
interactions.

The addition of the FMI standard to the project portfolio under the stewardship of the Modelica Association
has greatly strengthened Modelica. FMI provides a complementary standard that enables deployment of high
quality models to a larger number of engineers working with system design and verification.

Conference highlights:

e 2 Keynote speeches

114 papers in 5 parallel tracks

23 posters
6 tutorials
e 5 libraries for the Modelica Library Award

6 vendor sessions presenting the latest Modelica and FMI tools

A fully booked exhibition area featuring 18 exhibitors
e Electronic proceedings including all papers and some associated Modelica libraries and models
The conference also presents new initiatives from the Modelica Association. Since the last conference, there

has been a major effort to improve the standards compliance process for the Modelica language, the Modelica
Libraries developed by the Modelica association, and the FMI standard.

e The latest Modelica Standard Library release (MSL 3.2.1) has been enhanced and modified to be fully
compliant with the Modelica Language Standards version 3.2 rev2, and is now solely based on open source
code under the Modelica License version 2.0.

e MSL 3.2.1 has also been improved to significantly simplify comparisons of simulations of the same model
across multiple Modelica environments. Tools to support such comparisons are now available through the
Modelica Association.

e The Modelica language version 3.2rev 2 fixed many ambiguities in the specification.

e A Modelica Compliance Test Library has been carefully designed and implemented to verify that a Mod-
elica tool is compliant to the Modelica specification. It has been tested with many tools, with agreed-upon
reference results.

e A set of FMI Cross Check Rules was established in July 2013 and has been used by many vendors to

verify tool quality and interoperability. All results are publically presented in a dynamic, online, tabular
reference.

These combined efforts have helped to increase the industrial acceptance, commitment to, and use of Modelica
and FMI as central standards for analytic model based systems engineering.

Finally, we want to acknowledge the support we received from the program board and program committee.
Special thanks to this year’s organizers, the Modelica Association, Modelon AB, and Amelie Ronngard from
Anagram. Last but not least, let us thank all authors for their contributions to this conference.

We wish all participants an enjoyable and successful conference.
West Hartford and Lund, February 10" 2014

Hubertus Tummescheit and Karl-Erik Arzén
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Modelica Evolution — From My Perspective

Hilding EImqvist
Dassault Systemes
Ideon Science Park, SE-223 70 Lund, Sweden
Hilding.EImqvist@3DS.com

Abstract

This paper intends to tell the story of Modelica
(www.Modelica.org) from the author’s perspective.
It is a fantastic saga that for me started in April 1976.
The saga includes studying the needs, the original
idea, the development of a solution, waiting for ma-
ture hardware technology, a start-up company, a fan-
tastic collaboration, an automotive company caring
for its software supplier, how to get momentum by
standards collaboration, forming the right team, and
the magic phone call from the right company.

Keywords: Simnon; Dymola; Modelica; Physical
Modeling; DAE; Modelica Association

1 Introduction

In order to describe Modelica evolution it is im-
portant to start by describing Dymola, Dynamic
Modeling Language, since many of the original fea-
tures of Modelica are taken from Dymola.

The paper then describes forming the company
Dynasim and the important initial research collabora-
tions. The initial Modelica design work and the
Modelica community are then discussed. The paper
ends with a discussion about Modelica future. Most
of the material is presented in chronological order.

For an overview of other simulation tools, see
(Astrém, et.al., 1998).

| propose that other key contributors to Modelica
evolution, Martin Otter, Peter Fritzson and many
others, write similar papers from their perspectives in
particular since this paper has a focus on the work
before Modelica and gives my perspective.

2 Dynamic Modeling Language

When looking for a master thesis project in autumn
1971, the Automatic Control Department, Lund In-
stitute of Technology wanted to develop a simulation
program where the user could input the models using

mathematical expressions. | was just studying com-
piler technology, so | considered this project perfect
for me. The result was Simnon (SIMulation of NON-
linear systems): (EImqvist, 1975, 1977a). A novel
feature was that a mixture of continuous time and
discrete time systems could be simulated, i.e. perfect
for simulation of sampled data control systems
which were becoming very important at that time.

However, | was not satisfied with the approach as
a basis for my PhD thesis, since it was based on
submodels with inputs and outputs. | therefore want-
ed to investigate the fundamentals of modeling
which my professor Karl Johan Astrém supported. In
April 1976, | was studying a report with about 200
pages about a drum-boiler model written by Sture
Lindahl (Lindahl, 1976). The report was very sys-
tematic, showing how the equations were organized
for the drum, the super heaters, the turbines, etc., i.e.
the approach was object oriented. The modeling
started by stating the relationships as general equa-
tions. Then the derivations were shown how to put
them into state space form in order to be able to sim-
ulate using Simnon. These derivations involved
manual symbolic manipulation of individual equa-
tions to solve for the unknown, solving linear sys-
tems of equations (see excerpt from report below),
unrolling Newton’s algorithm a fix number of times
to solve nonlinear systems of equations, and differ-
entiating certain equations when there were con-
straints between differentiated variables (nowadays
called index reduction).

N o +

i A Ve 4 =
Vars~Vass) Pawshaws * Vas2*Vass’ "dszhdsz]

@i v 2 = o \
lamg * “arstazs T “psiPas2 T YawsPaws (9.1)
The mass balance the steam-water mixture in the risers and

the steam in the drum becomes:

d N p v + ] =
H’E[(de Vass) Paws * (Vas2*Vass) Pas2

=w -w -

aes psl = "aws (9.2)

of equation (9.2) by hg o and[subtraction Jtrom

equation (9.1) gives:
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Just before Easter 1976, | realized what | needed to
do: design a new language allowing general equa-
tions, having a class concept for object oriented
modeling (I was used to Simula so that was natural)
and having a structured feature to describe interac-
tion between submodels (called cut). The language
was called Dymola for DYnamic MOdeling LAn-
guage (EImqvist, 1977a, 1978, 1979a, 1979b).

An example in the Dymola language of an elec-
trical component is shown below. It describes a pin
A characterized by an across variable Va and a
through variable I. Pin B has correspondingly Vb.
The through variable of B is also | but with a preced-
ing minus sign showing that the currents of pins A
and B sum to zero. In Dymola, all variables were of
real type. The der operator is the same as in Modeli-
ca. The path concept was introduced in order to al-
low operators for series-, parallel- and loop-
connections. Such a concept is not used in Modelica
since connections are typically drawn graphically.

model type capacitor
cut A (Va / 1) B (Vb / -I)
maln cut C [A B]
main QEEE P <A - B>
local v
Qarameter C
Vv = Va-Vb
C*der (V) = I
end

Consider the following electrical circuit:
1

1O

Using a library of “model types”: resistor, capacitor,
voltage and Common, the circuit could be described
as follows;

model Wetwork
submodel (resistor) R1 R2 R3
submodel (capacitor) C
submodel (voltage) E
submodel Common
input u
output y
connect Common to E to Rl to (C par
E.V = u
¥y = R3.Va

end

(R2 to R3))to Common

The “to” operator means series connection and “par”
means parallel connection.

The trouble was then to figure out how to simu-
late such a model. | had used the symbolic package
REDUCE and started to write symbolic manipula-
tions in LISP. But how to know what variable to

solve for in each equation? The naive approach is:
look for equations with only one unknown, mark
those as known and repeat. The problem is that there
can be mutual dependencies, i.e. algebraic loops for
which this approach does not work. And mutual de-
pendencies were normal in the way Lindahl did his
modeling, so the language could not be restricted to
avoid algebraic loops. | invented my own algorithms
using binary incidence matrices. However, these
were O(n”3), so they would not scale.

At that time one had to go to the university li-
brary to get help in doing a computerized literature
search (no Alta Vista or Google being available). |
found that graph theoretical algorithms were O(n).
The graphs are bipartite, i.e. consists of two types of
nodes corresponding to equations and variables. An
edge between a variable and an equation means that
the variable appears in that equation. A report from
the University of Umea analyzed several algorithms
for Assignment or matching which corresponded to
finding out what variable to solve for in each equa-
tion. Furthermore, Tarjans algorithm would find
strongly connected components in a directed graph
corresponding to minimal systems of simultaneous
equations and sort them into a sequence suitable for
solving one system at a time, i.e. the incidence ma-
trix becomes block lower triangular (BLT).

Lindahl sometimes differentiated equations when
potential states were constrained. The Jacobian is
then always singular. | designed an algorithm to find
what equations to differentiate and tested it success-
fully on some small examples. Fortunately, Costas
Pantelides and Sven Erik Mattsson later figured out
suitable algorithms, (Pantelides (1988), (Mattsson,
Soderlind, 1993).

To test the language ideas and the algorithms, |
wrote a program in the object oriented programming
language Simula, which is included in my thesis,
(Elmgvist, 1978). | tested it successfully on a few
examples from different domains: electronics, me-
chanical, thermodynamics, and electrical power dis-
tribution. As an example, the program found one
system of equations for solving accelerations and
forces of mechanical systems corresponding to the
need to invert the mass matrix. The drum boiler
model could now be formulated in 15 pages using
original equations defined only once for each class
and no need for manual symbolic manipulation of
the equations. The total model had about 250 non-
trivial equations and 11 systems of simultaneous
equations.

But there was one big problem: lack of computer
memory for symbolic manipulation. | was barely
able to translate the drum boiler model on a Univac
1108 computer having only 64 kWords of 36 bits of
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memory accessible for the user and the garbage col-
lector had to work hard. So the hardware technology
at that time was not mature enough for realistic in-
dustrial problems.

After my thesis in May 1978 (EImqvist, 1978), |
spent one year as a post doc at Computer Science
Department at Stanford University. | took all the
courses in languages and compilers given by John
Hennessy (who later became President of Stanford
University). Working in a compiler project regarding
parametric types, (Hennessy, EImquist, 1982) was a
very useful experience.

I then returned to the Automatic Control depart-
ment for a project on Languages for Implementation
of Control Systems (LICS), (Elmgvist, 1985). In ad-
dition to language elements, we also considered the
relations to graphics and were able to acquire a
mouse. That gave valuable knowhow which later
became meta comments in Dymola and adopted in
Modelica as graphical annotations. In order to
achieve sufficient speed for navigating in hierar-
chical structures, we developed special raster
graphics hardware and a font generation program.
The LICS program was developed on a VAX-11
computer and ported to an Apollo DN 600 work-
station and demonstrated at the second IEEE Com-
puter Aided Control Systems Design Symposium in
1983 at MIT with high interest since it showed sev-
eral novel interaction principles such as “information
zooming”.

During this project, we also translated the Dymo-
la program from Simula to Pascal since there was no
Simula compiler on the VAX. This enabled handling
larger models due to the linear address space of the
VAX. Francois Cellier got a copy of the Pascal ver-
sion. The importance will be clear later.

The LICS project got an industrial follow-up
since | worked for the company SattControl 1984-
1992. We developed a distributed control system
called SattLine (EImqvist, 1991a, 1991b, 1992). This
experience later influenced the design of hybrid fea-
tures of Modelica.

3 The Company Dynasim

In August 1991, an important thing happened. | was
working in Toronto for two years and attended a
seminar at the university by a colleague of Francois
Cellier. Francois had moved to Tucson, Arizona and
we had lost contact. During our renewed contacts |
learnt that Francois was writing a book: Continuous
Systems Modeling (Cellier, 1991). I got the manu-
script and was overwhelmed! It described Dymola
and used Dymola for modeling of many examples.

I also met Peter Fritzson in the summer 1991 at a
computer language conference in Toronto and be-
came aware of his work on designing a modeling
language, ObjectMath, which combined features of
Computer Algebra languages and Object Oriented
Programming. | successfully converted some Ob-
jectMath models to Dymola.

These were two of the tipping points that made
me resume the work on Dymola since | understood
that there was finally an interest in equation based
modeling. The third tipping point was the release of
Windows 3.0 since the memory barrier of 640
kBytes linear memory was removed.

Cellier and | started to work together and we
wrote a paper for a CACE conference in Napa, Cali-
fornia (Cellier, EImqvist, 1992) which later became
an article in IEEE Control Systems (Cellier,
Elmgvist, 1993). | continued to make development
on the Pascal version of Dymola for some time and
used the p2c (Pascal to C) translator to facilitate us-
ing a C compiler. Sven Erik Mattsson had given me
a copy of the article by Costas Pantelides about in-
dex reduction, (Pantelides, 1988). | incorporated this
in Dymola for the paper.

At the same conference, Sven Erik presented the
dummy derivative method including automatic state
selection after index reduction based on Pantelides
algorithm (Mattsson, 1992).

In Napa, | met Georg Griibel, DLR (Deutsches
Zentrum fir Luft- und Raumfahrt) and learnt that
Cellier would spend the summer 1992 at DLR in
Oberpfaffenhofen, Germany. It was decided that Cel-
lier would introduce the Dymola technology at DLR.
Martin Otter immediately got hooked and started to
implement a library of MultiBody components which
was later published in (Otter, et.al., 1996). Francois
remembers: “Four weeks into my visit, Martin came
to my office on Monday morning, telling me that he
now could throw away his program "myRobot" that
he had previously developed for the simulation of
tree-structured robots. Over the weekend, he had re-
implemented his robot model in Dymola, which
turned out to be much more elegant and flexible.”

I moved back to Sweden and started the company
Dynasim in August 1992. DLR realized the potential
of the Dymola technology but also the needs to ex-
tend the Dymola language and the tool. For example,
Dymola did not have matrix support then which is
essential for MultiBody modeling. Fortunately, DLR
could support further development financially which
gave Dynasim important initial funding. Martin Otter
and | have worked in close collaboration since then.
We met for the first time at DLR Oberpfaffenhofen
in August 1993 after one year of collaboration via e-
mail.
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We made a design for modeling hybrid systems
in order to be able to model power electronics and
phenomena such as friction, (Cellier, et.al., 1993)
and (Otter, 1994). The concepts of instantaneous
equations and event iterations were then introduced.

In July 1993, Dag Briick was employed especial-
ly to develop a graphical user interface enabling
creating components and connecting them by drag
and drop. Dag had worked in the Omola project at
the Automatic Control Department, Lund.

A missing piece of the technology was to handle
that the blocks corresponding to systems of simulta-
neous equations often got large but sparse. Tearing is
a static technique to handle this problem. Our first
attempt was to help the translator by introducing
hints in the form of a residue operator, (EImqyvist,
Otter, 1994). Shortly afterwards, Martin Otter and
myself figured out an algorithm to automatically per-
form tearing, and the algorithm was introduced in
Dymola. Dymola would then, for example, for a tree
structured multibody model find a large linear sys-
tem of equations involving accelerations, forces and
torques and discover that it could be reduced to in-
verting a linear matrix of size equal to the number of
degrees of freedom.

The efficiency of the code could be enhanced if
structural and symbolic processing is made not only
on the model equations but also on the discretization
equations of the numerical integrator. We called it
inline integration, (EImquvist, et.al., 1995). This be-
came very important for hardware-in-the-loop simu-
lation. For example, this technique allows efficient
use of implicit methods for multibody models since
it combines inverting the mass matrix and solving
the non-linear systems of equations.

The early adopters of this equation and object
based modeling technology can be seen from the
Dymola license numbers:

101: Francois Cellier, University of Arizona

102: Martin Otter, DLR

103: Rafael Huber, Dept. Ing. Sistemas, ESAII, Bar-

celona, Spain

Sebastian Dormido, Depto. De Informatica y

Automatica, UNED, Spanien

Michael Grimsberg, Lund Institute of Technol-

ogy

Dieter Kraft, Dept of Mechanical Engineering,

University of Minchen

107: Jochen Seibold, Rechenzentrum University of
Stuttgart

104:
105:

106:

Ingrid Bausch-Gall early understood the potential
of Dymola and Bausch-Gall GmbH became distrib-
utor in German speaking countries in September

1995. This was very important for growing the inter-
est in the technology in Germany.

Bengt Jacobson, Machine and Vehicle Design,
Chalmers Technical University was among the early
adopters and started to use Dymola for powertrain
development in a collaborative project with Volvo
and Saab in 1995.

Jan Tuszynski at Sydkraft Konsult in Malmo,
Sweden deployed Dymola for thermal power sys-
tems in 1995.

Sebastian Dormido organized a workshop in Avi-
la, Spain summer 1996. Francois Cellier and | pre-
sented the principles of object-oriented equation
based modeling.

Akira Ohata and Yutaka Hirano, Toyota Motor
Corporation heard about Dymola during a presenta-
tion in Japan by Georg Griubel, DLR. They got
Dymola licenses in middle of 1996 and started to use
it for the Toyota Prius development. The multi-
engineering modeling capability was necessary for
the hybrid car development. However, they realized
that the maturity of the Dymola software was not
sufficient for large scale deployment and provided
funding during 2 years starting end of 1997 regard-
ing general GUI enhancements, GUI for Modelica,
symbolic solver capabilities, etc. This was an essen-
tial funding allowing for expansion of Dynasim. In
the end of 1998, Toyota Techno Service Corporation
became distributor of Dymola in Japan with Takashi
Matsuba and Rui Gao as technical support. In 2007,
Rui Gao came to work for Dassault Systémes.

Martin Otter visited Dynasim for two months in
September and October 1996 and gave a lecture se-
ries on object oriented modeling of mechanical sys-
tems at the Automatic Control department at Lund
Institute of Technology. We worked in particular on
real-time simulation of hybrid systems such as auto-
matic gearboxes. Martin was the main author of the
Dymola standard library containing Blocks, Elec-
trical, Rotational, and MultiBody components.

Hans-Jurg Wiessmann and Bernhard Bachmann,
ABB, Baden-Déttwil in Switzerland became users of
Dymola in 1996 for power electronics modeling and
HILS (Hardware-In-the-Loop Simulation). Bernhard
spent 4 weeks at Dynasim in March 1998. He then
proposed a simple state selection algorithm which
was used in Dymola before the dummy derivative
algorithm of Sven Erik Mattsson was included.

Peter Beater, then at University of Paderborn,
started to develop a Hydraulics library beginning of
1997. This was later converted to Modelica and sold
to Modelon in 2006.

Ridiger Franke (then at University of limenau)
started to use Dymola with partial Modelica support
in 1997 for optimization of thermodynamic systems.
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| started to completely rewrite the symbolic en-
gine of Dymola in July 1997. Until then the old ver-
sion converted to C from my thesis had been used. |
used C++ Standard Template Library successfully on
several hundred thousands of equations and Dag
Briick implemented counted pointers to handle allo-
cation and de-allocation of memory automatically.

Martin Otter held his first modeling course based
on Dymola at Technical University of Munich for
students of electrical and mechanical engineering in
the year 1997.

Mike Dempsey (then at Rover) started to evaluate
Dymola in 1998 for powertrain modeling.

Sven Erik Mattsson was employed in August
1998. He had a perfect background from the Omola
project (Andersson, 1994) since he implemented the
symbolic engine of OmSim.

Hans Olsson was employed in January 1999 and
had a complementing background regarding numeric
and GODESS solvers. So now, the dream team was
formed with Dag, Sven Erik, Hans and me together
with collaboration with Martin Otter.

Sven Erik, Dag, Hilding, Hans

Roger Larsson was utilized as a consultant from
June 2004 to accelerate building the business side of
Dynasim.

4 Modelica Language Design

In spring 1996, | had lunch with Prof Karl Johan
Astrom and Sven Erik Mattson from the Automatic
Control department, Lund University. Sven Erik was
the project leader of the Omola project (Andersson,
1994). We discussed the need for unification of our
efforts on Omola and Dymola.

In May 1996, | attended a workshop in Brussels
regarding simulation methodologies organized by
Hans Vangheluwe. | then, for the first time, met Per
Sahlin, Bris Data AB, Stockholm (later renamed to
Equa AB) and Alexandre Jeandel, Gas de France,
Paris who both were working on equation oriented
modeling languages: NMF and Allan respectively.

I then realized that it was time for a global uni-
fied language design initiative. Modeling requires
reuse of stored knowledge, i.e. there must be a stand-
ard language. It does not make sense that various
tool vendors invent their own language and that a
new language is created for every Ph.D. thesis on
modeling.

So, | initially phoned Sven Erik Mattsson, Martin
Otter, Per Sahlin and Alexander Jeandel to discuss
starting a collaborative language design effort. We
agreed to meet in Lund on September 2-4, 1996. The
participants are seen below, from left to right: Martin
Otter, Alexandre Jeandel, Per Sahlin, Sven Erik
Mattsson, Bernt Nilsson and me. Dag Briick partici-
pated partially and took the photo.

The picture below shows participants of the 75"
Modelica design meeting in Lund May 2012.

You might wonder about the name Modelica. The
name was invented during one of the lunches of the
first meeting. 1 don’t recall who said it first. We
quickly checked the usage in Alta Vista. It is used in
Spanish for a role model.

Sven Erik Mattsson organized a COSY workshop
in Lund the week after with about 20 participants.
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Our language design ideas were then presented, i.e. it
got some immediate attention. We met Costas Pan-
telides at this workshop and convinced him to ar-
range the 3" design meeting in London. One of the
goals was to get in closer contact and cooperate to-
gether. Unfortunately, Costas decided later to not
join the Modelica development and continued with
his own modeling language, gPROMS.

The language design effort initially got a small
travel funding from the ESPRIT project "Simulation
in Europe Basic Research Working Group (SiE-
WG)". It was later organized as the EuroSim Model-
ica Technical Committee 1 and the Technical Chap-
ter on Modelica within Society for Computer Simu-
lation. | was the chairman for 3 years and then hand-
ed over to Martin Otter, the present chairman.

In the year 2000, the non-profit Modelica Associ-
ation was formed in Linkoping, Sweden to formalize
the continually evolving Modelica language and the
development of the free Modelica Standard Library.

Modelica 1.0 was released after one year design
in September 1997. It had classes, inheritance, class
parameters (replaceable classes and components)
equations, blocks, connectors, functions, etc. | re-
member an intense debate at the release meeting
when Peter Fritzson, who joined the Modelica effort
early 1997, argued for including functions and 1 ar-
gued to wait until the next release. Thank you Peter
for pushing. Hybrid modeling features were included
in version 1.1 released in December 1998.

Dag Bruck started to implement a Modelica com-
piler immediately after the first design meeting. It
initially output Dymola code in order that the Model-
ica models could be simulated. Dymola has been
used as a platform for the design group to test all
features during Modelica evolution. The first version
of Dymola which officially supported Modelica
was version 4.0 released July 1, 1999. We worked all
night until 6.10 A.M in the morning since we wanted
it to be released first half of 1999 (in at least some
part of the world). The meaning of Dymola then had
to be changed to DYnamic MOdeling LAboratory. It
also had a conversion option to convert Dymola
models and packages to Modelica. Martin Otter was
the main author of the Modelica Standard Library
(MSL). Later, many people contributed to the devel-
opment of MSL and the current version of MSL has
Modelica models from about 30 people.

Michael Tiller, then at Ford, became aware of
Dymola (the language) but got really interested in
Modelica due to the open specification. He became
the first Dymola/Modelica power user in beginning
of 1999 and helped us test our Modelica translator.
He also wrote the first book about Modelica: Intro-
duction to Physical Modeling with Modelica, (Tiller,

2001). We provided a demo version of Dymola
which was shipped with the book. Ford was also in-
terested in converting Adams models, so we made a
translator from adm-files to Modelica MultiBody.
Andreas Moller (now my son-in-law) developed a
supporting Modelica library. To handle these large
models, we had to enhance the internal data struc-
tures of Dymola. In May 2000, we could simulate an
entire vehicle, (Bowles, et.al., 2001).

Sven  Erik  Mattsson  invited  Hubertus
Tummescheit in 1998 to make a Ph.D. thesis at the
Automatic Control department, Lund. Hubertus and
Jonas Eborn developed a comprehensive Modelica
library for thermo-dynamical systems which broad-
ened the applicability of Modelica. Hubertus orga-
nized the first Modelica Workshop in Lund in 2000
with 80 participants. Gerhard Schmitz and his group
in Hamburg utilized this library for building a library
for air-conditioning modeling. DaimlerChrysler,
BMW, Volkswagen and Audi wanted to standardize
on a modeling format to allow them to exchange
models with their suppliers. During the autumn 2003
there was intense work including benchmarking var-
ious tools. However, we needed to form an organiza-
tion that could supply and support these customers.
Hubertus and Jonas then worked at UTRC, USA. |
called Hubertus in December 2003 and asked him to
come back to Lund and help organizing the effort.
He was back before Christmas. This led to founding
of Modelon AB by Hubertus Tummescheit, Jonas
Eborn, Magnus Géfvert, Johan Andreasson and me
in 2004.

Peter Fritzson made a formal specification of
Modelica in 1998 which later led to the open source
implementation OpenModelica, (Fritzson, 2002).

Hans Olsson took the responsibility in 2000 of
being the editor of the Modelica specification, i.e. to
organize the process of resolving all change requests.

Peter Fritzson wrote the book Principles of Ob-
ject Oriented Modeling and Simulation with
Modelica 2.1 which was published in 2003,
(Fritzson, 2003).

5 Dassault Systemes

Francois Bichet, Dassault Systémes called in No-
vember 2005 and asked if he and Dominique Flo-
rack, VP of R&D could visit Dynasim. | made a
presentation of the company and the technology and
got invited to Paris for presentations to a larger
group at Dassault Systemes and for further discus-
sions. | then got the question if Dynasim was for
sale. | considered such a deal as a perfect marriage
since | believe systems engineering, modeling and
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simulation must be married to 3D and CAD. An in-
tense period of meetings and discussions led to a let-
ter of intent signed before Christmas 2005. The deal
was closed on April 2, 2006 and announced at the
Dassault Systéemes DevCon Conference in June,
2006.

The first years of joining such a big company
were somewhat turbulent for us. Dymola and Model-
ica represented a new world for some of the manag-
ers at Dassault Systemes HQ and the Dynasim team
was too remote from HQ. The situation was correct-
ed in the beginning of 2010 with new manager for
CATIA Systems, | was appointed as Chief Technol-
ogy Officer for Systems reporting to Philippe Laufer,
now CEO of CATIA. Dan Henriksson became man-
ager of the Dassault Systemes Lund team and Martin
Malmheden relocated to Dassault Systémes in Paris
to help in the technology transfer. This enabled me to
focus on technical aspects and in particular, together
with Sven Erik Mattsson, to work on new features
such as the synchronous extensions to Modelica and
multi core simulation.

6 Modelica Community

The Modelica community is now growing rapidly.
There are 9 tools having at least partial support for
the Modelica language, see www.Modelica.org/tools.
There are more than 1300 models in the Modelica
Standard Library. A Modelica compliance test suit
with more than 1000 tricky models is available for
checking tool compliance. It is planned that a web
page with compliance status will be available.

We are now organizing the 10" Modelica Confer-
ence. More than 22 Ph.D. theses, 800 papers and ar-
ticles have been published related to Modelica.

Several large EU projects have been activated:
RealSim, EuroSysLib, Modelisar, OpenProd, and
Modrio with more than 100 man-years of effort.

The Modelica Association is also growing, now
having more than 100 individual members and more
than 10 industrial members. People from the syn-
chronous language community have joined after
Philippe Laufer suggested | should attend a meeting
with them in Paris in October 2010. The synchro-
nous Modelica features were developed with the help
of Albert Benveniste, Marc Pouzet, Francois Dupont
and others, (EImqvist, et.al., 2012).

The scope of Modelica Association is also grow-
ing to also incorporate the FMI development.

7 Modelica Future

This section discusses a few possible directions for
the future of Modelica. In most cases it is a matter of
both tool support and various extensions to Modeli-
ca.

As mentioned before, systems engineering also
need to take 3D aspects into account, such as mass
and inertia calculated from actual shape and materi-
als, collision handling, etc. It is also important to
have consistent parameterization of the behavior
model and the shapes. It should be possible to initial-
ly use a simplified model for concept studies and
gradually replace submodels when CAD parts or a
kinematic model become available as illustrated be-
low:

-
-
=
=

Modelica gives the possibility to compose more and
more detailed models since model components can
be reused. This means that simulation needs to be
faster. One possibility is then to use multi-core tech-
nology. Recent advances with more than 1000 cores
(www.Kalray.com) show the potential. The problem
is then how to utilize this enormous processing pow-
er in a user friendly way. Partitioning needs to be
made automatically. Modelica gives good possibility
to automatically partition the model equation execu-
tion into separate threads since it is a declarative lan-
guage based on equations. Early developments are
described in (Aronsson, et.al. 2002). A new paper
(Elmqvist, Mattsson, 2014) describes a method to
automatically parallelize model equations imple-
mented in Dymola. A speed-up of 3.4 times has been
achieved using 4 cores/8 threads.

Modelica models and simulations is one part of
systems engineering. It is important to enable vari-
ous tool chains including sensitivity analysis, opti-
mization, Monte Carlo simulations, linear analysis,
code generation, etc. It should be possible to define a
process flow that can be reused if some early re-
quirements or designs need to be changed. It is im-
portant with standardized interfaces. A subgroup of
Modelica Association is working on defining an
XML format for various levels of Modelica repre-
sentation, source, flattened, solved, etc. This will
enable various backend tools such as fault tree analy-
sis and code generation. Another subgroup is work-
ing on how to store meta information in a standard-
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ized way, for example, for optimization (Zimmer,
et.al., 2014).

A subtask within the MODRIO project is to ena-
ble modeling of multi-mode and stochastic sys-
tems, for example, to model failing components. A
generalization of synchronous state machines to con-
tinuous time and that the number of states of a sys-
tem can change at events is proposed, (Elmgvist,
et.al., 2014).

Modelica now has quite limited data structures,
i.e. only arrays and records are allowed. It is not pos-
sible to define recursive data structures or maps.
Such advanced data structures are, for example,
needed for advanced controllers, scripting, and meta
information for work flows. MetaModelica has suc-
cessfully incorporated such features already 2005
(Fritzson, 2005).

We in the Modelica Association also want to de-
fine more features of Modelica using a Modelica
Kernel language. This would enable, for example,
defining connection semantics, state machine seman-
tics, etc. in the Modelica Kernel language. A prereg-
uisite for this approach is that more advanced data
structures are available in the Modelica Kernel lan-
guage.

Most Modelica tools allow several views of a
model or library such as Diagram, lcon, Modelica
Text, Documentation, Package tree view. However,
SysML offers several additional useful views such
as inheritance tree, component hierarchy, etc. Such
views can be automatically generated from Modeli-
ca. For example a Block Definition Diagram (bdd) of
SysML for the CoupledClutches example might look
as shown below using a Layered Digraph layout al-
gorithm.

The question about standardization of Modelica as
ANSI or IEEE standard is frequently raised. The
members of Modelica Association want to wait be-
cause we feel there are some unifications and en-
hancements that need to be made first, such as sim-
plification and extension of generics (redeclare) and
Modelica Kernel language.

8 Conclusions

The Modelica effort is a truly multi-disciplinary
challenge involving compiler technology, graph the-
ory, computer algebra, numerical mathematics, etc.
Furthermore, Modelica library development requires
skills from many engineering domains such as elec-
tronics, mechanics, and thermo-dynamics. The beau-
ty of Modelica is that it enables them all to express
themselves in the same language.

An important driving force behind Modelica is to
enable storing engineering knowledge in a form that
can be reused. This enables more realistic simula-
tions of the complex systems now being designed. It
gives the engineers a more interesting work place
since tedious manual model development is not
needed. This also has the effect that many manual
errors are avoided and the simulation results can be
better trusted.

Another driving force has been and is the joy of
being part of a community with the desire to change
the design methodology to become model based.
Many hard problems have had to be solved which
means that there has been many exciting moments of
success.

It seems fair to state that Modelica has already
been proven as a means for storing engineering
knowhow in a reusable form. The equation orienta-
tion means that equations from engineering books
can often be reused directly. There is no need to
manually transform the equations since the tools do
that for you. It is a neutral form which already is
supported by many tools. So a good stable platform
has been established.
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Abstract

The demand for model exchange between develop-
ment partners will grow during the next years. The
Functional Mockup Interface (FMI) is a well re-
ceived tool independent approach for model ex-
change. The Original Equipment Manufacturers
(OEM) have committed themselves to support FMI
as exchange format for simulation models. There-
fore, the FMI is a promising candidate to become the
industry standard for model exchange and cross-
company collaboration. In this paper, the FMI stand-
ard is evaluated from an industrial perspective.

Keywords: FMI, industrial perspective, problem
classification

1 Introduction

There is a strong trend of virtualization in engineer-
ing, where simulation replaces real testing in order to
develop faster, cheaper and with more system under-
standing. Therefore, system simulation is used in
different phases of product development und gains
importance within the entire product development
cycle. The design of future products is done on the
basis of simulation models.

1.1 Modeling and Simulation at Bosch

However, the simulation landscape in the field of
system and component design in industry is very
heterogeneous. At Bosch, there are more than 100
simulation tools with incompatible model representa-

change formats that are limited in functionality and
only applicable to a limited number of tool combina-
tions.
1.2 Approaches for modeling of complex sys-
tems and model exchange

There are two complementary approaches for model-
ing complex systems:

White box modeling: Modeling the entire system
with one modeling language. This requires a model-
ing language that is suitable for different physical
domains. This approach offers the possibility for
deep system understanding by equation-based, ob-
ject-oriented modeling and symbolic manipulation.
MODELICA is an example for that approach.

Black box model exchange: Defining an interface
for model exchange for standardized, tool-
independent exchange format for simulation models
is a complementary approach. It offers a way to cope
with a heterogeneous simulation tool environment
and allows using specialized tools for different phys-
ical domains. This approach offers also the possibil-
ity for know-how protection for model exchange in
distributed collaborative system engineering. The
Functional Mockup Interface (FMI) is a promising
candidate to become the industry standard for this
kind of model exchange and cross-company collabo-
ration.

In the following, the black box model exchange
with FMI is evaluated from an industrial perspective.
Requirements on such an interface for industrial ap-
plications are

o standardization of the model interface (in or-

der to be tool-independent),

o availability of a significant number of support-

tions in use, some of them are preferred tools for dif- ing tools, ) ) )

ferent physical or engineering domains. The picture ¢ easy -of-use of the interface for simulation en-
becomes even more complex when looking at exter- gmeer's, ) .

nal partners such as Original Equipment Manufac- . adoptzon.of the standard in the specific indus-
turers (OEM) with a different set of preferred simu- try domain,

lation tools. Today, there exist only proprietary ex-
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e accompanying documentation and a reference
process for the exchange of such black box
models, and

o maturity of such an interface, i.e.,

e no errors when importing FMUs from
other sources and

e reliable simulation results when using
such an interface.

1.3 The Functional Mockup Interface for black
box model exchange

The Functional Mockup Interface [1-4] has been de-
veloped to meet the requirements listed above. The
requirement standardization and tool-independence
is fulfilled by design. There is growing support for
FMI by simulation tools (i.e., more than 40 listed on
the FMI website), so the availability is given (alt-
hough some often used simulation tools are still
missing). The easy-of-use to some extent is also by
design (e.g., XML-file for model information) and is
realized quite well by the majority of exporting and
importing simulation tools. The Global Automotive
Advisory Group (GAAG) has committed itself to
support FMI as exchange format for simulation
models [5]. Thus, the broad adoption is at least
planned. The accompanying documentation is ad-
dressed in the ProSTEP Smart Systems Engineering
Project [6]. In the following the paper will focus on
the maturity of the FMI standard or the maturity of
the implementation respectively.

2 The Maturity of FMI
2.1 Maturity of FMI after the end of the
MODELISAR project

As a result of the MODELISAR project, the FMI
standard 1.0 was published and it was implemented
by a growing number of modeling and simulation
tools. In the MODELISAR project, requirements for
FMI were derived from the beginning and tested for
industrial applications. The performance of the FMI
approach was demonstrated in 24 industrial applica-
tions [4]. Additional successful applications have
been reported at the 8™ and 9™ MODELICA Confer-
ence, see e.g. [7-10]. However, these examples were
realized in some fixed combinations of FMU-
exporting and importing tools.

In 2012, an internal benchmark at Bosch with
three exporting tools (12 test FMUs exported) and
five importing tools showed quite different results.
The test examples range from a “model” containing a
sine generator only, a bouncing ball, a spring-damper

system, an RC circuit to a thermal network. While
some combinations worked quite well, other combi-
nations did not work at all. Typical problems at that
time were

o formal errors in the XML-file,

e errors during initialization,

e memory leakage, and

o different simulation results in different import-

ing tools.

Test results for the bouncing ball example are as de-
picted in Figure 1. The model was created in tool 1.
Then, it was exported as a Functional Mockup Unit
(FMU) for model exchange. The import of the FMU
in the same simulation tool was possible, but the
simulation results were erroneous, see Figure 1. The
simulation of the FMU was also not possible in four
other simulation tools due to different errors, e.g.,

e failed assertions,

e two importing tools crashed during simulation,

or
e unspecified error at import.

12
Bouncing ball
10

— Reference Solution

(a) Reference solution

12
Bouncing ball
10

—Solution (FMI)

(b) FMU simulation result in tool 1

Figure 1: Comparison of simulation results for a bouncing
ball example (status March 2012)

At the same time, every tool could be listed on the
FMI website in “green” and claim to support FMI as
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depicted in Figure 2. The number of these tools in-
creased very rapidly, but did not reflect the experi-
ence of the internal benchmark.

FMI Support in Tools
Compatibility Table

The following modeling and simulation environments support or plan to support Fill 1

Figure 2: Beginning of list of tools supporting FMI
(source: https://www.fmi-standard.org, March 2012)

2.2 A classification of possible problems in

FMI-based simulation

The challenges encountered in the benchmark are
classified and ordered with increasing maturity of the
FMI standard:
1L Inconsistencies of the standard
e Source of problem: Standard
e Examples: Ambiguities regarding naming
conventions and structure of ZIP-file,
XML model-description file
Il Formal errors in the FMU-File
e Source of problem: Exporting tool
e Examples: Errors in XML and internal di-
rectory structure of ZIP-file
Formal interaction of importing tool with
FMU
e Source of problem: Exporting or import-
ing tool
e Examples: Errors in calling functions;
memory leakage

111

1V.  Simulation of one FMU (with solver of import-
ing tool in case of model exchange)
e Source of problem: Exporting or import-
ing tool
e Examples: Incorrect initialization; incor-
rect simulation result; incorrect event
handling
V.  Simulation of multiple connected FMUs with
solver for model exchange
e Source of problem: Solver or master al-
gorithm of exporting/importing tool,
overall system divided into several FMUs
at unsuitable location
e Examples: Incorrect treatment of algebra-
ic loops; numerical problems with FMUs
with different time constants (stiffness)

These problem categories are summarized and or-
dered in Figure 3. The problem classes correspond to
different stages in the simulation process. If an error
occurs in one problem class, typically the simulation
fails or the results are not reliable.

At the beginning of 2012, the FMI standard 1.0
was quite mature so that problem class I was not a
big issue. But there occurred several problems corre-
sponding to problem classes Il to IV for exchanging
even single FMUs between different tools and simu-
lating them. Only the problem classes I to IV are
FMI-specific; problem class V corresponds to typical
simulation challenges of modular simulation with
causal interfaces or co-simulation. Some of the prob-
lems in FMI-based simulation might be observed for
the first time, because models have neither be ex-
changed nor been coupled in the past.

3 Implemented measures to improve
maturity

The maturity issues of FMI-based simulation were
addressed to the FMI community at the
MODELICA/FMI meetings beginning early 2012.
The discussions and input from other companies and
users resulted in the call for quotation of an FMU

Inconsis- Formal Simulation Simulation
tencies . Import of .

of EMI errors in FMU of one of multiple

FMU FMU FMUs
standard
[ Location of problems in 3/2012 }
Figure 3: Classification of problems in FMI-based simulation
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Compliance Checker and later of FMI Cross Check-
ing rules. Bosch’s application for membership in the
FMI Steering Committee was accepted in January
2013. Since then Bosch is actively contributing at
FMI design and steering committee meetings.

3.1 FMU Compliance Checker

The FMU Compliance Checker [11] is a software
tool that was initiated by the MODELICA Associa-
tion by a call in 04/2012 and was implemented by
the company MODELON AB. It addresses problem
classes II, III, and also partly IV (the tool contains
only a very simple solver). In the first release only
one FMU could be called and no inputs to the FMU
could be provided. With a later release inputs to
FMUs can be provided as CSV-files. The FMU
Compliance Checker is a very valuable tool to check
for formal errors of the FMU (see Figure 4).

Inconsis-
tencies
of FMI

Formal

errors in 0

FMU

FMU Compliance
Checker

Cross Checking status 2013 J

Import of

FMU of one

° @ of multiplee
FMU FMUs

Figure 4: Focus of FMU Compliance Checker
and FMI Cross Checking

3.2 FMI Cross Checking

The FMI Cross Check Rules [12] were approved in
February 2013 and focus on testing the quality of
implementations of exporting and importing tools. It
is defined how many FMUs an exporting tool must
publish and for how many of these FMUs an import-
ing tool must publish simulation results in order to
get listed as “available” on the FMI-tools web-
site [3]. As at the moment only single FMUs are
tested, FMI Cross Checking at the moment focuses
on problem class III and IV as depicted in Figure 4.
As a side effect it will also show problems of class I
and II.

Figure 5 shows a screenshot of the FMI Tools
website [3] and an entry in green refers to an export-
ing or importing tool that has successfully passed
FMI Cross Checking. An entry in orange shows that
the corresponding FMI export or import is claimed to
be available but is not tested according to the FMI
Cross Check Rules.

FMI Support in Tools
Compatibility Table

Figure 5: Beginning of list of tools supporting FMI
(source https://www.fmi-standard.org, status 11/08/2013)

At first glance, it is disappointing that there are so
many “orange” entries of exporting tools that have
not yet provided test FMUs and of importing tools
that have not yet published simulation results. On the
other hand this makes it transparent that there are
combinations of FMU-exporting and importing tools
that are tested and other that are not. This is exactly
what was intended with the FMI Cross Checking
rules and helps the user to select tools that he can
rely on.

CrossCheck Results for FMI_1.0

Variant: [[=erre

sssss

Figure 6: Results of FMI Cross Checking,
(source https://www.fmi-standard.org, status 11/8/2013)

For the tools that participate in FMI Cross Check-
ing, detailed results are published on the FMI web-
site, as depicted in Figure 6. Thus, FMI Cross
Checking is very valuable for industrial users, as
they are supported with information, which combina-
tions of exporting and importing tools have already
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been tested successfully for some applications.
FMI Cross Checking is a source to detect improve-
ment potential of the simulation tools.

4 Proposed next steps

The actions that we have seen until now address
mainly the problem classes II to IV. In order to ad-
dress “real-life problems”, FMI Cross Checking
should be extended to more tools and for multiple
FMUs. The (co-)simulation techniques for importing
tools should be improved and the improvements of
FMI 2.0 should be implemented soon.

4.1 Extension of FMI Cross Check Rules

There should be more exported test FMUs provided
by much more exporting tools und much more re-
sults of importing tools be published. FMI Cross
Checking should be extended to comnected FMUs.
These FMUs could come from different exporting
tools.

A simple test case is shown in Figure 7: An elec-
trical motor with a gear and load torque (plant mod-
el) with PI controller (model of the software). The
plant model and the control model are created in dif-
ferent MODELICA based simulation tools, then
(separately) exported as FMUs and re-imported in
different tools. This is a simple test example for a
closed loop control, where the control software FMU
might come from a different source than the plant
model FMU. In some cases this worked already well
from the beginning (2012), in other cases bugs have
been fixed.

Stimuli Control

MODELICA model of a motor drive with control and stimuli

Stimuli_FMU Control_FMU Drive_FMU
FMI import FMI import FMI 1.0 ME Import

Stimuli-FMU | Control-FMU Drive-FMU
Corresponding FMI-based model consisting of three FMUs

Figure 7: Example of connected FMUs
exported from a MODELICA model

Further test examples of connected FMUs should be
provided, e.g.,

e a stiff mechanical system consisting of various
spring and damper elements exported as sev-
eral FMUs, or

e a hybrid powertrain containing of different
FMUs:

e Simple map-based model of a combustion
engine,

e mechanical powertrain with gears and
clutches,

e clectrical machine,

e power electronics, and

e control software model for the electrical
machine.

Inconsis-
tencies o
of FMI

standard

FMI 2.x

Formal

errors in o

FMU

::‘I‘\.llpl.tlm of of one @ of multipleo
FMUs

FMU

FMU Compliance
Checker

Extended Cross Ch

king for multiple FMUs J

Figure 8: Focus of FMI 2.x, FMU Compliance Checker
and extended FMI Cross Checking

4.2 Extension of test cases to multiple connect-

ed FMUs

In order to test multiple connected FMUSs in different
tools easily a standardized file format for the defini-
tion of the set-up is proposed. This file should con-
tain the following information:
e Simulation settings (e.g., simulation dura-
tion),
e list of the included FMUs,
e parameters of the included FMUs, and
e list of connections (i.e., which output of an
FMU is connected to which input of another
FMU).

Such a file should be preferably implemented as an
XML file. All stimuli can also be defined in FMUs
or provided as CSV file, as it is already possible for
single FMUs within cross-checking. All files for a
particular test should be either provided in a ZIP-file
or a directory. With the help of such a standardized
file describing the connections of multiple FMUs,
the testing of connected FMUs can be done automat-
ically in batch runs.
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4.3 Improvement of (co-)simulation techniques

of importing tools

New co-simulation techniques and master algorithms
are proposed in the scientific community, see e.g.
[13-15]. These new methods will improve co-
simulation techniques. Also for model exchange new
solver techniques should be developed that can han-
dle multi-rate systems divided in several FMUs. The
(co-)simulation capabilities of the importing tools for
multiple FMUs can be compared by extended FMI
Cross Checking.

4.4 Improvements of the FMI standard with
FMI 2.0

Problem class I is addressed by bug fixes of the FMI
standard. Maturity issues of the FMI standard 1.0 are
not considered problematic, but additionally to new
features, there will be some minor inconsistencies
eliminated. FMI Cross Checking is an integral part
of the introduction phase of FMI standard 2.0.
Hence, it is expected that possible problems in the
standard (problem class I) and the implementations
(problem classes II to IV) will be detected at an early
stage. FMI standard 2.0 will be only released, when a
significant number of test implementations are avail-
able.

5 Outlook

5.1 Usage of FMI at Bosch

FMI enables the exchange of models between tools
where this either had not been possible in the past or
only by proprietary exchange formats (resulting in
some cases in additional license fees). Additionally,
FMI could replace existing in-house solutions of tool
couplings and co-simulation. The use of a widely
accepted standard is much more effective than de-
veloping and maintaining special interfaces.

5.2 FMI-based collaboration with OEMs

One motivation of support FMI is the increasing de-
mand to exchange simulation models between OEM
and suppliers [10]. While FMI as a technical stand-
ard is right on track, there are other points to be ad-
dressed such as model exchange process and accom-
panying documentation. This is developed in the
ProSTEP Smart Systems Engineering Project (SSE)
[6] in cooperation with OEMs. The main question
there is how collaborative simulation-based engi-
neering based on FMI can work. FMI is the best

available approach for tool-independent model ex-
change and co-simulation. FMU Compliance Check-
ing and FMI Cross Checking address technical prob-
lems that existed in the past. FMI Cross checking
should be extended to more complicated examples
and also with multiple FMUs. Then, FMI can be-
come the technical basis for model-based collabora-
tive engineering in a heterogeneous tool environment
with different partners.
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An FMI-Based Tool for Robust Design of Dynamical Systems
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Abstract

Concepts from quality sciences, such as robust design,
six-sigma, and design-of-experiments have had a large
impact on product development in industry. These
concepts are increasingly used in a model-based en-
gineering context where data is gathered from simu-
lation models rather than laboratory setups or proto-
types.

This paper presents a framework to apply such ideas
to analysis of dynamical systems. A set of tools
that can be used for uncertainty analysis of dynam-
ical Modelica models is presented. These tools are
made available in the FMI Toolbox for MATLAB. The
workflow and tools are demonstrated on a cooling loop
design problem.

Keywords: Design-of-experiments, Robust design,
Controls, Modelica, FMI

1 Introduction

Model-based engineering is a key technology for com-
petitive product development. However, implement-
ing, parameterizing, and validating simulation models
of physical systems is time-consuming and costly. To
make modeling efforts pay off, it is necessary to sys-
tematically consider tools, practices, and workflows to
get the most use out of a model portfolio.

In this paper, we present a tool-chain and a method-
ology to efficiently integrate concepts from robust de-
sign and design-of-experiments to design and analy-
sis of dynamical systems. Robust design is a well-
established methodology that aims to design products
and systems such that they are inherently robust to
variations in components and operating conditions. A
large amount of research has been directed towards
robust design methodologies, that includes concepts
such as design of experiments, quality engineering,
critical parameter management, and six sigma [8, 5].
In the last years, there has been a growing interest in
applying these kinds of techniques to analyze detailed
simulation models, see e.g. [1, 2, 6, 7, 10, 4].

The tools presented in the paper are integrated into
the FMI toolbox for MATLAB. Functional Mockup
Interface (FMI) is a standard that allows importing and
exporting dynamical models between different tools.
First released in 2010, the standard has quickly been
adopted in industry and is currently supported by a
large range of tools used for physical systems mod-
eling. FMI is a powerful standard for deploying tool-
independent workflows and processes. Together with
physical dynamical simulation models from Modelica,
it provides a suitable platform for applying robust de-
sign concepts to analysis of dynamical systems.

The paper starts by discussing typical applications
of simulation models, and providing an overview of
design-of-experiments (DoE) concepts. The ideas be-
hind the design of the new DoE tools in the FMI tool-
box for MATLAB are then described. The use of the
tools is then illustrated for the design of a cooling sys-
tem, including both static analysis to size the compo-
nents, and dynamic analysis to design a controller.

2 Applications of simulation models

Simulation model development represents a signifi-
cant strategical investment in industries such as pro-
cess, automotive, aerospace, and energy. Simulation
models are, however, never an end in themselves but
rather a means to answer questions in the engineering
design process. Such questions may be:

e Hardware optimization: find dimensions, set-
tings, and operating points for physical compo-
nents

e Verification: check that performance meets specs
in entire operating envelope

e Quality: check probabilistically that system specs
are satisfied given tolerances on components

e Controls: design, analyze, and test control algo-
rithms
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Simulation models should ideally be developed
such that they can provide answers to all of these ques-
tions. In the literature that address model-based engi-
neering, it is interesting to note that there is a substan-
tial cultural difference between research publications
in the control community compared to the first three
items in the list.

Robust design methodologies generally consider
coarse large-scale mathematical and statistical models
of complex systems. The models may be based on data
from physical experiments or supplier spec sheets, and
are generally steady-state [10]. The literature is heav-
ily focused on processes, workflows, and tools.

Control engineering literature has a strong mathe-
matical and analytical focus. Dynamics are central,
and simplified mathematical model classes are ana-
lyzed with rigor. Much research is focused on mathe-
matical analysis but there is surprisingly little written
on processes and practices for control design in the
product development process. It is commonly noted
that there is a significant gap between much of the
mathematically-oriented control research community
and industrial practice.

In practice, control design is often based on lin-
earization at a single operating point. For the design to
be successful, this operating point needs to be repre-
sentative of the dynamics across the operating range.
It is normally difficult to know how the dynamics of
the process vary with operating points and parame-
ter uncertainty. Control design methods that go be-
yond linear models are often cumbersome to use and
require a detailed understanding of which nonlinear ef-
fects or other process uncertainty that will be relevant.
In-depth domain experience or trial-and-error is gen-
erally needed to find these dominant effects.

In practice, PID controllers based on simple exper-
iments or linearized models are widely applied in in-
dustry, even though all real-world processes have some
amount of nonlinearity or uncertainty. It is not uncom-
mon to find controllers that perform poorly, with slow
responses or oscillations at off-design operating con-
ditions.

In this paper, we suggest how approaches from the
robust design field can be applied to analysis of dy-
namical simulation models and control design. In or-
der to use information on process nonlinearities and
uncertainty in control design, it is imperative that tools
be designed so that the relevant information can be ex-
tracted in a convenient and intuitive format.

3 Design-of-experiments

The term design-of-experiments (DoE) denotes
methodologies to gather information from a system
or process in a systematic way. Originally, it was
introduced as a means to collect statistically sound ex-
perimental data sets for establishing cause-and-effects
relationships.

In recent years, there has been an increasing interest
in applying DoE techniques to extract data from simu-
lation models [2, 1].

3.1 Terminology and designs

In the DoE terminology, a factor denotes a quantity
that is to be varied in the data set. An experiment is
the procedure of testing the system with a particular
choice of factor settings. A response is an outcome
that is measured in the experiment. A fest matrix is a
list of factor setting combinations to be tested.

Selecting an appropriate test matrix is key to design-
of-experiments. Figure 1 shows examples of possi-
ble test matrices in two dimensions. The first plot to
the left shows a design based on one-factor-at-a-time
(OFAT). Here, a nominal operating point is chosen,
and off-nominal behavior is checked by varying one
factor at a time. This is generally not an effective way
to gather information on the system, since no interac-
tions between the variables are considered. Neverthe-
less, this approach is often applied in an ad-hoc man-
ner to test robustness.

The second plot shows a full-factorial test matrix
design. This is equivalent to a multi-dimensional grid,
where two or more different levels are chosen for each
factor and the test matrix is then assembled from all
combinations of the different levels. This method may
work well in two dimensions but scales poorly with the
number of factors. Other designs that are still based
on fixed factor levels but that only select a subset of
combinations are often preferred. Examples of such
designs are fractional factorial designs, Box-Behnken
designs, or central composite designs.

When DoE is applied to physical experiments, it can
be advantageous to use a limited set of levels for each
factor. For example, each different value of the factor
could involve building a separate prototype. In simu-
lation models, however, these constraints are generally
not present and the test matrix can be constructed by
spreading the test points freely in the ranges of inter-
est. Monte-Carlo simulations spread the test points ac-
cording to statistical distributions of the factors, which
allows to get statistical estimates on distributions of
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Figure 1: Example of test designs in two dimensions. OFAT = one-factor-at-a-time, FF = full factorial. Each of

the four examples contain 100 test points.

the estimates. The third plot in Fig. 1 shows points
that have been randomly sampled from uniform inde-
pendent distributions for x; and x;.

To maximize the information that can be extracted
from the process in a limited number of simulations,
the points should fill the space spanned by the fac-
tors. Quasi-Monte Carlo designs use space-filling al-
gorithms to spread the test points in a way that cov-
ers the space better than random sampling. The right-
most plot in Fig. 1 shows a DoE design based on
the Sobol space-filling algorithm. The advantages
of using space-filling QMC designs instead of ran-
dom sampling can be substantial in higher dimensions
where corner-case are poorly covered by random sam-
pling [3].

3.2 Meta-models

The results of a DoE experiment consist of a list of
pairs of factor values and response values {x;,y;}i—1 v
where N is the number of experiments. In some cases,
it may be sufficient to verify that all y; fulfill specifi-
cations, or to pick one x; that give the desired outcome
of the response. Often, however, we are interested in
finding a factor combination x* in a continuous set 2~
that optimizes some criteria defined by x and y. That
is, it is necessary to interpolate between the points in
the test matrix. To do that, some regularity on the map
from x to y is assumed.

One way to find x* is to perform sequential DoE in
refined factor ranges close to the expected optimum.
To limit the number of required experiments, it is gen-
erally better to use the existing data to generate a meta-
model of the mapping from x to y. A meta-model is a
simple empirical model that is obtained by fitting the
data to some generic model structure, e.g. using linear
regression, splines, neural networks or gaussian pro-
cesses. Meta-models may also be referred to as surro-
gate models or emulators.

The role of meta-models is to replace the real sys-

tem with a simpler representation for analysis such as
optimization or verification.

4 FMI tools for dynamical systems
DoE

4.1 Modelica and FMI as a platform

Modelica has several attractive features as a platform
for robust design of dynamical systems. Modelica
component models normally have a sufficient level
of detail to study influence of component variability,
while still being simple enough to run large batches of
experiments. From the nonlinear DAE models, infor-
mation on the effect of both design parameters, oper-
ating conditions, and actuator settings can be investi-
gated.

The FMI standard provides increased flexibility
when model development and model analysis can be
separated to different tools. The strengths of differ-
ent tools and the skills engineering teams have devel-
oped using specific tools can be put to use more effi-
ciently than if each tool needs to provide features for
each potential modeling application. This facilitates
cross-team use of the same model portfolio for differ-
ent purposes.

MATLAB/Simulink is widely used as an environ-
ment for control design and implementation, and is
thus a natural tool for analysis of model dynamics.

4.2 Tool requirements

The objective of a Modelica-based DoE tool is to re-
move the hurdles that make engineers resort to ad-hoc
one-factor-at-a-time robustness testing.

The user wants to get a general sense of how sensi-
tive the system is to parametric uncertainty. To do this,
the user should be in charge of problem formulation,
and provide the following input:
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Figure 2: Workflow
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From this information, the tools should handle the
back-end work:

e Construct a test matrix based on the desired DoE
design and factor ranges or distributions

e Set FMU parameters

e Simulate the FMU at all points in test matrix,
finding steady-state

o If the user specifies values for FMU outputs, find
inputs that give these outputs

e Catching errors so that an entire batch of results
is not waisted by a single test point that failed to

simulate

e Linearizing the system at all points in the test ma-
trix

e Provide convenient methods to visualize the re-
sults

o Construct suitable meta-models for analysis

4.3 DoE features in the FMI toolbox for
MATLAB

The DoE tools in the FMI toolbox for MATLAB were
introduced in release 1.6 with the purpose to make it
easy and intuitive to perform DoE batch experiments
on FMU models. The workflow is summarized in
Fig. 2. The user specifies the names and distribu-
tions of DoE factors in either an Excel spreadsheet or
a MATLARB file.

A class, FMUDoESetup holds the information on the
FMU model to be simulated, the factor distributions,
and simulation options. A batch of experiments is
run by calling methods of FMUDoESetup that corre-
spond to different DoE designs: full factorial, Sobol-
sequence based, or Monte Carlo random simulation.
There is also a possibility to use a custom test matrix.
The DoE factors can be both FMU parameters, FMU
inputs, or FMU outputs. If outputs are defined as fac-
tors, an equivalent number of inputs must be defined
as ’free’ inputs with min- max- and nominal values.
These inputs are then optimized iteratively to obtain
the specified outputs at each test point.

These methods return an object of the class
FMUDoEResult that stores experiment results, includ-
ing input-, output-, and state data, simulation status,
and linearization at all test points. Data can be visual-
ized by calling methods of the FMUDoEResult class to
plot the main effects between the factors and reponses,
or to generate Bode diagrams or step responses for the
ensemble of linearized systems at all test points.

In the future, support for meta-models may be
added. An interesting application of meta-models gen-
erated from the DoE is to provide simplified subsys-
tem models that can be used as a substitute for the full
Modelica subsystem model in simulations of larger
systems.
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5 An example

This section demonstrates a detailed example on how
the tools are used in the design of an engine cooling
system with feedback control. The design process con-
sists of the following steps:

e Verifying feasibility of the suggested cooling
loop architecture

Sizing the components

Verifying the design for worst-case heat load

Designing a robust controller for the system

Verifying the closed-loop dynamics

Note that the example is chosen to illustrate the tools
and methodology; the architecture and parameter val-
ues do not directly correspond to any existing system.

5.1 Model and specs

We consider a cooling loop architecture where the
coolant temperature is actively regulated through an
electronically controlled coolant pump. Active control
of coolant temperature is achieved through modulat-
ing the coolant pump speed, as opposed to the con-
ventional cooling system architecture where a passive
thermostat valve adjusts the coolant flow to maintain
safe coolant temperature. Better control of coolant
temperature can help the engine management system
achieve better over-all fuel economy [9].

A Dymola model of the cooling loop is shown in
Fig. 3. The model is an example model provided in
the Modelon Liquid Cooling Modelica library. Inputs
and outputs were added to the model (inputs: heat flow
from engine, pump speed, and air mass flow through
radiator, outputs: pump mass flow, liquid temperature
drop over radiator, temperature of liquid after the en-
gine, and temperature of the liquid at the pump en-
trance).

The following specifications are set for the system

e The engine-out coolant temperature T,,1qn MUSt
not exceed 100 °C (373.15 K).

e The system should handle a heat load of Q.=
100 kW

e The ambient temperature operating range is
Tambient € ['2OOC’ 450C]

realExpression  PUMP_mass_flow
ump.summ?

realExpressiont  dT_liquid_radiator

radiator hea?

reaExpressionz  1_8ngine_out
T_after_eng?

e S— realExprassion3 T_pump_in
— T_before_p?

Be—
r radiator
Power [W]

[0 ]

=

nd?. pibar)

Figure 3: The cooling system model in Dymola

Three design parameters are considered: the maxi-
mum pump speed Ny, the heat exchange efficiency
n of the radiator, and the capacity of a fan that circu-
lates air through the radiator when the ram air flow is
not sufficient to provide coolin.

5.2 Sizing the system

The first step in the design process is to screen the
design space to see if there exist some combination
of parameters that meet the specifications. For this
task, we look at the worst-case heat-load: maximum
engine heat load and maximum ambient temperature.
We let the three design parameters be factors in the
DoE setup, and choose wide ranges for these factors
to get a sense of feasibility of the design. The setup is
summarized in Table 1.

Table 1: Experiment setup for screening the design

space
variable dist min | max | value
Q_flow [W] constant le5
T_ambient [K] constant 318.15
N_pump [rpm] uniform | 50 | 2000
mflow_gas [kg/s] | uniform | 0.5 5
efficiency uniform | 0.4 0.9

We run a batch of 100 experiments with a Sobol
QMC-design where the three factors are uniformly
distributed between their maximum and minimum val-
ues in a cube. Figure 4 shows the resulting steady-state
temperature plotted against each of the DoE factors.
The green dots represent test points where the speci-
fication on engine-out coolant temperature is fulfilled,
and the red dots represent test points that do not meet
the specification. Not surprisingly, the test points that
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Figure 4: Result of screening design

fulfill the specs have a high pump speed, a high radia-
tor gas flow, and a high heat exchanger efficiency.

The next step is to zoom in the design variables
to a narrower range to find appropriate component
specifications that meet the subsystem specification on
engine-out coolant temperature. The DoE setup for
this sizing task is given in Table 2. A new set of uni-
formly distributed test points in the new factor ranges
was generated, and the effects on coolant temperature
are shown in Fig. 5.

Table 2: Experiment setup for sizing the system

variable dist min | max | value
Q_flow [W] constant 1e5
T_ambient [K] constant 318.15
N_pump [rpm] uniform | 800 | 1200
mflow_gas [kg/s] | uniform 2 4
efficiency uniform | 0.6 0.8

From Fig. 5, we can now decide on a set of compo-
nent specs on the pump and radiator that would meet
subsystem specification. This would normally involve
a trade-off between cost and availability of compo-
nents. We will here choose the design

Nopump = 650rpm
n>0.65 (1)

mflow 2 3kg/S

At worst-case conditions in terms of heat load
and ambient temperature, this design gives Tiopian =
96.8°C.

O 140 140
K=}
3 120 120},

| - o st o IR
2 o e e
‘S 100 100 wetdee oLl
c LRI
g :] . o
~ 80 80
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Figure 5: Result of sizing experiments

5.3 Dynamics

In the next step, we examine the dynamic response
from pump speed command to engine-out coolant tem-
perature. The DoE factor setup is given in Table 3. The
factors were chosen to represent a range of operating
conditions for the system.

Figure 6 shows the Bode diagram of the linearized
systems at each point in the test matrix. It can be seen
that the system is nonlinear: there is a large difference
in the frequency response at different operating points.

We can now investigate the influence of the DoE
factors on the dynamic response. Figure 7 shows the
influence of the DoE factors on the steady-state gain of
the linearized systems. The pump speed is the factor
that has the largest influence on the steady-state gain.

5.4 Control design

The Bode diagram for the ensemble of linearizations
in Fig. 6 can be used to design linear controllers that
will have sufficient phase margins at all linearization
points.

For nonlinear systems, there are no general guaran-
tees that a controller that stabilizes each possible lin-
earization will globally stabilize the closed-loop non-
linear system. In many cases, however, this is more of
an academic concern. The alternative to looking at the
ensemble of linearization may be to look at lineariza-
tion in a single point. The ensemble of linearizations
provides significantly more information.

A PI-controller with K = —50 and 7; = 100 was de-
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Table 3: Experiment setup for evaluating the design

variable dist min max | nominal
Q_flow [W] free 0 le5 led
T_ambient [K] uniform | 253.15 | 318.15
N_pump [rpm] uniform 20 650
mflow_gas [kg/s] | uniform 3 10
efficiency uniform 0.65 0.8
T_engine_out [K] | uniform 350 370

Bode Diagram
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Figure 7: Steady-state gain from Ny, t0 Teooran Of

Figure 6: Ensemble Bode diagram showing the mag- linearized system at all test points
nitude and phase for linearizations at all points in the
test matrix.
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Figure 8: Step response of the closed-loop system

signed based on the ensemble Bode diagram.

Figure 8 shows the ensemble step response of the
closed-loop systems corresponding to the lineariza-
tions at each point in the test matrix.

6 Conclusions

We have presented tools and workflows to apply robust
design methods to dynamical models. The tools are
available in the FMI Toolbox for MATLAB. The aim
in developing these tools has been to provide meth-
ods to work with parametric uncertainty in dynamical
models in a lightweight and intuitive manner.

Each of the analysis and design steps in the cooling
loop example involve less than ten MATLAB com-
mands. By taking care of back-end work, the tools
allow engineers to get answers from models in a sys-
tematic fashion rather than ad-hoc testing.

It would be interesting to see an increased academic
focus on design process, tools, and workflows for con-
trol design. In this context, Modelica and the FMI
standard provide a powerful platform.

References

[1] D. W. Apley, J. Liu, and W. Chen. Understanding
the effects of model uncertainty in robust design

[5]

[10]

with computer experiments. Journal of Mechan-
ical Design, 128:945-957, 2006.

R. A. Bates, R. S. Kenett, D. M. Steinberg, and
H. P. Wynn. Achieving robust design from com-
puter simulations. Quality Technology & Quan-
titative Management, 3(2):161-177, 2006.

C. M. Bishop. Pattern Recognition and Machine
Learning. Springer, 2006.

D. Bouskela, A. Jardin, Z. Benjelloun-Touimi,
P. Aronsson, and P. Fritzson. Modelling of uncer-
tainties with Modelica. In Proceedings of the 8th
International Modelica Conference, pages 673—
685, 2011.

C.M. Creveling, J.L. Slutsky, and D. Antis. De-
sign for Six Sigma. Prentice Hall, Upper Saddle
River, New Jersey, USA, 2003.

B. Johansson and P. Krus. Probabilistic analysis
and design optimization of Modelica models. In
G. Schmitz, editor, Proceedings of the 4th Inter-
national Modelica Conference, pages 247-254,
2005.

P. N. Koch, R.-J. Yang, and L. Gu. De-
sign for six sigma through robust optimization.
Structural and Multidisciplinary Optimization,
26:235-248, 2004.

K. Otto and K. Wood. Product Design. Pren-
tice Hall, Upper Saddle River, New Jersey, USA,
2001.

M. H. Salah, T. H. Mitchell, J. R. Wagner, and
D. M. Dawson. A smart multiple-loop automo-
tive cooling system—model, control , and ex-
perimental study. IEEE/ASME Transactions on
Mechatronics, 15(1):117-124, 2010.

C. Zang, M. 1. Friswell, and J. E. Mottershead.
A review of robust optimal design and its ap-

plication in dynamics. Computers & Structures,
83:315-326, 2005.

42

Proceedings of the 10*" International ModelicaConference
March 10-12, 2014, Lund, Sweden

DOI
10.3384/ECP1409635



Simulating Rhapsody SysML Blocks in Hybrid Models with FMI

Yishai A. Feldman!
1IBM Research — Haifa, Israel

Lev Greenberg!
ZRational, IBM Israel, Rehovot, Israel

Eldad Palachi?

Haifa University Campus, Mount Carmel, 3498825 Haifa, Israel
{yishai,levg,eldadpal}@il.ibm. com

Abstract

The Functional Mockup Interface (FMI) standard en-
ables hybrid simulation of models from different tools.
Such tools can have different underlying behavioral
semantics, creating challenges when models are com-
bined. A case in point is the combination of the Rhap-
sody tool, widely used to describe and implement dis-
crete control behavior, and Modelica, widely used to
describe continuous plant behavior.

This paper describes a plugin we developed for ex-
porting Functional Mockup Units (FMUs) from Rhap-
sody, and the results of combining generated FMUs
with continuous models. When a Rhapsody FMU is
used in a different environment, some basic assump-
tions on its behavior are challenged. We describe the
semantic mismatches between the tools, to what ex-
tent they can be overcome, and what modelers need to
do in order to preserve the intended semantics of an
exported FMU.

Keywords: FMI, Rhapsody, SysML, Hybrid simulation

1 Motivation and Overview

Complex cyber-physical systems are composed out of
components and subcomponents, often designed and
manufactured by different organizations. Each compo-
nent can come from a wide range of different engineer-
ing domains, including mechanical, electrical, control,
and software. Each engineering domain uses its own
languages and tools; these are often not integrated with
each other. This makes it difficult to perform analysis,
verification, and design-space exploration at the model
level, resulting in errors that are discovered late in the
process (typically during integration), and are expen-
sive to fix.

In some cases there is ad-hoc integration between
a pair of tools; for example, organizations commonly
create connections using ad-hoc scripts. However, this
is expensive, brittle, and sometimes wrong. Func-

tional Mockup Interface (FMI)! is an open interna-
tional standard for the integration of models between
different tools that may use different underlying se-
mantics (e.g., discrete state machines and differen-
tial algebraic equations). It specifies an interface that
encapsulates a model as a Functional Mockup Unit
(FMU), for communicating with hosting tools. The
standard defines two types of export: model exchange
and co-simulation. The main difference between them
is that the former uses a solver of the hosting tool,
while the latter includes its own solver and the hosting
tool only orchestrates the simulation (transfers vari-
ables values, orders FMUSs invocation, and selects the
next communication step size).

SysML? and UML? are modeling languages stan-
dardized by the OMG to describe structure and behav-
ior of systems at various levels of abstraction. State-
charts [6] are a popular formalism for specifying be-
havior in SysML and UML,; they are an extension of
finite-state machines, and enable very concise decrip-
tions of finite-state models. They are used to describe
reactive systems at a wide range of abstraction, from
the details of embedded controllers to high-level man-
ufacturing processes. Some tools, such as IBM Ratio-
nal Rhapsody®,4 can execute statechart models, and,
in the case of software applications, to synthesize pro-
duction code from these models. Model execution
(sometimes called “simulation’) can be used to ana-
lyze and verify the design.

However, many modern systems are cyber-physical
and include physical models whose behavior is mod-
eled in other languages and tools. In the example
of Section 2, a statechart is used to model the con-
troller of a heating system; other aspects of the sys-
tem, such as the thermal plant, sensors, and actua-

"https://www.fmi-standard.org.

Thttp://www.omgsysml . org.

Shttp://www.uml . org.

“http://www-03.ibm.com/software/products/en/
ratirhapfami.
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tors, are modeled in Modelica®.’ In order to simulate
the whole system, it is therefore necessary to combine
the discrete-event simulation of the statechart model in
Rhapsody with the continuous dynamics described in
Modelica. This paper describes the way in which an
FMU that encapsulates the statechart can be exported
from Rhapsody and used inside FMI-compliant tools.°

In Section 3 we analyze the semantic differences be-
tween the behavior of a SysML block in Rhapsody and
that of the exported FMU. We highlight subtle, but in
some cases significant differences. The naive expec-
tation is for two communicating statecharts from the
same Rhapsody model to retain their behavior when
each is exported as an FMU and composed in the same
way in a hosting tool. Because of the different concep-
tual semantics of Rhapsody statecharts and the FMI
standard, this is very challenging. It follows that de-
signers of SysML models that participate in hybrid
simulations as FMUSs need to be aware of this and de-
sign appropriately. We present a set of guidelines in
Section 3.6.

2 Example

This section presents an example of a hybrid model, in
which a controller specified as a statechart is exported
as an FMU and used in a Modelica model. Figure 1
shows a Modelica model of a heater’ in the Simula-
tionX tool.® The model consists of the heater plant
(bottom), a temperature sensor (displayed as a ther-
mometer), a controller (top, in black) that receives the
sensor input and a parameter specifying the desired
temperature, and two actuators that can turn on or off
two heating elements (lower left, in blue). A switch
(labeled “booleanStepl” in the middle of the dia-
gram) turns the heating system on or off.

The plant is specified in Modelica using a set of dif-
ferential algebraic equations, and the sensor and actu-
ators are also simple Modelica models. The controller,
however, is specified as a SysML statechart in Rhap-
sody; it is shown in Figure 2. The controller starts
in state OFF; it moves to ON when the switch signal
changes to true, and moves back when it changes to
false.

In state ON, the controller keeps track of the num-

Shttps://www.modelica.org.

6See https://wuw.fmi-standard.org/tools for a list of
tools that support FMI.

"Based on the ControlledTemperature example from the Mod-
elica Standard Library.

Shttp://www.simulationx.com.

«Block,FMUExport» Dél
HController2

= «FMUIgnore» activeHeaters:int=0

™ heater1:bool=false

= heater2:bool=false

= measuredTemp:float=0

== refTemp:float=0

= «FMUParameter» switchingTimeout:int=1000
= «FMUParameter» tempDiff1:float=5

= «FMUParameter» tempDiff2:float=10

= turnOn:bool=false

turnOn:bool heater1:bool

refTemp:float heater2:bool

activeHeaters:int

«FMUContinuous» measuredTemp:float

Figure 3: The interface of the controller block.

ber of active heaters (between O and 2); in the ini-
tial sub-state, NoHeating, this is set to zero, and both
heaters are turned off. Each of the three states has a
timeout transition (labeled tm(switchingTimeout)),
it is used to sample the temperature sensor period-
ically. The operation tempDiff () returns the dif-
ference between the reference temperature (provided
as the top input in Figure 1) and the measured tem-
perature (bottom input). The model has two param-
eters, tempDiffl and tempDiff2. Whenever the
temperature difference is more than tempDiff1, the
first heater is turned on; if the difference exceeds
tempDiff2, both heaters are turned on. This is
achieved by the transitions between the states, which
check the temperature difference. These transitions
have just a condition (specified in brackets) but no trig-
ger. They are checked each time the state is entered;
that is, periodically whenever the timeout expires.

The interface of the controller is a SysML block,
shown in Figure 3. It has three inputs, which are
SysML flow ports: the boolean-valued turnOn, for the
on/off switch, and two float-valued input ports, one for
the reference temperature, and one for the measured
temperature. The last is annotated with the stereotype
«FMUContinuous» to indicate that it is a continuous
input; by default, inputs are assumed to be discrete
(see Section 3.5). Each flow port is associated with
a block attribute of the same name (shown inside the
block); each of these has an associated initial value.
The block has three output flow ports: the first two
are boolean-valued signals that turn the heaters on and
off, and the third is an integer-valued signal that carries
the number of currently active heaters. In addition, the
block has three parameters, for the switching timeout
and the temperature thresholds.

Figure 4 shows the essential parts of the model de-
scription in the FMU generated by the plugin from this
block. It starts with a type definition describing the
float type associated with the block’s inputs. Since
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Figure 1: The heater model in SimulationX.

this type defines single-precision floating-point num-
bers, while the FMI standard defines real numbers us-
ing double precision, it is translated into an FMI real
type with a constrained range. Following the type def-
inition are the specifications of the model variables.
First are the three inputs, the first with a boolean type
and the others with the constrained type. All inputs
have input causality and discrete variability, except for
measuredTemp, which is continuous. Following those
are the two output booleans, and the three parameters.

In order to let the plugin know how to treat the vari-
ous block elements, we defined a UML profile contain-
ing a set of stereotypes. For example, the «FMUPa-
rameter» stereotype denotes the three block attributes
that are to be treated as parameters (Figure 3). The
signal activeHeaters is not exported to the FMU, as
indicated by the stereotype «FMUIgnore» annotating
the block attribute of the same name. The model of
Figure 1 defines how these inputs and outputs are con-
nected to the rest of the model when the exported FMU
is imported into the SimulationX environment. Inside
SimulationX, the imported FMUs are represented as
regular Modelica blocks, so they can be naturally in-
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Figure 5: Simulation results with the Rhapsody FMU
in SimulationX.

cluded in any Modelica model.

Figure 5 shows the results of the simulation using
the exported controller FMU in SimulationX. The top
graph shows the ramp1 variable from the block at the
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Figure 2: The heater controller in Rhapsody.

top right of Figure 1; this variable represents the am-
bient temperature, which starts at O and climbs to 20
degrees during the second minute. The second graph
shows the on/off switch, with is turned on 5 seconds
after the simulation starts. The next two graphs show
the signals that the controller sends to activate the
heaters. When the switch is initially turned on, the
measured temperature is zero, and both heaters are ac-
tivated. The second heater is deactivated after a few
seconds, while the first heater is turned on and off
according to the measured temperature. The bottom
graph shows the values measured by the temperature
sensor; the value climbs from O to a little over 20 de-
grees, then seesaws as a result of the activation of the
heaters. Toward the end of the second minute, once the
ambient temperature is high enough, both heaters are
turned off, and the sensed temperature climbs slowly,
as expected.

3 FMI for SysML

This section describes the FMU export functional-
ity we developed for Rhapsody as a plugin, and dis-
cusses the design decisions and their implications. The
FMI standard defines two export modes: model ex-
change and co-simulation. The major difference be-

tween them is that model exchange requires a host-
ing tool to provide an ordinary differential equation
(ODE) solver to perform the simulation, and there-
fore the models needs to expose all internal equations.
Rhapsody models are discrete and do not need an ODE
solver, so co-simulaton would be appropriate; this in
turn could enable the use of the FMU in environments
that do not provide ODE solvers. Unfortunately, FMI
for co-simulation cannot handle discrete events effi-
ciently [2]. For example, the co-simulation API, un-
like the model exchange API, does not provide a way
to report the next event time. We have therefore cho-
sen to use the model-exchange mode for our plugin.
In any case, most of the points discussed in this paper
apply to co-simulation as well.

The elements of the SysML block that are exported
currently limited to atomic flow ports and attributes.
As we saw in the example, input flow ports of the
SysML block are exposed as inputs of the FMU, and
output flow ports become outputs. Values of attributes
of the block that have corresponding flow ports are
considered by Rhapsody as storage for the values of
the ports, and are therefore represented by the same
input or output variables. Other attributes will become
FMI discrete internal variables; if they are annotated
with «<FMUParameter», they will become FMI param-
eters. Initial values of attributes will be translated into
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<TypeDefinitions>

<Type name="real32_Type">
<RealType min="-3.4028234663852886E38" max="3.4028234663852886E38" />
</Type>

</TypeDefinitions>
<ModelVariables>

<ScalarVariable name="turnOn" valueReference="2" variability="discrete" causality="input">
<Boolean start="false"/>

</ScalarVariable>

<ScalarVariable name="refTemp" valueReference="0" variability="discrete" causality="input">
<Real declaredType="real32_Type" start="0.0"/>

</ScalarVariable>

<ScalarVariable name="measuredTemp" valueReference="1" variability="continuous" causality="input">
<Real declaredType="real32_Type" start="0.0"/>

</ScalarVariable>

<ScalarVariable name="heaterl" valueReference="0" variability="discrete" causality="output">
<Boolean start="false"/>

</ScalarVariable>

<ScalarVariable name="heater2" valueReference="1" variability="discrete" causality="output">
<Boolean start="false"/>

</ScalarVariable>

<ScalarVariable name="switchingTimeout" valueReference="0" variability="parameter"

causality="internal">

<Integer start="1000"/>

</ScalarVariable>

<ScalarVariable name="tempDiffl" valueReference="2" variability="parameter" causality="internal">
<Real declaredType="real32_Type" start="5.0"/>

</ScalarVariable>

<ScalarVariable name="tempDiff2" valueReference="3" variability="parameter" causality="internal">
<Real declaredType="real32_Type" start="10.0"/>

</ScalarVariable>
</ModelVariables>

Figure 4: The modelDescription.xml file of the generated FMU (excerpt).

a start value of the corresponding FMU variable. How-
ever, the «<FMUIgnore» stereotype will prevent any el-
ement from being exposed. This gives the user fine
control over what parts of the block are to be exposed
externally.

Not all SysML elements are currently supported. In
particular, the following are challenging, because of
mismatches between SysML and the FMI standard:

* Bi-directional flow ports, since the FMI standard
does not allow variables that are both inputs and
outputs. This restriction may be lifted in future,
by artificially creating two variables, one for each
direction of a bi-directional port. However, there
are various issues such as naming of ports and
variables, and synchronizing the values of the in-
put and output variables correctly.

» SysML standard ports, since they carry SysML
events (these are not to be confused with FMI

events), which are not supported by the FMI stan-
dard.

The FMU export functionality is based on the FMU
SDK provided by QTronic,’ which provides a skeleton
implementation of the FMI API. The implementation
of the exported FMU consists of the code normally
generated by Rhapsody for the block, with an addi-
tional wrapper that adapts it to the requirements of the
FMI standard. The FMU export process consists of the
main steps described in Algorithm 1.

The first step collects the various elements to be ex-
posed according to the rules described above; it also
checks for illegal or unsupported combinations and
reports them to the user (such reports can be sup-
pressed by using the «<FMUIgnore» stereotype). The
second step creates the modelDescription.xml file,
which describes the interface of the generated FMU.

Shttp://www.qtronic.de/en/fmusdk.html.
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Algorithm 1 Generate FMU Wrapper

1. Analyze the SysML model to identify input and
output ports and internal varibles, discover and
report errors.

2. Generate the FMU model description file.
3. Apply the standard Rhapsody code generation.
4. Generate the code for the FMU wrapper.

5. Compile and package the FMU.

Algorithm 2 fmiEventUpdate

1. Set Rhapsody time based on the time received in
the last fmiSetTime call.

2. Set the block’s input variables based on the pre-
vious set of fmiSetXXX calls.

3. Invoke the Rhapsody-generated code to execute a
behavioral step.

4. Update the wrapper’s variables corresponding to
the FMU outputs.

5. Set the next event time to the earliest timeout ac-
tive in the block.

The third step invokes Rhapsody’s code-generation fa-
cilities to create the implementation of the behavior
of the block to be exported. The fourth step creates
the code that adapts Rhapsody’s implementation to the
FMI standard. This wrapper code is discussed in most
of the rest of this section. Finally, the code is compiled
and packaged in the . fmu file.

3.1 The FMU Wrapper

The FMU Wrapper generated in step 4 of the FMU
export algorithm supports the FMI interface (currently
version 1.0 for Model Exchange) and translates it to
the Rhapsody interface. The wrapper keeps a set
of variables corresponding to the FMU variables, to-
gether with a set of other internal variables (for ex-
ample, the current simulation time). Most of the
FMI functions are implemented by reading or set-
ting these variables; the real work is done by the
fmiEventUpdate function. The wrapper algorithm
implements this function as described by Algorithm 2.

This algorithm seems quite straightforward, but it

hides many subtle semantic issues. When a block is
exported as an FMU, its behavior can be changed by
the way that the hosting tool delivers variable changes
to the wrapper, using the FMI interface calls, and by
the way that the wrapper handles these calls. While
the former is out of the control of the Rhapsody FMU
export plugin, the latter behavior is, and there are a
number of different ways to create the wrapper, each
of which yields somewhat different semantics. There
are two issues that need to be addressed. The first is
communication: the way inputs are transferred to the
FMU and outputs are received from it. The second
is scheduling: when communication takes place, and
how much activity the FMU encapsulating the SysML
block allows the block to perform before it considers
the step to be completed.

Ideally, Rhapsody blocks exported as FMUs would
retain their behavioral semantics, and blocks written
without consideration for their context could be used
as FMUs. At the very least, the naive expectation
could be that if two or more Rhapsody blocks are ex-
ported as FMUs out of the same model, and are con-
nected in the hosting environment in exactly the same
way they were connected in the Rhapsody model, their
behavior will not change. However, context does mat-
ter, in simulation as well as in physical realizations.
Full preservation of semantics between two exported
blocks is challenging; see Section 3.2. In the context
of non-Rhapsody models, the different semantics of
the FMI standard and of Rhapsody create other diffi-
culties, as discussed in Sections 3.3-3.5.

3.2 Quoted Out of Context

In this section we consider the case of two blocks from
a single Rhapsody model, both of which are exported
as FMUs, and connected in the external tool in the
same way as they were in the original model. How
does the implementation of the wrapper change the se-
mantics of the joint model?

The Rhapsody semantics [7] describes the behavior
of a statechart as consisting of a series of steps; each
step may consist of several state changes, and may pro-
duce several variable-change and other events. There
is a strict order between these events.

Changing the value of a SysML flow port in Rhap-
sody might also create an internal change event (such
as chTurnOn in Figure 2); this event can trigger one
or more transitions. The value of the attribute corre-
sponding to the port is changed immediately. How-
ever, all events in Rhapsody are sent asynchronously;
events sent to each port (from whatever source) are
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queued, and delivered in order. In particular, updat-
ing several variables consecutively creates one event
for each, and these are handled one by one. The order
is therefore significant; the block may perform arbi-
trary actions in response to each event; for example, a
typical response to an event is for the statechart is to
move to a new state. Such actions can change how the
block responds to the next event.

As mentioned above, the FMI standard allows
changing any number of variables in a single event-
processing cycle, and the changes are semantically si-
multaneous. This is a consequence of the synchronous
semantics on which the FMI standard is based. A
Rhapsody block can perform a sequence of discrete
changes in response to a single event. For example,
a single transition might include a series of actions
that sequentially change a number of outputs. This im-
plies that, in order to ensure that the order of the corre-
sponding Rhapsody events is preserved, these discrete
changes must be delivered one by one to the FMU
interface. However, this could cause an inconsistecy
between the values, if several related variables (such
as current and resistance) are not changed simultane-
ously.

The wrapper can implement this strategy by end-
ing step 3 of Algorithm 2 inside each of the setter
functions for the output variables in the Rhapsody-
generated code, and continuing with steps 4-5. In the
next event-processing cycle, the wrapper would allow
Rhapsody to continue from the point it was stopped.
All of these events, except for the last one, will require
another event-iteration cycle by returning fmiFalse in
the iteractionConverged field of the return value of
the fmiEventUpdate function; this does not advance
the simulation time.

This strategy allows other FMUs to generate new
inputs after each output is reported. These inputs can
be delivered by the wrapper to Rhapsody immediately;
that would be consistent with the Rhapsody semantics,
since it represents an execution of the Rhapsody model
in which each block is run in a separate thread and out-
put generation happens to be fully synchronized be-
tween threads. However, Rhapsody semantics allows
other behaviors; for example, those where one thread
is significantly faster than the others.

In this strategy, the exported FMU behaves in ac-
cordance with the original semantics of the SysML
blocks in Rhapsody. Any strategy that batches con-
secutive outputs may violate the semantics, since the
generated FMU can be used in a context in which the
order of these output updates is significant. However,

as mentioned above, the Rhapsody semantics may
expose inconsistent value. Furthermore, this strat-
egy could potentially be very inefficient, forcing the
whole simulation to receive and react to each discrete
change separately. Because of these issues, the cur-
rent implementation of the FMU wrapper delivers all
variable-change events simultaneously; the modeler of
the SysML block should be aware of this and introduce
small delays between sequential changes when the or-
der is important. This strategy takes the other extreme,
in that it allows the block to perform all its possible be-
havior in a single cycle, and only stops when it reaches
a wait for some timeout or event.

A related issue is the treatment of multiple changes
to the same variable. In the example, the command to
turn the first heater on is given by the signal heaterli;
the command is recognized when the signal changes
value from false to true. It is possible that some
path in the statechart contains a series of transitions in
the same step, containing the action setVar (false)
followed by setVar(true). In Rhapsody, both ac-
tions will be communicated to the connected element,
resulting in two changes in the value of the signal, with
two corresponding change events, causing the com-
mand to be recognized. However, if this signal is ex-
ported as an FMU output, the behavior will depend on
how the wrapper treats multiple changes to the same
variable. In the implemented version of the wrapper,
the second change will override the first, causing the
signal to retain its previous value without change. The
other block will therefore receive only the last value
update, which contains the variable’s original value;
this might result in different behavior.

In the other strategy, both changes will be delivered
separately, and the command will be recognized. A
third scheduling strategy, in the middle between these
two extremes, is to present changes to different vari-
ables together, as in the implemented version, but sep-
arate changes to the same variable. This can be done
by having the wrapper divide the stream of events re-
ceived from Rhapsody into segments, each starting
with a change to a variable that already has another
change in a previous segment. All the events in a sin-
gle segment will be presented at once, but different
segments will be presented separately.

On input (step 2 of Algorithm 2), the wrapper must
be ready to accept simultaneous changes of discrete
variables, even if it only produces them one at a time,
since inputs may be provided by other types of FMUs.
There are a number of ways to treat multiple such
events. The first is for the wrapper to issue the events

DOI
10.3384/ECP1409643

Proceedings of the 10" International ModelicaConference 49
March 10-12, 2014, Lund, Sweden



Simulating Rhapsody SysML Blocks in Hybrid Models with FMI

Table 1: Two behaviors of the rounding strategy.

FMI Time Rhapsody Time x; xp x3 y
(sec.) (msec.)
Scenario 1
0.0000 0 1 2 3 2
0.0050 5 -1 2 3 2
0.0100 10 1 2 3 2
Scenario 2
0.0000 0 1 2 3 2
0.0050 5 -1 2 3 2
0.0096 10 -1 2 -3 =2
0.0100 10 1 2 3 -2

to Rhapsody in an arbitrary order, and require model-
ers of SysML blocks to be exported to ensure that the
order does not matter; this is the option currently taken
by the plugin. A second option is to impose a specific
order on the events; this order can be specified by a
SysML stereotype.

3.3 A Question of Time

In the current FMI standard, time is measured as a
double-precision floating-point value in units of sec-
onds, whereas in Rhapsody time is represented as an
integer, in units of milliseconds. This mismatch is an-
other cause for semantic incompatibilities. (The same
problem would exist even if the standard used inte-
gral units at a different time resolution, such as mi-
croseconds.) How should the FMU wrapper handle
fmiSetTime calls that set the time between two Rhap-
sody clock ticks?

Of course, a perfect match of the time-lines is im-
possible. An obvious candidate strategy is to round
times to the nearest integral value. However, this strat-
egy causes strange phenomena, where the addition
of an unrelated fmiEventUpdate call can completely
change the behavior. For example, consider a SysML
block with three discrete inputs, xj, x», and x3, and
one discrete output, y. The behavior of the block is
very simple; periodically every 10 milliseconds, it up-
dates y to be either x, or —x,, depending on whether
x1 > 0 or not. Input x3 is not used at all and should not
influence this behavior in any way.

Table 1 displays two possible behaviors of this
block, under the rounding strategy. In the first sce-
nario, y is updated at time 0.0, and again at time 0.01.
The change of x; at time 0.005 does not update the
value of y, since the block is still waiting for its time-
out. The second scenario starts in the same way, ex-
cept that at FMI time 0.0096, variable x3 gets a new

value. Because this time is rounded to Rhapsody time
10, the block is activated and updates the value of y.
When x; is changed back to 1 at FMI time 0.01, the
block is already waiting for its next timeout, at (Rhap-
sody) time 20, and y is not updated again. The result
is a different value for y, due to a spurious update of
x3. For continuous systems, due to numerical issues,
such differences might be acceptable. For discrete sys-
tem, working at precise clocks, however, this type of
behavior is obviously unacceptable.

Because of this issue, the FMU export plugin uses
truncation rather than rounding. With truncation, such
undesirable behaviors cannot occur, since intermedi-
ate event updates such as the one in the example will
not trigger the FMU’s timeout and will not advance its
internal clock. In the example, FMI time 0.0096 will
be translated to Rhapsody time 9, will not trigger the
timeout transition, and will not change the value of y.

It is common in continuous systems to consider a
discrete unit of time strictly as a sampling interval,
by ignoring all changes that occur between two sam-
pling points except for the last one. However, this ap-
proach can result in counterintuitive behavior for dis-
crete models; for example, a slight shift in the timing
of a discrete signal change can cause it to be ignored.

3.4 Types

A Rhapsody model can employ the full type system
of the target language (which, in this paper, we con-
sider to be C). The FMI standard defines a different
set of types; these only contain scalar types (real, inte-
ger, boolean, string, and enumeration). Each of these
can be customized; for example, real and integer types
can have an associated range, as shown in the type
definition of Figure 4. The FMU export plugin at-
tempts to define the closest possible FMI type for the
C type used in the block. Obviously, integral C types
are expressed as FMI integers, and floating-point types
(float, double) as FMI reals. Ranges are applied
in the FMI types based on the ranges of the C types;
however, not all types can be accurately represented
in this way. For example, in the 32-bit FMI platform,
fmiInteger is defined as a C int; this means that the
C type unsigned int has a wider range than that ad-
mitted by an FMI integer, which is always signed.

3.5 Discrete or Continuous?

Rhapsody is based on a discrete-time model; triggers
for transitions between states are all discrete events,
and variables are modified in a discrete way (that is,
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signals are piecewise constant). Modelers in Rhapsody
therefore think of all variables as discrete. However,
when a Rhapsody FMU is used in a hybrid model,
some of its inputs may be connected to continuous sig-
nals. This places restrictions on the way such inputs
may be used in the statechart.

Transitions in a statechart are activated by triggers,
which are discrete events. Triggers include variable-
update events (such as chTurnOn in Figure 2, which
signals a change in the turnOn input). The time of
a change event for a continuous variable is not well
defined, because at a call of fmiEventUpdate all FMI
variables are updated, whether relevant or not (as in the
second scenario of Table 1). This can cause the behav-
ior of the statechart to become unpredictable. Model-
ers must therefore avoid change events for continuous
inputs. The use of continuous inputs in other places is
not restricted. For example, checking the value of an
input in a transition guard (such as tempDiff ()<0)
does not cause a problem, even if the input is con-
tinuous, since the guard is only evaluated at timeout
events. The same holds for using a continuous input in
an action.

3.6 Guidelines for Exportable Blocks

Based on the previous discussion, the following points
should be considered when designing a Rhapsody
model to be exported as an FMU. First, change events
must not be used for continuous signals, although
their values can be freely used otherwise. Second, if
the order of changes in output variables is important,
non-zero delay should be introduced between changes.
Third, non-zero delay should be introduced between
changes of the same variable if all intermediate values
need to be observed. Finally, to preserve communi-
cation semantics between Rhapsody blocks or include
features that are not yet supported by the FMU export
functionality, the composition of the blocks should be
exported as a single FMU.

4 Related work

Modeling and simulation of hybrid systems is an ac-
tive research topic [5, 3]. Carloni et al. [4] pro-
vide a detailed analysis and comparison of the se-
mantics of commonly-used tools. They conclude that
there is a strong need to allow integration of different
tools, and suggest leveraging the Hybrid Systems In-
terchange Format (HSIF) to mediate model semantics
between tools. This approach is very different from

the FMI code-generation-based approach used in our
work, since FMI is mainly focused on the standardiza-
tion of a model execution API, and exposes only the
model information required for this purpose (for ex-
ample, whether variables are discrete or continuous,
and dependencies between variables).

Other interesting approaches for integrating SysML
and Modelica are based on extensions of SysML such
as the SysML-Modelica Transformation standard,'? or
of ModelicaML [10] where Modelica could be de-
scribed using the UML profile extension mechanism.
Specifically, Schamai et al. [11] suggest a formal ap-
proach to modeling UML statecharts using Modelica,
and highlight various semantic differences. For ex-
ample, in ModelicaML, all available events are pro-
cessed in parallel in the next evaluation of the state ma-
chine, while in Rhapsody statechart events are queued
and processed in order according to the UML run-to-
completion semantics [7].

In practice, changing languages or tools is a major
undertaking, and users are reluctant to do so. Our work
therefore concentrates on using the popular Rhapsody
tool in new contexts. As discussed in Section 3, this
requires some attention to modeling details that might
differ in other contexts, but there is no need to change
the tool itself. This is similar to the approach taken by
Sakairi et al. [9] to integrate Rhapsody and Simulink®,
except that they use a proprietary S-function inter-
face.!! Because we use the FMI standard, our ap-
proach is not limited to integration with a single tool or
language, but can work with any FMI-complaint sim-
ulator.

Pohlmann et al. [8] export FMUs for Mechatron-
icUML [1] instead of Rhapsody SysML. They do not
describe any semantic differences between Mecha-
tronicUML and the generated FMU. They do say
that “a discrete port implements an array of message
queues,” since communication in MechatronicUML is
asynchronous; it seems, therefore, that the same issues
described in Section 3.2 are relevant there as well.

5 Conclusions

The FMI standard can be used for hybrid simulation
of systems modeled using several tools. We described
the Rhapsody plugin that exports FMUs enapsulat-
ing SysML blocks whose behavior is defined using
statecharts, and demonstrated it on an example that

Onttp: //www.omg. org/spec/SyM/1.0.
Uhttp: //www.mathworks . com/help/simulink/sfg/
what-is-an-s-function.html.
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combines the SysML model with a Modelica model.
We highlighted subtle but important semantic differ-
ences between Rhapsody and FMI, causing the com-
positional behavior of the FMUs to differ from that of
the original blocks, and provided guidelines that will
prevent such behavioral differences. Since different
tools come with their own semantics, we expect that
such mismatches are common, especially when con-
necting continuous-time with discrete models, and that
our guidelines will generalize to many such cases.
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Abstract

In this paper we propose a method how to automati-
cally utilize continuous-time Modelica models di-
rectly in nonlinear state estimators. The approach is
based on an extended FMI 2.0 Co-Simulation Inter-
face [1] that interacts with the state estimation algo-
rithms implemented in a Modelica library [2]. Be-
sides a short introduction to Kalman Filter based
state estimation, we give details on a generic inter-
face to cooperate with FMUs in Modelica, an im-
plementation of nonlinear state estimation based on
this interface, and the Dymola prototype used for the
evaluation. Finally we show first results in a tire load
estimation application [3] for DLR’s robotic electric
research platform ROMO [4].

Keywords: FMI 2.0 Co-Simulation, FMU, Inline In-
tegration, Kalman Filter, State Estimation, Moving
Horizon Estimation, Tire Load Estimation

1 Introduction

With the raise of computational power in the last
decades the possibilities to implement complex con-
trol strategies in real world applications enhanced
tremendously. For most of them a good knowledge
of the actual states is necessary. Often these are not
directly measurable due to cost limitations or miss-
ing sensors (for example, it is not practical to meas-
ure in-tire forces). In the ITEA2 project MODRIO
[5] one aim is to develop state estimation technolo-
gies for plants that use the knowledge of complex
models of the controlled system itself. These models
are often designed, parameterized and optimized as
multidomain models in Modelica. To re-use these
models for estimation and control purposes the Func-
tional Mockup Interface [1] turns out to be very use-
ful. Three years ago, we presented a concept for state

estimation [2], [6] using FMI 1.0 Model Exchange
[7], using Modelica function pointers to separate the
prediction model from the observer algorithms and
to create an easy reconfigurable framework for state
estimation purposes. This approach had several limi-
tations and difficulties that we want to overcome
based on a slightly extended FMI 2.0 Co-Simulation
Interface [1] . Furthermore we introduced a different
way how the user interacts with the prediction model
and the desired state estimation method.

One goal of the research performed in MODRIO is
to build-up a complete tool chain so that an end-user
can utilize a complex model in a state estimation al-
gorithm and download the estimator to an embedded
target. To our knowledge such tool chains are not
available today. There are toolboxes available for the
estimation algorithms, such as [8], [9], but it is non-
trivial and time-consuming to utilize them for a con-
crete application with a nonlinear model and down-
load the result to a real-time target.

The following sections are organized as follows. In
Section 2 we briefly recap the well-known Extended
Kalman Filter, Unscented Kalman Filter and the
Moving Horizon estimator algorithms. From these
descriptions we deduce the requirements on a gener-
ic interface for nonlinear models. Afterwards, Sec-
tion 3 gives a closer look into the Modelica imple-
mentation, as well as a proposal for a user-friendly
configuration interface. Moreover, we show how the
FMI 2.0 Co-Simulation needs to be extended to fit
the requirements of the prediction steps sketched in
Section 2. As a use-case we show an automotive tire
load estimation application [3] in Section 4. To vali-
date this approach measurement data acquired with
DLR’s ROboMO®bil [4] are used.
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2 Model Evaluations in
State Estimation Algorithms

It is assumed that the plant model to be used in state
estimation is naturally described as nonlinear contin-
uous-time state space system:

x=f(x,u),
y = h(),

t € R,u(t) € R™, x(t) € R™, y(t) € R™
where t is time, u(t) is the vector of inputs, x(t) is
the vector of states and y(t) is the vector of outputs.
Such a model shall be provided as a Functional
Mockup Unit (FMU) [1]. In this paper plant models
are defined in Modelica and exported as FMUs using
Dymola. However, all the results are also valid if
FMUs are generated by other tools and/or non-
Modelica environments, as long as the FMU sup-
ports a slightly extended FMI 2.0 Co-Simulation In-
terface according to our proposal.

Model (1) cannot be utilized directly in a sampled
data system. Instead a discrete-time representation is
needed for use in a discrete-time state estimator. The
following discrete-time version of (1) with additive
Gaussian noise is used in the sequel:

Xk = frpre—1(e—1, Ug—1) + Wiy,

@)

Y = h(x) +vy, (2)
Wy ~ N(O, Qk):
vk ~ N(O, Rk)

Here t, is the k-th sample time instant of a periodi-
cally sampled data system, w, = u(ty), x, = x(t;),
v = y(t), wy, v, is Gaussian noise, and

frge-1 = X1 + J- f(x,w_,) dt. 3)

te-1
A tool chain has to support (3) because it is non-
trivial to transform the natural description (1) in (2).

2.1

In this section, we briefly summarize the steps of
Kalman Filter based state estimation and will then
have a closer look to the prediction step (compare
Figure 1) of the Extended Kalman Filter (EKF), the
Unscented Kalman Filter (UKF), and a more com-
plex Kalman Filter based algorithm the so-called
Moving Horizon Estimation (MHE) [10]. Here the
need of an efficient and reliable way for the feed
forward model simulation rises tremendously. For
further information regarding Kalman Filter tech-
niques, see especially the standard textbook [11].
This section is based on [12], [11] and [2].

The Estimation Prediction Step

ized with the initial state vector guess X3 and the
initial guess of the state covariance matrix P¢. These
can be seen as a stochastic expectation for believe in
the first guess of the estimation task.

4.P§
X, P}

Time Update MEES:(;::EGM
(Predict) (Correct)
W

i

Figure 1: Principle of Kalman Filter based Estimation,
yi* denotes the vector of measured outputs

Afterwards the cycle of the two steps Predict and
Correct begins and is executed with a predetermined
static sample time T,. The additive Gaussian noise
assumption in Eq. (2) is handled by the tuning covar-
iance matrices @, R. These enable the user to tune the
filter to the specific task. For nonlinear model state
estimation the widely used EKF algorithm is given
as pseudo code in Table 1.

Table 1: Extended Kalman Filter Algorithm

Initialization:
xX§ = E(xy) // expectation value
Pt = E((xo — %) (xo — ®)T)
fork =1,2,...
Predict: X, = fe—1 (Xf_q, Ug—1)
Py =F,_,P{_Fi_,+Q

where F,_, = e(
Correct: K, = PyHY - (H P H} + R)™!
oh
ox £

X, =% + K, - (' — h(xy))
Py =(I—-Ky H) Py

where H;, =

The red marked sections indicate where the evalua-
tion of the underlying system model equations (2) is
necessary. The calculation of %; is performed by in-
tegrating model (1) from t,_,to ¢, F,_, is the state-
transitions matrix of f with respect to x at #/_, and
H, is the partial derivative matrix of h with respect
to x at ;. The Jacobians J,_, and H, must either be
provided directly, or they can be determined numeri-
cally, for example with a forward difference quo-
tient:

fori=12,..,n,; A=./eps

fG HAeup ) — f(Rpo g Ui_q)

In Figure 1 a cycle flow diagram of a recursive Kal- ~ (Jx-1); = A 4)
man Filter algorithm is depicted. The filter is initial-
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2.2

The so called Sigma Point Transformation is based
on the idea that it is easier to approximate a Gaussian
distribution, than it is to approximate an arbitrary
nonlinear function or transformation [13], [11]. The
parts of the UKF algorithm, where model evaluations
are necessary, are given in Table 2. The selection of
the Sigma Points in matrix X is performed via a stat-
ic scaling factor y(n, a, k) and the matrix square root
of the a posteriori covariance matrix. The number of
states is denoted by n =n,, a is the spread around
the last state value xf_; and x is a parameter for the
stochastic distribution assumption. In total 2n + 1
points must be created and then used as initial values
for 2n + 1 simulations from t,_, to t, to compute

Xklk—l-
Table 2: UKF Prediction Step

Xy = [Ek—l'xk—l +y ’P;—l'ik—l -y /P;—l]

Xik—1 = Frpe—1 K—1, U—1)

2n

P — m

X = ZWL‘ X k-1,
i=0

=
2n

P, = Z wi - (X klk—=1,i — 2E)(Xklk—l,i N iE)T +Q
i=0

X = [%i. Xic +vyPi. X —v/Pi]

UKF Sigma Point Approach

Time [s]

Figure 2: Moving window in MHE application

In this way the estimate gets more robust against ex-
ternal disturbances, delayed measurements can be
incorporated and also constraints can be imposed
directly [10]. Neglecting the last two points, the op-
timization objective can be written as follows:

Table 3: MHE Optimization Objective

rrg’icn c(§r)

Ek = (x;;_M; x’}l{"_M+1’ ...,x%)T
Xintk—M = xlt—M
Xint,i = fili—l(xint,i—l'ui—l) (i=k—-M+1,..,k)

— _ ot 2
c(§i) =l Xy — Xf_y ”1;_M

k
3
L

l

Iy = h(x) -1 +

M i=k—-M+1

2
[ Xi — Xint,i ||Q—1

Y, = h(X})
2n

Vi = Z wit Yy,
=0

~— N—

The predicted values %y, ¥, P, are calculated via
weighted sums with the predetermined weights
wi™(n,a k). We define X:=[%,%,...,x] € R™" and
in our notation a vector depending function (e.g.
frjie—1 Or h) with a matrix argument returns a matrix
with columns that are equal to the evaluated columns
of the matrix argument.

It can be shown that the nonlinear approximation
accuracy of the UKF is minimum twice higher com-
pared to an EKF. This becomes important in case of
strong nonlinearities in the prediction model (for a
detailed proof see [14] — Appendix A).

2.3 MHE with NLG Method

The Moving Horizon Estimator (MHE) is very close-
ly connected to Model Predictive Control (MPC).
Instead of predicting future control inputs we have a
sliding window (with M steps to the past) that moves
every T, one step ahead. Therefore, all past M meas-
urements are taken into account.

The initial constraint (first line in definition of
c(&x)) is calculated via a Kalman Filter step i.e. an
EKF from Table 1, wherein the information matrix
iy =P

For its solution a Nonlinear Decent Search (NLG) is
useful, because only the first derivatives of the sys-
tem functions are needed, which is an important con-
straint for the available interfaces of FMI 2.0 (com-
pare [1]). The algorithm of the unconstrained NLG is
given in Table 4, for details please see [15]:

Table 4: MHE Optimization Algorithm

1. Setj = 0and define & = (%%, —u, ...,xiTm‘k)T
2. Decent direction:

r = —ve(§)
3. Line search to determine the step size:
n; = argmin c(fi +7 -r]-)
0<n

4. Optimization step:

V=g T

5. If stop criterion not reached:
j=j+ 1andgo to step 2;

In step 1 an initial solution &} is needed. A good ap-
proach for its calculation is the open loop integration
of the prediction model from x,_,, to x,. The gradi-
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ent 7c(&]) of the decent direction can be calculated
as shown in Table 5 (again, all parts that need a
model evaluation are marked in red).

Table 5: MHE Gradient Calculation

R=R-RQ=Q -
Veyn = (IZ_M + (I;—M)T)(xk—M - /’Z;—M)
Oh(x,_y)"
2 == R (9w — h(xiew)
k—M
fori = k—M+1,..,k:

dc(§x)

axi
oh(x)T
=2Q"(x; — X)) — 2 3 L

Veitti—kem) nii—k+M+Dn =

R*(y™ — h(x))

2.4

In Table 6 all needed evaluations of the prediction
model (compare Eq. (1), (2)) for state estimation ap-
plications are summarized. A tool chain has to pro-
vide these model evaluations. In the right column the
name of the Modelica function is listed to trigger the
corresponding evaluation in the tool chain proposed
by this article, for details see section 3.3.

Table 6: Model evaluations for nonlinear state estimation
(in the right column the name of the Modelica functions
are defined to trigger the evaluations in the tool chain
proposed in this article, see section 3.3).

Summary of Needed Model Evaluations

Required model evaluations Modelica
frg-1 = Xk—1

Integration tr inte-

between two

sample points: + J- f(x,u,_,)dt | grator

Tk—1

Derivative x = f(x,u) £

evaluation:

Output_ y = h(x) h

evaluation:

Optional model evaluations

(if not provided, computed numerically by

difference quotients)

State Jacobian ﬂ (x, ) £x

matrix: ax ™’

Output Jacobi- oh (x) hx

an matrix: ox

3 Nonlinear Kalman Filters and FMI

In Section 2 different state estimation algorithms are
summarized. The goal of this paper is to provide a
tool chain for nonlinear state estimation based on the

model equations of a Modelica model. In [2] it is
explained why a pure Modelica solution to reach this
goal is currently not possible. Using FMI helps to
overcome this situation. In [2] we concentrated on
FMI 1.0 for Model Exchange with the drawback that
the integration algorithm for performing prediction
steps of a Kalman Filter has to be implemented in
Modelica, a non-trivial task. FMI 2.0 for Co-
Simulation [1] simplifies the implementation signifi-
cantly because the integration algorithm, including
event handling, is embedded inside the FMU. Still
some features are missing. In a Dymola prototype
these have been added in order that the “required”
functions from Table 6 are supported.

The overall process of using a state estimator in
Modelica is illustrated in Figure 3:

FMU 2.0 Import to FMU Include FMU
Co-Sim. |~ Modelica Modelica| | = in » | Container
Package Package

Generatel
User Model Individual Generic
Instan- . .
Individuall tiate - Sliier ~+-Extend— Filter
Filter Model Model
Model

Figure 3: Process flow to generate a state estimator based
on an FMU

An FMU (usually exported from a Modelica model)
is imported into the Modelica environment by ex-
tending the package FMUImportTemplate. The im-
ported package can be included in an FMU container
package to collect several FMUs for easy access. For
such an FMU package an Individual Kalman Filter
model is generated that provides variable names on
buses and user convenient parameter menus. The
algorithmic part of the state estimation is provided in
a Generic Filter Model. Finally, the individual filter
model can be instantiated in the user’s application
model. An example is shown in the next figure:

u R

gy EKF

n Y
pendulumEstimator

Figure 4: Instance of an individual EKF Kalman filter
model generated by the process from Figure 3. The bus on
the left side contains the individual input and measure-
ment variables of the FMU and the bus on the right side
contains the individual estimated state and output varia-
bles of the FMU.

In the following sub-sections, the details of the pro-
cess from Figure 3 are described.
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3.1

The standard FMI Co-Simulation Interface allows
integrating (1) from sample instant t;,_, to t; with
function fmiDostep (..) and therefore computing
(2). In standard co-simulation the continuous-time
states of a model are hidden in the co-simulation
slave. However, for state estimation the states need
to be explicit and it must be possible to reset the
states at sample instants, see Section 2. In order to
achieve this, Dymola 2014 FDO1, that has already
support for FMI 2.0 Co-Simulation according to [1],
has been extended in a prototype with the needed
features. Especially,

e the continuous-time states are reported in the
modelDescription.xml file under element
ModelStructure,

e itis possible to explicitly set the continuous-time
states with fmiSetReal (..) before
fmiDoStep (..) is called,

e it is possible to inquire the actual values of all

FMI for State Estimation with Dymola

variables with fmiGetReal(..) after fmi-
SetReal (..) was called, without an
fmiDoStep (..) in between,

e when importing an FMU for Co-Simulation in to
Modelica, Dymola generates the Modelica code
optionally according to the FMUImportTem-
plate package shown in the next section. This
package serves as interface to access the needed
FMI functionality from a Modelica model or
function.

3.2

Importing an FMU means to generate a package that
contains all the functionality needed to simulate the
FMU or use it in a state estimator. For this the tem-
plate package FMUImportTemplate is provided, see
code and figure below. The imported FMU extends
from the FMUImportTemplate and redeclares all
elements.

partial package FMUImportTemplate
constant Integer nx=1;

FMUImportTemplate package

constant Integer id x[nx];
constant String stateNames[nx];

replaceable model SimulationModel
end SimulationModel;

replaceable model InitializationModel
fmiModel fmi;
parameter Real fmiInitOk (fixed=false);
end InitializationModel;

replaceable partial class fmiModel
extends ExternalObject;
function constructor
end constructor;

end fmiModel;

replaceable function fmiDoStep
input fmiModel fmi;

end fmiDoStep;

end FMUImportTemplate;

Important  dimensions [~ |rvumportremplate
of the FMU such as the |inx
number of continuous |:nu
states nx, inputs nu and ::i”d‘f' ,
outputs ny are set in -

- -id_y
the imported FMU |iid_x
package. Furthermore, |i-id_dx
the FMI references are :jtuattpeu"i;’;”;zs
available by the vec- | inames
tors id x, id dx, [initializationModel
id u and id v for |i-SimulationModel
state, state derivative, f_jfm'“f:id;lste
input and output varia- o
fmiReset

bles. It is also im-
portant to get variable
names for states, inputs
and outputs. Otherwise
the order of the com-
ponents in the vectors
%, u, y would be only
visible by user-
unfriendly  reference
values instead of vari-
able names. The names

fmiSaveFMUState
fmiRestoreFMUState
fmiGetDirectionalDerivative
frmiGetReal

fmiGetInteger

fmiGetBoolean

fmiSetReal

fmiSetInteger

fmiSetBoolean
friEnterSlavelnitializationMode
fmiExitSlavelnitializationMode

are used in the parame-
ter GUIs of the filter model in the next subsection
and in the input and output bus of a filter model.

The imported FMU package contains two models:
SimulationModel and InitializationModel.
The model simulationModel is a fully operating
Modelica model (with inputs and outputs) that wraps
the FMU for Co-Simulation whereas in Tnitiali-
zationModel only the FMU is instantiated by the
external object fmiModel and the FMI initialization
phase is executed. The InitializationModel IS
used in a Kalman Filter model; the simulation-
Model is contained for completeness to use the im-
ported FMU package also for other applications like
a “real” FMU for Co-Simulation in the Modelica
simulation environment.
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The FMU package
provides interface
functions to all (or
at least most) of the
functions defined in
the FMI Co-Simulation standard 2.0. For a user-
convenient handling of the FMU import process, it is
desirable to import an FMU as a sub-package into an
existing Modelica package. The default package is
the package FMUContainer that hosts several im-
ported FMUSs, see figure above.

%-DFMUCnntainer
i-DDuubIePendulum

; -[]QVM_mmmeHdMHmME
ET-E]QVM_mmmeHdMHSunmaE

3.3

The state estimator algorithms are implemented with
Modelica functions that provide the needed model
evaluations. In partial package BaseFunctions the
interfaces of these functions are defined and in pack-
age systemFunctions the function prototypes are
collected. The latter are replaceable functions that
provide the needed functionality of Table 6 (the right
column of this table lists the name of the function).

For example, partial function £Base is defined as:
partial

Model Functions for State Estimators

function fBase "Base class of the
state equation dx/dt = f(x,u,t)"
Integer nx "Number of states";
Integer nu "Number of inputs";
Real x[nx] "States";
input Real ul[nu] "Inputs";
input Modelica.SIunits.Time t "Time";
output Real dxdt[nx] "Derivatives";
end fBase;

The dimensions nx, nu are conceptually not neces-
sary, because the dimensions could be determined by
the size of the vectors x and u. Currently, Dymola
does not support arrays with non-fixed sizes in func-
tion calls of translated Modelica models. The func-
tion prototypes are collected in package System-
Functions.

input
input
input

partial package SystemFunctions
replaceable function £
extends fBase;
end f;

replaceable function integrator
extends integratorBase;
end integrator;
end SystemFunctions;

For a particular model, an implementation of the
SystemFunctions functions has to be provided. For
FMUs, this is performed with the generic package
FMISystemFunctions. The implementation is based
on the FMUTmportTemplate package and holds
therefore for every FMU that extends from this tem-
plate package.

package FMISystemFunctions
extends SystemFunctions;
replaceable package FMU
constrainedby FMUImportTemplate;
redeclare function extends f
input FMU.fmiModel fmi;
algorithm
FMU. fmiSetReal (fmi, FMU.id u, u);
FMU. fmiSetReal (fmi, FMU.id x, X);
dxdt := FMU.fmiGetReal (fmi, FMU.id dx);
end f;

redeclare function extends integrator
input FMU.fmiModel fmi;
algorithm
FMU. fmiSaveFMUState (fmi) ;
FMU. fmiSetReal (fmi, FMU.id u, u);
FMU. fmiSetReal (fmi, FMU.id x, X);
FMU. fmiDoStep (fmi, t, dt, 0);
xNew := FMU.fmiGetReal (fmi, FMU.id x);
FMU. fmiRestoreFMUState (fmi) ;
end integrator;
end FMISystemFunctions;
The system functions f, h, integrator can be di-
rectly implemented with functions provided in
FMUImportTemplate. The Jacobians £x and hx are
implemented by computing them numerically with
finite difference quotients. Once Dymola supports
directional derivatives for imported FMUs for the
extended Co-Simulation case, that is function
fmiGetDirectionalDerivatives, then this func-
tion can be directly called and will provide a more
efficient and reliable evaluation of the Jacobians.

The Dymola prototype supports two techniques for
the FMI function fmibDoStep. Either the Sundials
solvers [16] are used (that are integrators with varia-
ble step size and error control) to numerically inte-
grate the model equations, or Inline integration [17]
is applied, that means fixed step solvers are embed-
ded in the model equations. The Kalman Filter li-
brary works with both techniques. For real-time ap-
plications, fixed-step methods have to be used and
therefore a Kalman filter will usually utilize Inline
integration.

The functions fmiSave/RestoreFMUState in the
above code fragments are auxiliary functions that
call the FMI functions fmiGet/Set/FreeFMUstate
to enable several calls of fmiDostep starting at the
same time instant, as needed, for example, for the
UKF.

3.4 Tailored Kalman Filter Models in Modelica

Based on the imported FMU package an individual
Kalman Filter model has to be generated. In the cur-
rent version of the Kalman Filter Library this can be
performed automatically by use of a Modeli-
ca/Dymola scripting function. The idea is to define
an input bus InBus and an output bus outsus for
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exchanging variables between the filter model and
higher level models. The names of the bus variables
correspond to the variable names of the imported
FMU — only “.”, «.”, “[”, “T” and “ ” are replaced by
“ ” due to Modehca syntax. The bus definitions for
the use-case example in Section 4 are listed below:

encapsulated expandable connector InBus
import Modelica;
extends Modelica.Icons.SignalBus;
// Model Inputs
Real u;
// Measured Model Outputs
Real accBody;
Real sRel;
Real accArmUp;
end InBus;

encapsulated expandable connector OutBus

import Modelica;

extends Modelica.Icons.SignalBus;

// Estimated Model States

Real mass wheel s;

Real mass wheel v;

Real mass body s;

Real mass body v;

Real ..FirstOrderShapingFilter s;

// Estimated Model Outputs

Real accBody;

Real sRel;

Real accArmUp;
end OutBus;
The advantage of this approach is that not vectors of
anonymous variables are defined, but bus variables
with meaningful names tailored to each individual
FMU. The main state estimation algorithms are im-
plemented in sub-functions and in a partial filter
model, e.g. for an UKF (see Section 2.2). This model
defines several variables and parameters for the filter
algorithm that is called at each sample point of a
sampled integration time interval. In the filter model
also an instance of TnitializationModel Of the
imported FMU package is included. Together with
the package FMIsystemFunction all necessary parts
are put together to run FMI based Kalman Filter al-
gorithms within a Modelica model.

Edit Array for yData

yData

-

Rows 3 = Columns
R[i,i] (outputVariance™2)

accBody 0.3"2

sRel 0.001~2

accArmup 0.2°2

| 0K | | Cancel | Import... | L

Figure 5: Parameter menu for output variances with
names of output variables

A further improvement of the user interface com-
pared to [2] are the filter parameters like state and

output variances that are shown in lists with names
of the respective variables — instead of indices of
vectors, see Figure 5. Basically, a matrix is defined
and via Dymola specific annotations row and column
headings can be added to the parameter menu. For
example the menu in Figure 5 is defined in the fol-
lowing way:
parameter Real yData[FMUPackage.ny,1]
annotation (Dialog(
~ Dymola columnHeadings =
{"R[i,1] (outputVariance”"2)"},
_ Dymola rowHeadings =
{"accBody", "sRel", "accArmUp"})):;
In the parameter menu of the filter in Figure 6 the
user can press the button on the right side of ypata
to get the menu of Figure 5. Also the model parame-
ters of the FMU may be modified by clicking on the
button on the right side of Mode1Parameters.

Parameters
xData 10*0.014~2*sampleClock.sampleTime] .
yData [0.3~2; 0.001"2; 0.2°2] r
sampleFactor v
alpha .
beta v
kappa ’
ModelParameters ModelParameters(frictionForce=40) .

Figure 6: Menu of a UKF SR Kalman Filter model

4 Example: Vehicle Vertical
Dynamics States Estimation

As an example application, the above described
Kalman Filter Library is used to develop an ad-
vanced state estimator for the vertical dynamics of
the ROboMODbil. A more detailed version of this ap-
plication case is available in [3]. This section is
based on [3], but now the method and software from
Section 3 are used. The ROboMONbil is a robotic
electric vehicle concept (see Figure 7) developed at
the Robotics and Mechatronics Center of the German
Aerospace Center DLR. It is comprised of four
Wheel Robots (Figure 8 — left), which integrate trac-
tion motor, steering, brake system, spring and semi-
active damper. Further details on the ROboMO®il
can be found in [4].
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Figure 7: ROMO on the four-post test rig

In contrast to fully active suspension systems they
need far less energy [19]. Therefore a diversity of
control strategies for semi-active dampers is present-
ed in literature. An overview about these control
strategies can be found in [20] and [21]. As most of
these strategies need state feedback, but not all states
can be measured, state estimation becomes an im-
portant topic during the design of semi-active sus-
pension systems.

body 1
"4 Xp
§0 &— I I|| $
g F
ﬁ "~ H i 7
= | ]? N
o - wheel
! wa

TN

Figure 8: Left: the “Wheel Robot” concept, right: nonlin-
ear two mass system [3]

The DLR Kalman Filter Library as presented in Sec-
tion 3 offers an easy to use framework for the devel-
opment of state estimators for nonlinear systems like
this semi-active suspension system. Especially a
square root utilizing implementation of the UKF
(Subsection 2.2) algorithm SR-UKF is well suited
for highly nonlinear systems, because of its higher
order linearization accuracy of mean and covariance.
Furthermore the nonlinear parts can be taken into
account more easily than in an EKF algorithm (Sub-
section. 2.1) since no derivatives and Jacobians are
needed.

4.1 The Nonlinear Quarter Vehicle Model

The suspension system of the Wheel Robot is mod-
eled as a nonlinear two mass system (see Figure 8 —
right) as described in [3]. The corresponding imple-
mentation in Modelica is shown in Figure 9. The
model consists of the two masses mass_body and
mass_wheel, a linear spring damper component,
which approximates the wheel behavior, a road mod-

el as explained in [18] or [22] and the body_spring
and body_damper.

accBodySensor aCCBOdy

ly

mass_bod

relPositionSensor

accArmUp

mass_wheel

accArmUpSensor

springDamper

forceSensor

RoadModel

Figure 9: Nonlinear two mass system in Modelica

As the motion of these two components are connect-
ed to the wheel and body motion by a push rod-
rocker kinematic (compare Figure 8 — left), the mo-
tion and the force of these components is scaled by a
transmission ratio. Details on the nonlinear charac-
teristic of the body_damper are shown in [3].

The third main nonlinearity of the two mass system
besides the transmission ratio and the damper char-
acteristic is the friction of the suspension system. It
covers the friction of the damper and of all joints of
the suspension system. For the state estimation the
friction force Fr is modeled without stiction by a

smooth tanh-switching function:

Fr = Ff const * tanh(vg/€5). (5)
Here Fr conse represents a constant sliding friction.
The direction of the friction force is determined ac-
cording to the current velocity difference v, between
body and wheel. The parameter € is used to define
the transitional behavior of the tanh-function.

4.2

The nonlinear two mass system described in Section
4.1 is integrated in an SR-UKF state estimator using
the DLR Kalman Library including the FMI 2.0 for
Co-Simulation interface and Inline-integration as
described in Section 3. Subsequently the resulting
estimators are applied to the measurement data rec-
orded with the ROboMODbil on a four-post test rig.
Figure 10 shows the Modelica model of the SR-UKF

Experimental Setup and Results
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estimator. On the left-hand side the measurement
data is read by a CombiTimeTable and on the right-
hand side the estimator, called Filter, and its corre-
sponding settings block observerControl can be
found. The estimator uses three measurement inputs:
the acceleration of the body above the wheel, the
wheel acceleration and the damper deflection.

sampleClock const

observerControl

Observer
Control

accArmup

= {
P8
3

ROMO
N
SineSweep_Dataf> Filter
>

Ql Eﬁ'% srel st gl UK ougust
x| Yin SRAY

Figure 10: SR-UKF estimator in Modelica

The parameters of the estimators, as well as the sys-
tem covariances, are tuned according to the optimi-
zation procedure presented in [3]. The measurement
covariances are set according to the sensor noise.
The experimental setup is shown in Figure 11.

The performance of the estimator, subject to a sine
sweep excitation, is shown in Figure 11 by compar-
ing the measured and the estimated tire contact forc-
es in the last plot. Please notice that the tire force
F, is only available on the four-post test rig

Zmeasure

(Figure 7). It is used for validating the estimator per-
formance and not as a measurement output y™ to it
(compare experimental setup in Figure 10). Addi-
tionally the measurements are compared to the esti-
mated measurements. It can be seen that the estima-
tor reproduces the measurements and the tire contact
force with a good accuracy.

,,Wheel Robot”

SR-UKF

damper map

(Fa(x))

XQ === )

Figure 11: State estimator setup with measurement data
from the four-post test rig

As the body accelerometer has the largest noise lev-
el, the weighting of its measurements accBody was
chosen in such a way that the estimator relies more

on the damper deflection sRel and the wheel acceler-
ation accArmuUp.
inBus.accBody

outBus.accBody
4

-4 I S T . —
105 11.0

11.5

inBus.accArmUp outBus.accArmUp

10

11.5

inBus.sRel outBus.sRel

0.00+

-0.01 ‘
105

11.0 115

— F_z_measure F_z_estimated

3000+

2000

T
11.0
Timeins

10.5 115

Figure 12: Comparison of measurements to estimated
measurement (plot 1-3) and contact force estimation
(plot 4) on the four-post test rig — “sine sweep ” excitation

5 Conclusions and Outlook

In this paper we have shown how the FMI 2.0 stand-
ard for Co-Simulation [1] can be extended to use its
capabilities for modern state estimation problems.
We discussed the parts of the different estimation
algorithm in detail, the needed evaluation of the sys-
tem functions and integration between two sample
instants via the FMI interface. Furthermore, we gave
implementation details on a user friendly workflow
as well as a set of necessary Modelica models and
functions. The use case example of our vertical dy-
namics state estimation [3] application for our RO-
boMONbil [4] showed good results in accuracy and
computational efficiency. As a next step we plan to
test them on a commercial real-time platform for
stability and deterministic execution.
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Abstract

To cope with demands for future low carbon society,
development of new-type small electric vehicles
(EVs) becomes very active. To reduce the energy
consumption in various actual driving conditions,
considering overall running resistance such as aero-
dynamic resistance, tire rolling resistance including
cornering drag, mechanical and electrical losses, etc.
will be necessary. On the other hand, to cope with
reduced stability against external disturbances such as
side wind because of the light weight, it was clarified
that additional control of direct yaw moment is effec-
tive. In this paper, model-based development of a
new electric vehicle using Modelica is described. Full
vehicle model considering both vehicle dynamics and
energy consumption was developed and utilized to
investigate the best possible solutions for both basic

design of the vehicle and design of the control system.

Keywords: Future electric vehicles; Stability and
Handling Performance,; Energy Consumption

1 Introduction

To cope with future mobility society, development of
many new concept vehicles is increasingly active in
recent years. Figure 1 shows a new EU regulation
about light weight vehicles [1]. Those vehicles have
characteristics of smaller size, lighter weight, less
number of passengers than conventional vehicles.
Also those vehicles tend to be equipped with lower
RRC (Rolling Resistance Coefficients) tires and new
driving systems mainly using electric motors to
achieve less emission and less energy consumption.
On the other hand, Toyota has a vision about future
eco-cars as shown in Figure 2. Toyota thinks EVs are

suitable as short-distance mobility though there is a
possibility of extending the driving range using range
extender devices such as small combustion engine,
additional battery and so on. In this paper, model-
based-development of a new vehicle using Modelica
is described. The models were developed based on
Vehicle Dynamics Library (VDL) of Dymola.

Category &
Category Name

L6Ae %
Light on-road quad
LBe,

Light quadricycle] .ai(IA
_’ -

L7A A

e b :
L7e. Heavy on-road quad @ ‘g
Heavy

quadricycle
L7Be |
Heavy mini-car

Figure 1: New EU Regulation "Light-category vehi-
cles" [1]

Sub category & Sub

Example
category name

L6Be
Light mini-car

Figure 2: Toyota’s scenario about future eco-cars
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2 Modeling and simulation studies of
the future vehicle

2.1 Target vehicle

Table 1: Specifications of the target vehicle

Target plan L7Be
Vehicle weight <600 kg < 400" kg
Passengers 4 2
inl passengers W00kg | 200k
Rated power 25 kW <15kW
Max. speed 120 km/h > 45 km/h
Driving range > 100 km -

(" weight without batteries)

Table 1 shows comparison of specifications between
our plan and EU regulation L7Be. Our aim is to de-
velop a heavier and more powerful vehicle with more
passengers than L7Be considering actual usefulness.

2.2 Simulation studies about basic specifications

To consider energy consumption, handling, stability,
ride comfort and NVH (noise, vibration, harshness)
performances of holistic vehicle, a full-vehicle model
including mechanics, electronics, vehicle dynamics
and control was made using Dymola. Moreover, a
model of a new drive train system such as torque vec-
toring differential gear was developed and connected
into the full-vehicle model. Figure 3 shows an exam-
ple of the full-vehicle model. Details of the model
will be explained later.

[Suspension and tires]

Top layer

=
et
T tori ] meim—
orque vectoring | -
[differential gear ] T ! Controller_]

Ly T
B

Figure 3: An example of full-vehicle model

Power consumption of each system was calculated
simultaneously and was used for the investigation of
good balance of energy consumption and vehicle per-
formances. At first, total power of resistances acting
on the vehicle was calculated by following equations

[2].
Total resistance power:
P=P +P, +P, +P, (1)
Rolling resistance power:
P =pnumgxV )
Aerodynamic resistance power:
P, =pAC,V?/2xV 3)

Cornering resistance power:

df r 2
P, = o xmA} | g |xV

of pr

~ (%Jxmflyz/g xV 4)

p
Longitudinal resistance power:
P _=(mA, +mgsin@)xV (5)
Here
M, : rolling resistance coefficient (RRC),

g: acceleration of gravity [m/s’],,
m: vehicle mass [kg],

V: vehicle speed [m/s],

p : air density [kg/m’],

A: vehicle frontal area [m?],

C,, : aerodynamic resistance coefficient,

d ; : front weight distribution ratio,

d : rear weight distribution ratio,

C,,: front normalized cornering power [1/rad],
C,, : rear normalized cornering power [1/rad],
C, : average normalized cornering power [1/rad],
Ay : lateral acceleration [m/s”],

A : longitudinal acceleration [m/ s,

0 : road inclination [rad].
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Figure 4: Comparison of resistance powers while
driving straight and cornering (V' = 30[km/h]) by
simulation

6
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(Cr=15) iCp=15) (Ci——/24) (CP=I2L
Conventional New small
vehicle vehicle

Figure 5: Simulation results of parameter study for
stability against side wind between conventional ve-
hicle and the new small vehicle

Figure 4 shows an example of a comparison of resis-
tance powers between straight driving and cornering.
It became clear that rolling resistance and cornering
resistance were rather big and reducing those resis-

tances was essential to reduce the power consumption.

From equations (2), (4) and (5), it is understood that
decreasing vehicle mass and tire RRC and also in-
creasing tire cornering power (CP, normalized by tire
contact load) are effective to reduce the total resis-
tance power and improve the energy consumption of
the vehicle. However, in general, decreasing RRC
tends to result in decrease of CP for ordinary tires.
Moreover, it is expected that decreasing vehicle mass

will result in reduced vehicle stability against external
disturbances such as side wind. Figure 5 shows a re-
sult of parameter study for evaluating stability against
side wind by Dymola. Evaluation criteria (Y45[m]) in
Figure 5 is the lateral deviation while driving at 120
km/h and pass a zone of 45m length with the side
wind of 20m/s. In Figure 5, comparison between con-
ventional vehicle (m = 1050[kg]) and the new small
vehicle (m = 600[kg]) are shown. Also for the new
small vehicle, some levels of normalized CP were
researched. It became clear that the light-weight small
vehicle is affected more than the conventional vehicle
by side wind, and sensitivity of normalized CP value
against the disturbance is very small. From above
investigations it is indicated that developing new tire
which can realize both low RRC and high CP value is
necessary for reducing energy consumption. Also for
coping with improving vehicle stability against exter-
nal disturbances for such small vehicles, additional
control of vehicle dynamics such as direct yaw mo-
ment control is considered to be necessary.

3 Development of necessary items to
improve holistic performance of the
new small vehicle

3.1 New suspension system using tires with low
RRC and high CP value

As mentioned in the previous section, the develop-
ment of new tires for which both low RRC and high
CP value can be realized will be necessary for reduc-
ing overall energy consumption. For this purpose, a
new concept of tires called Large and Narrow (L&N)
Concept was developed by Bridgestone [3]. It has
characteristics of larger overall diameter, narrower
section width and higher inflation air pressure than
conventional tires. Figure 6 (cited from [3]) shows
comparison of RRC and CP measurement data be-
tween ordinary reference tire, L&N tire and L&W
(Large and Wide) tire representing current high per-
formance tire. It can be seen that L&N tire has good
balance of lower RRC and higher CP at high inflation
pressure of 320 kPa. Thus, it was decided to adopt
L&N tires for our new vehicle. Figure 7 shows a
comparison of overall cornering resistance force (Cr)
calculated by the equation (6) when running on a con-
stant radius corner at lateral acceleration of 0.4G.
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Figure 6: Measurement data of RRC and CP at
Load=3.5kN [3]
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Figure 7: Comparison of cornering resistance force by
simulation

Cr=mA;g/C, N] (6)

Comparison is done between conventional vehicle
and new small vehicle with ordinary tire, low RRC
(but low CP) tire and L&N tire. The effect of low
weight and L&N tire to reduce the cornering resis-
tance and thus energy consumption was proved by the
simulation.

However, there still are remaining problems for ap-
plying L&N tires for the new vehicle. Because of lar-
ger overall size, it has larger rotating inertia resulting
in larger drive-train vibration and less controllability
of driving torque than conventional vehicle. Also
higher inflation pressure results in higher vertical
stiffness and it is suggested to affect ride comfort and
NVH (Noise, Vibration and Harshness). Thus, new
suspension design is supposed to be necessary. To
cope with those problems are future works.

3.2 Active yaw moment control by torque vec-
toring system

As mentioned above, it became clear that active yaw
moment control to cope with external disturbances
was indispensable for small light-weight vehicles. To
research the best solution of this function, bench-
marking of existing torque vectoring systems were
performed using simulation by Dymola at first. Con-
sidering the space for mounting and also controllabil-
ity, TUM:MUTE type system[4] was investigated
further. In this system, a main motor connected to
outer ring gear of the differential planetary gear set
controls total driving torque. On the other hand, a
control motor connected with an input shaft of control
gear sets controls torque distribution of left and right
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wheel. The function of torque distribut