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Abstract

With the industry focusing on adaptive production, the complexity of production processes
and production systems is constantly growing. Therefore, efficient interdisciplinary modeling
and validation within the engineering process of manufacturing plants is now more relevant
than ever. One computer assisted validation method of increasing importance for plant engi-
neering is the virtual commissioning. Virtual commissioning is a method to commission and
functionally test the control code running on the real control hardware against a model of the
plant. This validation approach can be time-saving, since commissioning and test of the con-
troller software does not have to be performed on the spot, after the plant has been physically
built and set up. On the other hand the setup of the virtual commissioning model is a manual
process today that involves a lot of time. The model setup requires results from the preceding
mechanical and electrical design as input. The generation of these simulation models is done
in designated simulation tools.

Following the model based design paradigm, an approach has been developed, on how to au-
tomatically generate parts of multidisciplinary plant simulation models by re-using infor-
mation from electrical design models. The goal of the approach is to avoid redundant manual
re-modeling of aspects of the plant that have already been defined in electrical design.

The considered simulation models are discrete behavioral models created using the Modelica
language. A prototype application is presented in the paper, which has been programmed to
validate the approach of translating electrical design models to a sub model of the virtual
commissioning overall model using real plant data. A discussion on the applicability of this
approach in real engineering scenarios concludes the paper.

Keywords: mechatronic design, automatic model generation, virtual commissioning, Mod-
elica.
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Introduction

Interdisciplinary simulation addresses key problems in the design of mechatronic systems. It
helps ensure design requirements are met in the final system and helps predict a product‘s be-
havior before physical prototypes exist. These two are among the top challenges of mecha-
tronic product development whereby integration of electronics and software remains to be one
of the main pressures that are driving companies to improve their mechatronic product devel-
opment processes [1]. In the field of automated systems in materials handling, logistics and
production there are existing approaches for simulation that allow for integrating discipline-
specific design results to test aspects of a system‘s overall functionality [2]. Mechatronic sim-
ulation like virtual commissioning can be very beneficial especially when it comes to integrat-
ing controller software by testing it with simulation models of the plant thus guaranteeing
functionality and faster ramp-up during the physical commissioning [3].

Creating the models for such interdisciplinary simulation involves nowadays immense extra
effort. Whether it is modeling geometry and kinematics of assemblies for the Multi Body
analysis and visualization or generating the behavior models of electrical schematics, it is not
possible to further use results of discipline-specific design for interdisciplinary simulation
with most tools currently on the market [4], [5]. Instead, existing information from discipline-
specific models or documentation is being manually remodeled in the simulation domain.

This paper demonstrates an approach that can save modeling effort by further using infor-
mation from electrical design to partially automate the generation of those sections of the in-
terdisciplinary simulation model that refer to electrical design.

State of the art and related work

This section clarifies the state of the art and research prior to introducing the main approach.
The content of models for virtual commissioning is discussed, in order to show the scope of
this type of simulation. The multiphysics simulation language Modelica is introduced, noting
its applicability for mechatronic simulation and showing its potential for easy integration with
electrical design models. This is followed by the state of the art in electrical design, describ-
ing the possibilities for further use of electrical design model data in simulation models. The
section concludes with a summary focusing on standards and approaches for further use of
design information in the field of automation, which is the main goal of model based design.
Models for virtual commissioning as an interdisciplinary simulation

Based on model theory, a model only covers some of its original’s properties and is created
for a purpose [6] [7]. In other words, a model is an abstract description of a system within an
observed scope of application. The scope of application of virtual commissioning is to detect
flaws in software code and other aspects of design in a real-time simulation and thus to pre-
vent mistakes during construction and accelerate commissioning and ramp up [8].

The abstraction level of these interdisciplinary models is generally higher than the one in dis-
cipline-specific simulation. Geometry is used mainly for visualization of movement sequenc-
es and models from mechanical design are simplified to tessellated geometry for faster calcu-
lation. Real-time collision detection and physical simulation is also within the scope of appli-
cation [9]. Simulation of electrical design in the context of virtual commissioning is for the
most part time-discrete signal-based behavior simulation using library components corre-
sponding to electrical components [10]. It often does not reach the detail level of discipline-
specific electrical schematic simulation involving e.g. voltage, magnetic field progressions,
temperature analysis on electrical equipment, Fourier-analysis [11] etc.

Models for virtual commissioning involve multiple engineering disciplines but have the need-
ed level of abstraction suited to their purpose. Hence, it is a limited share of information from
electrical design that needs to be transferred to models for virtual commissioning.



Multiphysics simulation language Modelica

Modelica is a non-proprietary modeling and simulation language, trademark of the Modelica
Association. It can be used to solve a variety of problems that can be expressed with differen-
tial-algebraic equations describing the behavior of continuous variables. [12]

Modelica is built on the object-oriented paradigm that allows for creating physically relevant
model components that can be hierarchically structured and reused [13]. Reusable model
components can be stored in a library. A standard library is provided by the Modelica Associ-
ation, which contains basic model components from many different disciplines, ranging from
Multi-Body mechanical, through electrical analog and digital model components, to mathe-
matical functions, thermal system components and state machines for modeling discrete be-
havior of systems. Modelica has the capability to bring these disciplines together based on the
notion of connectors [13]: any two model components can exchange a variable through a con-
nection between them as long as it is of the same type. This so-called multi-domain capability
makes Modelica suitable for certain scenarios for virtual commissioning since it supports vis-
ualization with 3D-geometry, signal-based simulation of electrical schematics and signal ex-
change with a real or modeled controller.

Modelica is a textual language but the capability to reuse code from a library and the concept
of connectors between model components also allows for modeling in a so-called schematic
view. In this view instantiated model components from the library are represented as blocks
and the connections between them — as connections in a connection diagram, very similar to
an electrical schematic. Modelica also supports a non-interactive model animation view,
where a Multi-Body model setup or simulation results are shown in their 3D-geometrical rep-
resentation.

Models in Modelica do not have to be statement-driven, where an output variable is calculat-
ed from input variables and there is a pre-set direction of calculations. When modeling in this
way, models have to be re-arranged or new models have to be created, depending on which
variables in a mathematical equation are known and which need to be calculated. Modelica
supports declarative, non-casual object-oriented modeling, allowing for defining and using
model components that resemble their physical counterparts instead of signal blocks [13].
Equations are declared within every model component and the direction of the calculation de-
pends on which variables are known and which are not in the particular test case. This makes
it possible to connect model components without consideration of the signal flow during sim-
ulations.

For the current area of application this means that model components can be defined for sin-
gle pieces of electrical equipment that can be later on connected to each other, similar to the
way they are connected in the physical world. The concept of connectors and the non-casual
modeling thus allow for simulation models in Modelica to resemble the system topology that
is also present in discipline specific design, consisting of components and the connections be-
tween those components.

Modern Computer Aided Electrical Design (E-CAD)

The central means of expression and communication in electrical design are the electrical
schematics. Unlike design documentation in other disciplines like mechanical design, electri-
cal schematics focus on a function-oriented description of the system, where components and
the connections between them (system topology) play a primary role compared to physical
size, shape and positioning of electrical equipment within the system [14].

Computer Aided Electrical Design has initially rationalized the tedious process of manually
drawing electrical schematics for example by managing the standardized electrical component
symbols in libraries for convenient reuse. Nowadays E-CAD tools are not simply used to
draw electrical schematics but to create semantically rich models that can be used as a basis
for further rationalization of the design process. Deploying the object-oriented paradigm in E-
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CAD has led to having a central model in the project, where every instantiated library object
is stored only once, containing its different representations in electrical schematics as differ-
ent views thus guaranteeing consistency in e.g. naming and hyperlinking between document
pages [14]. With a central model and specific rules in place, E-CAD tools are capable of con-
sistency-checking and reworking electrical schematics, also automatically generating whole
lists and bills of material.

The use of semantically rich models and not only documents in electrical design shows a po-
tential for effective further use of design information in the simulation domain. As already
stated, only a limited share of information from electrical design is relevant for virtual com-
missioning. For an overview over the content of electrical design models in plant design, a
breakdown of the general types of electrical schematics is given in the following.

Table 1. Information content in the general types of electrical schematics

Documentation Topology Functional Physical
type mformatlon information mformatlon

Single-line diagram ©

Circuit diagram ° ° o)
Wiring diagram o o ©
Layout diagram o o ©
Bill of material o o ©

Single-line diagrams are illustrative circuit diagrams in a simplified form that provide an
overview over the functionality of a circuit and the basic architecture of the designed plant
[14]. Circuit diagrams on the other hand contain the complete information on connections be-
tween electrical components. These diagrams do not contain physical information on position-
ing, size and shape of electrical components (Table 1). Wiring, layout diagrams and bills of
material on the other hand are types of documentation that do not focus on the functional de-
scription of the system but on information that is needed to physically build and deploy the
plant [14]. While wiring diagrams with terminal schemes contain the complete information on
wiring (with wire coloring etc.) between components, the function of the system cannot be
easily recognized.

These different types of documents show the relations between electrical components (model
objects) within an electrical design model from different perspectives. The model of a plant
also contains information (descriptive metadata) on every single object, like: technical, func-
tional, purchasing, mechanical etc. Currently some E-CAD tools even support the manage-
ment of IEC 61131-3 function blocks attached to their respective electrical components within
the library [15], which are pieces of controller software code [16]. This can accelerate control-
ler programming immensely by allowing for considerable amount of the controller software to
be configured automatically within E-CAD based only on the model topology. Managing be-
havior models of electrical components in simulation language code (e.g. Modelica, Simit) in
E-CAD libraries could in a similar way accelerate the generation of simulation models for vir-
tual commissioning but is not state of the art.

Model-based design and model transformation in the automation domain

Model-based systems engineering (MBSE) is the formalized application of modeling to
support system requirements, design, analysis, verification and validation activities beginning
in the conceptual design phase and continuing throughout development and later life cycle
phases. MBSE is part of a long-term trend towards model-centric approaches adopted by
other engineering disciplines, including mechanical, electrical and software [17]. A benefit
from adopting these model-centric approaches is a more convenient information exchange
between disciplines based on data format standards between tools and model transformation,
which can save effort and minimize human mistakes by automating the generation and modi-
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fication of models where possible. The lack of interoperability between tools is in fact one of
the reasons for the high interest to deploy MBSE in engineering [17].

There are many existing standards in the automation domain, covering different disciplines,
e.g. formalized process descriptions for process planning [18] or the standardized
programming languages for PLC software engineering [16]. There are also approaches on
cross-disciplinary data and model interchange, like the XML-based format AutomationML
(,,Engineering data exchange format for use in industrial automation systems engineering*)
which is on the path of international standardization [19], yet far from wide spread use.

Model transformation, being initially an approach from Model-Driven Engineering within the
Software Engineering domain, is making its first steps within the industrial automation
domain. Initial research shows the applicability of model transformation in the conceptual
design phase, where function-oriented models can be translated to first circuit diagrams and
even controller source code [20]. In a similar manner, model transformation can be utilized
for automated generation of simulation models on the component level for virtual
commissioning further along the design process.

A method for using system topology information from E-CAD models to

generate models in Modelica

As explained so far, there are many similarities in modeling in electrical design and modeling
for interdisciplinary simulation and potential exists, on how to transfer information from one
to another to guarantee less modeling effort and higher model consistency. With both model-
ing approaches relying on the object-oriented paradigm, there are many similarities at the li-
brary level (Figure 1). As previously stated, the non-casual modeling in Modelica allows for
defining classes and thus model components in the library that refer to real world physical
components.

Electrical Design tools Simulation language Modelica

Component library E-CAD: Component library Modelica:

* device type name * component type name

* device connectors + component connectors

+ device symbols (standardized) « diagram representation (not standardized)

» 2D-geometry » 2D/3D-geometry

+ device connectivity rules » model connectivity rules

* technical metadata + behavior description/model code:

» manufacturer metadata » model parameters, variables, constants

* purchasing metadata * model equations

E-CAD model instances: Behavior model instances:

* device tags » model component instance names

« connections (pneumatic/hydraulic/electric) * connections (pneumatic/hydraulic/electric) Examples for objects

« electrical schematics page numbering « simulation types in both libraries:

« device wiring information « simulation parameters * clamps

+ plant layouts * simulation result presets 'val\_/es

. * optical sensors
« transformers

Figure 1. Similarities in E-CAD and Modelica at library and model instance level (italic)

Thus, in the application area of modeling the behavior of electrical devices for virtual com-
missioning, library components in Modelica can resemble specific electrical devices. Similar
to their representation in electrical design, they possess connectors to be interlinked with other
model components in plant model instances. The number of connectors does not necessarily
match due to simulation model components being used in a multidisciplinary context. An
electric drive may have, for example a mechanical connector (torque) in addiction to electrical
connectors.



Similarities in the information contained in E-CAD and in Modelica cover the system’s to-
pology for the most part (Figure 1, italic). Other information is discipline-specific. The mod-
els generated with this approach are built on three levels, considering the specifics of the
Modelica language and the specifics of electrical design:

Model component level

Some descriptive metadata on electrical devices in E-CAD and the definition of device behav-
ior in Modelica code are examples for information that is specific to electrical design and to
simulation (Figure 1, non-italic, library level). Such information does not get transferred be-
tween Modelica models and E-CAD models and is managed within tool libraries.

Plant model level

Information referring to the system’s topology, like device instance names and device connec-
tions (Figure 1, model instance level) is transferred from electrical design to the simulation
model in Modelica to save modeling effort and guarantee model consistency.

Model hierarchization level

Even the simplest automated plants consist of many single devices, the use of which is shown
in electrical schematics. To maintain an overview over the whole plant, circuit diagrams are
organized in pages with numbered hyperlinks from one page to another. Modelica on the oth-
er hand also supports hierarchization by including model components to higher level com-
pounds and forwarding free connectors to these compounds (Figure 2).

o @] o]

Al0_11

Figure 2. Model hierarchization in Modelica

This construct was used to organize the simulation models in Modelica, since electrical sche-
matics often come in hundreds of pages. The most appropriate type of arrangement of model
components within the compounds is the arrangement of devices on circuit diagrams in E-
CAD since this documentation type contains the whole model topology and gives the best
functional overview on the system (Table 1) which is also nice to have in simulation.

Demonstration with an example

The method of transferring the system topology from E-CAD models to create simulation
models in Modelica was validated with a demonstrator application. The electrical design of a
conveyor belt was used as an example. It involves primarily electrical drives with relay logic
and signal in- and outputs of the Programmable Logic Controller (PLC).

The tool used in electrical design was COMOS 9.1. As a state-of-the-art tool it deploys the
object-oriented approach and can be used to create semantically rich models that can be ex-
ported to XML. The tool used for modeling and simulation with Modelica was SimulationX
3.4 which supports the Modelica specification.

The implementation of the method was tool-specific. XML files were used to export the plant
topology information and device positioning on circuit diagrams in COMOS. Two ways of
automatic model generation were possible with SimulationX. The first involves a translation
in Modelica code that references to the library components that need to be instantiated and
interconnected. The second involves a translation into step-by-step commands for building the




model that can be saved in an executable script file. The second approach yielded better re-
sults with the tool SimulationX and was therefore used for the implementation of the demon-

strator application “COMOS to SimulationX model converter”.
Fle Edit View Insert Elements Simulation Analysi
NE-d9 Ly 172
N\NOOO0OCox@=-LZ2-D-8l-=-~-3

Lbraries # x|| T Model2* | s
3+ Search. E

IRESH N, <

Extras  Window Help

i SimulationX - 3 ‘
@l Favorites i
- (4 Signal Blocks
i [ General Elements
5. [ Mechanics
o [@ BdemalTypes
2 [u3 ADWandler A10_301
9 4 BetriebsbremseMo| _
9 4 Dur - [
9 34 Hilfsschuetz | E—

5
i}

9 34 LastentrennerMotc| &, COMOS to SimulationX model converter =
9 3 Lschiene

2124 NormallyClosedSw| il
9 @& Nschiene Load 3 COMOS Export XML File

“ 3 Sicherung Face Fxphics C\Users\Radosla Desktop\COMOS._export.xm X
9 3 StufigerSchalter 3_ = [ Model2 (Model2) <

File Help

9 4 Trafo & TF A10_11 St

9 @& YWerbindung @ OF AL0 213 Sty
@9 ([ Library that contains co - O A0 291 T¢
& HiL Interfaces - CF A10_301 Rd | Generate the Visual Basic Script File
<Lm

|

| Loading XML File:

|

|

|
E connec tion2013 ol [coe

|

|

|

|

|

Load...

"k connection2314
& connec tion3004

Saving VS File: successful save. || View || Beate |

[ components | 14 Types

Output ax
44 » » \Simulation j File

Ready Simulation Time: 0.00000000 s

Figure 3. A model generated in SimulationX from an E-CAD model in COMOS with the de-
monstrator application “COMOS to SimulationX model converter”

A sample model, generated with the application is shown on Figure 3. The three different lev-
els, on which the model is built, can be easily found in this example. The “External Types”
library (Figure 3 to the left) with components containing device behavior modeled in Modeli-
ca represents the model component level. These same components are instantiated in the
plant model (Figure 3: “Model2”) (plant model level) and can be found within compounds
(Figure 2, Figure 3: “A10_11") that resemble pages of electrical circuit diagrams (model hi-
erarchization level).

With this model the relay logic of the electric drives in the conveyor boom can be simulated.

Summary and outlook

Generating interdisciplinary simulation models for virtual commissioning involves extra ef-
fort. This paper proposes an approach for automatic generation of the parts of such models
that relate to electrical design. The models are generated in the multiphysics simulation lan-
guage Modelica which allows for coupling or extension with models that relate to mechanical
design for visualization purposes. The automatic model generation involves the transfer of
model topology (instantiated components and the relations between them) from semantically
rich electrical design models to interdisciplinary simulation models.

The following areas for possible future work have been identified:

Depending on the scope of virtual commissioning, it is not always required to transfer the
complete system topology to the simulation model. Transferring information only on vital
sensors and actuators can also lead to a simulation of the plant’s behavior. Categorizing elec-
trical devices as vital and non-vital for simulation and implementing filters for model genera-
tion can help create manageable simulation models for complex automated plants, omitting
hundreds of passive, non-critical components, like e.g. wire clamps.

The demonstrator application shown in this paper was created as proof of concept and not for
active daily use. Modern techniques from Software Engineering such as the Model-Driven
Engineering’s Model Transformation can be deployed for the implementation of the method
shown here.
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