
http://www.diva-portal.org

This is the published version of a paper published in Procedia CIRP.

Citation for the original published paper (version of record):

Ayani, M., Ganebäck, M., Ng, A H. (2018)
Digital Twin: Applying emulation for machine reconditioning
Procedia CIRP, 72: 243-248
https://doi.org/10.1016/j.procir.2018.03.139

Access to the published version may require subscription.

N.B. When citing this work, cite the original published paper.

Permanent link to this version:
http://urn.kb.se/resolve?urn=urn:nbn:se:his:diva-16078



ScienceDirect

Available online at www.sciencedirect.comAvailable online at www.sciencedirect.com

ScienceDirect
Procedia CIRP 00 (2017) 000–000

  www.elsevier.com/locate/procedia 

2212-8271 © 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 

28th CIRP Design Conference, May 2018, Nantes, France

A new methodology to analyze the functional and physical architecture of 
existing products for an assembly oriented product family identification 

Paul Stief *, Jean-Yves Dantan, Alain Etienne, Ali Siadat 
École Nationale Supérieure d’Arts et Métiers, Arts et Métiers ParisTech, LCFC EA 4495, 4 Rue Augustin Fresnel, Metz 57078, France 

* Corresponding author. Tel.: +33 3 87 37 54 30; E-mail address: paul.stief@ensam.eu

Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Old machine reconditioning projects extend the life length of machines with reduced investments, however they frequently involve complex 
challenges. Due to the lack of technical documentation and the fact that the machines are running in production, they can require a reverse 
engineering phase and extremely short commissioning times. Recently, emulation software has become a key tool to create Digital Twins and 
carry out virtual commissioning of new manufacturing systems, reducing the commissioning time and increasing its final quality. This paper 
presents an industrial application study in which an emulation model is used to support a reconditioning project and where the benefits gained in 
the working process are highlighted. 

© 2018 The Authors. Published by Elsevier B.V. 
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1. Introduction 

As machines get older, end users need to deal with an 
increasing number of issues. For example, they can suffer 
difficulties for maintenance, caused by spare-part 
discontinuation or lack of technical support, and this can lead 
to an increasing number of machine breakdowns.  

In addition, the fourth industrial revolution, the so-called 
Industry 4.0, will require many technological advances and 
different uses of machines and devices. Machine connectivity, 
allowing data access and sharing at different levels, is one of 
the keys in this new paradigm. However, while new machines 
are being designed and prepared for these new features, many 
current and old systems are limited or cannot support them. [1] 

The natural issues caused by machine aging and the new 
technological advances, can finally force end users to decide to 
end the machines’ life cycle and replace it with a new one. 
Another alternative is to enlarge the machines’ life by carrying 
out a reconditioning and retrofitting. This last alternative is 
more cost-effective, a faster solution, as well as an opportunity 
towards sustainable manufacturing, important for the future of 
manufacturing in the context of Industry 4.0. [2] 

During the reconditioning process, defective or outdated 
parts are replaced with new ones. Retrofitting the machine with 
new controllers and Human Machine Interface (HMI) devices, 
allow logic updates and the possibility to include the desired 
new functionalities. All these modifications require the 
machine to be out of production during a certain period of time, 
including some previous preparation, reconditioning work, 
commissioning, verification and final validation before taking 
it back into production. In some cases, due to the end user’s 
production requirements, this time could be limited to just 
some days or weeks, depending on the machine complexity.  

For companies specialized in machine reconditioning and 
retrofitting, the challenge is not limited to the machines’ 
construction complexity and time constraints, but even to the 
status of the technical documentation. This is even more critical 
when the company carrying out the reconditioning is not the 
one that built the machine in the first place. Outdated technical 
documentation, or in the worst cases, the lack of it, can require 
a reverse engineering phase in order to carry out a 
reconditioning project. 
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This paper suggests the use of emulation tools to create a 
Digital Twin (DT) of an old machine and support its 
reconditioning project. The proposed methodology tries to 
maximize the use of the DT during this process. The aim is to 
pay off the required extra time to build it, adding flexibility to 
the project, minimizing risks and ensuring high quality in the 
results.  

This paper is structured as follows: section 1 introduces the 
paper; section 2 reviews the literature about emulation and DT; 
section 3 describes the followed methodology, section 4 
explains the DT modelling, a real-world application study is 
described in section 5; and finally, section 6 draws the 
conclusions of the paper. 

2. Emulation and the Digital Twin 

Modern industrial processes and manufacturing plants are 
introducing more technology and are increasing its complexity. 
Companies require high quality in their new automated 
solutions, at a low cost and fast delivery. Therefore, test and 
validation processes become critical for OEMs and system 
integrators[3].The testing of the automated systems usually 
takes place during the on-site commissioning, once the 
equipment is being located in the real plant. Incidents at this 
stage could lead to miss the initial planning, or even worse, to 
cause damages on the equipment which will lead to 
unnecessary additional costs. 

The concept Virtual Commissioning (VC) is based on 
realizing the verification and validation of systems against a 
virtual model instead of in the real automated system. This can 
be done after or even during the development of the real-world 
system and before the real commissioning, see Fig. 1. Direct 
and obvious benefits of VC include the reduction in travel time 
and costs. Furthermore, it also provides a flexible platform to 
make tests and validations without the stress of the real on-site 
commissioning. Despite the many benefits, it is not widely used 
in automation engineering yet. One of the main reasons is the 
effort and knowledge needed to select the right technology and 
develop usable models.[4] 

Different tools and technologies are available in the market 
for VC. They use different techniques, such as simulation and 
emulation, including functionalities focused on different types 
of automated systems. Industrial automated system models 
created using simulation techniques try to provide a similar 
behavior of the system. This is usually achieved by using 
simplified approximations or assumptions, to obtain an idea of 
how the system reacts and analyze its outputs. On the other 
hand, emulation techniques try to imitate the behavior of a 
system in order to perform the same work and produce the same 

results [5]. A main difference between them is that the 
emulation model needs the real control software in order to 
work, a Programmable Logic Controller (PLC) or robot 
program, while the simulation model does not need it. This 
difference makes emulation a more suitable platform for VC, 
which nowadays is its typical use, but can be more beneficial if 
it is used during the entire life cycle of the system. 

Employing emulation in other phases rather than 
development and validation, can help to train expert users and 
operators, increase the stability and reliability of the system, or 
allow to implement system upgrades or modifications without 
compromising real production [6]. It can even be used in the 
design phase to support design decisions and also help in the 
sales process and initial discussions with customers. Finally, it 
can also be employed for optimization of industrial systems in 
order to achieve an efficient operation and performance. The 
effort to build an emulation model vary depending on the 
complexity of the system, but this cost will easier be paid off 
by using emulation in several phases of the life cycle, see Fig. 
2. This way, emulation would be worth even for those less 
complex or critical systems. 

The Digital Twin (DT) term was started to be used in the 
beginning of this decade. From the simulation point of view, 
it’s a new concept for describing a new wave in modelling and 
simulation. While the use of simulation tools was previously 
restricted to design stages, today different type of simulation 
tools are used in testing, validation or optimization. In the 
automated industry, we could define a DT as a multiphysic and 
multiscale simulation model that mirrors the corresponding 
physical twin, allowing the extension of the simulation to all 
life cycle phases of the system[7].  

Therefore, considering the differences between simulation 
and emulation tools, it can be assumed that emulation tools are 
the right solution for creating low level DT of automated 
systems. Emulation tools such Simumatik3D® integrate a rigid 
body physics engine in addition to the graphics engine. This 
allows to create geometric, kinematic and logic models of 
devices at sensor and actuator level, that can be combined to 
create a functional DT of a complete automated system.[8] 

Fig. 1: Inclusion of use of Virtual Commissioning in industrial 
automated solutions. 

Fig. 2: Life cycle of an automated system and typical use of emulation. 
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3. Methodology 

The application study presented in this article is based on a 
real industrial reconditioning project of a core making machine 
used for producing foundry sand cores for the automotive 
industry. The machine was installed in the early 90s and the 
project consisted on a complete reconstruction of the electrical 
scope, replacement of outdated pneumatic, hydraulic and 
electric devices, rewiring, installation and final commissioning 
and validation. The project included the retrofitting of the old 
Siemens® PLC and Human Machine Interface (HMI) devices. 

The required time frame for the complete reconditioning 
process, including the removal of old components, installation 
of the new ones and commissioning, was limited to four weeks. 
The stop in production could not last longer than this period.  

The company Projektengagemang Industry & Energy 
Sverige AB carried out the project with the collaboration of the 
Production and Automation Engineering Division of the 
University of Skövde in Sweden, which helped creating the DT 
of the machine to support the company during the process. 

The project followed a methodology trying to take most of 
the advantage of the DT in its different project phases. This 
methodology is described in Fig. 3 and was a suggestion 
adopted following the regular methodology for similar 
projects, but modified to integrate the use of emulation. The 
steps where the DT was used are marked with orange color. 

Due to the fact that the company carrying out the 
reconditioning was not the original machine builder and the 
lack and outdated technical documentation, the construction of 
the DT supported the reverse engineering phase (I). The DT 

was verified during the new control logic development phase 
(II), allowing to easily test the new PLC logic and HMI. 
Finally, the DT allowed to realize the VC and Validation (III), 
and compare its results with the real machine, to obtain the 
required virtual confidence [9] by the customer before the 
physical reconditioning even started. 

Following this methodology, the last phase (IV) was the 
only one restricted to be carried out during the limited period 
of four weeks. This allowed more flexibility to carry out the 
previous phases. 

4. Digital Twin Modeling 

The software used to build the DT is Simumatik3D®. The 
key features of this emulation tool are its ease of use, robust 
physics and 3D engines, as well as that the software does not 
require programming skills to create and use the models. The 
software uses a component based approach, so emulation 
models are created by introducing different components from a 
library and connecting one to each other using specific ports, 
imitating the real-world. The library includes basic electric, 
pneumatic and hydraulic components. 

Each component model in the Simumatik3D® library is 
created to reflect the geometry, kinematics, logic and interfaces 
of its real analogue. This is possible because the software 
includes three simulation engines: a 3D graphics engine, a rigid 
body physics engine and a logic engine. Each component 
model has specific parameters that can be changed to modify 
its appearance or behavior, and different connection ports to 
connect it with other components. These features allow 
creating and adjusting component models with a high accuracy 
level that can be individually validated against their real 
analogues. 

An example of a component represented in the different 
domains can be a pneumatic cylinder, shown in the Fig 4. This 
component is graphically represented with two cylinders, one 
for the body (blue) and the other for the rod (yellow). In the 
physics domain each cylinder has its own mass and collision 
shape, in accordance with the graphical geometry. The Body 
and the rod are connected to each other with a linear joint and 
even the piston inside the cylinder is modeled to allow position 
detection using sensors. Finally, the logical function calculates 
the cylinder movement depending on the pressure applied in 
both pneumatic ports. The cylinder parameter list includes the 
cylinder radius, length and stroke limits, among others. 

Fig. 3: Methodology, including different phases and their steps. Fig. 4: Geometric and kinematic model of a pneumatic cylinder. 



 M. Ayani et al. / Procedia CIRP 72 (2018) 243–248 2452 Author name / Procedia CIRP 00 (2018) 000–000

This paper suggests the use of emulation tools to create a 
Digital Twin (DT) of an old machine and support its 
reconditioning project. The proposed methodology tries to 
maximize the use of the DT during this process. The aim is to 
pay off the required extra time to build it, adding flexibility to 
the project, minimizing risks and ensuring high quality in the 
results.  

This paper is structured as follows: section 1 introduces the 
paper; section 2 reviews the literature about emulation and DT; 
section 3 describes the followed methodology, section 4 
explains the DT modelling, a real-world application study is 
described in section 5; and finally, section 6 draws the 
conclusions of the paper. 

2. Emulation and the Digital Twin 

Modern industrial processes and manufacturing plants are 
introducing more technology and are increasing its complexity. 
Companies require high quality in their new automated 
solutions, at a low cost and fast delivery. Therefore, test and 
validation processes become critical for OEMs and system 
integrators[3].The testing of the automated systems usually 
takes place during the on-site commissioning, once the 
equipment is being located in the real plant. Incidents at this 
stage could lead to miss the initial planning, or even worse, to 
cause damages on the equipment which will lead to 
unnecessary additional costs. 

The concept Virtual Commissioning (VC) is based on 
realizing the verification and validation of systems against a 
virtual model instead of in the real automated system. This can 
be done after or even during the development of the real-world 
system and before the real commissioning, see Fig. 1. Direct 
and obvious benefits of VC include the reduction in travel time 
and costs. Furthermore, it also provides a flexible platform to 
make tests and validations without the stress of the real on-site 
commissioning. Despite the many benefits, it is not widely used 
in automation engineering yet. One of the main reasons is the 
effort and knowledge needed to select the right technology and 
develop usable models.[4] 

Different tools and technologies are available in the market 
for VC. They use different techniques, such as simulation and 
emulation, including functionalities focused on different types 
of automated systems. Industrial automated system models 
created using simulation techniques try to provide a similar 
behavior of the system. This is usually achieved by using 
simplified approximations or assumptions, to obtain an idea of 
how the system reacts and analyze its outputs. On the other 
hand, emulation techniques try to imitate the behavior of a 
system in order to perform the same work and produce the same 

results [5]. A main difference between them is that the 
emulation model needs the real control software in order to 
work, a Programmable Logic Controller (PLC) or robot 
program, while the simulation model does not need it. This 
difference makes emulation a more suitable platform for VC, 
which nowadays is its typical use, but can be more beneficial if 
it is used during the entire life cycle of the system. 

Employing emulation in other phases rather than 
development and validation, can help to train expert users and 
operators, increase the stability and reliability of the system, or 
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it’s a new concept for describing a new wave in modelling and 
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its appearance or behavior, and different connection ports to 
connect it with other components. These features allow 
creating and adjusting component models with a high accuracy 
level that can be individually validated against their real 
analogues. 

An example of a component represented in the different 
domains can be a pneumatic cylinder, shown in the Fig 4. This 
component is graphically represented with two cylinders, one 
for the body (blue) and the other for the rod (yellow). In the 
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In addition to the library components, 3D models can be 
imported in the model, with their kinematic properties, and 
create more complex mechatronic subsystems.  

Once all the components are introduced and connected in 
the model, they can be commanded using industrial control 
systems. Simumatik3D® allows connectivity with industrial 
controllers using the standardized OPC-UA technology, widely 
supported by different brands of PLCs and robots. 

5. Application Study 

5.1. Phase I: Analysis and Reverse Engineering 

The complexity and variety of elements included in the 
studied machine provided an interesting and complete case. 
The reconditioned core making machine is a machine that 
produces sand cores for a foundry. Sand cores are produced as 
a result of 1) mixing sand with additives, 2) introducing the 
sand in what is called a sand box to form it, 3) exposing the 
sand to specific gases so it is rapidly hardened, and finally 4) 
pulling it out from the box. 

The machine includes electric, pneumatic and hydraulic 
components, including several linear and rotational 
movements, conveyors and fixtures to handle the sand boxes, 
sand cores and all necessary mechatronic parts. To control the 
process of gassing and ventilation inside the machine, it also 
includes a number of sensors and valves. 

The work started by analyzing all the different machine 
movements, study the old PLC logic and creating a sequential 
description of the machine. Mechanical and electrical drawings 
were studied to understand the machine construction and how 
different elements work together. This effort was necessary to 
understand the machine functionality and be able to start 
building the machine DT with Simumatik3D®.

Different parts of the machine with separate functionalities 
were later identified and separately documented. After listing 
all sensors and actuators, these were added in the emulation 
model, see a snapshot in Fig. 5. Simumatik3D® is an emulation 
software that includes all basic electric, pneumatic and 
hydraulic components that are used in the machine, which 
allowed an easy construction of all the mechatronic parts in the 
DT.  

5.2. Phase II: Development 

The retrofitting of the machine was realized replacing the 
old Siemens® S5 PLC and HMI device by new generation 
Siemens® 1500 CPU and HMI panel. The system redesign 
adopted a more distributed architecture. All sensors and 
actuators in the machine, with around 200 digital input and 
output (IO) signals and 7 analog signals, were reconnected 
using distributed IO devices. The new local network of the 
machine was based on the industrial ProfiNet® fieldbus, 
connecting the PLC with several IO modules and the HMI. The 
control logic and HMI interface were developed using Siemens 
TIA Portal® platform. 

Once the basic control project was created, including the 
hardware configuration and variable declaration, the DT 
sensors and actuators were assigned to its respective variable in 
the PLC. At this point, it was possible to download the control 
software to a controller and test it against the DT.  

The emulation test environment was setup in two different 
ways, to test the capabilities and differences between using real 
hardware versus using soft-controllers, Fig. 6. Siemens®

provides a soft-PLC solution called PLC Sim Advanced®

which emulates a real PLC controller. This software can run in 
a regular PC and execute the PLC logic as it’s homologous. 
Because the use of OPC-UA is supported by the real and also 
the soft PLCs, both configurations were supported by the 
emulation model created in Simumatik3D®. When running the 
complete software setup, an extra computer screen was used as 
HMI. When using real control hardware in the setup, it reduces 
the processing load in the computer, providing better 
performance during the emulation, while using a complete 
software based setup can be a more cost effective and flexible 
approach.

During this phase the DT was used to support the 
development of the control and HMI program, allowing testing 
and debugging it. All IO signals were tested against the DT 
using the electrical drawings and the IO list, thereby variable 
addressing was verified as part of the integration work. The IO 
validation was carried following the same steps as in a real IO 
validation. Output signals in the PLC were forced to validate 
the actuator movements and input signals were monitored to 
check the status change of different sensors.  

The emulation model was adjusted and complemented with 
different features and devices as it was required. Process related 
parts in the machine were finally implemented and tested in the 
DT. Finally some 3D models where imported and used in the 
DT to provide a more realistic experience, see Fig. 7. 

Fig. 6: (a) Real control hardware setup, (b) Complete software setup 

Fig. 5: Emulation model created during reverse engineering phase. 
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The final verification of the DT was carried out with the 
support of the actual machine operators and technical staff. All 
possible movements were tested and compared with videos 
recorded from the real machine and the technical 
documentation. The machine operators could provide 
important feedback to adjust the DT and finally get an accurate 
model. 

In addition, the use of the DT during the development phase, 
allowed discussions with the customer and its technical staff 
and operators. As a result of these discussions, small 
modifications and adjustments in the control program and HMI 
were agreed. These kind of discussions usually take place after 
or during the real commissioning, which in this case, provided 
an important qualitative benefit to the project. 

5.3. Phase III: Virtual Commissioning and Validation 

Once the development and preliminary testing of the control 
logic was finalized, the verification and validation of the 
machine was carried out. This included the verification of the 
manual movements and HMI features, automatic sequence 
execution and testing of fault situations in the first place. In the 
second place, the validation of the system requirements was 
realized.

Thanks to the use of the DT many issues where detected 
during the VC. Errors in the PLC program and HMI were as a 
result fixed, for example: 
 Errors in interlock signals between different movements. 
 Synchronization issues between different machine 

sequences. 
 Errors programming the activation and deactivation of 

output signals for actuators.  
After the VC, the DT provided the possibility to perform a 

Virtual Factory Acceptance Test (VFAT) together with the 
customer. The Factory Acceptance Test (FAT) protocol used 
against the emulation model was the same as the one to be 
employed later, during the real FAT. Some issues detected 
during the VFAT could instantly be corrected and validated 
while others could be revised in a second round. 

At this stage, with the old machine still in production, the 
virtual confidence level and the progress in the development 
was highly superior to a regular reconditioning project before 
real commissioning. 

5.4. Phase IV: Physical reconditioning 

The removal of old components and the installation of the 
new ones lasted for over two weeks during the physical 
reconditioning of the machine. Once the new electrical cabinet 
including the new PLC and HMI were installed, the real 
commissioning started with the hardware configuration 
followed by the IO testing. The machine was working as 
expected as soon as the logic was downloaded to the PLC, 
demonstrating that the use of the DT resulted in an important 
reduction of the commissioning time, 60% shorter with 50% 
less rest points. As mentioned, the final validation was carried 
out following the same FAT protocol used in phase III. The 
machine was back in production in the required time frame, 
which would have been impossible to achieve without 
following the methodology described in this paper. 

6. Conclusions 

This article has presented a reconditioning project in which 
a Digital Twin has been built employing the emulation software 
Simumatik3D®. This approach has proved to be beneficial to 
support an efficient reconditioning process. Known the implicit 
challenges of any reconditioning project, building the DT can 
help engineers during the reverse engineering phase. Once the 
emulation model is created, all the benefits of Virtual 
Commissioning are gained in the development and testing 
phases. The time and cost invested on building a virtual model 
is paid off with the reduction of the real commissioning time 
and costs, and has even a positive impact in the quality of the 
delivery and working conditions of all the stakeholders 
involved. In addition, all work performed with the DT impacts 
substantially in sustainability, due to the fact that energy 
consumption required for operating the DT is much lower than 
the real system. 

Virtual confidence can be obtained before starting the 
physical reconditioning work, providing new resource and time 
planning possibilities for these kind of projects. Furthermore, 
there is room for improvements in the planning at different 
phases, due to the fact that project deliverables, including the 
developed control programs, can more efficiently be scheduled 
to reduce time and use of resources. Therefore, the possibility 
that DT offers to make more flexible time plannings, could by 
its own, be a reason for adopting the methodology presented in 
this paper. 

The methodology presented in this paper will further be 
developed as part of a research project with the aim to be 
employed by different companies in the future. 
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Fig. 7: Complete emulation model of the core making machine. 
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In addition to the library components, 3D models can be 
imported in the model, with their kinematic properties, and 
create more complex mechatronic subsystems.  

Once all the components are introduced and connected in 
the model, they can be commanded using industrial control 
systems. Simumatik3D® allows connectivity with industrial 
controllers using the standardized OPC-UA technology, widely 
supported by different brands of PLCs and robots. 

5. Application Study 

5.1. Phase I: Analysis and Reverse Engineering 

The complexity and variety of elements included in the 
studied machine provided an interesting and complete case. 
The reconditioned core making machine is a machine that 
produces sand cores for a foundry. Sand cores are produced as 
a result of 1) mixing sand with additives, 2) introducing the 
sand in what is called a sand box to form it, 3) exposing the 
sand to specific gases so it is rapidly hardened, and finally 4) 
pulling it out from the box. 

The machine includes electric, pneumatic and hydraulic 
components, including several linear and rotational 
movements, conveyors and fixtures to handle the sand boxes, 
sand cores and all necessary mechatronic parts. To control the 
process of gassing and ventilation inside the machine, it also 
includes a number of sensors and valves. 

The work started by analyzing all the different machine 
movements, study the old PLC logic and creating a sequential 
description of the machine. Mechanical and electrical drawings 
were studied to understand the machine construction and how 
different elements work together. This effort was necessary to 
understand the machine functionality and be able to start 
building the machine DT with Simumatik3D®.

Different parts of the machine with separate functionalities 
were later identified and separately documented. After listing 
all sensors and actuators, these were added in the emulation 
model, see a snapshot in Fig. 5. Simumatik3D® is an emulation 
software that includes all basic electric, pneumatic and 
hydraulic components that are used in the machine, which 
allowed an easy construction of all the mechatronic parts in the 
DT.  

5.2. Phase II: Development 

The retrofitting of the machine was realized replacing the 
old Siemens® S5 PLC and HMI device by new generation 
Siemens® 1500 CPU and HMI panel. The system redesign 
adopted a more distributed architecture. All sensors and 
actuators in the machine, with around 200 digital input and 
output (IO) signals and 7 analog signals, were reconnected 
using distributed IO devices. The new local network of the 
machine was based on the industrial ProfiNet® fieldbus, 
connecting the PLC with several IO modules and the HMI. The 
control logic and HMI interface were developed using Siemens 
TIA Portal® platform. 

Once the basic control project was created, including the 
hardware configuration and variable declaration, the DT 
sensors and actuators were assigned to its respective variable in 
the PLC. At this point, it was possible to download the control 
software to a controller and test it against the DT.  

The emulation test environment was setup in two different 
ways, to test the capabilities and differences between using real 
hardware versus using soft-controllers, Fig. 6. Siemens®

provides a soft-PLC solution called PLC Sim Advanced®

which emulates a real PLC controller. This software can run in 
a regular PC and execute the PLC logic as it’s homologous. 
Because the use of OPC-UA is supported by the real and also 
the soft PLCs, both configurations were supported by the 
emulation model created in Simumatik3D®. When running the 
complete software setup, an extra computer screen was used as 
HMI. When using real control hardware in the setup, it reduces 
the processing load in the computer, providing better 
performance during the emulation, while using a complete 
software based setup can be a more cost effective and flexible 
approach.

During this phase the DT was used to support the 
development of the control and HMI program, allowing testing 
and debugging it. All IO signals were tested against the DT 
using the electrical drawings and the IO list, thereby variable 
addressing was verified as part of the integration work. The IO 
validation was carried following the same steps as in a real IO 
validation. Output signals in the PLC were forced to validate 
the actuator movements and input signals were monitored to 
check the status change of different sensors.  

The emulation model was adjusted and complemented with 
different features and devices as it was required. Process related 
parts in the machine were finally implemented and tested in the 
DT. Finally some 3D models where imported and used in the 
DT to provide a more realistic experience, see Fig. 7. 

Fig. 6: (a) Real control hardware setup, (b) Complete software setup 

Fig. 5: Emulation model created during reverse engineering phase. 
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The final verification of the DT was carried out with the 
support of the actual machine operators and technical staff. All 
possible movements were tested and compared with videos 
recorded from the real machine and the technical 
documentation. The machine operators could provide 
important feedback to adjust the DT and finally get an accurate 
model. 

In addition, the use of the DT during the development phase, 
allowed discussions with the customer and its technical staff 
and operators. As a result of these discussions, small 
modifications and adjustments in the control program and HMI 
were agreed. These kind of discussions usually take place after 
or during the real commissioning, which in this case, provided 
an important qualitative benefit to the project. 

5.3. Phase III: Virtual Commissioning and Validation 

Once the development and preliminary testing of the control 
logic was finalized, the verification and validation of the 
machine was carried out. This included the verification of the 
manual movements and HMI features, automatic sequence 
execution and testing of fault situations in the first place. In the 
second place, the validation of the system requirements was 
realized.

Thanks to the use of the DT many issues where detected 
during the VC. Errors in the PLC program and HMI were as a 
result fixed, for example: 
 Errors in interlock signals between different movements. 
 Synchronization issues between different machine 

sequences. 
 Errors programming the activation and deactivation of 

output signals for actuators.  
After the VC, the DT provided the possibility to perform a 

Virtual Factory Acceptance Test (VFAT) together with the 
customer. The Factory Acceptance Test (FAT) protocol used 
against the emulation model was the same as the one to be 
employed later, during the real FAT. Some issues detected 
during the VFAT could instantly be corrected and validated 
while others could be revised in a second round. 

At this stage, with the old machine still in production, the 
virtual confidence level and the progress in the development 
was highly superior to a regular reconditioning project before 
real commissioning. 

5.4. Phase IV: Physical reconditioning 

The removal of old components and the installation of the 
new ones lasted for over two weeks during the physical 
reconditioning of the machine. Once the new electrical cabinet 
including the new PLC and HMI were installed, the real 
commissioning started with the hardware configuration 
followed by the IO testing. The machine was working as 
expected as soon as the logic was downloaded to the PLC, 
demonstrating that the use of the DT resulted in an important 
reduction of the commissioning time, 60% shorter with 50% 
less rest points. As mentioned, the final validation was carried 
out following the same FAT protocol used in phase III. The 
machine was back in production in the required time frame, 
which would have been impossible to achieve without 
following the methodology described in this paper. 

6. Conclusions 

This article has presented a reconditioning project in which 
a Digital Twin has been built employing the emulation software 
Simumatik3D®. This approach has proved to be beneficial to 
support an efficient reconditioning process. Known the implicit 
challenges of any reconditioning project, building the DT can 
help engineers during the reverse engineering phase. Once the 
emulation model is created, all the benefits of Virtual 
Commissioning are gained in the development and testing 
phases. The time and cost invested on building a virtual model 
is paid off with the reduction of the real commissioning time 
and costs, and has even a positive impact in the quality of the 
delivery and working conditions of all the stakeholders 
involved. In addition, all work performed with the DT impacts 
substantially in sustainability, due to the fact that energy 
consumption required for operating the DT is much lower than 
the real system. 

Virtual confidence can be obtained before starting the 
physical reconditioning work, providing new resource and time 
planning possibilities for these kind of projects. Furthermore, 
there is room for improvements in the planning at different 
phases, due to the fact that project deliverables, including the 
developed control programs, can more efficiently be scheduled 
to reduce time and use of resources. Therefore, the possibility 
that DT offers to make more flexible time plannings, could by 
its own, be a reason for adopting the methodology presented in 
this paper. 

The methodology presented in this paper will further be 
developed as part of a research project with the aim to be 
employed by different companies in the future. 
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