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1. Introduction
In a turbulent, highly complex environment companies need to plan their production systems quickly 
and accurately without time
advantages. However, this is restricted by the increasing complexity of such systems. This mainly 
depends on various requirements of interdisciplinary development. In particular, the performance of 
modern mechatronic pro
theory and software engineering. The development process combines the aspect of the different 
disciplines. The same applies to production systems (e.g. dough production systems).
In order to achieve the planning objective, it is still necessary to survey the entire development 
process. This is one of the reasons why Systems Engineering (SE) has been developed. Systems 
Engineering is a continuous, interdisciplinary approach for the d
systems. This approach foregrounds the entire system and focuses all development activities and the 
associated project as well (Figure 1). SE keeps also socio
[HNI et al. 2013]

Common procedure models and techniques that support the planning process are developed to help 
companies plan their production systems [Ehrlenspiel 2007]. The VDI guideline 2206 takes the V
model a
guideline 2221 provides a general
design of technical systems and products [VDI2221].
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Common procedure models and techniques that support the planning process are developed to help 
companies plan their production systems [Ehrlenspiel 2007]. The VDI guideline 2206 takes the V
model as a basis of design methodology for mechatronic systems [VDI2206], whereas the VDI 
guideline 2221 provides a general
design of technical systems and products [VDI2221].
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In a turbulent, highly complex environment companies need to plan their production systems quickly 
and accurately without time-consuming and cost
advantages. However, this is restricted by the increasing complexity of such systems. This mainly 
depends on various requirements of interdisciplinary development. In particular, the performance of 
modern mechatronic products is affected by a close interaction of mechanics, electronics, control 
theory and software engineering. The development process combines the aspect of the different 
disciplines. The same applies to production systems (e.g. dough production systems).
n order to achieve the planning objective, it is still necessary to survey the entire development 

process. This is one of the reasons why Systems Engineering (SE) has been developed. Systems 
Engineering is a continuous, interdisciplinary approach for the d
systems. This approach foregrounds the entire system and focuses all development activities and the 
associated project as well (Figure 1). SE keeps also socio

Figure 1. Joint aspects of system and project [HNI et al. 2013]

Common procedure models and techniques that support the planning process are developed to help 
companies plan their production systems [Ehrlenspiel 2007]. The VDI guideline 2206 takes the V

s a basis of design methodology for mechatronic systems [VDI2206], whereas the VDI 
guideline 2221 provides a general
design of technical systems and products [VDI2221].
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consuming and cost

advantages. However, this is restricted by the increasing complexity of such systems. This mainly 
depends on various requirements of interdisciplinary development. In particular, the performance of 

ducts is affected by a close interaction of mechanics, electronics, control 
theory and software engineering. The development process combines the aspect of the different 
disciplines. The same applies to production systems (e.g. dough production systems).
n order to achieve the planning objective, it is still necessary to survey the entire development 

process. This is one of the reasons why Systems Engineering (SE) has been developed. Systems 
Engineering is a continuous, interdisciplinary approach for the d
systems. This approach foregrounds the entire system and focuses all development activities and the 
associated project as well (Figure 1). SE keeps also socio

e 1. Joint aspects of system and project [HNI et al. 2013]

Common procedure models and techniques that support the planning process are developed to help 
companies plan their production systems [Ehrlenspiel 2007]. The VDI guideline 2206 takes the V

s a basis of design methodology for mechatronic systems [VDI2206], whereas the VDI 
guideline 2221 provides a general-purpose, sector
design of technical systems and products [VDI2221].
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manner, interdisciplinary development can be successfully completed within a reasonable period of 
time [HNI et al. 2013].
Virtual 
behaviour while planning and se
simulation model of the system that is linked
model is composed of mechanical, hydraulical, pneumatic and electrical components [Wünsch 2008]. 
Creating behavioural models for the virtual commissioning usually necessitates a temporal effort. 
Passing 
production 
against the benefit of the model (Figure 2).
In this paper, we
expected system behaviour as well as unexpected behaviour in case of failure. The first section 
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2. Challenges for commissioning 
The following section illustrates the challenges for commissioning and covers the issue of the demand 
for a methodical test specifications for the purpose of virtual commissioning. The commissioning, as 
already mentioned, is one of the most important steps. Its main objective is the function readiness of 
assembled single components consisting of hardware (e.g. mechanic, hydraulic components) and 
software (e.g. control program) components. Furthermore, the commissioning ensures the correctness 
of the overall function, because 80 % of bugs and failures are caused by insufficient planning and 
development [Masing 2007], [Wünsch 2008]. 
Due to the growing percentage of control engineering in advanced production systems, the proportion 
of software in the overall system increased considerably in the last years. Comparing the duration 
needed for hardware development, software development and commissioning of the years 1980 and 
2009, it is obvious that the time exposure for software development and commissioning significantly 
increased. In contrast the time exposure of hardware development decreased. During commissioning 
electronic and programmable logic controller (PLC) components consumes the main part of the entire 
time. Hereof, the major part is correcting software errors. This is complicated by the fact, that some 
parts of software can only be on-site programmed [VDW 1997], [Wünsch 2008]. 
For function validation, different simulation methods are established. These methods distinguish 
between a real and a virtual level as well as between the controller (e.g. programmable logic 
controller) and the system (e.g. a plant). In the early stages of development, neither the control nor the 
system exist in the real world. Therefore, a model-in-the-loop (MIL) simulation is performed for the 
investigation of the principle solution at this point. Here, both the system and the controller exist as a 
model. If the control code of the real control is already available, it can be tested as part of a software-
in-the-loop (SIL) simulation with the system model. To test the function of the real controller, all 
inputs and outputs of the real control system must be connected to the system model. This method is 
known as hardware-in-the-loop (HIL) simulation. The last method uses the real system and the 
simulated control and is called rapid control prototyping (RCP) [Isermann 2006]. The conjunction of 
real controls with real systems enables the most accurate findings. However, this option is not always 
available for various reasons. For example, during the simultaneous engineering of the system and the 
associated programmable logical controller, the system is not yet ready for software-testing. In many 
cases, established methods do not consider specific application scenarios as well as failure scenarios 
[Zäh et al. 2006], [Wagner et al. 2008]. 
Managing the quality or the risk of systems are methods and tasks of Systems Engineering. The 
generic term quality management comprises various guidelines or methods for quality assurance to 
detect failures at an early stage. Holistic strategies like Total Quality Management (TQM), Quality 
Function Deployment (QFD), Failure Mode and Effect Analysis (FMEA) and also Failure Tree 
Analysis (FTA) are exemplary approaches. Failures are not the only result of mistakes during design 
or programming faults but also arises from disturbances [Pahl et al. 2007]. 
In this paper, we present a scenario-based approach for test specifications for virtual commissioning to 
cope with the mentioned challenges during the development process. Virtual commissioning enables 
the development of the control program at an early stage of the engineering process by using 
behavioural models. Errors in the control program are often discovered only during operation. Due to 
our approach takes expected and unexpected behaviour into account. The sooner a test in the 
development process is conducted, the better errors could be detected and resolved [Wagner et al. 
2008]. Test specifications regarding to application scenarios as well as failure scenarios can 
considerably reduce commissioning time and simultaneously increase the quality of the control 
program caused by an early error detection and correction. As a consequence the cost benefit is 
directly induced [Zäh et al. 2006]. 

3. Monorail conveying system 
The approach for test specifications for virtual commissioning considered here, is demonstrated by an 
intelligent monorail conveying system for manufacturing and logistical processes. The conveying 
system with its components and functionality as the major demonstrator for this approach is specified 
firstly followed by an illustration of attached processing stations and robots. 
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The conveying system, which is illustrated in Figure 3 links a material store, a turning center, a milling 
center and a fully
execute the required handling tasks.
The monorail conveying system consists of four basic components: linear tracks, curves, switches and 
shuttles, which can be individually mounted according to task. In addition, the syst
routing modules to control track sections as well as shuttles. Positioning units to approach an exact 
shuttle position are also components of the system. The shuttles are equipped with electronic drives, 
distance sensors and radio
can be saved on the chip,
Relating to the different processing stations five workpiece states can be distinguished: 
unmachined
Unmachined means that the shuttle has received a raw workpiece, whereas milled and turned mark if 
the process has been conducted. Assembled means the 
interactions result in several challenges to be solved for the control program and the required 
commissioning.

Figure 3. Overview of the monorail conveying system with proper processing stations and robots

4. Approach for test specifications for the virtual commissioning
This section addresses the issue of a scenario
For this purpose, the approach is separated into two types of scenarios to verify the contr
(Figure 4). On the one hand the approach comprises 
failure scenarios. Application scenarios 
operation situations. Additionally
scenarios, e.g. maintenance or manual mode.
modality a system should behave in un
must be guaranteed. The control program as well as the behaviour models need to be developed with 
regard to both types of scenarios and their resulting requirements, respectively. Then, the control 
program can be verified and analysed in the course of virt
necessary.

The conveying system, which is illustrated in Figure 3 links a material store, a turning center, a milling 
center and a fully-automated assembly station. One gantry rob
execute the required handling tasks.
The monorail conveying system consists of four basic components: linear tracks, curves, switches and 
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The following sections illustrate the procedure for test specifications based on application scenarios 
and failure scenarios, respectively. Therefor
integrated example of the intelligent monorail conveying system as described in section three.

4.1 Application 
To verify the system with regard to the application scenarios, requireme
and the models representing these scenarios need to be deduced. To do so, operation and special 
operation situation need to be identified, analysed and evaluated. For this reason, the application 
scenario comprises four steps (F
representative operation and special operation situations to define the desired system behaviour in 
such situations. The procedural model for the virtual commissioning on the basis of model
design described in [Schmüdderrich et al. 2013] can be used for this purpose. Especially the 
conceptual design phase is concerned with application scenarios. Analysing the entire system life 
cycle may be helpful to identify different possible scenari

In addition to the holistic consideration of the system life cycle, each step that a workpiece passes 
through in the later production sequence needs to be analysed to achieve a max
possible scenarios. However, the control program as the objective focus of virtual commissioning 
should be kept clearly in mind.
Subsequently, an analysis of the relevant application scenarios needs to be conducted 
Functional modules for each application scenario need to be determined. The active structure specifies 
functional modules, their attributes and interactions between further functional modules. At first, each 
functional module needs to be itemised. Due to this, in
allocated to operation, special operation situation and application scenarios, respectively 
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[Schmüdderrich et al. 2013]. As a result of this the developer is enabled to select participating 
functions or relat
After selecting functions and functional modules, an implementation of the operation and special 
operation situations follows in the third step. Hence, the functions must be assigned to requirements, 
which they need to fulfil. The be
requirements and thus represent the functions. Common methods or techniques for requirements 
engineering and management are described in [
support the developer in deduce requirements with regard to virtual commissioning and as a result to 
improve control program.
Finally, the control program has to be tested and optimised according to the representative application 
scenarios
development process, suitable methods to simulate the behaviour of the control program need to be 
chosen, e.g. model
prototyping.
After all previous steps have been completed the test specifications for the considered application 
scenario is prepared in detail. Subsequently, further application scenarios have to be specified 
according to the same 

4.2 Failure scenarios
In case of 
be verified with regard to unexpected situations, in particular failure and bugs. Hereby, the desired 
system behaviour in ca
production. This section describes failure scenarios 
Firstly, failures have to be identified (Figure
approach including a complete system and function analysis is recommended. Elements of failure 
mode and effect analysis (FMEA) and fault tree analysis (FTA) as described in
[Pahl et al. 2007], 
of application scenarios, the production process steps may provide clues of failure. The FMEA and 
FTA as well as an analysis of the production process steps offers the opportunity to 
weak spots.
In the second step errors that could occur need to be analysed in detail. Therefore, the failures as well 
as their causes and consequences should be identified.
Subsequently, the causes have to be connected to related functi
technical fault. For this reason, 
Nonetheless, technical faults induce consequences and the control program has to switch the system to 
a desired sa

The developer has to define safe states and test conditions in step three. Safe states separate between 
measures to error prevention, error detection and error compensation. 
has to be analysed concerning safe states and test conditions. Due to the fact that in practical 
applications not all potential failures and errors can be eliminated, failures can be prioritised by 
compare the additional ri
only be defined for failure over a specified risk priority.
Moreover, the desired safe states and test conditions have to be implemented, e.g. in terms of 
transitions or monitori
desired behaviour in case of failure. To verify the control program with regard to these scenarios, 
requirements of the models have to be deduced. Especially, the accessibility 
ensured by the control program. It must be 
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modelling depths. A low level of detail will not suffice to simulate failures, whilst an excessive level 
of detail takes up to much effort. 
Finally, the control program needs to be tested during the virtual commissioning. In an ideal case, the 
control program counteracts failure whilst switching the system into defined safe states. Otherwise 
optimisation loops are necessary while the control program ensures desired behaviour. 

4.3 Example by the monorail conveying system 
In this section, both approaches for application and failure scenarios are exemplified by the monorail 
conveying system as introduced in section three. In the first instance, application scenarios are 
illustrated followed by the use of failure scenarios. 

Application scenarios 
At the beginning of application scenarios representative operation and special operation situations 
need to be identified. Referring to the demonstrator a guided shuttle movement from the turning to 
next processing station or loading and unloading the shuttle at the material store are exemplary 
operation situations. Typical special operation situations of the monorail conveying system are the 
manual shuttle movement, track or machine maintenance. 
Upon detection of operation and special operation situations an analysis of these application scenarios 
follows to determine functional modules. Possible collaborating functional modules of the above 
mentioned operation situation (guided shuttle movement) are curves, switches, linear tracks, the 
infrastructure and the shuttle itself. Then, each functional module need to be analysed in detail. In 
particular, it is necessary to identify participating functions for the considered application scenario. 
Concerning the demonstrating application scenario the switch fulfils the function of a dynamic routing 
by switching between certain track sections, whereas the pressurised air supply is a participating 
function of the infrastructure module. 
Afterwards the characterised operation and special operation situations need to be implemented so that 
the behavioural models prove the basic feasibility of these situations. For this purpose, a deduction of 
requirements taking corresponding level of modelling detail into account should occur. Due to the fact 
that a switch fulfils the function to pilot shuttles between two track sections, it takes two defined 
positions. These defined positions result in the requirements, which the behavioural models have to 
meet. For this a low level of detail is sufficient. In contrast picking and placing when unloading and 
loading the shuttle is not sufficient modelling depth because these operations requires models of used 
sensor technologies. 
Finally, the control program is tested in terms of the application scenarios that are specified with the 
help of the introduced approach. Depending on the current development status one of the available test 
methods from model-in-the-loop to rapid control prototyping can be chosen. 

Failure scenarios 
In analogy to the general procedure as mentioned in the previous section unexpected situations need to 
be detected. In due consideration of the demonstrating monorail conveying system a derailed shuttle in 
consequence of an incorrect turned switch or a collision of several shuttles are likely failure scenarios. 
Wrongly loaded shuttles, incorrect tagged RFID chips or a reduced shuttle speed are possible 
scenarios as well. The next step in describing failure scenarios is an analysis of identified unexpected 
situations. The analysis of the example situation revealed that an incorrect turned switch can be the 
consequence of two basic causes. On the one hand, a technical fault can prohibit a proper functioning 
of the switch. This includes a lack of pressurised air, a seized switch or a deformed switch, for 
example. On the other hand, a restrained functionality can be caused by a programming error of the 
control program. Besides the shuttle, in the considered scenario (derailed shuttle) the linear track, the 
switch and the infrastructure are involved in the functional modules, as well. Nonetheless, in both 
cases the control program has to switch to a predefined safe state in case of failure. 
Compared to a derailed shuttle the reduced shuttle speed scenario entails minor risks. Therefore, this 
scenario can be disregarded in the first instance. Subsequently, safe states are exemplarily predefined 
for the derailed shuttle scenario. Stopping shuttles in the affected track section, closing the section for 
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any future shuttles or immediately cutting off the power supply are possible measures in case of 
failure. Measures for error prevention are of even higher importance. Referring to the demonstration 
scenario an entry into the switch is solely feasible if the switch is correctly positioned. Therefore, the 
control program needs to monitor relevant sensors or control signals. Some of these specific control 
parameters are the current switch position, the tracking of moving shuttles or the distance between 
shuttles. 
Both preventive measures and measures for harm-reduction needs to be implemented in a way, that the 
control program follows predefined instructions as mentioned exemplary above. On the base of 
specific control parameters transition conditions are determined, e.g. the next shuttle, could only pull 
into the switch if its position is correct, otherwise the shuttle will be rerouted or finally stopped. 
In the end, the developed control program needs to be tested by means of model-in-the-loop, software-
in-the-loop, hardware-in-the-loop or rapid control prototyping regarding specified failure scenarios. 

5. Conclusion and outlook 
In this contribution an approach for scenario-based test specifications for virtual commissioning and 
the potential benefit has been shown. The test specifications can be used to support the verification of 
control engineering at an early stage of the development process. In particular, the relevance of two 
types of scenarios is described in detail. In this context, both the procedure for application scenarios as 
well as for failure scenarios have been developed. Within the procedural model for virtual 
commissioning, various simulation methods and approaches for quality management have been briefly 
discussed. 
It has been shown that application scenarios are suitable to verify the control program with regard to 
desired behaviour in operation situation as well as in special operation situation, e.g. maintenance. 
Furthermore, this paper illustrated the procedure of deducing failure scenarios for testing and 
optimising the control program. The test specifications on the basis of application and failure scenarios 
have been explained by an intelligent monorail conveying system which links several different 
processing stations and robots. It can be concluded that the test specifications increase the quality of 
the control engineering at an early stage of the development process. Consequently, the harmonisation 
of mechanical, electronical, control and software engineering is facilitated. A further aim is a 
procedure model including synchronisation between the specific development stages and the explicit 
stages of the virtual commissioning. For example, how the knowledge of the scenario-based test 
specification influences the detail design stage and vice versa. 
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