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ABSTRACT 
The verification of complex engineering systems from the very early phases of the 
design process is of primary importance, as it directly influences performance and 
system functionalities. Traditional design approaches aim at using simulations as 
a set of tools during the verification process. However, the current trend in the 
industry is towards simulation-based design processes in an iterative manner so 
as to constantly evaluate the system development. This perspective conveys the 
design process towards a verification-based design process. In the very early 
phases of the design process, evaluating different concepts for further 
development is not without problems, since a certain amount of product 
information is missing in the early phases. Therefore, traditional approaches have 
aimed at considering expert’s opinions as the main evaluation criteria for 
assessing pre-concepts and concept designs. However, qualitative-based 
methods are highly limited according to expert’s subjective judgements, level of 
expertise, as well as the ability to take into account multidisciplinary criteria in the 
case of complex systems. 

This dissertation presents research work related to the verification-driven design 
process of complex mechatronic systems using a stochastic reliability method for 
evaluating the concept design from the early phases of the product development. 
The main objective of this thesis consists in demonstrating the advantages of an 
innovative system design process based on a quantitative evaluation method 
using reliability as the main criteria. This thesis reviews the state of the art of the 
verification and validation process, describes different trends in the system design 
processes towards simulation-based design processes and reviews the best 
practices of decision-making processes in the engineering field. The work 
conducted during this thesis consists of the development, modelling and 
implementation of a verification-based design approach. The method uses the 
stochastic Petri Net approach for modelling the operational and functional 
sequence of the system as well as its dysfunctional behaviour. Reliability 
parameters of each concept are estimated based on their level of design and thus 
various concepts can be evaluated against each other.  

The method is applied to case studies that consist of the development of a 
Remote Handling system for the maintenance of a fusion reactor called DEMO. 
The results confirm the benefit of such a method for designing and evaluating 
concept designs from the very early phases of the system development. The 
purpose of this research is to maintain the usefulness of the findings for other 
developments at a larger scale and in other fields than fusion engineering.  
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1  INTRODUCTION 

The notion of ‘virtuality’ probably first appeared in Aristotelean thought [1], in which 
entities can be conceptualized as both actualities and potentiality: ‘Entities are 
actual in their existence in the world, but every mode of existence is an 
actualization of a potentiality’. Etymologically speaking, Virtuality comes from the 
Latin vir which indicates a man or manliness, but is also at the origin of the word 
virtus, which means strength; indeed, from such was derived the notion of virility 
[2]. Virtuality is also related to virtue, which indicates, according to the Oxford 
Dictionary, ‘a behaviour showing a high moral standard’ but as well ‘a good quality 
of a thing’. Humans rely on their sense of perceiving information and consider real, 
an entity evolving in a known environment. Thus the notion of virtuality can be 
seen as the representation of an entity that cannot be detected by common human 
senses. If we turn around the notion of virtuality and consider that real is the 
opposite of virtual, thus the resulting question would be: what makes an entity 
real? To suggest a part of the answer, an entity is considered virtual until the 
potentiality that makes it virtual becomes an actuality in fact by an accumulation of 
evidence, often with the help of technology. Therefore, it leads to the notion of 
evidence. By definition evidence means ‘a fact or information that indicates if a 
belief is true or valid’ [2]. Evidence is a way to remove the ‘potentiality’ side of an 
entity to become an actuality. 

In the modern engineering field, the notion of virtual could be seen in a similar way 
than above. Virtual prototyping consists of representing a system that does not 
exist yet but thanks to technology, can be digitally represented and thus gives 
information to our senses, such that a prototype is digitally real. Technology 
basically uses a language to translate a potential entity into a digital entity which, 
computed by our perceiving systems, basically our brain, emerges of being in and 
out of our ‘known’ world. In other terms, a digital prototype is the translation of a 
virtual prototype using a digital language that is processed to build a 
representation. In that way, a digital prototype offers a solution for representing a 
virtual entity. The digital prototype finds its utility in the fact of transforming the 
potentiality of this entity into an actuality through the accumulation of evidence. As 
previously defined, the evidence shall consist of facts or information that indicates 
if a belief appears to be true or valid. With advancements in computation power 
and digital tools, more and more physical aspects can be accurately translated 
into a digital prototype and thus provides new or more representative evidence to 
determine if the system can actually be valid. 

This leads us to the notion of Verification and Validation (V&V) in relation to the 
engineering field. Basically the verification and validation process aims at bringing 
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evidence so as to give real information to our sense that the system is valid and 
can actually become a reality. By performing experiments using digital prototypes 
we can infer the evidence that will lead to removing the potentiality of, at least, 
some parts of the system. 

From the systems engineering point of view, the Verification and Validation (V&V) 
process is based on requirements that it is another language that is used to 
represent an entity, basically considered to be a potential product. This V&V 
process aims to obtain evidence to validate the developed system against the 
initial requirements, in other words to validate the developed system against the 
first idea that we had about that product. In today’s engineering field, the V&V 
process can be seen as a bridge between the virtual and real system in terms of 
product design (Fig. 1). 

 
Fig. 1 – To carry evidence from virtual to real world 

It is possible to perform experiments on physical prototypes, which is the 
conventional way to proceed in order to obtain evidence that will validate the 
system. However, it has some limitations especially regarding manufacturing and 
testing costs. Multiple iterations of physical prototypes can be very expensive, in 
the case of consequent and complex systems, which may become industrially 
impossible to realize. In addition, digital prototyping offers another advantage over 
physical prototyping by enabling the possibility to estimate a wide set of variables 
of a system. For instance, it would be really difficult or even impossible to locate 
good enough pressure sensors in the chamber of a hydraulic motor in order to 
measure the dynamic pressure. A similar difficulty applies to measuring the 
pressure-flow dynamic inside a servo valve. Therefore, digital models offer an 
exclusive and reliable solution in some specific cases.  

In order to perform experiments in the digital world, a digital prototype is modelled 
and used as a digital support. Experiments have to be translated to access the 
virtual world and thus be able to interact with the virtual entity. Digital experiments, 
so called simulations, are used to provide information on the potential behaviour of 
the developed system to determine if the digital prototype can actually be made 
real. This new digital environment that combines the digital translation of a 
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potential system together with the digital translation of physical experiments aims 
to bridge the gap between virtuality and reality. In the engineering field, this bridge 
or mid-platform is called a digital mock-up. 

1.1 Background to the research 

Nowadays, industries are required to provide new products with innovative and 
powerful features at a much faster pace. The integration of functionalities from 
various disciplines is a source of innovation. Increasing complexity of products 
results in more challenges during the development of these products. In the 
industry, products need to be designed, verified and validated against their 
requirements before being mass-produced and operated. 

Digital tools are considered essential during the design process and their use is 
becoming progressively more common. In other words, developing complex 
systems and decreasing at the same time the number of physical prototypes by 
increasing the use of digital tools leads to increased complexity in the design 
processes. It is particularly true within the mechatronic industry, where the current 
trend is towards simulation-based system development, where simulations 
become a central part of the design process. However, validation in the digital 
world is a key objective for the industry and currently drives the research trend [3]. 

But many challenges remain to be overcome. The most obvious challenge is that 
the digital world is not the real world, and thus involves many uncertainties that 
have to be taken into account when designing and simulating the developed 
system. The increased complexity in system designs exponentially increases the 
complexity of the design process and thus the demands on verification and 
validation [4]. New methods and new digital tools need to be developed in order to 
deal with complex simulations. Also, new quantitative methods for evaluating 
simulation results are needed. A crucial aspect of the design process is the 
decision-making process that actually leads the design evolution of the system. 
Thus it requires relevant information and a clear evaluation of uncertainties in 
order to be able to take the right decision to develop the system further. 

1.2 Motivation 

The motivation behind this research work is to investigate the best practices of 
using verification and validation processes within industries [3, 5-7] as well as in 
the fusion engineering field, especially in the development of remote handling 
systems, from system requirements to the manufacturing phase of the physical 
prototype. In the industry, virtual prototyping has been adopted as a standard for 
several decades and companies are nowadays looking at more complex 
simulation possibilities, such as more interoperability between the modelling and 
simulation methods to allow fast and complete virtual verification [8] and to 
maintain their competitive edge especially in automotive or aerospace industries. 
There is clear evidence that the current trend is moving towards virtual validation 
[9-11] of the developed system upon product manufacture. This will lead to a 
closing of the gap between the digital and real worlds and will obviously result in a 
reduction in a product’s time-to-market and will thus decrease development costs 
for complex systems [12, 13]. Such a statement is not only valid for specific 
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industries but is relevant also to complex scientific areas, such as nuclear fusion 
for the development of Remote Handling (RH) systems.  

The goal of this research is, therefore, to enhance the design process based on 
systems engineering best practices and V&V processes used in product 
development so as to increase the use of digital mock-ups and virtual tests during 
the system design and verification phase. In addition, best practices from the 
industry will be studied and the developed process can be derived in order to be 
suitable for industrial purposes. As results, a suitable method to design and 
validate high complexity systems, such as RH devices for fusion activities or other 
industries, can be formalized – increasing confidence in the product and easing 
decision-making – by the use of simulations. Finally, a novel criteria-based 
evaluation method for complex system designs that aims to enhance the decision-
making process is presented in this study and assessed in case studies. 

1.3 Research question 

Design verification and validation in the digital environment has already been 
widely studied [3, 14, 15]. Digital prototyping helps engineers to virtually simulate 
products along the different phases of the lifecycle. It enables a better 
understanding of the physical behaviour of the system prior to manufacturing with 
less need for multiple iterations of physical prototypes. However, for very complex 
engineering systems, physical tests on a full-scale prototype remain a 
requirement. Manufacturing such prototypes is very expensive and current trends 
are heading towards reducing the need for multiple iterations of physical 
prototypes [3]. In such cases, virtual experiment outputs are compared to physical 
experiment outputs, with such comparisons leading to a validation of the 
computational code of the digital mock-up. On the other hand, the validated digital 
model can be used to verify the physical performance of the product. 

The state of the art of this investigation shows that reducing errors and therefore 
increasing confidence in the system from the very early phases of the design are 
of primary importance and it is currently a clear research trend. In this research 
work, the goal is to formalize within the design process a method based on 
simulations in order to virtually test and verify the developed system at every 
phase of the design process, which means independently of its level of design. 
The iterative aspect of the method is very important to be able to implement it in a 
design process. The evaluation process will support the decision-making process; 
therefore, a quantitative criteria-based methodology is a requirement. 

In order to evaluate complex systems from the very early phases of the design 
and to overcome the lack of objectivity for common decision-making processes, a 
new methodology for system verification and decision-making through the design 
process is needed. One traditional approach in systems engineering is to consider 
that ‘The design shall be verified’. However, what if we go one step further and 
consider that ‘Verification shall drive the design’? This statement represents the 
governing principle of the present investigation, which will aim to give a part of the 
answer to the following research question: How can we evaluate and drive the 
design of complex systems in an iterative and quantitative manner throughout the 
entire design process? 
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1.5 Scope of the research 

The scope of this research mainly focuses on mechanical and mechatronic 
systems as well as verification and validation in the digital and physical 
environment. Lifecycle management systems are also covered by studying 
industry practices, mainly those oriented towards design processes. The research 
concerns primarily the development of large scale systems of high complexity, 
such as fusion-oriented devices. However, the contribution of this thesis can be 
applied to mechanical systems in a more general way. The study of the state of 
the art concerns mainly high complexity industry sectors, such as aerospace and 
automotive industries, but also extensively covers the fusion research field. 

Control system designs together with software designs are not covered in this 
work. The personal background of the author in these areas was quite limited as 
well as the expected inputs that these fields could provide for this work. However, 
only a few basic implementation tasks within the experimental work required some 
knowledge of software engineering. 

The experimental part of this thesis that aims to apply the developed method to 
existing case studies, such as fusion remote handling devices; however, the aim 
of this study is not oriented to reconsidering the technological solutions of those 
case studies that have already been verified and validated for the maintenance 
operations of a fusion reactor. 

The theoretical discussions and results in the thesis regarding verification and 
validation of complex systems using a simulation and reliability-based evaluation 
method during the product design have been kept general without references to 
any particular fields. Thus the findings may be useful for future research and 
development, and discussions can be applied to a wider scale. However, since the 
motivation for the thesis derives from the fusion engineering sector, a section of 
the thesis focuses on this particular and fairly unique field. The case study for 
research validation purpose is also fusion oriented, although the influence of 
particular aspects of nuclear fusion, such as radiation, magnetic fields or very high 
temperature, are not taken into account in this study. Thus the experimental 
device can be considered to be a more general mechatronic system. 

Concerning the mechanical failures presented in this thesis, only metallic materials 
(linear material properties) are considered in this study. Ceramic, plastic or 
composite materials are not taken into account. Moreover, the environment where 
the studied system has to operate is considered to be inside a very controlled 
nuclear area, which means a controlled temperature (from constant to +50 °C) and 
a clean area with no dust. Environments that are wet or humid, or with dust are not 
considered in this study. 
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system optimization. The concept comparison and results of the method are 
discussed in the last section of this chapter. 

Chapter 7 presents an evaluation of the overall study, while the conclusions of the 
thesis are also summarized. The chapter additionally discusses topics that may 
require further study and suggests potential directions for future research. 

 
 

Fig. 2 – Framework of the thesis 

 

Fig. 2 illustrates the novel verification-driven design process within the design of 
complex systems. It illustrates the location of the two case studies for the 
validation of this thesis. Case study 1 will mainly focus on the early design phase 
of complex systems, while case study 2 will concentrate on the later phase of the 
design and optimization phase. 
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2 STATE OF THE ART 

This chapter focuses on the background and current state of the art, focusing on 
the systems engineering verification and validation process in both digital and 
physical environments across the entire product lifecycle. The first section covers 
briefly the systems engineering approach in order to introduce the next section. In 
Section 2.2, the best practices of system design process are studied, while 
Section 2.3 mainly focuses on simulation-based design processes. Section 2.4 
covers verification and validation processes and the use of a digital mock-up for 
verification purposes. The fifth section of this chapter reviews the current practices 
of using simulation tools during the product design. Production lifecycle 
environment is discussed in Section 2.6 and challenges related to simulation 
lifecycle management in Section 2.7. Issues relating to the system design process 
are discussed in Section 2.8, while finally the last section of this chapter focuses 
on the use of verification and validation method in ITER and the fusion field. 

2.1 Systems engineering approach 

Briefly, Systems Engineering (SE) has several formal definitions. The NASA 
Systems Engineering Handbook [16] describes Systems Engineering as follow: 

SE is a methodical, disciplined approach for the design, 
realization, technical management, operations and retirement of a 
system. SE is the art and science of developing an operable 
system capable of meeting requirements. SE is a holistic, 
integrative discipline, wherein the contribution of multidiscipline 
are evaluated and balanced to produce a coherent whole. 

INCOSE Systems Engineering Handbook [17] define the SE approach as follow: 

SE is an interdisciplinary, collaborative approach that derives, 
evolves, and verifies a life-cycle balanced system solution and 
means to enable the realization of successful systems. 
Successful systems must satisfy the needs of its customer. 

In practice, the SE process drives the design development in an iterative manner 
in various engineering industries. It transforms needs and requirements into a set 
of system products, generates information for decision-makers, and provides input 
for the next design phase. It brings into consideration many issues beyond the 
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technical design challenge. Issues such as risk and derivation of the functional 
and physical architecture of the product come to the fore and the design synthesis 
becomes a supporting technology helping to ensure the decisions support the 
development of the system architecture of the product. 

The Systems Engineering Process is often represented in the shape of a V-model 
as presented in Fig. 3. The first step is to analyse the process inputs, which are 
basically a set of requirements provided by the customers to represents their 
needs, in other words, what the system must do and how well it must perform. 
Functions are then analysed by decomposition in a top-down approach and 
therefore the decomposition defines the functions of sub-level items. On the other 
hand, the second part of the V-model consists of a bottom-up approach and 
represents the integration and verification loop for comparing the solution to the 
requirements. Various methods are commonly used during the verification loop, 
which includes analysis, modelling, simulation and testing. Product information is 
then collected and used as inputs for the decision-making process to decide 
whether more design iterations are needed for the system to fulfil the initial 
requirements.  

 
Fig. 3 – V-model of SE approach for the design of complex systems [18] 

In many traditional practices, technology is the driver of the design process, 
however, with SE, the focus moves away from technology to consideration of the 
customer and what particular function the final product should have. The SE 
process encompasses non-technical disciplines into the product design such as 
production, resource, manufacturing and cost.  

Unfortunately, many such disciplines do not have analytical models or any kind of 
model that naturally integrates with traditional engineering disciplines. Moreover, 
the resulting systems are very complex and it is difficult to develop sufficient 
understanding of behaviour to cover all eventualities. Different system elements 
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interact in many ways and the eventual performance or behaviour may not always 
be as predicted. Such emergent behaviour is a real challenge for engineers. 

2.2 System design process 

In the literature, the design process of complex systems has been identified as 
one of the key areas for the final validation assessment [19]. Various processes 
are traditionally used within the industry, and the current trend is moving towards 
simulation-based system design. The following section aims to review the most 
common practices and identify the important aspects of each approach, as well as 
to clarify the evolutionary trends in the systems engineering field. 

Thus the current trend in the industry is using simulation-based product lifecycle 
process; however, current practices show that simulations are mostly used without 
real interactions [20, 21]. Fig. 4 presents the evolution of design processes from 
the present to the future. Currently, traditional industries are using simulation in 
product development, without real interactions between simulations and analyses. 

 
Fig. 4 – Evolution of the application of simulation in the product process and 

the increasing importance of data management [22] 

This process shows the scope of improving design processes throughout the 
lifecycle by implementing more interactions between simulations tools and 
between design engineers. Combining more and more tools within the same 
formalized process can lead to increased confidence among engineers in the 
developed system. It will also reduce the risk of errors in the early design phase. A 
significant amount of research has shown that design errors are much more costly 
when discovered during the later phases of the system development [23-25].  
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In this product-based design process, the design team develops a new product 
starting from the requirements. During the development process, Digital Mock-Up 
(DMU) and simulations are used as tools to verify that the system of interest 
meets the requirements. After using one of the available tools, results need to be 
reported in order to express the analyst’s feedback concerning how the tool has 
been used and what are the main results. The report is then helpful for the 
decision making process, to increase the confidence in the product development.  

After the selected simulation has been performed, the feedback from the analyst is 
collected and, if needed, corrective measures related to the design are carried out. 
Then the next simulation can be performed. Rooks [27] clearly illustrated that 
using DMU during the development of Boeing airplanes reduced errors and rework 
by up to 80%. A major drawback with such an approach is that engineers are often 
using simulation models that are independently updated by the designers. When 
reaching the validation phase, reports are produced and simulation results have to 
be individually collected and interpreted often by a third party, who may not have 
directly collaborated on the simulations. In such cases, loss of information can 
happen and this can affect the final decision, such as a loss of specific simulation 
parameters or knowing exactly how the simulation has been performed. 

Thus the product-based design process may lead to some limitations due to a 
potential lack of accuracy in the final decision statement. The more the information 
is spread around, the more difficult it is to collect them and interpret them in the 
most relevant way. Moreover, collecting them is often time consuming, this being 
true especially in the case of projects with long time spans, such as in the 
aerospace, automobile, nuclear and marine industries. In some cases, validation 
assessment may be performed some years after the entire verification process 
has been carried out. Sometimes data from models or simulations outputs may no 
longer be recoverable due for instance to compatibility issues between outdated 
software, requiring the simulations to be done again. 

In other words, the product-based design process uses simulations as a range of 
tools, from which you can pick the one needed to perform a particular task. 
Obviously the more tools you have, the more complete is your tool box. But it does 
not necessarily mean that you will develop the best system that will fulfil the entire 
set of requirements and their interactions. As an example, we can quote the well-
known story of the loss of the USD 125 million Mars orbiter because the 
engineering team used English units of measurement while the agency’s team 
used the more conventional metric system for a key spacecraft operation [28]. 
Therefore, to help the interaction between some aspects of the tools, Product Data 
Management (PDM) systems may be used in order to collect, store and trace 
data, such as CAD models and other associated documents during the design 
process. Thus it becomes an important tool in the event of product development 
over a longer period or even while sharing within and outside the organization. 
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2.2.2 Virtual prototype-based design process 

In order to reduce the risk of losing information during the entire design process, 
the current trend is towards a virtual prototype-based design (Fig. 6). This process 
is increasingly used within the industry and a lot of research has been performed 
on the topic [29, 30]. However, it remains challenging especially in regard to 
complex product development. Interoperability between software and simulation 
tools is a major bottleneck. The development of mechatronic systems remains 
challenging when the developed system involves for instance electrics, 
electronics, mechanical systems, hydraulic systems and control systems. 
Currently no software can fully provide the combination of such abilities. 

 
Fig. 6 – Example of virtual-prototype-based design process 

A Virtual Prototype (VP) -based design process aims at connecting simulations to 
each other by providing a common virtual platform to engineers. The DMU of the 
developed system is the central part of the design process and plays the role of an 
interactive and collaborative platform. Designers, analysts and engineers share 
data on the same virtual model, by performing simulations, design updates and 
other measurements. For instance, the 3D model of the product can be used to 
perform FEA under loading conditions and the resulting deformed model can be 
used as inputs for the kinematic simulation. It enables for example a verification of 
the collision-free trajectory of the system under loading conditions. More complex 
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aspects such as joint tolerances can be integrated into the DMU in order to take 
into consideration any potential deflection due to joint misalignments. Such virtual 
testing may be very relevant for heavy systems, in which insignificant joint 
misalignments on common systems become substantial for complex systems. 
Hence virtual prototyping-based design process delivers several benefits such as 
reducing design errors and reworking from the very early design phases. 

However, a major limitation of this process is the process formalization and its 
automation during the product development phase, as well as during more 
advanced phases of the product lifecycle. This process enables more interactions 
between the tools, a better communication and help to share information among 
the stakeholders, but it does not necessarily ensure that the right tool has been 
used with the right knowledge and has called on the right experience. 

In the virtual-prototype-based design process, the use of a PDM system is very 
common especially combined with a simulation data management (SDM) system 
(Fig. 6). Thus data resulting from the simulations can be collected, stored, traced 
and linked to the data previously located in the PDM system. 

2.3 Simulation-based design process 

In the industry, companies are constantly required to provide more innovative and 
powerful product features, which leads to increased complexity in the products. 
Physical prototyping becomes then more and more costly as well as time 
consuming. On the other hand, simulations enable a decrease in the need for 
physical testing, by virtually testing some aspects of the designed product. 
Nowadays digital tools for virtual testing are considered essential during the 
design process and are becoming more and more common during the whole 
product life-cycle. In order to be able to replace some physical testing aspects with 
virtual testing, simulations are becoming more advanced by verifying multiple 
aspects at one time and combining different areas of expertise. Multi-discipline 
simulations are not without problems and many challenges need to be solved [31, 
32]. 

The research shows that the current trends are moving towards the simulation-
based design process [32-34]. In a simulation-based design process, simulations 
become the central part of the development of the product. In such a process the 
design model is built based on simulations, unlike the VP-based design process 
which is centralized around the DMU for instance. Only a few companies are using 
this type of design process due to the numerous challenges involved. But on the 
other hand, when the process is well implemented, it offers new perspectives 
regarding the reduction of the risk of errors as well as decreasing the product’s 
time-to-market. In some cases, full scale prototypes are integral parts of the 
requirements [35], thus the goal is to perform beforehand a virtual verification of 
the prototype before manufacturing in order to avoid multiple costly and time 
consuming iterations during the validation phase. 
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Fig. 7 – Simulation-based design process (adapted from [36]) 

The simulation-based design process consists of four main stages as shown in 
Fig. 7. Starting from the identification of requirements, they are used as inputs for 
the next phase. The design concept phase consists of the evaluated alternative 
product concepts, and one concept is then selected for further development. The 
design product phase consists of the detailed 3D model of the system on which 
the detailed level simulations are performed. The last stage includes the 
verification of the virtual model as well as the model validation by way of physical 
prototypes. 

2.3.1 Conceptual phase 

The design concept phase (Fig. 8) uses as inputs the initial requirements 
previously defined by the customer. With the help of a component library, the 
rough CAD model is built and used as a basis for the preliminary simulations. For 
each simulation aspect, alternative concept designs are evaluated according to 
the simulation results so as to determine which concept will be further developed. 
The evaluation assessment is based on the functional requirements of the system 
as well as some main features, such as the economic aspects of the different 
concepts. 
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Fig. 8 – Conceptual phase (adapted from [36]) 

2.3.2 Engineering design phase 

The third step consists of the second iterative loop of the simulation-based design 
process, which is represented by the detailed product design phase (Fig. 9). The 
previously built rough 3D model is used as input to build a more detailed model of 
the system. Thereafter FEA and MBS are performed so as to refine the model. An 
assessment activity closes the loop by evaluating the design and committing the 
design modification requests to the 3D model design phase. In such a process it is 
very interesting to use a well-furnished component library, in order to allow the 
process to pre-select the different component options according to the 
requirements by performing iteration simulation loops with the concepts selected 
in the previous phase. Taking into consideration cost, reliability and maintenance 
aspects from the very early stage of the design leads to a reduction in the risk of a 
further development of a non-conforming solution. After the concept evaluation 
assessment, feedback is sent to the previous design concept phase in case of a 
need for modifications or to the modelling phase for the detailed 3D model. 
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2.3.3 Verification and validation phase 

For many systems with mission critical aspects, validation through physical 
prototypes is a requirement  [37]. The aim is to verify the system in the very last 
stages of the development process. Multiple iterations of the physical prototypes 
have to be as low as possible due to the manufacturing cost and associated time, 
for instance. Fig. 10 illustrates the last phase of the simulation-based design 
process, the V&V phase. The digital model of the system is virtually tested within 
its virtual operational environment. The testing phase allows for operating the 
system as if it was a reality. The virtual tests may consist of using a virtual reality 
(VR) platform involving human interaction for human-operated systems [38, 39]. 
The final validation assessment aims to provide evidence that the developed 
system meets the requirements. Virtual and physical tests are typically subjected 

 
Fig. 9 – Engineering design phase (adapted from [36]) 
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to uncertainties that have to be quantified before reaching the validation 
assessment in order to be able to perform the comparison between the virtual and 
physical results. After the V&V phase, the product is either validated in the event 
that it meets the requirements or are sent back to the design concept or product 
phase for design updates. 

 
Fig. 10 – Product verification and validation phase 

(adapted from [36]) 

In such a process it is essential to use a Simulation Lifecycle Management (SLM) 
system since simulation becomes the fundamental part of the product 
development. SLM provides the platform needed to transform simulations from a 
specialty operation to an enterprise-level product development. 

The final assessment activity of the developed V&V process in Fig. 10 consists of 
collecting data from the simulation results and performing a quantitative 
comparison between the simulations and experimental outcomes of the system of 
interest. In such a process, from the very first requirement to the final experimental 
test of the physical prototype, some years or even decade may have passed [40], 
and there is a clear need for managing data throughout the design process, 
physical testing, and more generally all along the entire system lifecycle. 
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2.4 Verification and Validation process 

The American Institute of Aeronautics and Astronautics (AIAA) produced the first 
V&V detailed guidelines in 1998: Guide for the Verification and Validation of 
Computational Fluid Dynamics Simulations [41]. In 2003, the US department of 
Defence (DoD) published as: DoD Modelling and Simulation (M&S) Verification, 
Validation and Accreditation (VV&A) [42]. Based on those documents, the 
American Society of Mechanical Engineers (ASME) edited in 2006 a ‘Guide for 
Verification and Validation in Computational Solid Mechanics’ [43] and established 
the V&V definition as:  

Verification and validation (V&V) are the processes by which 
evidence is generated, and credibility is thereby established, 
that computer models have adequate accuracy and level of 
detail for their intended use. 

This definition has been adopted as a standard in many engineering fields, and 
especially among the Computational Solid Mechanics (CSM) domain through the 
ASME’s committee, which stated: ‘The objective of the V&V is to validate a model 
for its intended use’. Two definitions of model are distinguished: the model builder 
considers that ‘the model is validated for its intended use once its predetermined 
requirements for demonstration of accuracy and predictive capability have been 
fulfilled’. From the perspective of the decision-maker or stakeholder: ‘the intended 
use also defines the limitations imposed on the applicability of the model’. In 2012 
the IEEE Standards Association published the IEEE Standard for System and 
Software Verification and Validation [37], which provides a common language for 
the Systems Engineering community and describes verification as: 

Verification is the process of providing objective evidence that 
the system, software, or hardware and its associated products 
conform to requirements for all life cycle activities during each 
life cycle process. 

While validation is: 

Validation is the process of providing evidence that the system, 
software, or hardware and its associated products satisfy 
requirements allocated to it at the end of each life cycle activity, 
solve the right problem and satisfy intended use and user 
needs. 

Therefore, the clear industry trend is towards reducing physical testing by 
replacing suitable aspects with virtual testing. Traditionally, virtual testing is used 
for verification purposes, thus aiming to provide evidence that the system 
conforms to the requirements. Digital verification results are then compared with 
the experimental results. This means that in current best cases, physical 
prototypes are still a requirement for the final validation assessment in order to 
provide evidence that the system satisfies its intended use and user needs. 
Consequently, there is clear evidence that the design verification and validation in 
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the digital domain is a high industrial priority and there is a research focus on such 
methods [3].  

2.4.1 Verification and validation in the SE approach 

In the engineering field, the verification of complex systems, such as automotive, 
airplane or aerospace industries, uses a system breakdown approach starting 
from the complex system requirements to item requirements [16]. Formalized 
processes that comply with legislative requirements are of primary importance. 
Moreover, engineering teams are usually spread worldwide and this requires a 
strong design and development methodology. The V-model [17, 44] for the 
verification and validation of a complex product (Fig. 11) is the method currently in 
use to ensure that a product, process or system meets its requirements and fulfils 
its intended purpose [45]. 

 
Fig. 11 – Virtual prototyping fills the evaluation gap between the design and 

testing phase [44] 

The presented framework uses virtual prototypes to evaluate the system under 
development during the design process. Virtual prototypes close the gap between 
the initial design and the final verification tests before validation assessment [46-
50]. 

In the product development process, it is extremely important to verify the 
compliance of the requirements by taking them into account from an early stage of 
the design, and taking into account requirements from all stages of the product 
lifecycle. In common industries, the traditional way is to transform customer needs 
from requirements towards proper product features [51]. However, it is difficult to 
quantify the performance of such features according to real customer needs. Thus 
there are different methods in the literature that aim to solve this issue. Quality 
function deployment (QFD) is one of the tools that rates the design requirements 
with respect to customer needs [52].  This method ensures that the design is 
driven by customer needs, and has the benefit of being a quantitative approach. 
The prioritisation of customer needs creates a set of criteria that are then used for 
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the final validation assessment. QFD is a powerful tool to design and translate 
customer needs into quantitative parameters that are used as requirements to 
develop and to validate the system. This methodology also supports engineers by 
limiting efforts required for information search and the decision-making process 
[53]. The dynamics characteristic of multibody mechanical systems, including 
revolute joints with clearance, are investigated using a computational methodology 
and a quantitative analysis method [54]. 

Fig. 12 - adapted from [43] - represents the V&V framework for complex 
engineering systems. It shows the parallel approach between the design and 
experimental phase. The design phase through the digital prototype helps the 
implementation of the physical experiments. On the other hand, the physical 
modelling branch enables the validation of the system through a comparison 
between the outcomes of the physical measurements and the digital simulations. 
In both branches, quantifications of uncertainties have to be taken into account in 
order to enhance the accuracy of the validation. This framework must be applied 
to each level of the studied system.  

A model – digital or physical – should always be able to pass a set of basic tests 
as well as a set of tests using the combined features of the model in order to 
declare that its implementation is verified and validated along with specific tests. 
Therefore a model can be verified for most basic aspects with a basic set of tests, 
depending on the case studies, with a subset of a more advanced set of tests [55]. 
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Fig. 12 – V&V framework for complex engineering systems [43] 
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2.4.2 The use of digital mock-ups in the V&V process 

As suggested in the ASME V&V [43] and in order to address the complexity of 
systems, it is helpful to recognize that all full systems are hierarchical in nature. It 
is essential to consider a bottom-up approach between components, assemblies, 
subassemblies and the full system during the modelling phase as well as in the 
verification process. At each level of the hierarchy, simulations are performed on 
the virtual representation at different levels. For instance, at the component level, 
a strength analysis using the finite element method (FEM) aims to verify the 
integrity of the item of interest under loading conditions. At the sub-assembly level, 
kinematic simulations would lead to a verification of the operation sequence of the 
studied subassembly or assembly. However, a more challenging phase is to 
consider the system interactions between items or assemblies. Combining 
multibody simulations with, for example, a tolerance analysis would enable an 
efficient method for verifying the behaviour of the subassemblies and assemblies 
up until the top level of the hierarchy [56]. However, in order to be validated, joint 
tolerance measurements have to be performed on the corresponding system of 
interest in the physical prototype. 

Different methods have been developed to reduce the use of physical testing while 
increasing the use and accuracy of virtual testing for verification and validation 
purposes. For instance, a hybrid method that combines virtual and physical 
experiments has been applied in the aircraft industry that has shown promising 
results [14]. It consists of a model based and a physical testing methodology that 
provides a product and process design verification environment by simulating 
variation in tolerances between hierarchical levels and uses physical 
measurements for higher accuracy in assembly variability predictions. Combining 
rapid prototyping together with virtual testing to improve the accuracy and the 
confidence in the V&V process is a still an area of research. However, virtual 
prototypes are widely used for rapid product development. Through simulations, 
validation of a product design can be iterated as required without worrying about 
the manufacturing and material cost of prototypes [57].  

However, simulations have some dangers, for example, when a model is not valid 
for a system regarding its intended purpose. This leads to the following question: 
how can we verify that the model is a good and reliable model, that it is valid for its 
intended use? In certain cases, it can be quite difficult and sometimes only a 
partial answer to this question can be obtained [58]. Different techniques may be 
useful for at least partially verifying the validity of a model. For instance, the 
evaluation of the assumptions and approximations that are behind the model by 
comparing simple cases together with physical experiments, by way of rapid 
prototypes. Performing sensitivity analysis on the model may result in very small 
variations in the model parameters and thus give a strong confidence for believing 
in the validity of the model [59]. Also, cross-checking dimensions and units against 
the equations will lead to establishing the consistency of the model. Such a formal 
approach is even used for validating complex engineering systems and has 
brought about significant advancements in the aerospace industry [60]. The digital 
modelling phase within the design process plays an important role in the final 
validation assessment. Different approaches are used to allow for concurrent 
engineering practices, using management paradigms to maintain competitive 
edges in product development [61]. 
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Fig. 13 – Conceptual framework for engineering design verification and 

validation (adapted from [3]) 

Fig. 13 shows the importance of the Product Life-cycle Management (PLM) during 
the design process for verification and validation purposes with digital and physical 
systems. It manages the traceability from the initial requirements of the system to 
the digital and physical experiments. In this context the advantages of such a 
framework are numerous: it enables the continuity of the experiments between the 
different teams; it avoids undesired redundancy of similar simulations, which 
means time savings; it manages the traceability of the amount of data that 
complex systems are prone to, such as the number of requirements subjected to 
modifications, digital mock-ups and validation results. 

2.4.3 Requirements definition and management methods 

Defining of the requirements is a key aspect in systems engineering for developing 
a system towards the final verification and validation assessment. The design 
process can be seen as a loop starting by defining the requirements for 
developing the system, but also for validating the developed system to ensure that 
the right system has been built and in the right way. So basically, the requirement 
definition starts and closes the design loop. For instance, when the developed 
system has been validated against the requirement, the production can then be 
launched. 

Therefore, the first important aspect of the verification and validation process is to 
ensure that all the requirements have been rightly and correctly defined. In some 
cases, it may be possible to correctly define the requirements with only one 
iteration, but for more complex systems, it is sometimes very difficult to ensure a 
good requirement definition during the initial phase. Therefore, simulations are 
used to verify the developed system but they also help to define any new 
requirements. It is an iterative process hierarchically organised using a bottom-up 
approach, by verifying component, sub-assemblies, sub-systems and finally the 
system itself. It is also important to formalize the system, which thus leads to 
bridging the gap between components and assemblies, and assemblies and sub-
systems. 
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Many real-world physical systems that would normally be subject to V&V can be 
very complex. To address this complexity and prepare a detailed description of the 
full system, it is helpful to recognize that the real-world physical system being 
modelled consists of hierarchical levels. As illustrated in Fig. 14, the physical 
system is typically composed of assemblies that consists of two or more sub-
assemblies and a sub-assembly that is composed of individual components.  

 

The recommended approach to V&V is to divide the system hierarchically and 
then starts the product development phase from the bottom to the up (Fig. 14). 
Such a model results in a multitude set of individual models and forms the basis 
for defining validation experiments. Those experiments need to be conducted to 
ensure that for each level of the hierarchy the functions are modelled appropriately 
[62]. 
  

 
Fig. 14 – Bottom-up approach [43] 
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2.5 Simulation tools in the product and production lifecycle 

Initially the concept for a product is developed according to the initial request 
regarding customer needs and is then transformed into a working prototype. The 
aim of the product development process is to ensure that the product and its 
components meet the required specifications. Thus innovative engineering 
approaches consist in streamlining the product engineering and the production 
process engineering. It enables the integration of CAD designs and CAE 
information into the synchronisation of the engineering processes. 

Fig. 15 shows as a mapping between the product lifecycle and the production 
lifecycle the simulation tools commonly used in the industry. Even if DMU, FEA 
and CAD are very well spread along the product development phase, a proper 
governing principle is still missing that would link the simulation results together as 
common criteria for decision-making purpose.  

Digital manufacturing technologies have been considered an essential part of the 
continuous effort towards reducing the development time and cost of a product as 
well as towards expanding customisation options. The simulation-based 
technology constitutes an essential point of digital manufacturing solutions, since 
they allow for the experimentation and validation of different product, process and 
manufacturing system configurations. In the current highly competitive business 
environment, which constantly faces new challenges, there is always a need for 
even more efficient and adaptive technologies. 
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Fig. 15 – Mapping of simulation tools on Product and Production lifecycle 

(adapted from [63]) 
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2.6 Product and simulation lifecycle environment 

Simulation Lifecycle Management (SLM) is not a new concept and a considerable 
amount of research has been done in this area [64]. However, the term SLM has 
been used in many different contexts and it seems necessary to give clarifications 
for a better understanding of this thesis. Many conceptualisations of SLM are 
borrowed from Product Data Management (PDM) and Lifecycle Management 
(PLM). PDM is considered to be the administrative process by which data related 
to a certain product is acquired, validated, stored, protected and processed [65, 
66]. As a tool, the PDM is limited by its scale, usually within engineering teams or 
departments within the same company. Engineering teams can use PDM in order 
to store and organise a CAD model and other associated documents, according to 
the scope to be shared within and outside the organisation. It also enables the 
control of the accessibility and the traceability of those data [22, 67]. 

The concept of PLM evolves from PDM and aims at connecting product 
stakeholders over the entire product lifecycle by automating processes from the 
design to the product retirement [68]. It is used as a business strategy for creating 
a product-centric environment. In other words, it provides a platform for 
collaboration on a product for all the stakeholders wherever they are located. Fig. 
16 represents the different phases of a product lifecycle and the respective extent 
of each of the management systems, starting with System Data Management 
(SDM) moving towards a more global SLM system.  

SLM evolves from PLM by involving simulations in the product lifecycle. It also 
compliments PLM by associating behavioural simulation data and processes to 
the DMU and provides a capability to manage the simulation data and processes. 
The SLM system provides the capability to transform simulations from a specialty 
operation to an enterprise product development. Thus it enables a simulation-
based design in which analysis becomes a fundamental part of the product 
development. In a product-centric environment, simulations are performed 
independently of each other; the data resulting from the simulations are then 
managed by the Simulation Data Management (SDM) system, which is basically 
similar to a PDM system but with extended capabilities that are able to manage 
simulation data. Yet since systems are getting more and more complex, the 
combination of different types of analysis within the same simulation, such as 
multi-discipline simulations, requires the use of an adequate management system 
that can handle the amount and variety of data.  

The US Department of Energy (DOE) presented an Advanced Process 
Engineering Co-Simulator (APECS) for the high-fidelity design, analysis and 
optimization of energy plants [69]. They stated that continued progress in 
developing co-simulation technology will have profound positive impacts on the 
design and optimization of high-efficiency products. The traceability is currently an 
important issue facing the industry. Various data are created during the product 
lifecycle, and between the first modelling phase and the disposal, several years 
may have passed. In international projects such as ITER this time span can be 
seen in a scale of decades. A successful Virtual Prototyping process requires 
comprehensive integration of communication between various analytical tools so 
that new products are designed with the current and right inputs [70]. 
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Fig. 16 – Product and Simulation lifecycle management framework 

Simulation lifecycle management systems mainly focuses on the virtual world of 
the product lifecycle [64]. They manage simulations in a narrow collaboration with 
the PLM and likewise integrate the capabilities of the SDM. SLM capabilities are 
numerous, including things like the simulation workflow and process automation or 
other simulation structure management. The benefits of such a tool during the 
design process as well as all during the lifecycle are therefore accumulative. 
Considering the number of engineers and scientists involved in the design of 
systems, the amount of simulation data grows every day and their visibility is 
therefore continuously decreasing. SLM offers clearer visibility for simulation data 
and enables engineers and scientists to collaborate on the same simulation 
platform during each of the design stages. 

During the V&V phase, the SLM assists the engineer in finding and collecting the 
right set of data in order to perform quantitative comparisons for validation 
purposes for instance. Additionally, reports may be generated fairly 
straightforwardly from the SLM system, by selecting appropriate information 
collected from the simulations. The procedural automation capability of the SLM 
system enables formalisation of the simulation process for all the stakeholders, 
which increases confidence in the simulation results. When stakeholders are 
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spread worldwide, the simulation-based design process needs to deal with the 
factor of distance. It involves sharing and securing data worldwide. Additionally, 
using the same collaboration platform will lead to avoiding issues faced with 
traditional forms of collaboration, such as time zones and discussion 
interpretation. Thus the standardization of methods and processes among the 
engineering network must be promoted. 

2.7 Challenges in product design regarding simulation 
lifecycle management 

The design process phase itself covers numerous challenges in the field of 
product and simulation data management: from the complexity of the products to 
the number of teams involved on designing such products. Therefore, many 
challenges are amplified by the accumulating number of factors. The most obvious 
factor in many industries concerns the long time-span of the product lifecycle, 
which involves managing data, information and knowledge throughout the entire 
lifecycle, but as well for parallel and future projects. It is of primary importance to 
be able to store, trace and reuse data for future projects. Product and simulation 
data traceability is thereby essential for all during the design, operation, and 
maintenance, up to the decommissioning phase. In the industry, the number of 
simulations has considerably increased during the past fifty years [71], as well as 
the data per simulation, while the cost of simulations has significantly decreased. 
The volume of data involved in the industry is enormous and growing every day. 
Terabytes of data per day may be produced within each stakeholder, which may 
lead to uncountable sets of data produced for the entire design phase. The 
visibility of files and documents as well as their traceability is thereby very limited 
without appropriate tools. The accessibility control of simulation data is also very 
challenging in such situation. 

Today, international projects are more and more common in the industry and 
therefore need to deal with the factor of distance. It involves sharing and securing 
data worldwide for all stakeholders. The collaboration is also more challenging, 
especially due to time zones, languages and cultures. Typically, collaboration 
during the design process is done through video conferences or other meetings. 
Rarely are teams working on the same model or simulation. To suggest 
improvement or modification, the collaboration is done by way of email exchange 
and discussions, but rarely on a common platform. However, using the same 
collaboration platform will help avoid issues faced with traditional ways of 
collaborating, such as time zones and interrupted discussions. Thus the 
standardization of methods and processes among the engineering network must 
be promoted. 

The complexity of the simulation obviously amplifies the challenges. Nowadays 
multi-discipline simulations are extensively used, especially during the design 
process. Combining for instance MBS with virtual reality is typical of certain fields. 
This leads to difficulties in transferring data between tools from different 
disciplines, which are rarely standardized or result in data loss. Even if the current 
trend is towards an extended utilization of multi-discipline simulations, it remains a 
rather challenging task in certain cases. Compatibility between software is one of 
the most important capabilities for a management tool, from the most common 
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office tool to some very specific simulation software. Usually stakeholders are from 
a different horizon and a wide range of software is in use, occurring over a long 
time span. The combination of compatibility with the time factor is an important 
and current issue in the industry. After discussions with the ship industry for 
instance, it appeared that data produced during the product design phase was 
sometimes not usable or even readable a few years later during the 
commercializing phase due to new software and obsolete data. This means that, 
in some cases, the product lifecycle loop may not be closed by connecting 
customer feedback to the design process. This issue is even more important since 
the time span is even longer. 

2.8 Issues in design process modelling 

How to model a design process that involves complicated task sequences and 
diverse resources is an important issue in the product design process. The 
objective is to capture the semantics associated with the product design process 
in order to provide decision support in the planning stage. A formal and 
comprehensive stage-modelling scheme is a prerequisite of coordinating the 
diversified, distributed activities associated with the design process [72, 73]. The 
design process identification aims at defining the design activities and identifying 
the resources in order to achieve the expected results. The process configuration 
involves multiple alternative roadmaps for designing different concept designs. 
Therefore, the set of configurations has to be created and evaluated in such a way 
as to explore the multitude possibilities. As well as the performance evaluation, in 
order to meet customer expectations, the verification and validation criteria have to 
be taken into account from the early design phases.  

The quality and timeliness of product design and development decisions depends 
on data availability. There is a need to enhance the availability of digital data in 
order to make better decisions in a shorter time frame, thereby reducing the 
product lead-time. Airbus has identified opportunities to enhance the current 
utilisation of digital design data within the aerospace engineering discipline. Within 
companies, many decisions have to be taken throughout the product design and 
development process based on accessing data and information [74]. A virtual 
simulation-based approach to implementing the evaluations at three hierarchy 
levels is mainly analysed with a detailed example, which validates the feasibility 
and effectiveness of the evaluation architecture. Airplanes in the real world involve 
numerous tasks in operation; it is a huge systematic engineering task to build the 
simulation systems [75].  

2.9 Verification and Validation process in ITER 

In ITER, RH equipment classified as a class 1 activity are subjected to the 
verification of their operation by way of physical prototypes and physical mock-ups 
[35]. Those systems are usually very complex and physical prototyping can be 
extremely costly. So unlike most common practices in the industry, it is essential in 
ITER to virtually verify the developed system before starting the manufacturing 
phase of the prototype [38, 76, 77]. The remote handling design protocol in use in 
ITER is formalized by the ITER Remote Maintenance Management System 
(IRMMS) [78], the ITER Maintenance Management Plan (IMMP) and the ITER 
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Remote Handling Code Of Practice (IRHCOP) [79]. It states that all RH task 
methods and detailed procedures are to be validated using virtual reality 
simulations [80]. Hazard and Operability Analysis (HAZOP) methodology 
assesses the criticality of Remote handling maintenance activities and aims to 
identified weak points in the concept design and on the operational sequences of 
the system [81, 82]. 

In ITER design, the V&V process starts by modelling the components of the 
system of interest using computer-aided design (CAD) tools. From the digital 
representation, the finite element analysis (FEA) is performed to verify the 
mechanical behaviour of the components. Then the first assessment activity is 
performed by comparing the FEA results to the requirements. This assessment 
activity is followed by the assembly phase, which represents virtually the 
interfaces between components, on which the kinematic simulations are 
afterwards performed to verify the operational sequences, which are one of the 
key issues for the verification of RH system design [83]. The kinematic simulation 
output is then used to perform the dynamic simulation activity. In parallel with the 
assembly design activity, the joint tolerance analysis is performed to analyse the 
interaction within joints and between components. This activity is essential since 
heavy loads are involved in ITER RH equipment. It enables to take into 
consideration the deflection or other misalignments within the joint. The carried 
load may result in small deformations in the joint [84], which may lead to 
significant deflection at the extremity of the entire system. The multibody 
simulation is then performed by using the tolerance analysis outputs as input data, 
thereby enabling a better representation of systems under heavy loading 
conditions, such as with RH equipment for the ITER maintenance [85]. 

The final assessment activity of the V&V process consists of collecting data from 
the simulation results and performing a quantitative comparison between the 
simulations and experimental outcomes of the system of interest. In such a 
process, from the very first requirement to the final experimental test on the 
physical prototype, some years or even decades may have passed [40], and there 
is a clear need to manage the data throughout the design process, physical testing 
and more generally all through the entire system lifecycle. 
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3 EVALUATION OF THE VERIFICATION 
METHODS 

This chapter focuses on the development of the verification-driven design process 
using a reliability-based evaluation method for the decision-making process. The 
first section covers the notion of digital mock-ups and virtual prototypes. In Section 
2.2, the decision-making process and the different evaluation methods are 
described. The third section of this chapter focuses on the system reliability 
prediction during the design process. The fourth section covers the discrete event 
dynamic system and the modelling approach using the stochastic Petri Net as a 
graphical modelling tool. 

3.1 Virtual prototype versus digital mock-up 

Today the notion of a virtual prototype and digital mock-up is often confusing. 
Even if this technology has been widely used in the past few decades in research 
and in the industry [86], those terms have been used and interpreted in many 
different ways, which leads to confusion and misunderstanding among 
researchers, engineers and scientists. This section aims to clarify the different 
notions used in this thesis and more generally in the engineering field. 

Prototypes are early models of equipment developed at full scale to be used for 
evaluating performance [87]. Traditionally, these are physical prototypes build to 
identify problems in the initial design. They are subjected to design changes and 
multiple iterations to optimize the design. In some cases, physical prototype 
reiterations can be extremely costly. Each new design takes additional time, 
money, and materials to realize. 

In certain industries and especially in fusion engineering, components are often 
substantial and inherently complex. Thus physical prototypes tend to be even 
more resource demanding than in the common industry. Therefore and since full-
scale physical prototypes are an integral part of the ITER requirements [35], the 
aim of their use is mainly to validate the system in the last stages of the 
development process. However, in order to reduce multiple iterations of the 
physical prototypes, virtual representations of a product are used. Many definitions 
exist in the state of the art concerning the definition of Virtual Prototyping (VP) and 
Digital Mock-Ups (DMU). Those terms are usually used and interpreted in an 
interdependent way. In this thesis, it is important to clarify and remove any 
confusion between those terms. 
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A prototype is defined by the Academic Press Dictionary of Science and 
Technology [88] as follows: 

‘A prototype is an early or original form. In Engineering, a 
full-scale model of a structure or piece of equipment, used 
in evaluating form, design, fit, and performance’ 

The definition of a mock up is as follow: 

‘In Engineering, a mock up is a scale model, often full-
size, of a structure, apparatus, or vehicle, used for study, 
training, or testing and to determine if the apparatus can 
be manufactured easily and economically.’  

Both definitions involve a full-scale model of a structure, component, part of the 
product or the product itself. However, the prototype is more self-oriented in its 
usability than the mock up. The mock up includes the concept of study and testing, 
but also training, which involves the notion of the external environment as well as 
the behaviour of the system. It somehow involves the operator, who constitutes 
typically the main external factor that can interact with the tested system. While 
the prototype is more self-oriented, and thus limited in its scope and interaction 
with external aspects, it leads the design changes by giving a representation of the 
developed system, but its interaction with the external aspect of its environment 
such as the operator and its behaviour under certain condition are limited. To 
summarise, a mock up can be considered as one or a set of prototypes that are 
implemented into an environment and enable interaction with it [20]. 

3.1.1 Virtual, digital and real worlds 

In this thesis, three different worlds are conceptualized in order to give 
representation to the notion of a system design or product design by using 
technology to make this design process more efficient. It aims to increase 
confidence in the product design while decreasing the risk of errors as well as the 
amount of resources required. 

The introduction of this thesis briefly described the differences and interaction 
between the three main worlds that are faced in this research work: the virtual 
world, the digital world and the real world. The virtual world can be seen as an 
environment that cannot be detected by the common human senses. In the 
engineering field, a virtual prototype is the notion of a system that is at a very early 
stage of its design, thereby expressing ideas or offering an interpretation of needs. 
Thus, the virtual world is used to describe a potential system that needs to be 
conceptualized and built to then become part of the real world. The 
conceptualization of the potential system is performed in the digital world. For 
simple systems, the digitalisation of the system may not be needed and rapid 
prototyping, which consists of building the prototype from the very early design 
stage, may be preferred [89]. However, in the modern engineering field, systems 
are more and more complex and multiple physical iterations may not be cost 
efficient. In such cases, digitalisation of the system finds its value. It aims to bridge 
the gap between the virtual world and the physical world (Fig. 17). 



3. Evaluation of the Verification methods 

 

- 51 - 

 

 

 

 
Fig. 17 – From virtual to real prototype 

Virtual prototyping consists of representing a system that does not exist yet but 
thanks to technology, can be digitally represented and thus gives information to 
our senses that this prototype is digitally real. Technology basically uses a 
language to translate a potential entity into a digital entity which, computed by our 
perceiving systems, basically our brain, emerges in and out of the real world. A 
virtual prototype can be seen as a digital mock-up (DMU) that consists of 3D 
models that integrate the mechanical structure of a system, its material 
characteristics or other visual aspects. From a virtual prototype emerges a digital 
prototype that is integrated into a digital environment. This whole set up 
constitutes the Digital Mock-Up (DMU). Virtual experiments (commonly called 
simulations) can then be performed, while design modifications on the virtual 
model are less resource consuming than on a physical prototype. Simulations 
performed with a DMU can include, for instance, kinematics, dynamics, strength 
and thermodynamics. This leads to a better cost efficiency when decreasing the 
time of the development process. Furthermore, one of the most important 
advantages of this kind of simulation is the possibility to perform virtual 
measurements at any point. This is not always possible in real cases due, for 
instance, to the lack of space [90]. At the start of the new millennium, the goal of 
DMU was to replace the traditional business to process, based on a Physical 
Mock-Up (PMU). The visionary goal was a process with only a single PMU for final 
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verification, certification, and release to volume manufacturing. The goal is 
nowadays to perform verifications as early as possible, front-loading the 
engineering, manufacturing, service, manufacturing, and recycling tasks to the 
concept phase [91]. Additionally DMU enables better cooperation between 
stakeholders who are spread worldwide and leads to a cut in the time delay 
between new ideas and feedback [67]. Ideally, virtual prototyping should comply 
with the Concurrent Engineering (CE) approach and must therefore allow 
simultaneous collaboration by various engineering teams. Virtual prototyping is 
used in a wide range of industries, such as mechanical related fields like 
aeronautics [74]. The evaluation of the prototype should include a prediction and 
simulation of manufacturing processes and production planning, both during the 
conceptual design when the design data are incomplete [70]. 

VP is used in a wide range of industries. Starting in the automotive industries, 
industries from all over the world have heavily invested in VP technology for the 
last few decades, which has led to higher quality vehicles with lower development 
costs as well as fewer prototypes and reduced design errors [92]. The aerospace 
industry has lead the development of VP tools and played an important role in the 
adoption of VP  in the standardisation of the design process [93]. The 
communication and information-exchange between the tools have been an area of 
research, since stakeholders have usually been spread worldwide in such 
domains. However, to maintain their competitive edge, companies are pursuing 
system validation by using digital mock-ups [94]. 

Digital manufacturing has shown some benefits in the industry in terms of reduced 
production costs and reduced overall time-to-market but also in terms of increased 
production outputs [95]. 

3.1.2 Virtual Reality 

Many other terms gravitate around virtual and digital notions, such as Virtual 
Reality (VR), Virtual Environment (VE), Virtual Testing (VT), and Virtual Model 
(VM), leading to even more confusion. It is therefore important at this point to 
clarify matters. 

Virtual reality can be defined as follow: 

Virtual Reality is a way for humans to visualize, manipulate and 
interact with computers and extremely complex data. [96] 

The visualization part refers to the digitalisation of visual, auditory or other sensual 
aspects for the user through the computer. This environment may be a CAD 
model, a simulation, or a database for instance. Virtual Reality (VR) is one of the 
VP modelling tools that give the illusion to the user of being in the same 
environment as the model [11, 97]. VP consists of three domains [98]: VR, 
simulation, and manufacturing process design. However, almost any form of 
computer model will serve for some purpose as a virtual prototype, and VP 
terminology should not be restricted to the domain of VR [86, 99]. Most of the CAE 
commercial packages also refer to digital modelling as VP, without necessarily 
specifying any application of VR. However, VR can be a powerful tool for testing 
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and evaluating new products and ideas, decreasing the time to market and 
reducing product cost. Manufacturing processes and design can be defined, 
modelled and verified before they can be actually implemented. Virtual reality 
offers ways of not only visualising problems but also of interacting with the virtual 
environment (VE) to solve different problems effectively and efficiently [100]. 
These visualisations, combined with interaction can improve the decision-making 
capabilities of engineers, thereby improving quality and reducing the development 
time for new products. If VR technologies are effectively implemented, it can result 
in improved product design, with superior quality leading to better customer 
satisfaction [101].  

The current trend in the industry is to rapidly increase product complexity together 
with decreasing development budgets and time-to-market pressures. Thus it leads 
to the development of alternatives to the reliance on physical testing [102]. Thus, 
the use of VP applications, such as computer aided technology (CAx) in technical 
projects is a way to increase the efficiency of technical problem-solving. CAx and 
product lifecycle management applications (PLM) can be used in addition to 
engineering solutions [103] to increase confidence in the developed system, from 
the early design phase towards the verification and validation process. One of the 
restrictions of present VP technologies is the lack of methods for exchanging data 
among different tools [70, 104]. 

3.1.3 Virtual Testing 

Virtual Testing (VT) is an integral part of the digital mock-up that aims to translate 
a physical experiment into computer models in order to interact with the virtual 
prototype. So basically an experiment is the process of extracting information from 
a system by exercising its inputs [105]. Additionally, to be able to perform an 
experiment on a system, it is required to be both controllable and observable. A 
model of a system is anything that an experiment can be applied to in order to 
answer questions about that system. Therefore a simulation is a virtual experiment 
or test performed on a virtual prototype [58]. 

Nowadays, simulations are widely used among the industry, and the current trend 
is clearly towards developing new methods for more accurately simulating the 
performance of a system. Multidisciplinary simulations, such as the combination of 
the finite elements method and multi-body simulation [106] or continuous collision 
detection combined with constraint-based dynamics [107] are sources of 
innovations within the design process and aim to increase confidence in the 
developed system from the early design phase [108]. Taking into account 
manufacturing errors from the very early design phases is also very important and 
influences production costs in a big way [109]. Tolerance design via virtual testing 
enables engineers to optimize design tolerances and manufacturing variation to 
achieve the highest quality at the most cost effective price during the design and 
planning stage [110]. VT is also widely used in other industries such as the 
construction industry, to assist planners in verifying their plans to eliminate 
construction risks before the commencement of the construction phase [111]. 

In ITER, VR simulations are used to analyse the maintenance process, to predict 
the mean time to repair and to ensure the RH compatibility of sub-systems, 
especially during the development of procedures and the identification of tooling 
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requirements. The VR analysis together with a dedicated digital mock-up help to 
demonstrate the RH compatibility of the system and provide input to the design 
and to support the development of RH maintenance tooling [112, 113]. 

3.1.4 Rapid prototyping 

Solving problems in the virtual domain helps to reduce physical prototyping costs 
and time. However, VP has high initial investment costs in terms of hardware and 
software and demands skilled and experienced operators to extract the full benefit 
from the software [89]. Rapid prototyping (RP) is sometimes preferred to VP for 
kinematic simulation, assembly, fit and interference checking. As a physical part, 
RP allows the user to gauge the size of the prototype. It is also used for ergonomic 
and tactile evaluations [114]. Therefore, RP may be preferred in some cases, 
particularly for simple and uni-disciplinary systems. Some studies present hybrid 
approaches that combine both rapid and virtual prototypes. It consists of a virtual 
prototyping system that integrates virtual reality with rapid prototyping in order to 
enhance digital prototypes and increase confidence during product development 
[29, 115]. 

3.2 Decision-making process  

The decision process is usually based on the verification and validation process. 
The aim is to generate, collect and analyse design information during the product 
development phase for decision-makers. The purpose of the decision-making 
process is to determine whether further technology development is required, or to 
choose a design concept to be later validated for its intended use. Design 
information is used to analyse product performance, reliability, and manufacturing 
costs early in the product development stage and in conducting quantitative trade-
offs for design decision-making. Virtual prototyping can shorten the overall product 
development cycle, improve product quality, and reduce product cost [116]. 

Fixing problems after they have occurred is not satisfactory in today’s competitive 
market situation. Therefore, preventive measures for potential failures are 
fundamental during the entire design process of a new product. Preventive 
measures will lead to decreased manufacturing costs, but will also increase 
customer satisfaction, since potential failures are pointed out before they reach the 
customer. Reliability is an important parameter in terms of confidence in the 
design. Several methods that help to evaluate the reliability of a system during its 
development are of primary importance as well as methods for supporting design 
decision-making through a quantitative approach for both concept designs and 
detail designs. 

Two methods are commonly used during the decision-making process for 
evaluating a design. The first tool is the commonly used Failure Mode and Effect 
Analysis (FMEA). The second one is the Fuzzy Analytical Hierarchy Process 
(FAHP). These methods are different approaches to prioritise and failure modes 
during the design process. 
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Fig. 18 – FFMEA traditional procedure 

FFMEA is a useful tool to discover failures in products and processes. However, 
there are some limitations to the use of such a tool. For instance, different 
combinations of O, S and D may produce exactly the same value of RPN, though 
their risk implications may be totally different. In this method it is assumed that 
each risk factor has weight, thus the priority of severity, occurrence and detection 
are not taken into account. Moreover, this may not be always the case in the 
reality.  

It is important to note that FFMEA is a relative and subjective analysis, which 
means that the qualitative judgment in this method, through the use of words such 
as ‘more’ and ‘less’, increase the uncertainty of the judgment. For instance, if two 
different teams perform an FFMEA on the same function, the ratings given are 
likely to be different. Yet the final ranking of the failure according to the final RPN 
may likely to be the same. However, this qualitative analysis may not be 
appropriate in certain processes, such as in the verification and validation process.  
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3.2.2 Fuzzy Analytic Hierarchy Process (AHP) 

To overcome the limitation of traditional analysis, the Fuzzy Analytic Hierarchy 
Process (AHP) method has been developed. It allows the assigning of different 
weight to each of the risk factors used in the FFMEA analysis [117]. The Fuzzy 
AHP method is described in the next section 3.2.3. Many decision-making and 
problem-solving tasks are too complex to be understood quantitatively. In a 
decision-making process, it is really important to understand the different aspects 
of human language. Thus to deal with this vagueness of human thought, Zadeh 
[118] first introduced the fuzzy set theory, which was oriented to the rationality of 
uncertainty due to vagueness or imprecision. 

The AHP involves pairwise comparisons in order to identify the preferred concept 
alternative. It consists of 5 major steps: (1) goal statement, (2) decomposition, (3) 
hierarchical structuring, (4) pairwise comparison and (5) synthesis [119]. During 
goal statement and decomposition, the design objectives are identified and 
decomposed to include all conceived attribute elements relevant to the design 
space. Based on their established significance, a hierarchical framework of the 
goal and attributes is generated. During the pairwise comparison a matrix is 
developed to compare and rank pairs of potential concept alternatives. In the final 
synthesis step the quantified rankings of the various alternatives are compared 
with the highest alternative ranking, eventually revealing the best possible concept 
[120].  

The fuzzy approach is a solution that enables a more accurate ranking of potential 
risks. The Fuzzy Analytic Hierarchy Process (AHP) is a decision-making tool [121] 
that is increasingly used as standard within the FMEA analysis. One of the main 
advantages of this method is its ease to assess multiple criteria at the same time. 
It is a knowledge-based method that is built from expert opinion and experience in 
the form of fuzzy IF-THEN rules. Usually, the traditional approaches, such as 
FMEA, cannot really take into account the human mind in a realistic way [122, 
123]. However, by including the fuzzy logic into the FMEA process it aims to 
provide a more reasonable and convenient analysis. 

3.2.3 AHP applied to FMEA 

The fuzzy method is used to determine the risk priority number (RPN) of the 
Design FMEA analysis [117, 124, 125]. Between customer requirements, design 
information and expert opinion, FMEA inputs are often uncertain or vague during 
the conceptual design phase. The relationships between failure modes and their 
effects are very complex, subjective and qualitative. Therefore, the fuzzy approach 
aims to improve the effectiveness of the FMEA process.  
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As illustrated in Fig. 23, some amount of time T is measured by passing a large 
number of grains, N, from the upper part to the lower part of the hourglass. The 
number of grains in the upper part is a discrete number. However, a continuous 
approximation of this number may be convenient. 

 
Fig. 23 – From discrete to continuous Petri Net [139] 

3.4.3 Hybrid Petri Nets 

Continuous PNs are particularly suitable for modelling flows: liquid flow or 
continuous production of a machine. However, a flow may be suddenly 
interrupted, as with closing a valve or machine breakdown, for example. This is 
equivalent to suddenly having another continuous PN. This situation can be 
modelled by a hybrid PN containing continuous places and transitions (C-places 
and C-transitions) and discrete places and transitions (D-places and D-
transitions). In addition, in a hybrid PN, a discrete marking may be converted into 
a continuous marking and vice-versa. The marking of a C-place is represented by 
a real number, whose unit is called a mark, and the marking of a D-place is 
represented by dots, called tokens (or marks when a common word is useful). The 
classification of a system as ‘hybrid’ concerns the nature of the variables used 
when building system models. In this sense, for modelling purposes, systems 
could be classified as Discrete Event Dynamic Systems (DEDS), where state 
variables can be represented by integer numbers or logic variables, or as 
Continuous Variables Dynamic Systems (CVDS), where state variables can be 
represented by real numbers [140]. 

Hybrid systems [141] mix the characteristics of DEDS and CVDS, including both 
discrete and continuous variables. They can be the result of, for example, the 
integration of a continuous industrial process, such as those in the chemical and 
food industries, with a discrete supervisory system. Hybrid systems are systems 
whose modelling requires discrete as well as continuous variables. Time may be 
either continuous or discrete. Design processes have to consider continuous 
elements (hydraulics and system flexibility) and discrete ones (the state of a 
system is transformed between a start event and a termination one). The 









3. Evaluation of the Verification methods 

 

- 69 - 

 

 

 

The third approach consists of the Hybrid Petri-net which unifies the 
representation of continuous variables represented as continuous place token 
counts (real numbers) and discrete ones represented as discrete place token 
counts (integers). A continuous place is represented by a double circle and a 
continuous transition by a double bar. A continuous place is said to be fed if there 
is at least one of its input continuous transitions which is being fired. A continuous 
transition is strongly enabled if the token count of all its input places is strictly 
positive. A continuous transition is said to be weakly enabled if at least one of its 
input places is fed and the token counts of the others are strictly positive. A 
continuous transition is fired with a speed v(t). That means between t and t+dt a 
quantity v(t).dt of a token is removed from its continuous input places and is added 
to the token count of its continuous output places. In a cylinder, the continuous 
places represent the cylinder and the continuous transitions the flow of fluid. 

The modelling of an actuator is represented in Fig. 27. The firing speed of the 
transition T3 represents the input flow qi and the firing speed of the transition T4 
represents the output flow qo. The number of tokens in the continuous place P3 
represents the volume V of fluid inside the actuator. The process is represented 
with discrete places and transitions of the Petri Net: between the firing of T1 and 
T2, the actuator is being filled. The interaction between the discrete part and the 
continuous part is denoted by the self-loop between P2 and T3. When there is a 
token count in P2, the firing speed of T3 is qi, otherwise T3 is not enabled and 
cannot be fired. The interaction of the continuous part on the discrete part is 
denoted by the self-loop between P3 and T2. When the token count in P3 is 
V=Vmax, then T2 is fired, and the token in P2 is removed. The input valve is closed. 

 
Fig. 27 – Hybrid Petri Net model of a hydraulic actuator 

This model can only describe real values (continuous variable) which are non-
negative; moreover, a continuous place represents only one continuous variable. 
The unique way of describing interactions between the continuous part and the 
discrete one is by means of self-loops. 



3. Evaluation of the Verification methods 

 

- 70 - 

 

 

 

Combining differential equations and Petri nets is another approach to 
simultaneously dealing with discrete and continuous models (Fig. 28). The only 
difference is to represent continuous places and transitions by differential 
equations instead of self-loop between the discrete and continuous part. A token 
put into a place starts the integration of the corresponding equation. Therefore, the 
interaction between the two models is achieved. Each threshold is associated with 
a transition which is an output transition of the marked place. When the threshold 
is crossed, it means that the corresponding event is occurring and the attached 
transition is fired. The new marking is computed and the integration of a new 
system starts. In the example of the cylinder, the systems attached to places P2 
and P3 are identical. However, the thresholds which have to be monitored differ. 
In the first case, V=VA and transition T1 is fired. In the second case V=Vmax and 
transition T3 is fired. 

 
Fig. 28 – Differential equations associated with Petri Net 

Therefore, the Petri Net supervises the system of differential-algebraic equations 
whose structure changes each time a transition is fired. It can also be said that the 
system of equations controls the Petri net evolution by enforcing the firing of its 
transitions. In this model the discrete part is represented by the Petri net and the 
continuous part by the set of differential equations. 

3.4.4 Petri Net-based object-oriented approach 

Villani and colleagues [142] have developed an approach for modelling hybrid 
productive systems based on the Petri Net. The Petri Net represents the discrete 
part; the continuous part is represented through differential equations and an 
object-oriented paradigm to deal with the complexity of the system. Its 
implementation uses Unified Modelling Language (UML) in order to support the 
description of different aspects and identify different hybrid characteristics of the 
system. 
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4 MODELLING OF THE RELIABILITY-BASED 
VERIFICATION METHOD  

 

The current practices on verification and validation as well as the state of the art 
using digital mock-ups within the entire lifecycle have been presented in the 
previous chapter. Based on this literature survey, this chapter suggests modelling 
and implementing a verification-driven design process for the design of complex 
engineering systems, using a reliability-based evaluation approach to support the 
decision-making process. The first section of this chapter introduces system 
functional analysis and representation at different phases of the design. The 
second section uses a simple example to illustrate the different functional 
representation approaches. Section 4.3 focuses on functional and dysfunctional 
analysis of the example. Finally, Section 4.4 illustrates an overview of the 
verification-driven design process that will be applied to proper case studies in 
Chapters 5 and 6. 

4.1 Functional analysis and hierarchical design 

The proposed method employed for defining and evaluating the reliability 
prediction follows the V-model of the systems engineering approach and the 
system materialization approach. Starting from the requirement definition and 
specifications of the system, it continues to the Functional Analysis (FA) of the 
system, where the system architecture is defined. It is then completed by a 
Dysfunctional Analysis (DA) that uses different tools such as FMEA and Petri 
networks. The different tools that are used to perform this study are FA, FMEA 
and DA. As a result, it gives the failure modes of the components and related 
causes. 

4.1.1 System materialization 

The development of a new system can be seen as a progressive ‘materialization’ 
process from a need to an assemblage of actual components cooperating to 
perform a set of complex functions to fulfil that need. To illustrate this process: 
Table 2 traces the growth of materialisation throughout the phases of the project 
life cycle. The rows represent the level of system subdivision, from the System 
itself to the top of the Part level at the bottom. Beside the columns are successive 
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phases of the system lifecycle. The entries are primary activities at each system 
level and phase, as well as their degree of materialization. 

The process aims at materializing the system in a top-down approach, starting 
from the system itself down to each single component and parts of the system. By 
analysing each row, from the sub-systems to the part level, shows that the 
process starts with visualisation and then proceeds to function definition 
(functional design – what it must do), and finally the implementation (detailed 
design – how it will do it). 

Table 2 –System Materialization matrix through the system design process 
[143] 

 

It is important to notice that while the detailed design of the system is not 
completed until near the end of its development, its general characteristics must 
be visualized very early in the process. This can be understood by the fact that the 
selection of the specific system concept requires a realistic estimate of the cost to 
develop and produce it, which requires a visualisation of its general physical 
implementation as well as its functionality. In fact, it is essential to have a general 
vision of the physical embodiment of the system functions during even the earliest 
investigations of technical feasibility. 

At any point of the cycle, the system is seen as the current system model. During 
the development stage the system model includes only the system functional 
model made with descriptive materials, diagrams, tables of parameters, together 
with a combination of simulation used to analyse the relationships between 
system-level performance and the specific features and capabilities of individual 
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Fig. 31 – Single block function diagram with basic work flow types [144] 

The design structure matrix (DSM) is another way to represent the architecture of 
a system [145]. The functions are presented as row and column headers of the 
matrix. The connection mark 1 in Fig. 32 indicates that the function on the row 
depends on the function on the column. For instance, the function 2 and 3 
depends on function 1 and function 1 depends on function 3. These marks can 
also be divided into spatial (S), Material (M), information (I) and Energy (E). The 
rows and columns can also be components, tasks, team members, constraints 
etc. 

 

 

Fig. 32 – Design Structure Matrix (DSM) 

Another method was developed to include the functions or components of a 
product or system and their interconnections. The object-process methodology 
(OPM) was developed in order to include both aspects into the same model [146]. 
Objects represent sub-systems and processes represent system functions. In the 
graph (Fig. 33), objects are represented as rectangles and processes with 
ellipses. The links (or connector) between objects and processes use multiple 
symbols to indicate the action of an object. For instance, a connector with a black 
circle at the process end indicates that an object performs a process. However, a 
white circle indicates that the object is part of the process but not performing the 
action. In addition, other information can be implemented in such a representation, 
such as states (diamond shape), effect (arrows) and aggregations (•), as 
represented in the OPM flowchart. 
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Nevertheless, the purpose of this brief comparison is not to define the most 
suitable representation for a system, but rather to visualise the differences 
between the four common forms of structural functional representations. It will also 
later be useful for the different phases of the design process for verification and 
validation purposes.  

Fig. 35 illustrates the pendulum system through its three main functions using the 
four functional representations introduced previously: 

 
1 
 
 

2 

 
3 4 

 

Fig. 35 – Pendulum system represented through four common functional 
diagrams. 

The hierarchical functional structure (1) is limited in the amount of information 
delivered by this kind of chart. To make it a bit more detailed, the system-level tree 
structure can be added to the functional diagram; however, it will remain very 
limited in the level of information. 

The DSM representation (2) shows the function structure model and the 
interactions between the functions. For instance, the function ‘lift mass’ is 
dependent to the function ‘hold mass’ by spatial, material and energy parameters. 
This kind of representation gives information on the level of dependency and what 
type it is. One important aspect is that the inputs and outputs of the system are not 
shown in this kind of representation, however it is a very modular representation, 
rows and columns can be easily reorganised to create functional modules. 
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The block function diagram (3) includes the system’s energy input and output 
(hydraulic), together with position information data. Moreover, it shows the relation 
between energy and object interactions with the function and gives the type of 
relation (one or two-way).  

The Object Process Methodology (OPM) (4) enables simultaneous function 
representation and system components. In some cases, environmental constraints 
and system users can be added to the representation together with their related 
interaction with the object. The dynamic state of the system is also represented, 
such as the position of the actuator: high or low. So far, this kind of representation 
provides a more complete description than the three previous representations. 

4.3 Functional and dysfunctional analysis applied to the 
pendulum 

The functional analysis previously described for the pendulum model does not 
bring information on the potential failures in the developed system. A dysfunctional 
analysis aims to bring information that specifies the different states of the system 
and to determine the principle causes of failure as well as to understand the 
relation between components and failures. The state notion is fundamental in the 
verification and validation purpose, since a system or sub-system is validated 
regarding a particular state, although it can end up in a failure mode for a slightly 
different state. Among the methods of dysfunctional analysis, we refer to Failure 
Mode and Effect Analysis (FMEA) and Fault Tree Analysis (FTA) described in 
Chapter 3. As a graphical representation tool of dysfunctional analysis, the Petri 
network is commonly used. They are powerful mathematical and graphical tools 
for performing discrete-event simulations (DES). 

4.3.1 Failure Mode Effect Analysis (FMEA)  

The FMEA is usually used to collect information on the developed system in order 
to improve the reliability, quality and safety of a system, and reduce the potential 
risks of the product. It is a well-defined process commonly used in the late phase 
of the design process, when the system is already in advanced development or 
even in the engineering phase. In this thesis, the FMEA is used to list and analyse 
failure modes in order to build the dysfunctional model of the system. Therefore, 
the aim of using FMEA in this study is not to compute the Risk Priority Number 
(RPN) of the system design, but simple to list and analyse system failures, causes 
and effects. However, in the later phase of the process, RPN can be included in 
the evaluation method as a decision-making criterion.  

By using the block function diagram previously established for the pendulum 
system (Fig. 36), it is quite straight forward to determine the failure causes of the 3 
main functions: 
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Fig. 36 – Block function diagram of the pendulum system 

From this diagram, it is possible to list the FMEA of the pendulum. For instance, 
the lift mass function is connected with 4 arrows as inputs and 2 arrows as 
outputs. This means that the failure of the lift mass function is caused by the mass 
object, the position information, the hydraulic (as energy source) or the actuator 
object. The Table 3 lists the function and related failure modes’ causes and effects 
of the pendulum system, based on the block function diagram representation. 

 

Table 3 – FMEA applied to the pendulum concept 

Main 
functions 

Failure 
modes Causes Effects 

Lift the 
mass 

The mass is 
not moving 

The actuator is failing The mass remains 
down 

The hydraulic source is 
failing 

The mass remains 
down 

The mass is too heavy The mass remains 
down 

Wrong position 
information 

The mass remains 
down 

Hold the 
mass 

The mass is 
still moving 

The actuator is failing The mass is falling 
down 

No damping The system is vibrating 

The mass is too heavy The mass is falling 
down 

Lower the 
mass 

The mass is 
not moving 

The actuator is failing The mass is already 
down 

The hydraulic source if 
failing 

The mass is already 
down 

The mass is too heavy 
The actuator is not 
enough powerful 

The mass is already 
down 

Wrong position indication The mass is already 
down 
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In Fig. 36, for the system function Lift the mass, one failure mode is considered 
‘the mass is not moving’ and the cause of this failure can have 4 different causes. 
The failure can happen because of the actuator, because of the hydraulic power 
source, because of the mass or because of wrong sensor information. One of 
these failures will lead to the effect that the mass will remain down and thus the 
system is not working as planned. 

The same approach is considered for the two other main functions of the 
pendulum: system hold the mass and lower the mass. Identifying most of the 
failure causes, from the early phase of the design, is of primary importance when 
designing a system.  

4.3.2 Functional Petri Net representation of the Pendulum 

The discrete aspect of the Petri-Net model allows for modelling the functional 
sequence of the system (Fig. 37).  Each place, represented by a circle, indicates 
the state of the system. The token represents the current state of the system. In 
this example, the sequence consists of 4 phases: P0: Initial position, P1: Lifting 
phase, P2: Holding phase and P3: Lowering phase. Each state of the system is 
separated by a rectangle, called transition, which represents the action that needs 
to be performed to provoke the change of the system state. Rectangles are a 
timed transition, which means that a firing rate can be applied to each transition. In 
this example, the rate of the transition represents the time needed before 
performing the action (opening or closing the valve) that the transition represents, 
before reaching the next state. For instance, if Lifting the mass is considered twice 
as long as lowering the mass, then the rate of the transition ‘T1: Close input valve’ 
will be two times the rate of the transition ‘T3: Close all valves’. 

 
Fig. 37 – Functional Petri Net model of the Pendulum sequence 

The transition delay for a system sequence level represents the solicitation time of 
the system (working time). This transition follows a functional distribution 
associated with the system. 

For each transition of the system sequence, a uniform distribution is used, in this 
case (Fig. 38) to model the distribution of the different phases of the functional 
sequence. For instance, the transition between the initial position phase and the 
lifting phase is randomly fired between 1 and 2 hours, while the firing time 
between the Lifting phase and holding position is happening between 0 and 1 hour 
time.  
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Fig. 38 – Functional Petri Net model of the system sequence level under 

GRIF Moca 

The sequence level diagram drives the simulation, and 2 variables have been 
implemented into the transitions. Input_valve and Output_valve are two Booleans 
variables. They are initially defined as false, which means that before the system 
starts, the input and output valves are closed. When the Open input valve 
transition is fired, then the variable Input_valve is set as true, meaning that the 
valve is in an opened configuration, and thus the system goes to the Lifting phase 
state. When the transition Close input valve is fired, the Input_valve variable is set 
as false, meaning that the input valve is closed. The transitions Open output valve 
and Close output valve are in the same way linked to the variable Output_valve.  

The sequence of the operation consists of working phases (lifting and lowering 
phases) and standby phases (initial position and holding phases). If we consider 
the failure rate of the valves (input and output valves) the failure distribution may 
be different in the case of the working phase or the standby phase. The same 
philosophy could be applied to the mechanical failure of the component. The 
distribution of the mechanical failure in a lifting phase can be different than in the 
lowering phase, and both obviously different than during a standby phase. Now 
let’s concentrate on the component level of the system (input and output valves) 
modelled by the Petri-net shown in Fig. 39.  

 

Fig. 39 – Functional Petri Net model of the component level 

Each valve has only 2 modes: opened and closed. When the input valve is 
opened, the output valve has to be closed and vice versa. The component level 
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Fig. 42 – Dysfunctional Petri Net model of a doubled output valves system 

The Fig. 42 consists of two standby mode represented by place 51 and place 66 
respectively connected to place 11 and place 53 that correspond to the working 
state of the valves. Each of the standby modes are connected to two failure 
modes as well as the two working mode places (seizing and leakage). Parameters 
have been kept similar to the single valve system. The output valve system enters 
in a failure mode only if both of the output valves fail simultaneously, which means 
that a token has to be present in place 13 and in place 14. 

Fig. 43 – Dysfunctional Petri-net model of a doubled input valves system 







4. Modelling of the reliability-based verification method 

 

- 88 - 

 

 

 

 

Fig. 45 – Verification-based design process framework 
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5 CASE STUDY 1: RELIABILITY-BASED 
METHOD IN THE DESIGN PROCESS 

This chapter introduces the first case study that is used to validate the theoretical 
hypothesis described in the previous chapters and to demonstrate also the 
application of the method. In this chapter, the developed process is used to design 
an innovative remote handling system for the maintenance of the Divertor area of 
a new tokamak generation fusion reactor called DEMO. This chapter starts by 
describing the environment of the project, mainly with a focus on nuclear fusion 
activities. The second part of the chapter is dedicated to the project itself and the 
main specifications in terms of designing a complex system for the maintenance of 
the tokamak. Section 5.3 describes the case study on which the method 
developed in this thesis will be applied. The fourth part focuses on the initial 
requirements and system breakdown structure that are used as inputs in the 
developed method. The fifth part is focused on the modularity and iterative aspect 
of the method. The sixth and seventh sections cover the discrete dynamical 
system representation and the respective functional analysis of the developed 
system and the development of the respective discrete event dynamic system. 
The functional stochastic Petri Net model of the different design concepts are 
presented as well as their respective dysfunctional models and the evaluation of 
the different concept designs are described in Sections 5.8. In Section 5.9, 
environment factors are implemented for the case study, while the results of this 
chapter are discussed in the last part. 

The main objective of this chapter is to clearly define the requirements of the 
system to be developed as well as the constraints that are imposed by the 
environment, and then to build the functional and dysfunctional models of the 
systems using a Petri-net approach in order to be able to perform the comparison 
of the different design options. This case study mainly focuses on 
mechanical/mechatronic system-development-oriented remote handling for a 
fusion reactor, however it can be considered as a general mechatronic system if 
we omit to take into account certain constraints, such as high temperature and 
radiation.  

The objectives of using these case studies are first to apply the suggested method 
on the development of a real and fairly complex system that is part of a large scale 
project. Experience gained throughout the development of this system can be 
reused to improve the design processes of such kinds of complex systems for 
future fusion project as well as other systems in the industry.  
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5.1 Description of the case study environment 

Nuclear fusion is a promising source of massive and clean energy for humanity 
[163, 164]. ITER is an international project and is a part of a series of experimental 
reactors which are meant to investigate and demonstrate the feasibility of using 
fusion as a practical source of energy. In ITER, construction of physical test mock-
ups can be very expensive due to the large-scale and complexity of the facilities. 
Digital mock-ups and virtual tests have been extensively used especially 
throughout the design and operations planning process of ITER [165]. The digital 
mock-ups are further utilized to design and test the maintenance procedures of the 
reactor via remote-handling equipment. Extending the use of virtual prototypes to 
all phases of the lifecycle, from the concept design to the manufacturing and 
maintenance phase will lead to an increase in confidence in the systems, while 
decreasing the need for some aspects of costly physical prototypes. Therefore, 
this thesis has been motivated by the clear research trend towards reducing the 
need for physical prototypes in the development of fusion reactors through the use 
of digital tools. 

The purpose of the ITER reactor (Fig. 46) is to demonstrate nuclear fusion as a 
feasible energy source. The technological goal of ITER is to deliver ten times the 
fusion power compared to the input. This means that with 50 MW of input power 
the ITER machine is designed to produce 500 MW of fusion power.  

 
Fig. 46 – Model of the ITER reactor 

This 500 megawatt test fusion power plant is already under construction in 
Cadarache in the south of France. The global cost of ITER construction is 
estimated at over EUR 6.5 billion over the next ten years, of which the EU will 





5. Case study 1: Reliability-based method in the design process 

 

- 92 - 

 

 

 

 
Fig. 47 – ITER Divertor Cassette 3D model [166] 

The Divertor Test Platform 2 (DTP2) laboratory, located at the VTT Technical 
Research Centre of Finland in Tampere, is used for developing equipment, 
methods, software and all parts of the machine through the use of virtual 
technologies.  

The aims of this platform are to test and demonstrate all the remote handling 
operations of the ITER divertor, providing the necessary input for the final 
installation. The purpose of the DTP2 is to plan a full maintenance cycle, develop 
tools and methods necessary for this, while defining risks and articulating hazard 
scenarios. The facility provides full functional tests of specially designed water 
hydraulic robots to carry heavy components during maintenance operation [167-
171]. ITER is not an end in itself: it is the bridge towards a first plant that will 
demonstrate the large-scale production of electrical power and Tritium fuel self-
sufficiency. This is the next step after ITER: the Demonstration Power Plant, or 
DEMO for short. A conceptual design for such a machine could be complete by 
early 2020. If all goes well, DEMO will lead fusion into its industrial era, beginning 
operations in the early 2030s, and putting fusion power into the grid as early as 
2040. 

Therefore, the goal of this thesis aims at focusing on the design process of 
mechatronic systems that are heavily used in remote handling in fusion reactors 
for carrying heavy components, but which can be extended and applied to other 
engineering applications, such as in airplane, ship, automobile and other industrial 
forms of manufacture.  

 
  



5. Case study 1: Reliability-based method in the design process 

 

- 93 - 

 

 

 

5.2 Description of the project: DEMO 

DEMO is the successor of ITER and the next step to demonstrate the feasibility of 
producing fusion energy using a more industrial approach. Its purpose is to 
develop and test technologies for operating a reactor not as a scientific 
experiment, but as a power plant. DEMO must demonstrate the necessary 
technologies not only for controlling more powerful plasmas than previously but 
also for safely generating electricity consistently, as well as technologies for 
regular, rapid, and reliable maintenance of the plant. As in ITER, DEMO will need 
to be fully maintained remotely by means of remote handling equipment. However, 
one of the main requirements is the plant availability. Therefore, maintenance 
operations must be as fast as possible to decrease the shut down time of the 
power plant. 

This high-level requirement drives the design process by orienting design choices 
towards a high plant availability rate by increasing the reliability of the remote 
handling equipment. The early phases of the design process are focusing on 
developing a solution that verifies the high-level requirements. By definition, in the 
early design phase, the developed system is very weak in detail; however, a 
strong confidence in the concept design is required before going deeper in the 
design. Collecting confidence in the developed system as early as possible 
decreases the risk of design errors and thus reduces also the development time of 
the system. 

In this particular case study of developing new remote handling solutions for 
DEMO, based on the plant’s high-level requirements, it requires a novel approach 
for establishing confidence in the design from the very early phases of the 
development process. The remote handling operation of the Divertor area is of 
primary importance for the availability of the plant, and complex systems need to 
be developed, verified and validated. Therefore, this case study has been chosen 
to support the validation of this thesis work. 

The method developed in this thesis will aim at improving the design process of 
complex systems in the very early phase with the aim of establishing confidence in 
the concept design for later verification and validation. This method helps to drive 
the design of the system based on the high-level requirements, which is primarily 
controlling the reliability of the developed systems to ensure higher plant 
availability. 

5.3 Description of the case study: Divertor Cassette RH 
system 

As in ITER, the in-vessel area where the plasma is located during the operation of 
the plant consists of a torus vessel. This torus is composed of a wall and a floor. 
The wall consists of blankets that are actively cooled to control the plasma 
operation as well as extracting out of the reactor the energy produced in terms of 
heat. The floor consists of a Divertor, quite similar to ITER, and its aim is to extract 
the heat, collect dust and control the plasma. 
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The wall and floor of the vessel of the reactor will be subjected to high constraints 
in terms of temperature and temperature changes, as well as neutronics, a 
vacuum environment and very high stress. Therefore, those components that face 
the plasma during operation will require regular replacement during the life-time of 
the power plant. Remote handling devices are therefore required to perform the 
extraction as well as the installation of these facing components inside the reactor. 
The Divertor area consists of 54 Cassettes, is designed with 18 maintenance ports 
through which the 54 Divertor Cassettes will be installed and removed. This 
equates to 3 Divertor Cassettes per ports. In comparison, ITER had only 3 
maintenance ports that were used to install and remove the 54 Cassettes that 
composed the ITER Divertor area. In ITER, the entire replacement of the Divertor 
area, which entails removal of old cassettes and installation of the new set of 
cassettes, was estimated to take around 3 months. During this time, the power 
plant would be shut down and is therefore non-operational. In DEMO, plant 
availability is a high level requirement, and the maintenance time needs to be 
shortened. Therefore, each maintenance port will be used to replace 3 Cassettes 
only, which allows for performing more Divertor maintenance operations in 
parallel, which will lead to shorter Divertor maintenance time. The specificity of the 
Divertor remote handling operations in DEMO is of course increasing the 
availability of the plant by decreasing the maintenance time of the plant, by means 
of remote handling due to the high radiation environment. The Divertor 
maintenance operation consists in carrying remote handling equipment from the 
hot-cell, which is the place where the refurbishment and replacement operations 
are performed and where equipment are stored, to the in-vessel area. This 
operation consists of using a mean of transport, called a cask, between the hot-
cell and the maintenance port of the vessel.  

In the very early design phase, only a small amount of information is available 
about the required system itself. However, environment information according to 
where the system will aim to operate is defined. In this case, the information 
available used to start the design process of the Divertor remote handing system 
consists of the type of environment (nuclear, dust and temperature controlled), the 
type of components to handle (Divertor Cassettes), the number of ports through 
which to perform the operation, and the number of cassettes per ports. However, 
the configuration of the port (such as the size of the cross section, the length or 
the inclination) is not defined, or highly subject to changes during the design of the 
DC remote handling system. 

5.4 System requirements analysis 

In the very early phases of the design, different options for the general 
configuration of the tokamak were proposed, and a comparison of each option 
needs to be performed in order to decide which option is more relevant from a 
remote handling point of view. Since one of the main requirements in DEMO is the 
availability of the plant, the failure of the remote maintenance systems should be 
minimized and in the event that there is a failure it should be recoverable. 

When designing a complex system, a breakdown structure of the existing 
requirements should be defined in order to categorise requirements and allocate 
them properly during the design process. The initial requirements are defined by 
translating customer needs (CN) into requirements. The first step of the design 
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process consists of collecting and listing requirements. Then requirements can be 
categorised and used as input for the design process. From a design point of view, 
for some cases when the list of requirements is consequent, all the requirements 
cannot be relevant in the design process from the beginning. Yet in accordance 
with the evolution of the design, requirements are iteratively inputted. In this 
particular case study, many requirements are derived from the previous project 
ITER. It is obviously necessary to use the ITER experience and the knowledge 
gained from previous studies performed over many years of designing the Divertor 
Cassette Remote Handling system in ITER. However, special attention is needed 
when reusing previous experiences and requirements since the purpose of the 
entire project was different than in DEMO. 

5.4.1 Customer needs 

The very first step in the design process is to establish the customer needs (CNs). 
The CNs are obtained from the previous experience as well as from discussions 
with the various stakeholders. In this case study, the high-level requirements 
consist of the customer needs that include information on the general plant design 
and procedures. The list of customer needs is provided in Appendix A - Table 16. 

According to those high-level requirements, it has been defined that the Divertor 
remote handling system will perform the installation and removal of 3 Divertor 
Cassette per maintenance ports. Therefore, the main design of the vacuum vessel 
consists of 16 maintenance ports. The availability of the plant is one of the main 
requirements, which makes a big difference in the design compared to ITER. 

Some concept designs of the vacuum vessel have already been performed and 2 
options for the configuration of the maintenance ports have been suggested. The 
first option is to consider the port being inclined at 45 degrees from the ground of 
reference. The second option is to have a horizontal port. Those two options 
involve important differences in the design of the remote handling system, in terms 
of operations, kinematics and available space. 

5.4.2 Customer constraints 

The customer constraints are the constraints provided by the customer that limit 
and therefore guide the design of the developed system. Constraints can be 
related to the environment, time, costs, reliability and availability. 

The list of the main customer constraints is provided in Appendix A - Table 17.  

5.4.3 From customer needs to functional requirements 

Functional requirements are built from the CNs, and each system function is then 
mapped to the related CNs. The Design Structure Matrix (DSM) [145] method is 
used to perform the mapping. In this case study, 13 functional requirements are 
mapped with the 22 CNs (Cf. Appendix B - Table 18).  For instance, if parameter 
A affects the choice of parameter B, then we will put a mark ‘X’ in the cell where 
the column of A and the row of B intersect. We repeat this process until we have 
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The main interfaces of the Divertor Cassette Remote Handling system are 
presented in Fig. 48. 

 
 

Fig. 48 – DEMO Divertor Remote Handling system interfaces [173] 

To be able to perform the removal and installation of the Divertor Cassettes, the 
system has been divided into systems and sub-systems, and the interfaces have 
been listed. The system itself is composed of a main mover, its end-effector and a 
manipulator. The system will interact with different interfaces such as the Divertor 
Cassette, Vacuum Vessel, transport cask, tool storage and hot-cell. 

5.4.4 From customer constraints to design input constraints 

The input constraints are defined from the customer constraints (Cf. Appendix B - 
Table 20), and are then mapped with each other using the DSM approach as 
previously. 

The clustering approach of the Input Constraint DSM (Cf. Appendix B - Table 21) 
enables the definition of the main criteria that need to be taken into account during 
the design and iterative assessment of each RH system and sub-system. In this 
case study 6, the design parameters have been listed. 
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Fig. 49 – Design concept evaluation framework applied to DEMO 

maintenance strategy 
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Transitions can be set with an iput variable (represented with ‘?’) or an output 
variable (represented with ‘!’) to define when the transition can be fired. 

The first discrete event dynamic level is the High-level maintenance strategy (Fig. 
51). Starting from RH_operation_OFF to RH_operation_START and then set the 
maintenance operation to Cassette_removal and finally to Cassette_Installation. 

 
Fig. 51 – High-level discrete event dynamic system of DEMO RH 

maintenance 

 

The Fig. 52 represents the Petri Net of the high level sequence that consists of the 
main phases of the RH Divertor Removal operation. Place 1 represents the first 
operation named: ‘Starting point of the divertor removal’ and is represented with a 
transition set as Dirac distribution since it is only an indicative step. The token 
represents the state of the task. Fig. 52 is the initial state of the sequence of the 
Divertor Cassettes removal operation. Then each transition of places 2 to 8 are 
setted with LogNormal distribution to represent the time estimation of each place. 
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Fig. 52 – High-level Stochastic Petri Net for representing the RH sequence 

 

When the token reaches place 8, the variable CC_Removal is set to true in order 
to enable the start of the Central Cassette Removal sub-Petri net  shown in Fig. 
53. On the place P2, the transfer cask is used to perform the operation, therefore 
the transition between P1 and P2 sets the variable TC_working as true and sets 
back to false when the transfer cask is no longer in working mode. The working 
and failure mode of the sub-system is described below in Section 5.7. 
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Fig. 53 – Central Cassette Removal Petri Net sequence 

 

After removing the central cassette, then the variable CC_Removal will set to false 
and the high level Removal sequence will continue to place 9 and set the 
RC_Removal to true to enable the Petri net for the right cassette removal shown in 
Fig. 54. At the end of the Right Cassette removal, the RC_Removal variable is set 
to false, and the token in the high level Petri net will go to Place 10 and set 
LC_Removal to true for starting the removal sequence of the Left Cassette shown 
in Fig. 55. 
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The Stochastic Petri net of the Central Cassette removal sequence starts at place 
ID 80, which is set with a Dirac transition. It also has a pre-requisite called guard 
for CC_Removal set as true. When the high-level sequence set the CC_Removal 
as true, then the Central Cassette removal Petri net sequence starts. The 
transition towards P81 sets CM_working as true since the cassette mover is used 
to perform the tasks from P81 to P83; the same applies for P88, P90 and P91. 

Fig. 54 consists of the stochastic Petri net of the Right Cassette removal 
sequence. The pre-requisite to enable the start of this Petri net is to set the 
RC_Removal to true, which happens when the token reaches place ID10 on the 
high level Petri net sequence. 

 
Fig. 54 – Right Cassette Removal Petri Net sequence 

 

Fig. 55 consists of the stochastic Petri net of the Left Cassette removal sequence. 
The pre-requisite to enable the start of this Petri net is to set the LC_Removal to 
true, which happens when the token reaches place ID10 on the high level Petri net 
sequence. 
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Fig. 55 – Left Cassette Removal Petri Net sequence 

 

The previous set of Petri nets constitutes the two highest levels of the operational 
sequence representation. The highest level is the operation sequence of the 
developed system followed by the task sequence level, which in this case consists 
of the removal of the central, right and left Divertor cassette for DEMO. 

In this case study, operations are performed in series. The central cassette has to 
be removed before the right cassette removal operation for instance. However, it 
is possible to have operations performed in parallel by two different devices for 
instance. 
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The following Fig. 56, Fig. 57, Fig. 58 and Fig. 59 represent the discrete event 
dynamic system of the installation sequence of the DEMO Divertor Cassette. 

Fig. 56 represents the discrete event dynamic system of the high-level cassette 
installation sequence. Starting from Place 260, the Cassette installation begins 
and in place 263, the Left cassette is installed followed by the Right Cassette and 
finally the Central Cassette in place 265. 

 
Fig. 56 – High-level Divertor Cassettes installation Petri Net sequence 
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Fig. 57 represents the discrete event dynamic system of the left cassette 
installation. Starting from Place 272, the left divertor cassette is installed through 
seven steps from place 273 to 279. 

 
Fig. 57 – Left Cassette installation Petri Net sequence 
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Fig. 58 represents the discrete event dynamic system of the right cassette 
installation sequence. After installing the left cassette, the maintenance operation 
consists in installing the right cassette. This operation consists in seven steps, 
similar to the left cassette installation, represented from places 322 to 328. 

 

 

Fig. 58 – Right Cassette installation Petri Net sequence 
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Finally, the discrete event dynamic system of the central cassette installation 
sequence is represented in Fig. 59. After installing the left and right cassette, the 
maintenance operation consists in installing the central cassette to close the final 
gap of the divertor area. The central cassette installation consists in seven steps 
from place 372 to 378. 

 
Fig. 59 – Central Cassette installation Petri Net sequence 

As with the Cassette removal discrete event dynamic system, the discrete event 
dynamic system of the cassette installation is modelled as a series of events, 
however, when implementing the system functional Petri Net, it is operating in a 
parallel manner, which means that the top-level stochastic Petri Net is actually a 
set of parallel stochastic Petri Net models. 
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5.7 Functional Petri Net representation 

In this section, the functional representation of two options of a particular system, 
the Divertor maintenance transfer cask, are presented using the block diagram 
approach presented in Section 4.1.3. Concerning the transfer cask system, in 
Section 5.4.3, we defined that the function of the transfer cask is to ‘provide 
features for transporting hardware from the power plant to the maintenance 
facility’. At this level of design, the general plant design is always evolving and 
various configurations are suggested. For instance, the inclination of the lower 
maintenance port can be horizontal or inclined at a 45° angle from the horizontal 
axis. It is then obvious that according to design changes, technical solutions will 
also evolve. While one transfer cask solution might be relevant for one port 
inclination, it may be not relevant for a different inclination. This method aims at 
defining and comparing different solutions in the early design phase in order to 
assess which solution is more relevant before going deeper in the detail design. 

Now let’s consider the two following port options for the case study: 

- 45° inclined port (Fig. 60) 
- Horizontal port (Fig. 61) 

 

Fig. 60 – DEMO cross section of the 
45° lower port configuration 

Fig. 61 - DEMO cross section of the 
Horizontal lower port configuration 

In some cases of the early design phase, it is always challenging to assess if a 
certain configuration is more reliable than a second one. In this example of DEMO 
RH system development, we have been provided with two tokamak configurations. 
In the first configuration, the port has a purely 45° angle from the outside of the 
vessel up to the Divertor area. On the other hand, the so-called horizontal option is 
actually a partly horizontal section and a 45° section when entering the Divertor 
area. 
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In comparison with the complexity of the entire plant design, this port option 
difference may seem negligible; however, it has an important influence on the 
design approach of the RH operation and equipment in terms of reliability and 
costs. Therefore, using the method presented in Chapter 1 offers a way to assess 
quantitatively if one or another configuration is more relevant to develop further. 

The 45° and horizontal configuration of the maintenance port of DEMO plant leads 
the design to different transfer cask options. For a 45° port, the area where the 
cask is supposed to be plugged is inclined, whereas in the horizontal 
configuration, the transfer cask can be plugged horizontally. Now let’s consider 
two cask options for the respective port configuration. A single radial motion 
transfer cask for the horizontal port configuration, and a 2-function system with a 
radial and tilting motion for the 45° port transfer cask.  

Fig. 62 represents the block diagram option of the Radial motion. This function is 
needed in both of the options. To perform a radial motion function, the system 
requires for instance 4 inputs: mechanical features such as rack and pinion 
mechanism, an electrical engine which also requires an electrical source, and 
finally some electronic devices for providing position information. This function will 
have an effect on the transfer cask itself, seen as the mechanical interfaces and 
its position.  

 
Fig. 62 – Block function diagram of the Radial motion 

The second configuration with the 45° port option requires two functions: the radial 
motion as previously presented and the tilting motion. Fig. 63 represents the block 
function diagram of the tilting motion. To be performed, it requires for instance a 
hydraulic source, and an actuator as the mechanical interface, a valve, as a 
mechatronic interface in the case of a servo valve for instance, and an electronic 
interface for the position sensor. This function has an effect on the cask and its 
position. 
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Fig. 63 – Block function diagram of the Tilting motion 

The system is considered to have 3 potential functional modes. When the system 
is in use to perform some operations, it is considered to be in the working mode. 
When the system is not used during the operation, it is considered to be in a 
standby mode. And finally, when the system faces some failure in one of its 
components, it is considered to be in the failure mode. Table 9 lists the three 
modes of the transfer cask, and their respective places in the Functional Petri Net 
representation of the transfer cask (Fig. 64).  

Table 9 – Functional modes of the transfer cask 
  

Place ID  
Horizontal 

Port 45° Port Mode 

P1001 P1004 Standby 

P1002 P1005 Working 

P1003 P1006 Failure 

Fig. 64 gives a functional representation of the transfer cask using a Petri Net 
model. The initial state of the transfer cask is considered to be in standby mode. 
When the transfer cask is in use to perform some operations, the variable 
TC_working is set to true and the thus the token is transferred to the place 
Working. When TC_working is set to false, the token is transferred back to the 
Standby place.  
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Fig. 65 represents the functional and dysfunctional Petri net model of the transfer 
cask in the horizontal port configuration. Only the radial motion function is required 
to perform the task; therefore, only the four failure modes listed in Table 9 for the 
radial motion are represented in the Petri net. The two white transitions represent 
the exponential distribution of the electrical or electronic failures type. The two 
black transitions represent the Weibull distribution for the mechanical failure types. 

 

Fig. 65 – Functional and dysfunctional Petri Net of the Horizontal port 
transfer cask 

Each firing of a failure mode transition has an assignment that sets the variable 
Cask_failure to true. In this example, only failures that are taken into account are 
failures happening when the system is in a working mode. Failures that happen 
during the standby state of the system are not taken into account. 

Fig. 66 represents the functional and dysfunctional Petri model of the transfer 
cask for the 45° port configuration. The failure modes of the two functions (radial 
and tilting motions) are represented.  
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Fig. 66 – Functional and dysfunctional Petri Net of the 45° port transfer cask 

Fig. 67 is the comparison of the reliability of the two-cask concept. This graph 
shows that the reliability of the cask concept for the horizontal port configuration is 
slightly higher than the cask concept for the 45° port option. For the same 
operational time, 3600 hours, the average reliability is higher by about 10% in the 
case of the Horizontal transfer cask concept. 
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Fig. 68 – Operational time of the transfer cask 

 

5.8.2 Dysfunctional analysis of two mover concepts 

In the case of complex systems such as in DEMO, where various systems and 
sub-systems are needed to perform a task, the full operation strategy has to be 
simulated in order to compare the reliability of the two port options. Therefore the 
same approach is performed on the functional level of the two different Cassette 
movers that will be designed for each port option. As presented earlier in this 
chapter, the 45° port is a straight port up to the vessel area. However, the 
horizontal port is a hybrid configuration since it is horizontal in the tunnel area and 
has a 45° slope before entering the vessel. Therefore, the transfer cask in the 
horizontal configuration has one less function than the 45° transfer cask, as shown 
in Table 11.  
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The petri net models for the two mover concepts (respectively 45° and Horizontal 
port options) are represented in Fig. 69 and Fig. 70. 

Fig. 69 represents the Petri Net model of the failure modes presented in Table 11 
for the 45° port mover configuration. The functional loop happens between place 
1007 ‘standby mode’ and 1008 together with place 1013 set as ‘working mode’, 
while the dysfunctional model corresponds to place 1009-1012. Respectively 1009 
corresponds to the radial motion failure, 1010 relates to the brakes failure, 1011 to 
linear motion and finally 1012 to the failure of the mechanical interface. 

 

Fig. 69 – Functional and Dysfunctional Petri Net model of the Mover concept 
for the 45° Port configuration 

  





5. Case study 1: Reliability-based method in the design process 

 

- 127 - 

 

 

 

Fig. 70 represents the Petri Net model of the failure mode of the Horizontal port 
mover configuration presented in Table 12. Similar as previously, the functional 
loop happens between place 1007, 1008 and place 1013, while the dysfunctional 
model corresponds to place 1009-1012. Respectively 1009 corresponds to the 
radial motion failure, 1010 relates to the brakes failure, 1011 to linear motion and 
finally 1012 to the failure of the mechanical interface. However, place 1014 
corresponds to the failure mode of the tilting motion which is not present in the 45° 
port mover configuration. 

 
Fig. 70 – Functional and dysfunctional Petri Net model of the Mover concept 

for the Horizontal Port configuration 
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variable has been implemented and divides by 2 the reliability of each component 
of the mover when entering the vessel area. However, when the mover is in the 
transfer cask, the radiation level is set to 1 and thus does not affect the reliability 
of the components. 

5.10 Result analysis 

This chapter has shown the application of the developed method on an actual 
complex case study. The DEMO maintenance operation has been used as the 
discrete event dynamic system and the functional and dysfunctional model of two 
RH system configurations have been modelled. The comparison of the two 
configurations has shown that even if the 45° transfer cask was less reliable than 
the Horizontal cask, the total reliability of the combination of cask and mover 
demonstrated a higher reliability for the 45° configuration. Therefore, this analysis 
has shown that the method is suitable for simulating a single system as well as a 
combination of complex systems.  

The next phase for this case study is to model the full maintenance sequence 
together with the full set of systems required to perform these operations. In such 
a case, the evaluation of the maintenance strategy would be highly relevant for the 
decision-making process to decide whether the 45° port configuration tends to be 
more reliable strategy than the horizontal port configuration. 

Finally, the implementation of arbitrary environment factors such as the radiation 
has been simulated. It was considered that the radiation decrease by a factor of 
two in the reliability of the component of the mover when it reached the in-vessel 
area. However, it is important to notice that this value does not represent the 
reality, but aims only to show that environmental factors can be implemented in 
this method. Results have shown that such environmental factors may influence 
the decision-making process, since different system combinations or maintenance 
strategies can be considered. 
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6 CASE STUDY 2: RELIABILITY-BASED 
METHOD FOR SYSTEM EVALUATION 

This chapter describes the application of the method of a more advanced system 
in terms of detail level. The case study used in this chapter is the Cassette 
Multifunctional Mover (CMM) for the ITER Divertor remote maintenance. This 
system is already built as a prototype and currently in the physical testing phase. 
The first part of this chapter introduces the environment of the case study, the 
ITER project. The second part introduces the CMM itself and its different sub-
systems and components. The third section of this chapter focuses on the 
dysfunctional analysis of the CMM. Finally, Section 6.4 summarizes the results 
obtained from the comparison of two potential CMM concepts applied in DEMO 
maintenance environment.  

6.1 Description of the case study: ITER RH system for the 
Divertor maintenance 

Due to the erosion of plasma facing components the replacement of the Divertor 
and its refurbishment in the hot-cell is foreseen 4 times during the ITER lifetime. 
The Divertor handling concept is based on various elements: the Divertor 
segmentation into 54 cassettes, three dedicated access vacuum-vessel ports at 
Divertor level located at 120° apart from each other, the cassette multifunction-
mover (CMM) system, the cassette toroidal mover (CTM), the pipe tools, the 
transport casks and double-door and the control system [178]. 

The radial transport of the cassettes through the 3 Divertor RH ports is carried out 
by the Cassette Multifunctional Mover (CMM) (See Fig. 74), which is a multi-
degree-of-freedom hydraulic robot used for the remote handling maintenance of 
the fusion reactor ITER. It includes different domains of technology such as 
mechanical, hydraulics and automation, control system, electrical and electronic 
domains. This system has been developed over many years, and various 
international institutes have taken part in the design of the system. A physical 
prototype (Fig. 75) has been build and is currently being tested in VTT Technical 
Research Centre of Finland Ltd [35]. 
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Fig. 74 – Cassette Multifunctional Mover in the ITER Virtual Mock-up 

 [179, 180] 

The purpose of this system if to carry a heavy component located inside the ITER 
fusion reactor. The ITER machine is made up of 54 Divertor cassettes way 9 tons 
each that cover 360° of the in-vessel fusion reactor floor. There are three 
maintenance access ports at the bottom of the reactor vessel. For each 
maintenance port, 18 cassettes are planned to be removed. To transport the 
cassettes out of the vessel, there are two different types of remote control devices 
called cassette movers. One is acting in a radial way fashion the maintenance 
tunnel access and the second one is acting in the toroidal way inside the vessel. 
The device that is used in this study is the Cassette Multifunctional Mover (CMM) 
that operates along the radial axis, used to extract the cassettes through the 3 
maintenance tunnels. For the cassette removal operation, the CMM grabs the 
central cassette located in the axis of the maintenance tunnel access. The CMM 
together with its integrated manipulator release the preloading and locking system 
of the cassette in order to extract the Divertor cassette through the maintenance 
tunnel. When the central cassette is removed, the CMM is equipped with an end-
effector, the so-called Second Cassette End-Effector (SCEE) (Fig. 75), which is 
used to grab the second cassette located on the side of the maintenance access 
port. It grabs the second cassette and moves it toroidally to orientate it toward the 
tunnel maintenance port in order to be removed. 
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Fig. 75 – Cassette Multifunction Mover and Second Cassette End-Effector 

physical prototypes [179, 180] 

The design challenges related to this mover are extremely high due to the minimal 
clearances between the cassette and vacuum vessel port. The most important 
factor for ITER RH systems is reliability [181]. The Divertor maintenance operation 
should be fully reliable. It is considered as a remote handling Class 1 operation, 
which means that the design of the Divertor RH system must be verified and 
validated by proof-of-principles and full-scale mock-ups/prototypes. Therefore the 
DTP2 platform aims at answering this ITER requirement [182]. Beside testing the 
Divertor maintenance operations and developing operational tasks, the DTP2 
facility is used to verify and improve the design of the Divertor components. 

The CMM is a fairly complex mechatronic system that has been developed over 
many years among research centres and is now in the physical testing phase. 
During its design phase, starting with a list of high level requirements, the design 
has evolved throughout different phases which represented different levels of 
design (concept, detailed, engineering and final); many evolutions of its design 
have been proposed. The purpose of using this case study in this thesis is to use 
this 10 years of experience required to develop the latest version of the Divertor 
Maintenance system. This experience is particularly helpful in order to improve the 
current design process in use, in the first instance in the fusion engineering field, 
but also in industries such as airplane, automobile and other complex engineering 
and manufacturing sectors. 

For more than 20 years now, different concepts have been developed, virtual 
concepts as well as physical concepts. Fig. 76 shows the evolution of the radial 
mover concepts between ITER 1998 and ITER FEAT, which were two different 
ITER fusion reactor concepts [183].  
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Fig. 76 - Radial mover concepts, evolution between the 1998 design and 

ITER FEAT [184] 

Fig. 77 shows the ITER CMM concept in the early 2000s equipped with a second 
cassette end-effector and a manipulator arm. 

 
Fig. 77 – Cassettes are installed on the in-vessel toroidal support rails using 

the cantilever multifunctional mover (CMM) [185] 

The design of the CMM has been radically changed over the years. Requirements 
have been changed throughout the evolution of the research in all related fields, 
which led to constantly updated designs to meet to requirements changes.  

The CMM is used for the insertion and extraction of the Divertor cassettes from 
the vacuum vessel along the maintenance tunnel to the transfer cask docked at 
the maintenance port. The following paragraph lists two levels of requirements: 
high level requirements for the Divertor remote handling system and the system 
level requirements oriented towards the CMM itself. The Divertor Remote 
Handling (RH) System should provide the means for remote replacement of the 
ITER Divertor System [186-188].  
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6.2 ITER Cassette Multifunctional Mover applied to DEMO 
maintenance  

In this section, we consider the latest ITER CMM design applied to the DEMO 
maintenance operational sequence. Let’s consider that the level of design of the 
DEMO cassette mover has evolved towards a more detailed concept, such as the 
existing CMM device for ITER (Fig. 78). Obviously, the actual CMM design cannot 
fully satisfy the full set of DEMO requirements, however, it is interesting to know 
how the developed method can be applied to a detailed system that is already at 
the physical prototyping and testing phase. 

 
Fig. 78 – Sub-systems of the Cassette Multifunctional Mover for ITER 

Divertor Maintenance 

The discrete event dynamic system of the DEMO maintenance operational 
sequence is used together with the discrete functional model of the CMM at a 
component level. The system and sub-system of CMM are modelled as a 
functional and dysfunctional stochastic Petri Net, and implemented into the DEMO 
maintenance operational sequence PN. 

The CMM system consists of five main sub-systems: Body, Radial Drive Unit, 
Wheel assembly, Lifting system, and Tilting system. Below is a description of each 
sub-system. 

- Body 

The CMM body is the structural connection point for all the major load-bearing 
sub-systems. 
  



6. Case study 2: Reliability-based method for system evaluation 

 

- 137 - 

 

 

 

- Radial Drive Unit 

The radial drive (RDR) provides the radial motion of the CMM along the radial rails 
from cask to reactor (Fig. 79). The radial drive is based on a rack and pinion 
system driven by two servomotors running two pinions, one each side of the CMM. 
Two racks are installed on rails along the sides of the radial tunnel. The RDR 
contains two similar servomotor/gearbox sub-systems. During normal operation 
both servomotors are used to drive the CMM in parallel. However, if one motor 
fails the other is sufficiently powerful to drive the system as normal. Brushed DC 
servomotors have been chosen to allow for simple open loop control during 
system recovery. The motors include a tachometer and a holding brake. 

Fig. 79 – CMM Radial Drive Unit 

- Wheel assembly 

The CMM moves from the cask to the reactor along radial rails. The weights of the 
CMM and its components as well the Divertor Cassette are carried entirely on the 
CMM wheels. The CMM wheels are arranged in units comprising a 2-wheeled 
bogie as shown in Fig. 80. A minimum of four wheels on each side is required at 
the front of the CMM and two on each side. 

Therefore, there are 3 wheel-subassemblies that contain 2 wheels each, so 6 
wheels on each side of the CMM. Each wheel has a roller bearing, while each 
wheel-subassembly is connected to the main body with a roller bearing. A total of 
18 bearings are used for the CMM wheel system. 
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Fig. 80 – The two-wheel bogie design 

- Lifting system 

The lift arm is a beam connected to the CMM body at its rear end. The lift cylinder 
is connected in the middle of the lift arm. The tilt arm is connected to the front end 
of the lift arm. The lift arm is connected to the CMM body with two highly 
preloaded tapered roller bearings. The bearings are mounted in housings that are 
inserted into the CMM body. The Lift cylinder is connected to both sides of the 
CMM body via a yoke mounted on spherical slide bearings. The cylinder rod is 
connected to the lift arm with a slide bearing which forms part of the cylinder rod 
end. A dual speed resolver is used between the lift arm and CMM body. The 
hydraulic actuators require very precise positioning and therefore need to be 
position controlled with servo valves. 

- Tilting system 

The tilt arm is a metallic structure integrating the adapter plate for the end-
effectors, connection to tilting system and interfaces for two tilting cylinders. The 
tilt arm is connected to the lift arm at its top end. Two tilting cylinders support the 
lower end of the tilt arm. The cylinders producing the tilt motion are connected in 
parallel and driven with one servo valve. The rear ends of the tilt cylinders are 
connected to a block which is bolted to the CMM body. Tilt cylinder rods are 
connected to the lower end of the tilt arm. The joints at the end of both tilt cylinders 
have spherical slide bearings. The position of the tilt axis is measured by a 
resolver mounted coaxially with the link joints, i.e. the joint between the lift arm 
and the tilt arm. Similar to the Lifting system, the hydraulic actuators are controlled 
with servo valves. 
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7 DISCUSSION 

This chapter discusses the theoretical implications of the method and its 
implementation within the systems engineering approach using two main case 
studies. As well, this chapter discusses the practical applications of the method 
together with its limitations and perspectives. 

True to the form of an exploratory study, the state of the art in the field of complex 
systems design showed the need to develop advanced methods for the design 
verification based on system reliability. Reliability is one of the most important 
requirements in many industrial activities and become a central part of the 
decision-making process. 

In addition, to support the decision-making process, a quantitative reliability-based 
evaluation method has been implemented to provide more objectivity to the 
decision-makers. The development of the method has been based on the best 
practices from research and industries and has been modelled using a simple 
example, the pendulum system, as well as two fairly more complex case studies, 
related to fusion activities and in particular DEMO remote handling systems, in two 
different phases of the design process. These case studies have been chosen 
because they are well representative of two main phases of the design process, 
the conceptual design and the engineering design phases. 

The discrete dynamic event system that basically aims to represent the 
operational strategy of the system has been presented and modelled as a high 
level stochastic Petri Net. It was chosen to set the transitions with logarithmic 
distributions to represent the duration of each operation on a scale from 1 to 5 for 
more objectivity when actuall durations are not available at this stage of the 
design. Indeed, scale one considers a one-hour (±1h) operation duration while 
scale 5 considers a 6.5 days (±3 days) operation duration. In this case, the fuzzy 
logic used to represent the operational time helps to homogenize expert’s opinions 
according to the estimated operation’s durations. Especially in the concept design 
phase, it is usual that operational time remains an abstract data. The scale range 
can be adjusted regarding level of operational sequences and the degree of 
knowledge on these operations. In the case that operational durations are well 
known, the fuzzification is therefore not needed and transitions can be set with 
fixed time delays.  

Two case studies have been used to demonstrate that the method is applicable in 
different phases of the design process, namely the concept design and 
engineering design phases. The functional models of both case studies have been 
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presented and implemented in the discrete dynamic event system of the 
maintenance procedure. In the first case study, the failure distributions of sub-
assemblies have been collected and implemented in the functional Petri net 
models of the two concepts. The comparison was then possible since both 
concepts were on the same design level. As expected, results showed that the 
overall reliability of the 45° inclination option was likely to be higher than the 
horizontal concept option.  

DEMO remote maintenance operational sequence has been used for performing 
the simulations in this study. The requirements analysis phase and the 
development of the concept design used in the thesis have been adapted for this 
research work. Therefore, it does not represent exactly the reality of the DEMO 
RH project. However, the method demonstrated in this thesis aims to be used as 
part of the DEMO RH system development in the coming years if the benefits are 
significant enough. In DEMO, as with any other complex systems, many criteria 
have to be taken into account in the decision-making process during the design 
process. In this thesis, only reliability has been evaluated as the main criteria. But 
for instance, it is possible to implement many other criteria such as system 
availability, severity of the failures, operational time, recoverability and operational 
cost of the system. This applies as well to the environmental parameters that may 
influence the behaviour of the developed system. In this thesis only radiation effect 
as an arbitrary criterion has been taken into account. Additionally, if more 
knowledge is available on the effect of the radiation on components or sub-
systems, the method can be refined according to the level of radiation 
encountered at each step of the operational sequence. For instance, temperature, 
dust or stress in the components can be also implemented as environmental 
parameter that would have an effect on the behaviour and reliability of the system. 
With this method, it is also possible to have an overview of critical components of 
a complex assembly, in order to decide whether redundant components are 
needed or even a re-design. The most critical operational phases can be 
highlighted using this method and appropriate measures can be considered. 

Stochastic Petri Net method has been chosen because of its ability to connect 
various aspects of a system, such as its overall operational strategy as an event 
driven sequence, as well as the functional and dysfunctional behaviour of the 
system. The implementation of continuous Petri Net may offer significant benefits 
for modelling continuous environmental parameters such as the influence of 
radiation or temperature when these variables are not event-state limited. 
However, in the presented research work, the implementation of continuous 
variables has not been tested but seems to be a promising improvement of the 
method towards more efficiency. Additionally, the type of distribution to represent 
the probability of failures of a component can behave drastically different 
regarding the type of operating environment. The effect of radiation on the overall 
system is usually very challenging and further studies are needed to determine the 
influence of environmental parameters and their combinations (radiation combined 
with temperature for instance) on component reliability distributions. 

A second theoretical implication of the method consists in the functional and 
dysfunctional representations of the system. The functional side of a system is 
represented as an event-state model, and only three states of the system were 
considered, namely stand-by state, working state and failure state. Likewise, the 
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failure state could be only reached if the system was in a working mode. 
Accordingly, failures that could possibly happen during standby modes of the 
system were not taken into account because it has been considered that based on 
the case studies, standby mode failures were not sufficiently significant for 
influencing the overall results of the study. 

Overall system reliability is mainly driven by the probability of failures of its 
subsystems and components. However, the reliability relationships between 
components is a relevant query. Using the functional block diagram approach 
helps to identify the degree of relationship between components, but the explicit 
effect of the failure of one component to other components and thus to the overall 
system remains challenging. The method presented in this dissertation considers 
that when a component fails, the overall system enters into a failure mode. 
However, in real situation, the overall system may still be functional even if a non-
critical component has entered in a dysfunctional state. More development is 
obviously needed in order to take the reliability relationship between components 
into account and thus improving the method for more accuracy. 

The results presented in the thesis regarding reliability have been kept general 
without reference to any particular field and are equally applicable to any range of 
industrial applications. Furthermore, it has been kept in mind during the 
elaboration of this thesis to retain the findings useful for other developments in 
order to continue the research and discussion on a wider scale. However, due to 
the ongoing project at the time of the elaboration of this thesis and the material 
available, fusion related remote handling systems have been used as the main 
case studies. 

This research work has shown that stochastic Petri Net is an adequate modelling 
tool to be used for verification-based design process which can result in improving 
the decision making process and thus the efficiency of the entire design process 
for complex systems development. The iterative aspect of the method as well as 
the results obtained by the analysis of the two case studies showed that the 
method is relevant on every phase of the design process for system design, 
verification and optimization 

Other perspectives for further research, especially regarding fusion power plants, 
would be to investigate the implementation of RAMI analysis parameters 
(Reliability, Availability, Maintainability and Inspectability). For instance, the overall 
availability of a power plant is essential to insure the competitive cost of electricity. 
Therefore, the optimum duration of the planned maintenance is determined by 
balancing the cost of a faster remote handling system with the cost of reduced 
power plant availability for generating revenue. The method presented in this 
dissertation could be an efficient tool to lead the design of maintenance systems 
towards an optimum balance between system reliability, maintainability and overall 
plant availability. Towards a wider scope, availability is also an essential criterion 
for an extensive range of industrial applications. 

One additional criteria that disserves to be further investigated in this approach is 
the degree of recoverability of a system. Since system recoverability directly 
influences the overall system availability, the degree of recoverability is essential 
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8 CONCLUSION 

A verification-driven process for designing a complex system based on reliability 
requirements has been presented in this thesis. The thesis started with an 
extensive state of the art in verification and validation processes in various 
engineering fields, from an industrial and research point of view, as well as 
different practices in terms of design processes. The state of the art has shown 
that the current trend in both industry and research is towards a simulation-based 
design process that aims to provide a continuous verification of the developed 
concept over its design process. It has been shown that reducing design errors 
from the very early phase of the design leads to substantially decreased product 
design costs. However, this is not without challenges and modelling as well as 
evaluating concepts against each other using quantitative evaluation methods is 
one major issue. 

The method suggested in this thesis has shown the possibility of assessing a 
design in a quantitative way all along the design process. This method is an 
innovative means of evaluating a concept design, since it is not influenced by the 
experience level or personal opinions of the analyst. The method is designed to be 
used as an iterative manner during the design process, from the very early phases 
up to the manufacturing phase. The method has been first developed using a 
simple case study, the pendulum system, and the functional and dysfunctional 
stochastic Petri net model of the system has been built using GRIF software. 
Reliability has been used as the main evaluation criteria in this case study; 
however, it is possible to implement other criteria such as availability, severity, 
operational time or any combination of criteria according to the requirements of the 
decision-making process. The model of a single valve actuator has been 
compared to a double valve model to assess the accuracy of the method. As 
forecasted, the double valve model has shown to be a more reliable solution than 
the single valve model. Results showed that the double valve model is about 30% 
more reliable than the single valve model after 4 000 h of operating time. 
However, this difference decreased to 10% after 20 000 h of operating time. 

The method has then been applied to a real case study, the DEMO Divertor 
Remote Handling system. After analysing the extensive set of requirements, it was 
clearly demonstrated that the reliability of the system was one of the main design-
driving requirements for the DEMO RH project. The discrete event dynamic 
system of the DEMO maintenance procedure for the removal and installation of 
the Divertor Cassettes has been modelled, and the operational time of each phase 
has been quantified in a fuzzy way, using a scale from 0 to 5, for more subjectivity. 
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Fig. 82 - Wheel assembly 

 

Fig. 83 - Support & body 
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Fig. 84 - Set of 18 bearings (similar models) 
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Fig. 85 - Radial Drive Unit 
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Fig. 86 - Lifting system of the CMM (hydraulically actuated) 

 

 

Fig. 87 - Tilting system of the CMM (hydraulically actuated) 
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Fig. 88 - Lifting system of the CMM (electrically actuated) 

 

 
Fig. 89 - Tilting system of the CMM (electrically actuated) 






