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Abstract: Traditional commissioning approaches, reliant on physical testing, face challenges
such as downtime and error correction delays. Virtual commissioning offers a solution by
enabling early error detection and correction through simulation. This study applies the virtual
commissioning methodology on an industrial 5-axis positioning system, with not only digital I/O
but also continuous signals and an external safety controller. Results indicate that while virtual
commissioning requires additional modeling effort, the advantages of small-scale lab experiments
are also applicable to this industrial system. The feasibility of the approach to automate the
virtual commissioning proposed in earlier research is verified on this industrial use case.
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1. INTRODUCTION

Typically, machine builders rely on experience and routine
when developing new machines, and the complexity is han-
dled by carefully planned phases, to have a better overview
of the entire process (de Oliveira Hansen et al., 2021).
However, with a higher degree of variations, the possibility
of mistakes and oblivious occur, making it difficult to
control the outcome without influencing the design of the
machine. This is accompanied by ever increasing demands
on the control concepts and programs that orchestrate
the complex processes and multidisciplinary interactions
(Striffler and Voigt, 2023). An integrated test of the control
logic can, in the traditional development process, only take
place after completion of the construction of the system
(Carlsson et al., 2012), resulting in a short time window for
commissioning. Errors in the control program often lead to
delays in commissioning, as faulty processes only become
visible when individual components are functionally inte-
grated into a complete system. Literature shows that with
the use of virtual commissioning in the engineering work-
flow, the time required for real commissioning and overall
project duration can be shortened (Reinhart and Wünsch,
2007). This is the result of the earlier detection and cor-
rection of programming errors. The presence of a virtual
model presents numerous additional advantages, including
the ability to simulate diverse test scenarios concurrently,
even in the absence of requisite hardware components.
Moreover, virtual models obviate the need for material
expenditure and mitigate the risk of damages. Further-
more, they offer the opportunity for workforce training
and early feedback from production personnel regarding
machine operations. Leveraging these advantages effec-
tively can significantly enhance project outcomes through

the implementation of virtual commissioning (Kampker
et al., 2020). This paper validates the use of virtual com-
missioning on a real industrial use case. In addition, the
limitations of a digital model and the required effort to
develop it are observed and discussed. The structure of this
paper is as follows: Section 2 gives an overview of the state-
of-the-art, terminology and definitions. Section 3 gives an
overview of the steps followed during the case study, and
section 4 describes the case system, observations during
the virtual commissioning phase, and an analysis. Con-
clusion and further research directions are summarized in
section 5.

2. LITERATURE STUDY

In traditional testing, a Programmable Logic Controller
(PLC) is connected to the physical hardware. A significant
disadvantage of testing on the physical hardware is the risk
and cost associated with possible system downtime due
to damage(Smith and Cho, 2008). According to Wünsch
(2008) the commissioning time of an automation project
consumes up to 25% of the project time and 15% is used to
correct errors in the control logic. In addition, he mentions
that the importance of software will increase in modern
production systems. On the other hand, a key demand in
the industry is an accelerated and more robust ramp-up
process of the highly complex, automated manufacturing
systems based on shorter design cycles (Kiefer et al., 2008).
Virtual commissioning of manufacturing systems intends
to test manufacturing systems and associated control
programs through simulation, conducted before the real
systems are realized (Hoffmann et al., 2010). Replacing the
physical system with a simulation results in a safer and less
expensive testing environment. An additional advantage is
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of mistakes and oblivious occur, making it difficult to
control the outcome without influencing the design of the
machine. This is accompanied by ever increasing demands
on the control concepts and programs that orchestrate
the complex processes and multidisciplinary interactions
(Striffler and Voigt, 2023). An integrated test of the control
logic can, in the traditional development process, only take
place after completion of the construction of the system
(Carlsson et al., 2012), resulting in a short time window for
commissioning. Errors in the control program often lead to
delays in commissioning, as faulty processes only become
visible when individual components are functionally inte-
grated into a complete system. Literature shows that with
the use of virtual commissioning in the engineering work-
flow, the time required for real commissioning and overall
project duration can be shortened (Reinhart and Wünsch,
2007). This is the result of the earlier detection and cor-
rection of programming errors. The presence of a virtual
model presents numerous additional advantages, including
the ability to simulate diverse test scenarios concurrently,
even in the absence of requisite hardware components.
Moreover, virtual models obviate the need for material
expenditure and mitigate the risk of damages. Further-
more, they offer the opportunity for workforce training
and early feedback from production personnel regarding
machine operations. Leveraging these advantages effec-
tively can significantly enhance project outcomes through

the implementation of virtual commissioning (Kampker
et al., 2020). This paper validates the use of virtual com-
missioning on a real industrial use case. In addition, the
limitations of a digital model and the required effort to
develop it are observed and discussed. The structure of this
paper is as follows: Section 2 gives an overview of the state-
of-the-art, terminology and definitions. Section 3 gives an
overview of the steps followed during the case study, and
section 4 describes the case system, observations during
the virtual commissioning phase, and an analysis. Con-
clusion and further research directions are summarized in
section 5.

2. LITERATURE STUDY

In traditional testing, a Programmable Logic Controller
(PLC) is connected to the physical hardware. A significant
disadvantage of testing on the physical hardware is the risk
and cost associated with possible system downtime due
to damage(Smith and Cho, 2008). According to Wünsch
(2008) the commissioning time of an automation project
consumes up to 25% of the project time and 15% is used to
correct errors in the control logic. In addition, he mentions
that the importance of software will increase in modern
production systems. On the other hand, a key demand in
the industry is an accelerated and more robust ramp-up
process of the highly complex, automated manufacturing
systems based on shorter design cycles (Kiefer et al., 2008).
Virtual commissioning of manufacturing systems intends
to test manufacturing systems and associated control
programs through simulation, conducted before the real
systems are realized (Hoffmann et al., 2010). Replacing the
physical system with a simulation results in a safer and less
expensive testing environment. An additional advantage is
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tively can significantly enhance project outcomes through
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limitations of a digital model and the required effort to
develop it are observed and discussed. The structure of this
paper is as follows: Section 2 gives an overview of the state-
of-the-art, terminology and definitions. Section 3 gives an
overview of the steps followed during the case study, and
section 4 describes the case system, observations during
the virtual commissioning phase, and an analysis. Con-
clusion and further research directions are summarized in
section 5.
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(PLC) is connected to the physical hardware. A significant
disadvantage of testing on the physical hardware is the risk
and cost associated with possible system downtime due
to damage(Smith and Cho, 2008). According to Wünsch
(2008) the commissioning time of an automation project
consumes up to 25% of the project time and 15% is used to
correct errors in the control logic. In addition, he mentions
that the importance of software will increase in modern
production systems. On the other hand, a key demand in
the industry is an accelerated and more robust ramp-up
process of the highly complex, automated manufacturing
systems based on shorter design cycles (Kiefer et al., 2008).
Virtual commissioning of manufacturing systems intends
to test manufacturing systems and associated control
programs through simulation, conducted before the real
systems are realized (Hoffmann et al., 2010). Replacing the
physical system with a simulation results in a safer and less
expensive testing environment. An additional advantage is
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the flexibility and possibility to perform experiments that
can not be performed with the physical system because
of safety and cost issues (Versteegt and Verbraeck, 2002;
Pfeiffer et al., 2003).
Auinger et al. (1999) and Rahaman and Erlandsson (2013)
arrange the combinations of a physical or emulated system
with a real or emulated controller in four basic system
configurations:

• Real plant with a real control system: traditional
commissioning

• Emulated plant with real controller: Soft Commis-
sioning or Hardware-in-the-loop (HIL)

• Real plant with simulated controller: Reality-in-the-
loop (RIL)

• Simulated plant and simulated control system: Off-
line Simulation or Software-in-the-loop (SIL)

Testing a system or a machine with HIL provides a re-
alistic overview of the functionality of the control soft-
ware and whether the system is dimensioned correctly
(de Oliveira Hansen et al., 2021). Virtual commissioning
can be applied during all engineering phases of a project.
The goal of virtual commissioning is detecting and correct-
ing errors generated during planning, design, and program-
ming (Hoffmann et al., 2010). Small-scale experiments
show the potential of virtual commissioning both in re-
quired real commissioning time and code quality (Schamp
et al., 2018; Reinhart and Wünsch, 2007; Leng et al.,
2021). Besides Virtual commissioning, a digital version of
a physical system is useful in a lot of applications (Soori
et al., 2023). Different domains use different terminology
and definitions for the digital replica. In this paper, the
terminology proposed by (Kritzinger et al., 2018) is used:

• Digital model: digital representation of an existing
physical object without any form of automated data
exchange between the physical object and the digital
one.

• Digital shadow: A digital model with automated data
exchange from the physical object to the digital
version.

• Digital twin: A digital model with automated two-
way data exchange between the physical object and
its digital replication.

During virtual commissioning, no physical system is avail-
able, resulting in the absence of automated data exchange.
As a result, digital model is the definition that will be used
in the remainder of this paper. Albo and Falkman (2020)
categories different parameters and factors that have an
impact on the implementation of virtual commissioning.
A framework that defines five different levels of details is
implemented with corresponding functionality classes for
each level. Every level extends the previous level with some
additional functionality:

(1) Automation system: emulation of the controller for
code validation and logic verification

(2) Signals & communication: signal properties, commu-
nication protocols, and telegrams

(3) Sensor, device & actuator: behavior models of equip-
ment acting within the system

(4) Resource models: Full kinematic and analytical su-
pervision of mechatronic systems and processes

(5) Interconnected systems & IT: High order control of
multiple systems and additional applications

Starting from level 3, a visualization of the system is added
to help the user better understand the system’s response
to static and dynamic behavior.

3. METHODOLOGY

The virtual commissioning methodology is applied to the
system to reduce the physical commissioning time and
reduce the risk of damaging the system due to program-
ming mistakes. In this work, virtual commissioning of the
application logic was executed with the HIL approach to
be as close to reality as possible. HIL virtual commission-
ing provides the highest order of accuracy compared with
other individual tests (Sarhadi and Yousefpour, 2015). The
first step is modeling. In this step, a digital replica of
the system is created, starting with the result of the de-
tailed mechanical engineering. Inputs/Outputs (I/O) and
behavior of the systems is added in the digital replica. The
I/O is based on the result of the electrical engineering to
correspond to the physical system.
The commissioning itself is done according to the V-Model
(Mathur and Malik, 2010), applied to control logic soft-
ware. The first tests are I/O tests, to verify the mapping
of the variables in the controller with the behavior in
the digital model. This is also a validation for the digital
model, to check whether it behaves as expected. During
those tests, the I/O are manually actuated, and no pro-
gramming logic is involved. A second set of tests is used
to individually verify the functionality of every function
block in the control logic (comparable to unit testing in
software testing). The final set of tests are system tests,
where the integrated system is operated. According to the
classification of Albo and Falkman (2020), the main focus
of the virtual commissioning of the case is based on levels
3 and 4.
As the last step, an analysis is conducted to verify if
the virtual commissioning phase could be (partially) au-
tomated as mentioned in further research of Schamp et al.
(2024).
For the use case described in the following section, the time
spent on modeling and programming the system and vir-
tual and physical commissioning are measured to indicate
the additional effort needed to apply the methodology and
compare it with the possible savings. Besides the times,
the detected mistakes during every commissioning phase
and limitations are noted. All these data are combined and
compared with the information available in the literature.
This information will help to optimize the workflow and
quantify the benefits on a more extensive system with
servo axes, analog measurements and digital I/O. Reinhart
and Wünsch (2007) and Schamp et al. (2018) mention a re-
duction in real commissioning time of approximately 75%.
This value will be used to analyze the balance between
the additional modeling effort and the time reduction of
the commissioning phase. As it is impossible to do this
one-off project again without virtual commissioning, the
measured time of the physical commissioning phase is
considered 25% of the time of the commissioning phase
for the project without virtual commissioning.
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application logic was executed with the HIL approach to
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behavior of the systems is added in the digital replica. The
I/O is based on the result of the electrical engineering to
correspond to the physical system.
The commissioning itself is done according to the V-Model
(Mathur and Malik, 2010), applied to control logic soft-
ware. The first tests are I/O tests, to verify the mapping
of the variables in the controller with the behavior in
the digital model. This is also a validation for the digital
model, to check whether it behaves as expected. During
those tests, the I/O are manually actuated, and no pro-
gramming logic is involved. A second set of tests is used
to individually verify the functionality of every function
block in the control logic (comparable to unit testing in
software testing). The final set of tests are system tests,
where the integrated system is operated. According to the
classification of Albo and Falkman (2020), the main focus
of the virtual commissioning of the case is based on levels
3 and 4.
As the last step, an analysis is conducted to verify if
the virtual commissioning phase could be (partially) au-
tomated as mentioned in further research of Schamp et al.
(2024).
For the use case described in the following section, the time
spent on modeling and programming the system and vir-
tual and physical commissioning are measured to indicate
the additional effort needed to apply the methodology and
compare it with the possible savings. Besides the times,
the detected mistakes during every commissioning phase
and limitations are noted. All these data are combined and
compared with the information available in the literature.
This information will help to optimize the workflow and
quantify the benefits on a more extensive system with
servo axes, analog measurements and digital I/O. Reinhart
and Wünsch (2007) and Schamp et al. (2018) mention a re-
duction in real commissioning time of approximately 75%.
This value will be used to analyze the balance between
the additional modeling effort and the time reduction of
the commissioning phase. As it is impossible to do this
one-off project again without virtual commissioning, the
measured time of the physical commissioning phase is
considered 25% of the time of the commissioning phase
for the project without virtual commissioning.

4. CASE STUDY

The use case consists of an industrial gantry system as
illustrated in Fig 1 with 5 Degrees Of Freedom (DOF): 1
Z-axis to move the complete construction up and down via
a 4-chain hoisting system. The construction also consists
of 2 sliders both installed with an independent X- and Y-
axis. The sliders share a rail for the X-axis, introducing the
risk of collisions. The Z-axis is actuated via digital input
signals for moving up and down, and the X- and Y-axis are
servo-driven via speed and position set points and provide
feedback.
The system is mounted to the ceiling to avoid obstruction

Fig. 1. Digital Model of the system

on the ground. In the engineering process, multiple phases
depend on each other, as visualized in Fig 2. Some of those
steps, in this case, are done by an external partner and
are indicated in gray in the figure. Of those steps, less
information about timing is available, but those steps are
also required in a workflow without virtual commissioning.
As a result of a test scenario during the commissioning
steps, it is possible that the control logic needs to be
updated. This results in an iterative procedure as the new
version needs to be verified.

Fig. 2. Interaction of different phases of an engineering
project with virtual commissioning

4.1 Modeling

The first additional step that is needed in a workflow
with Virtual Commissioning compared to a traditional
workflow is an additional modeling step. The step itself
can be divided into four sub-steps:

(1) Import of the Computer-aided design (CAD)-model
(2) Defining the moving geometries
(3) Defining the interface to the controller
(4) Modeling the behavior of the system

In this case, the digital model is developed in Visual Com-
ponents 4.8 Premium. The result from the detailed me-
chanical engineering was imported into the software. After
the import, a static model is available in the software, with
a logical structure that corresponds to the structure in the
mechanical engineering phase, allowing an easy definition
of geometries that move as a single object (called “links” in
the software) and the DOF. This step’s duration depends
on the system’s complexity and the structure of the CAD.
Besides the positioning system itself, buttons, switches,
and control lights that are available on the control cabinet
have been added to enable validation of the interaction
with an operator.
Virtual commissioning requires the model to be able to
interact with the control logic. This is achieved by con-
necting the model to a controller or a simulated version
of the controller. The interaction between the model and
the controller is based on the interaction of the physical
system. Every sensor in the system has a digital equivalent
that exchanges the same type of signals, and every actu-
ator receives the same signals as the physical actuator. A
summary of the types of data exchange is shown in table
1.

Table 1. Overview of the number of I/O

# Inputs for PLC # Outputs of PLC

Boolean 23 21
Real 12 4

Total 35 25

The last step in the modeling phase is integrating the
correct system behavior in the components. In Visual
Components, the behavior is scripted in Python. Reusing
components from the library is possible. As this is a
one-off system, most of the components were not yet
available, but some components have been used multiple
times in the system. Basic components such as control
lights and buttons are available in the library and can
be included in the model via the drag-and-drop function.
The combination of the reuse of library components and
own development resulted in a reduction of the modeling
effort (for example, multiple distance measuring sensors
are present in the setup).

4.2 Safety requirements

As this setup will be used to support research by po-
sitioning or following operators with sensory or guiding
equipment in a non-invasive manner, a risk analysis was
indispensable. The digital model of the five DOF gantry
system inserted into the building accelerated the brain-
storm towards the possible risks, leading to a shorter and
more qualitative risk analysis. Minor modifications in the
mechanical design tackled some of the resulting risks, while
others were to be addressed using a safety controller. This
safety controller is an integrated, yet logically separated,
controller from the application controller. It operates on
a qualified safety controller and shares digital I/O with
the application. The safety controller monitors the safety
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circuit with emergency stops, safety relays, safety com-
ponents of the servo drives, safety controllers of external
devices, etc. The logic of the safety controller has no
impact on the functional application logic. A limitation
of the safety controller is that it does not allow external
systems to change the values of the input signals. There-
fore, the real safety controller is modeled as a custom
component. Like the other custom system components in
Visual Components, the behavior of the safety controller
was scripted in Python. The simplified version of the safety
controller logic exchanged the same information with the
application controller as the real safety controller. As a
result, a hybrid approach is noticed, with a HIL approach
for the application controller and a SIL approach for the
safety controller. The code under testing is incorporated
into the HIL approach during virtual commissioning, en-
suring testing of both functionality and safety aspects of
the system.

4.3 Virtual commissioning

The virtual commissioning of the application controller
was performed using a Beckhoff CX5130 controller mounted
on a mobile test kit. This shows another benefit of the
proposed approach, as the final C6930 controller was not
yet dimensioned, procured, or built into the actual phys-
ical control cabinet. The application logic was virtually
commissioned in the following steps:

(1) I/O coupling between the digital model and global
variables in the application controller and Human
Machine Interface (HMI) over Automation Device
Specification (ADS), an additional step when per-
forming virtual commissioning.

(2) Multi-level event logging and coupling of the signals
to the correct messages. Library functions - new to the
programmer - behaved differently than expected from
reading the available information, the code integrat-
ing these functions and several data and IO mappings
(mostly due to copy-paste actions) were corrected.

(3) Height measurement and calibration of the gantry
using the laser sensor on each of the 4 chain hoists
(Z-axis actuators).

(4) Operational mode, buttons, and lights behavior. Also,
while switching from Z-mode to XY-mode. Unhan-
dled situations were spotted and resolved in the code.

(5) Synchronous hoist movements and moving to a set
point in Z-mode. This part of the logic could be
validated without a real-life risk of injury or damage.

(6) XY-mode motion of the 2 sliders; jogging, calibra-
tion, anti-collision, fixed and dynamic set point move-
ments. Unexpected library behavior was addressed as
a validation of the anti-collision without the risk of
physical injury or damage.

(7) Connection and behavior of an external set point
generator for the sliders. A virtual validation of any
source that provides set points for the sliders.

Each of these validation steps triggered corrections in
the control logic without downtime or damage to the
mechanical system. In addition, the lack of these risks
shortened the time between test iterations. The simplified
accessibility to a safe test environment resulted in a
higher number of test iterations with smaller code changes

or increments. This change in workflow simplified the
debugging, fault detection, and correction.

4.4 Physical commissioning

Because a project team can only follow one of the paths, ei-
ther to use Virtual Commissioning or not to do so, the cost-
benefit ratio of a Virtual Commissioning project cannot
easily be evaluated even after the project is finished. This
issue is referred to as the Efficiency Measuring Problem
of Virtual Commissioning Reinhart and Wünsch (2007).
Once the system was installed and powered on the physical
commissioning could take place via the following steps:

(1) Addressing of the networked components.
(2) Reading out the I/O connected to the controller bus

(EtherCAT).
(3) Disable application logic in order to perform and

validate the I/O mapping as foreseen in the electro-
technical design. Also known as I/O-testing where
usual suspects as wrong or lacking connections are
troubleshooted and resolved by use of a screwdriver
and multimeter.

(4) Commissioning of the safety program. Configuration
of the safety hardware components and Safe Limited
Speed (SLS), validation of the safety logic. In this
step, the hardware addresses of the safety components
are configured via the integrated DIP switches to
correspond to the values configured in the software
configurations. The logic to interact with external
systems is verified and it is verified the speed of
the axis is limited and monitored when a warning
situation is detected.

(5) Drive commissioning, initial rotation, direction gear-
ing of the X and Y-axes without the belt connecting
them to the mechanical system. Several motor pa-
rameters were set, rotational directions were changed,
encoder signals were correctly set up, etc.

(6) Enable the application logic, everything worked well
as virtually validated.

(7) Jog the axes and set hardware and software position
limits.

(8) Physical validation of all application and HMI func-
tions.

The physical commissioning did not involve any changes to
the previously virtual commissioned application program.
As multiple errors were detected and corrected, a reduction
in the duration of the physical commissioning phase is very
likely. During the virtual commissioning phase, errors that
resulted in collisions between the slides were detected, if
those errors had occurred during physical commissioning,
this could result in damage to the hardware components.

4.5 Automated virtual commissioning

As suggested in the literature, the virtual commissioning
process can be automated by loading a state diagram in
the software. The state diagram is manually created due
to the lack of a standardized, computer-readable format
that could be used during the creation of the validation
scenarios. Part of the diagram for this system is visualized
in a simplified way in figure 3. The system can be divided
into multiple sub-systems that can be checked individually.
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issue is referred to as the Efficiency Measuring Problem
of Virtual Commissioning Reinhart and Wünsch (2007).
Once the system was installed and powered on the physical
commissioning could take place via the following steps:

(1) Addressing of the networked components.
(2) Reading out the I/O connected to the controller bus

(EtherCAT).
(3) Disable application logic in order to perform and

validate the I/O mapping as foreseen in the electro-
technical design. Also known as I/O-testing where
usual suspects as wrong or lacking connections are
troubleshooted and resolved by use of a screwdriver
and multimeter.

(4) Commissioning of the safety program. Configuration
of the safety hardware components and Safe Limited
Speed (SLS), validation of the safety logic. In this
step, the hardware addresses of the safety components
are configured via the integrated DIP switches to
correspond to the values configured in the software
configurations. The logic to interact with external
systems is verified and it is verified the speed of
the axis is limited and monitored when a warning
situation is detected.

(5) Drive commissioning, initial rotation, direction gear-
ing of the X and Y-axes without the belt connecting
them to the mechanical system. Several motor pa-
rameters were set, rotational directions were changed,
encoder signals were correctly set up, etc.

(6) Enable the application logic, everything worked well
as virtually validated.

(7) Jog the axes and set hardware and software position
limits.

(8) Physical validation of all application and HMI func-
tions.

The physical commissioning did not involve any changes to
the previously virtual commissioned application program.
As multiple errors were detected and corrected, a reduction
in the duration of the physical commissioning phase is very
likely. During the virtual commissioning phase, errors that
resulted in collisions between the slides were detected, if
those errors had occurred during physical commissioning,
this could result in damage to the hardware components.

4.5 Automated virtual commissioning

As suggested in the literature, the virtual commissioning
process can be automated by loading a state diagram in
the software. The state diagram is manually created due
to the lack of a standardized, computer-readable format
that could be used during the creation of the validation
scenarios. Part of the diagram for this system is visualized
in a simplified way in figure 3. The system can be divided
into multiple sub-systems that can be checked individually.

The shown part of the diagram is used to check the
Z-axis movement and the collision avoidance for the 2
sliders. In this case, checks are automated for boolean

Fig. 3. Part of the state diagram to automate some checks
during virtual commissioning

and continuous values. Those continuous values are used
to exchange information about the current and target
position and speed of the sliders. Also, the feedback of the
measuring system at every hoist consists of a continuous
signal representing the current height.

For the continuous values, the states are not limited to a
set of specific values but to a range of values, which results
in an infinite number of states. The simplification reduces
the number of states for the continuous values from an
infinite number of values to a limited number by using
discrete values within the range. With the introduction
of ranges and mathematical functions, some of the state
diagrams consist of a single state. During the validation,
the software checks if the values of the signals fulfill the
conditions of the states.

4.6 Analysis

An important factor in analyzing the feasibility of virtual
commissioning in an industrial use case is the required ad-
ditional effort. Table 2 gives an overview of the time spent
on every main step in the project engineering phase. Two
additional steps, emulation modeling, and virtual commis-
sioning, are introduced in the workflow with virtual com-
missioning, compared to the traditional workflow without
virtual commissioning. Those additional steps count for
23h of 5% of the total duration of the engineering phase.
After virtual commissioning, the physical commissioning
took 24 hours. During this step, the main problems were
related to hardware, which could not be detected with
virtual commissioning.
A reduction of 50% of the physical commissioning time
is enough to compensate for the time spent at modeling
and virtual commissioning. This seems plausible as the
literature describes a 75% reduction for small-scale exper-
iments. The safe test environment, that is available before
the physical system is finished, allows the programmer
to run more tests, with a limit increment in code. Those
small increments help to detect errors easily and early. The
combination of both optimizations results in a reduction
of the total time spent on the engineering of the project.

Table 2. Overview of the time spent in every
step of the engineering phase

Task
Duration [h]
with VC

1. Concept 20
2. Detailed engineering 120
3. Emulation modeling 15

3.1 CAD import 1
3.2 Defining moving geometries 4
3.3 Defining interfaces 2
3.4 Modeling behavior 8

4. System construction 160
5. Control Logic Programming 40
6. Virtual commissioning 8
7. Installation 80
8. Physical commissioning 24

TOTAL 467

The project timeline is visualized in figure 4, with the tasks
done by the external partner again indicated in gray. The
critical path in the timeline consists of tasks that are also
part of a timeline without virtual commissioning. As a
result, the introduction of virtual commissioning in the
workflow has no direct negative impact on the project
duration. Indirectly, the introduction of virtual commis-
sioning will shorten the time needed for the physical
commissioning and consequently shorten the engineering
phase of the project. Virtual commissioning can be done
in parallel with other tasks during the engineering phase.
This will not reduce the time spent on engineering but will
thus shorten the duration.

Fig. 4. Timeline of project phases

5. CONCLUSIONS

This use case demonstrates how virtual commissioning can
support control system programmers during the develop-
ment phase of an automation project. The data collected
during the case shows the additional time spent to create
the digital model was limited compared to the total time
spent on the project. When virtual commissioning is inte-
grated into the engineering workflow, the modeling can be
simplified with a well-structured CAD model. The process
of modeling and collaboration with external partners could
be streamlined by a standardized exchange as researched
by Zhao et al. (2023) and by standardization in general
(Lidell et al., 2022). In return for the additional modeling
effort, the commissioning phase can start earlier with a
reduced risk of damage. Although the virtual commission-
ing phase shows benefits, a physical commissioning phase
is still required, as not all errors could be detected with a
digital model and specific control logic. In this use case,
the code of the Safety PLC could not be verified with the
digital model. The use case demonstrates the automated
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virtual commissioning approach proposed in the literature
can also be applied to more complicated machines. Where
literature describes small, lab-size experiments with only
digital I/O. The use case extends these experiments with
servo drives, analog sensor signals, and a safety PLC.
Further research directions following this case are the reuse
of the model in the operational phases of the system.
Options that are considered are operator training (both
for operational interaction and maintenance), off-line op-
timization, condition monitoring and a tool for augmented
user experience. In those applications, the digital model
will evolve into a digital shadow and a digital twin. Besides
scaling in applications, further research should go into
scaling in system size and quantifying the benefits for a
system interacting with other machines and/or higher-
level controlling software.
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Reinhart, G. and Wünsch, G. (2007). Economic applica-
tion of virtual commissioning to mechatronic production
systems. Production Engineering, 1, 371–379.

Sarhadi, P. and Yousefpour, S. (2015). State of the art:
hardware in the loop modeling and simulation with its
applications in design, development and implementation
of system and control software. International Journal of
Dynamics and Control, 3, 470–479.

Schamp, M., Hoedt, S., Claeys, A., Aghezzaf,
E., and Cottyn, J. (2018). Impact of a
virtual twin on commissioning time and quality.
IFAC-PapersOnLine, 51(11), 1047–1052. doi:
https://doi.org/10.1016/j.ifacol.2018.08.469. 16th
IFAC Symposium on Information Control Problems in
Manufacturing INCOM 2018.

Schamp, M., Aghezzaf, E.H., and Cottyn, J. (2024). State-
based verification of industrial control programs with
the use of a digital model. International Journal of
Computer Integrated Manufacturing, 37(3), 266–284.
doi:10.1080/0951192X.2023.2209860.

Smith, J.S. and Cho, Y. (2008). Offline commissioning of
a plc-based control system using arena. In 2008 Winter
Simulation Conference, 1802–1810. IEEE.

Soori, M., Arezoo, B., and Dastres, R. (2023). Digital
twin for smart manufacturing, a review. Sustainable
Manufacturing and Service Economics, 100017.

Striffler, N. and Voigt, T. (2023). Concepts and trends
of virtual commissioning – a comprehensive review.
Journal of Manufacturing Systems, 71, 664–680. doi:
https://doi.org/10.1016/j.jmsy.2023.10.013.

Versteegt, C. and Verbraeck, A. (2002). The extended use
of simulation in evaluating real-time control systems of
agvs and automated material handling systems. In Pro-
ceedings of the Winter Simulation Conference, volume 2,
1659–1666. IEEE.
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