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Abstract This paper deals with the field of developing and
deploying highly automated manufacturing systems. Espe-
cially the stage of the control programming suffers from few
applicable verification methods, as existing approaches still
include drawbacks. The virtual commissioning, as one ex-
ample, requires additional effort in creating simulation mod-
els to being usable.

This work presents a method, which reduces the effort
of generating simulation models through an automated reuse
and transformation of existing development documents. In a
detailed case study, a software prototype implementing the
method was executed to derive a simulation model of an ex-
isting set of information. The used sources, their transfor-
mation and the results are described to give a qualified im-
pression of the method’s possibilities.

Keywords Simulation · Virtual commissioning · Computer
aided engineering · Machine modeling

1 Introduction

Modern manufacturing plants are characterized as being mass
production systems. The required productivity can only be
fulfilled by highly automated, fast operating systems. As the
produced goods additionally increase in complexity, their
assembly processes are getting more complex as well. The
development of such automated manufacturing systems is
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a challenging process as it requires the interweaving of sev-
eral disciplines and the cooperation of different departments.
Coordination problems, like misunderstandings or different
assumptions, commonly arise.

Despite the principles of mechatronics as an integrated
development with early property assurance [1], the docu-
ments for the mechanical construction, the electrical dia-
grams as well as control programs are created mostly sep-
arated. Especially in the field of special purpose machines, a
sequential development process prevails. Often, the aspired
product and process quality can only be achieved during the
final assembly and startup phase. Occurring problems tend
to involve time-consuming changes, which result in higher
costs or longer waiting times until start of production.

In particular the field of control program development
suffers from the increased system complexity. As it incor-
porates the activation, coordination and monitoring of most
of the machine functionality, it represents a core aspect of
every automation system. Although the share of software
controlled machine functionality steadily increases, as seen
in Figure 1, the means of assuring the requirements remain
mostly unchanged. Diagnosing and evaluating a control pro-
gram without the controlled components is rarely possible.
Even if they are present for testing, high process velocities
tend to exceed the human capabilities of perception and in-
teraction.

To solve the above mentioned problems, current approa-
ches are analysed and evaluated in section 2. Despite obvi-
ous benefits are they seldomly put to practice due to exist-
ing drawbacks. By applying and adopting a software design
method to the field of engineering production systems, an
alternate solution will be presented in section 3. The method
provides the means to drastically reduce the effort to cre-
ate machine simulation models needed for a virtual com-
missioning. In addition, the method can be utilized without
changes to existing development workflows. A software pro-
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Fig. 1 Contribution of the different engineering disciplines to a ma-
chine’s functionality according to [2]

totype implementing the method was used to perform a de-
tailed case study in section 4, the results of which are then
discussed in section 5.

2 Related work

The mentioned problems may be traced back to the develop-
ment process itself. Therefore, a basic approach lies in the
optimization of the development process towards concurrent
and more abstract description paradigms. In [3], Bathelt ex-
tends the existing methods of the V-model-based design of
[1] to bridge the gap between mechanical construction and
control software. The mechanical construction in the form of
the function structure is enriched by additional information
modeling the information within a machine. These enriched
documents can later be exported as a basic control program
already containing most of the machine’s sequences. This
principle was also reused in [4]. Similar to that, Reinhart
proposes a layered way of modeling systems [5]. Primitive
elements available through libraries are grouped to generic
mechatronic modules. Their composition to actual machine
models is done in the more abstract layer of an engineering
tool.

Remedying the inherent problems of the development
process itself seems an appropriate way to deal with inter-
disciplinary coordination problems. However, a practical ap-
plication in commercial available tools remains to be seen.
The introduction of new development steps or the adjust-
ment of established workflows might deem manufactures
too chancy.

Another, more practical, approach to increase the qual-
ity of control programs is an early program test using a vir-
tual machine model. This allows the simulation of unavail-
able machine components without changing the controlling
program as seen in Figure 2. This technology is called vir-
tual commissioning and widely known among manufactur-
ers. It may be applied to different kinds of controls like nu-
merical controls or programmable logic controls (PLC), see
also [6]. Its benefits are well documented, as in [7]. Vari-
ous software tools are established, that support defining vir-
tual machines and their inner logic. These definitions may be
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Fig. 2 A real control with an unadjusted program is connected to a
simulated machine

achieved by different modeling means, like proprietary log-
ical linked signal flows, modeling standards as Modelica [8]
or even integration of compiled C-code. The main drawback
of theese approaches is the additional effort of modeling the
automation system as stressed in [9] and [10].

The authors conclude, that current approaches are not
sufficient to meet the requirements of developing highly com-
plex production systems with an assured quality in a mini-
mal timespan. A newly approach has therefore to fulfill two
main goals, not solved in conjunction so far:

– reducing the effort for creating simulation models for the
virtual commissioning and

– being usable without change to existing, possible sequen-
tial development processes.

3 Approach

During a resarch project at the Fraunhofer Institute for Ma-
chine Tools and Forming Technology, the possibilities of re-
solving the shown issues were examined. As almost all in-
formation generated during the development process is avail-
able in a digitalized form, it can be accessed easily. Its reuse,
instead of re-input, was the primary condition of this work.
The information concerning a system development is sepa-
rated into different documents of the different engineering
disciplines. Analysing these documents can yield useful re-
sults concerning inconsistencies within an ongoing develop-
ment, as described in [11]. In conjunction, all of these docu-
ments form a mechatronic view of the manufacturing system
to be developed.

Taking this into consideration, one has to be reminded,
that the generation of simulation models is based on such
a mechatronic view as well. Albeit different in its sources,
a simulation expert acquires information of the system to
be modeled. After deciding about important aspects, he re-
builds relevant behaviour by the means of a simulator. This
principle is shown in Figure 3, where a virtual machine is
based on three different source documents.

Although the concept of models is common knowledge,
formal definitions or specifications are rarely found in the
field of machine simulation. Looking into the field of soft-
ware technology, models itself are set as main focus. The
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Fig. 3 A simulation expert performs a manual interpretation of differ-
ent product documents to create a simulation model

Model Driven Architecture (MDA) is an approach to enable
the consequent use of models in defining key aspects of soft-
ware applications [12]. One important aspect of the MDA is
the automatic refinement of abstract system definitions to
platform specific descriptions. Without going into too many
details, Figure 4 shows this principle, where a model of one
domain is transformed into another domain through rules
defined on the level of meta-models. Despite the fact, that
its main intention is to formalise the application develop-
ment, it may also be applied to other fields of research. For
this work, the MDA was used as a guideline to formalise the
process of generating simulation models.

Adopting the MDA to the field of generation of simula-
tion models is the main part of the realised research project.
The steps performed by a simulation expert are formalised
and put into rule-based algorithms. They can be executed
with nearly no manual interaction and lead to one or more
simulation models. This is refered to as transformation pro-
cess, as described in [13].

The transformation takes place when a sufficient amount
of information of the system to be simulated is available.
Possible sources of information are, but not limited to:

– the mechanical construction with geometric bodies and
their relations,

meta
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Fig. 4 Model-to-model transformation on meta model level [12]

– the electrical plans with components like sensors, swit-
ches and actuators and their wirings or

– the fluid plans with hydraulic or pneumatic components
and their connections.

The commonality of all these partial models is, that they
contain objects with attributes and relations between them.
Albeit the object’s meaning differ from domain to domain,
they all suffice in the context of the MDA. Transformation
rules, that address sets of objects, may now be formulated.
These rules represent the knowledge of the simulation expert
to find specific patterns in the available information sources.
Once found, a pattern is translated into one or more objects
in the domain of a simulation tool. The repetition of this
pattern search with all supplied rules then results in a simu-
lation model. It has to be remarked, that its completeness de-
pends solely on the completeness of the information sources.
The existence of consistent data sources is therefore a requi-
site to a successful transformation.

To being able to verify this approach, a software proto-
type was implemented, see [14]. It represents an engineering
tool, through which the information sources to use may be
specified. Additionally, it allows the definition of transfor-
mation rules and different output models. Its immediate use
is demonstrated in the following section.

4 Case study

In a first attempt to capture the possibilities of the method,
a small part of a larger automation system was used. Its
development documents were taken as the souce of infor-
mation for the following transformation process. Figure 5
shows a CAD-drawing of a system, the task of which is to
grab different product parts and move them to a type-specific
position. The linear drive, the vertical stroke unit and the
gripping module are arranged as an open kinematic chain.
The gripping module is internally driven by a more complex
closed kinematic chain.

The subtle reader may notice, that the figure does not
show any transportation to and from the station. For the pur-
pose of demonstration is this an intended inconsitency be-
tween the CAD-drawing and the electric plans, where ap-
propriate handling devices are prepared. Further inaccura-
cies between the system parts, which are described by the
documents, will be shown.

4.1 Data sources

As already mentioned, the source of information for a model
transformation is a set of digital documents, created during
the developmet process. Their content is analysed and rear-
ranged in a simulation model. In order to being useable for
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Fig. 5 Example of an automation system designed for the sorting of
incoming product parts

the pupose of the virtual commissioning, the model needs to
fulfill some conditions.

One important aspect to remember is, that the virtual
machine needs to ”look” like the real counterpart for the
control. As it operates through an image of inputs and out-
puts, these signals are to be simulated correctly. Their se-
quence is based on the interconnection of the machine’s com-
ponents, e.g. electric, pneumatic or physical, and thus needs
to be modeled accordingly. For this exemplary transforma-
tion, the following machine aspects are used:

CAD-drawings contain objects that describe physical bod-
ies. They have various attributes, like mass, center of grav-
ity, density and inertia. Additionally they define surfaces,
that are actually used to display them graphically. Relations
between bodies are defined through constraints, which limit
the possible movements between two components. If bodies
are not fixed to each other, they contain one or more reman-
ing degrees of freedom. Analysing all bodies and their rela-
tions can therewith result in the machine’s underlying kine-
matic structure. Simulating this structure is necessary to be-
ing able to generate correct sensor signals which are depen-
dant on positioning information of a mechanism’s output-
side.

Electric plans contain the largest part of a machine’s inner
logic. They comprise of standardised symbols, which are
connected through wires. Additional relations exist, since
symbols with identical reference identifications on different
pages still belong together and form one physical compo-
nent. The electric plans contain the information, which of
the control’s input/output signals is connected to which sen-
sor/actuator. Therefore, these plans play a vital role in inter-
connecting the digital control to the mechanical aspect of a
machine.

Fluid plans are very similar to electric plans, as they also
describe how auxiliary power, in the form of pneumatic or
hydraulic pressure, is utilized to perform mechanical work.
The plans consist of symbols as well, except, that connec-
tions represent hoses instead of wires. As the software tool
used for generating the plans is able to manage electric and
fluid plans in one large document, further distinctions are
not necessary.

Manual complements are necessary, to describe aspects of
a machine, not documented elsewhere. For instance, what
geometric part is driven by a pneumatic cylinder is only
given in an informal notation through textutal annotations.
Another example is the material flow within the system. De-
scribed only in textual form, no formal definition of it exists.
It is therefore necessary to complete the existing information
with manual ones.

4.2 Transformation

All of the above information is described as documents in
individual software tools. By using the respective applica-
tions themself, the information can also be accessed algo-
rithmically. For example, the CAD-drawings are read from
the application Autodesk Inventor 2009, which comes with
an own application programming interface (API).

A newly developed software tool acquires the objects,
attributes and relations through APIs and stores them inter-
nally. In a second step, every of the predefined rules will be
matched with the internal data. If a subset of the source ob-
jects match a rule, a new object, but now designated for the
simulation model, will be created. Figure 6 shows, how a
pneumatic valve can be found in a pneumatic plan. It con-
sists of the 5 shown raw symbols, which needed to be cov-
ered by an appropriate rule. If the rule is matched, the ele-
ment at the right side is created as part of the final simulation
model.

As a third step in the transformation process, all formal
connections in source documents are applied to the respec-
tive simulation elements. By this final step, a usable simula-
tion model is created.

Along with the rules for the electric aspects, additional
ones exist for analysing the kinematic system of a machine.
Constraints that are applied to mechanical bodies can be ag-
gregated and translated into one or more of the following
joint types, see [15]:

– revolute joint,
– prismatic joint and
– spherical joint.

In result, the simulation model can contain the appropri-
ate multi-body equivalent of the machine’s kinematic. The
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vast majority of the mechanical parts are grouped during the
analysis, as they are fixed to each other. This reduces the
calculation effort, allowing even the simulation of dynamic
properties based on forces.

It has to be remarked, that the transformation requires
simulation libraries which can represent enough of the ma-
chine’s components and their behaviour. Even though the
concept and design of such libraries have a major influence
on the success of a transformation, the current article as-
sumes the existence of appropriate libraries. Their design is
beyond the scope of this work.

The transformation process itself can be performed com-
pletely autonomous, as long as the input information are
consistent. If the process encounters source document ob-
jects, that are not matched by any rule, appropriate feedback
is given. This happens as well, if actuators in the elecric plan
are not linked to any remaining degree of freedom between
two geometric objects and vice versa. A handling device,
which is not shown in the CAD-drawings, as described at the
beginning of section 4, results in several warnings about un-
connected mechanical outputs. After resolving the inconsis-
tencies in the source documents the process can be restarted
by a mere button click.

4.3 Resulting simulation model

The exemplary automation system consists of mainly two
documents, a CAD assembly and a joint elecric and pneu-
matic plan. Table 1 and 2 give an overview about the amount
of data available in the source documents.

The analsyis of the CAD-drawings yielded 26 part in-
stances, which were grouped to 9 assembly units. These
units consist of part instances which are fixed to each other
and thus can be considered as one group. Between the groups
remain various degrees of freedom, which represent the ac-

Table 1 Overview of the size of the used CAD-diagrams

type count

different part-types 21
part instances 26
grouped assembly units (after analysis) 9
general joints between groups 11
thereof driven 3

Table 2 Overview of the size of the used circuit and pneumatic plans

type count

document pages 87
thereof relevant for transformation 48
identified components 141
raw symbols 1313
connections (wires and tubes) 660
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Fig. 7 Effective constraint graph of the demonstration graph

tual movable machine components. Figure 7 shows an effec-
tive constraint graph, where each group is represented as a
node and the connections between them are general joints.
The dashed lines indicate closed kinematic chains, which
need to be treated differently regarding the resulting simu-
lation model. For a better understading, Figure 8 shows a
section of the assembly document, where each part instance
is colored according to its group affiliation.

One section of the created simulation model contains the
multi-body system, which represents the above mentioned
groups as seen in Figure 9. The driven joints are depicted
with short black lines at the bottom, where the connections
to the driving elecric or pneumatic elements will be attached.
The elements’ parameters, like mass and inertia, are derived
directly from the CAD-drawings and are used for calculat-
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Fig. 8 Parts coloured according to their group affiliation

Fig. 9 Resulting simulation model of the kinematic system

ing the system’s dynamic properties, e.g. position and orien-
tation, [16].

As a side product of the CAD-drawings, a document
containing the bodies geometric surfaces is created. It can
be used within a 3D-viewer to enable a visual feedback of
moving components during simulation.

Beside the mechanical aspect, the machine’s inner logic
plays an important role as well. To being able to cooperate
with a real control, communication elements are required
as part of the simulation model. These are created during
the transformation process like any other elements. The ap-
propriate rules look for PLC connection points within the
electric plans. They represent the interface between control
and hardware and will be substituted by an element, which
operates by the means of OPC, see also [17]. The simulator
bundles all communication elements and connects to the re-
spective data object within the control itself. The addressing
information is derived from the electric plans, where the cor-
rect byte or bit address should be present. Figure 10 shows
a simplified model, which uses a control’s output to operate
a pneumatic cylinder. Its position is monitored by a sensor,
which in turn signals it back to the control as an input.

However, the communication is only a smaller part of
model. The major part consists of electrical switches, safety
components and various actuators and sensors. Their inter-
connection forms the machine’s switching logic. Figure 11
depicts the transformation result of a single page with 3
pneumatic actuators and their activation.

Fig. 10 Simplified simulation model with signal flow from the contol
over electric and pneumatic elements back to the control

Fig. 11 Simulation model generated off a section of the pneumatic
plan

Table 3 Resulting number of simulation elements

objects count

raw symbols used 1009
connections applied 633
components created 117

In total, the transformation process was driven by 46
rules, which can be reused and extended for other systems.
As seen in Table 3, the mapping of source objects to sim-
ulation elements is not 1 : 1. Some symbols are only used
for graphical purposes, e.g. device cabinets, others have no
purpose in a simulation, e.g. open sockets and terminals.

4.4 Performing the virtual commissioning

After the completion of the transformation process, the vir-
tual commissioning can be performed. As the simulation
model contains all necessary elements to communicate with
the control hardware, it needs only to be started. The control
can execute the desired program normally. The communica-
tion is handeled in the background, as shown in Figure 12.
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Fig. 12 Performing the virtual commissioning through the coupling of a control with a running simulation model and a 3D-visualisation

Additional data is transmitted to a 3D-visualisation to up-
date positional information of moving parts.

Through the standard means of the control itself, an in-
teraction with the simulated system is possible. This means,
human machine interface (HMI) software operates as usual
and allows the direct control of actuators. In addition, the
simulator allows tracing and diganosing of signal curves.
Some parameters can even be adjusted during the simula-
tion.

During the simulation runs, several errors were identi-
fied. They are either to be found in the source documents or
the control program. The following list shows an extract of
the errors, that can be identified:

– Sensorsignals, which are used for continueing the pro-
gram sequence, are eventually swapped. If the control
program does not continue its expected sequence allt-
ghough its preconditions are met, it possibly uses the
wrong input or output signal.

– The driving of actuators in the wrong direction, e.g. ex-
tending a cylinder instead of retracting, is another com-
mon problem. It can be seen in the 3D-visualisation and
easily be corrected.

– If the control program uses correct signals, ongoing se-
quence errors may be traced back to electrical or pneu-
matical wiring problems. These occur if wires are con-
nected to the wrong PLC input or output connectors.

– Parts, that are only insuffciently constrained to other ob-
jects of the CAD-drawings, may result in warnings dur-
ing the creation of the multi-body system.

– Synchronized movements of different actuators can be
visualised. In combination with collision detection algo-
rithms, the geometric feasability of the parallel operation
can be evaluated.

5 Results

The presented approach has shown, that it is possible to
reuse development documents to derive simulation models
thereof. With a small number of pattern based rules, the

major part of a machine’s functionality can be transformed
automatically. As the approach is based on the original de-
velopment documents, no conversion are necessary and real
properties or attributes can be used.

Allthough manual input is needed in place for informa-
tion not available in formal documents, an inclusion of other
sources is intended. Even considering hydraulic plans or early
specifications, like the extended function structure, see [3]
or section 2, is possible. Similar to the source documents,
can the output documents be adjusted. By using different
libraries, the level of detail of the simulation models may
be varied as well. This should be remembered, as the ac-
tual used libraries only partial fulfill hard realtime require-
ments. Current analysis suggest to restrict the model’s size
to separate sections. The usage of more high-grade simula-
tion equipment could extend the limitations, but needs fur-
ther evaluation.

The transformation can be executed at different stages
of the development process, enabling an iterative improve-
ment of the resulting simulation models. This is not achieved
through manual changes of the results but instead by im-
proving the underlying source of information, which increases
their overall quality as well. The rules used for the presented
automation system can be reused and extended for other ma-
chines.

6 Conclusion

This paper has presented a general approach for automat-
ing the generation of machine simulation models. The ap-
proach is based on a model-to-model transformation on a
meta model level. The source of information are documents
created during the normal development process. The results
of the transformation process are simulation models repre-
senting different aspects of a machine.

Extendable sets of rules define, how source elements
are transformed into target elements. Although the approach
aims to be fully automated, the level of automation depends
on the available sources. Information available in a formal
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way can be used without restrictions. Unclear or undocu-
mented information, like associations between an actuator
and its driven mechanical part, require manual user input.

By this means, the effort in creating virtual machine mod-
els can be reduced significantly. The virtural commissioning
can be performed at an early stage. Design flaws and soft-
ware errors can be uncovered with less effort, thus increas-
ing the overall software quality before the system’s startup.

As the main transformation process includes the acqui-
sition of various data, further work should focus on the inte-
gration of existing mechatronic models like AutomationML
[18]. The automatic population of such interdisciplinary for-
mats would allow a manufacturer to use his existing knowl-
edge in conjunction with emerging technologies as well.
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ein evolutionäres konzept für die praktische einführung,” in Au-
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