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Introduction

1. Introduction

Globalization brings with it new challenges that the companies must overcome. The global
market imposes the global competition where the main focus is the global client. The client
(independent of its location) wants technical advanced products characterized by superior
quality, high level of customization, low price that should be available at the right time and
place. The problem is more complex due to the high fluctuation level of the customers’
demands.

Making a parallel with Charles Darwin’s theory of evolution, the companies which will
survive and develop will not be the strongest nor the smartest but the ones better adapted
to change. Adaptability and agility are the essential characteristics that allow a company to
survive and flourish in the current turbulent and uncertain global environment.

Different concepts strive to offer increased company agility. If at the manufacturing and
execution level are developed flexible or reconfigurable manufacturing systems, an
integrative concept, relatively new, by the name of Digital Factory, promises to offer
improved reactivity and agility. The main idea is to build in simulation (focuses mainly
manufacturing processes) the “image” of the current and future factory, to analyze its
parameters and to transfer the optimum manufacturing scenario to the real manufacturing
system. One of the most important aspects that this concept implies is the capacity to build
with ease and precision the manufacturing processes (current or future) into simulation,
and, to transfer the obtained data from the simulation to the controller level respectively to
the real manufacturing system.

Thus, manufacturing simulation is currently used for: manufacturing systems productivity
increase, cost reduction for the manufacturing systems introduction, consumption
optimization and resources reutilization, stock and manufacturing reduction. The major
informational bottleneck and thus the main fundamental implementation issue of the Digital
Factory concept takes place when the optimized manufacturing scenario from the simulation
is transferred to the manufacturing system. Such a data migration, from the simulation level
(in the PhD thesis are focused material flow and DMU - Digital Mock-Up) to the real
manufacturing systems, in most of the cases is not foreseen or implies great efforts,
interpretation or adaptation at the control unit (e.g. PLC).

To support the Digital Factory concept implementation, from the manufacturing automation
standpoint new standards and approaches were researched, developed and introduced that
allow for a distributed control of the whole manufacturing process (e.g. IEC 61499), thus, the
manufacturing reconfiguration can be faster done without the “adaptation” of the central
control unit (traditional scenario). Also, for the support of the concept implementation, an
improved interaction between applications involved either at the command, planning,
visualization, supervisory or at the simulation level is possible with the development of the

Dipl. Eng. Bogdan Pirvu
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OPC UA specification. OPC UA allows the information transfer by a standardized or particular
manner corresponding to different use-cases, which offers at the same time independence
from any specific platform (e.g. Windows, Linux, Mac OS etc.) on which various applications
are installed on.

1.1 Research motivation

A central research topic within the industrial engineering targets the agility improvement of
manufacturing systems in order to allow a quick reaction to the global market variation. If at
the hardware and software level, neutral and distributed controlling solutions are
researched (e.g. IEC 61499 or the SOA approach for automation- implemented mainly based
on web standards), at the manufacturing simulation level there are numerous solutions,
which in most cases are offering just limited information migration towards the control units
of manufacturing systems.

Thus, the informational bottleneck, located at the border of simulation application and the
control unit of the real manufacturing system, represents a major impediment from a fast
and efficient implementation of an optimum manufacturing scenario. Currently there are
necessary several adaptation operations which are difficult, time-consuming and not error-
proof in order to implement an optimum manufacturing scenario determined within the
simulation.

The PhD thesis proposes a new simulation architecture regarding the manufacturing
simulation (material flow and DMU) which has a strong process-oriented approach in regard

to the real manufacturing systems.

The main PhD thesis objectives are: development of the concepts needed to improve data
migration from the simulation to the real manufacturing systems (also vice-versa),
identification of current and future technologies that may incorporate the concepts’ aspects
but also the validation of the proposed concepts by a first prototype, that uses current
available technologies, for a better interconnection of the manufacturing simulation with the

manufacturing systems’ control units.

The proposed concepts fit the current research trends of the SOA paradigm applied for
automation, and, the proposed architectural approach augments today’s research fields with
additional aspects, imposed by a more precise construction of the manufacturing simulation
and an improved migration between simulation and manufacturing systems.

The architectural approach, new from the simulation and manufacturing standpoint, is based
on the splitting of the whole manufacturing process intro “atomic” sub-processes
(depending on the technical limitations and manufacturing specific characteristics) but also
the embedding of the whole relevant aspects for simulation and the automated
manufacturing systems into services (McS- Manufacturing-centered Services and Acs-
Automation-centered Services).

Research regarding the digital factory modeling and implementation into real manufacturing systems
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Although the first international steps were made, at the industrial level, concerning the
service orchestration for controlling an entire manufacturing system (SIRENA approach), yet
because of the lack of augmentation of the simulation relevant aspects within a service and
the lack of concepts demonstration by means of prototypes, the applicability is still low

compared with the potential results.

Thus, a systematic research, concerning the augmentation of the current SOA approaches,
with the simulation relevant aspects, and the proposal of a new simulation architecture to
obtain an improved agility, is worthy of research, due to the large application spectrum

concerning the industrial implementation.

1.2 Thesis evolution and structure

The PhD thesis topic inscribes itself not only into the international Digital Factory
preoccupations but also in the ones found at “Lucian Blaga” University of Sibiu and at the
University of Kaiserslautern - Germany with their mechanical and automation departments
though their innovation efforts implemented in the SmartFactory" research platform.

mproved migration
simulation <-> reality

Proposed simulation architecture
=
e g c
S 3 © 2 g9
= g8 w 2w
g2 5c S E
3 5 582 S 2
= m o W o
= W = @ A - U
= E E E oo
< W m O w E
22
SIMULATION

AUTOMATION

Fig. 1.1 PhD thesis evolution

The PhD thesis formulation was based on the conclusions formulated after the state of the
art was researched and analyzed, concerning the automation field, manufacturing systems
modeling and simulation, factory evolution and also the relevant IT technologies for
manufacturing — mainly the SOA concept and its implementation technologies.

The thesis has evolved (fig. 1.1) with the analysis of the automation state of the art but also
with the manufacturing simulation approaches. The issues formulated after the analysis of

Research regarding the digital factory modeling and implementation into real manufacturing systems
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the state of the art can be solved by the approaches represented by the McS and AcS, the
methodology to determine the “atomic” sub-processes. The concepts were validated though
a first prototype implementation. Thus, the main objective of improved migration between
manufacturing simulation and the real manufacturing system is achieved, which also
contributes to a higher degree of company agility.

The PhD thesis is structured into seven chapters, and the first chapter focuses introductive
elements and also the motivation and the thesis objectives.

The second chapter summarizes the state of the art concerning the automation field,
manufacturing systems, Digital Factory concept, manufacturing systems modeling and also
the SOA concept and its current implementation technologies. Concerning the automation
perspective, the current and future technical solutions are presented regarding the main
automation actors: programmable logical controllers (PLC), computerized numerical controls
(CNC), motion controls and also communication networks and middleware approaches.
Regarding manufacturing systems, the second chapter focuses also the factory and
traditional and reconfigurable manufacturing systems evolution. The Digital Factory concept
is presented from the technical literature standpoint and it is defined in the current PhD
thesis context. Manufacturing systems modeling techniques are too summarized in this
chapter, with graphical, mathematical and simulation methods. Besides the SOA concept,
which is present with both meanings for IT and automation, the technological preferred
implementation solutions of this concept are likewise shortly presented.

In the third chapter the problem is thoroughly presented from the state of the art analysis
and synthesis and also the PhD thesis objectives and chosen solving approaches are
formulated.

In the forth chapter the concepts which allow the solution of the formulated problem are
presented: the architecture of functionalities in the context of the McS and AcS services.
Besides these, a methodology is proposed to split (mesh) the entire manufacturing process
into -,,atomic” sub-processes and also the technologies which may enable the development
of the McS and AcS.

In the fifth chapter the first prototype implementation of the proposed simulation
architecture is presented using current manufacturing simulation software and control units.

At the end of the thesis, with the sixth and seventh chapter the conclusions are synthetically
presented from all of the PhD thesis phases and also the future research directions are
formulated.

Research made within the “Lucian Blaga” University of Sibiu doctoral school, within the
POSDRU/6/1.5/S/26/7706 project, named ,Cresterea rolului studiilor doctorale si a

......

through the Operational Programme Human Resources Development 2007-2013.

Research regarding the digital factory modeling and implementation into real manufacturing systems
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2.

State of the art

State of the art

2.1.1.1 1IEC 61499 - open standard for distributed control and automation

The IEC 61131 standard, which has been widely adopted by the industrial automation

industry, is probably reaching the end of his technological life cycle, mainly because it is not

able to meet the demands for “agile” manufacturing (automation systems which are

distributed, decentralized and flexible regarding the ease of reconfiguration) [98]. The IEC

61499 function block standard, was first standardized in 2005, and plans to solve the later
presented issues [96] that the IEC 61131 is faced with.

Communication Network

1 | | 1

Device 1 Device 2 Device 3 Device 4 Device 5
| Application 1 |
Apphcation 2 I I
| Application 3 |
| R | ] 1
10 TIE I 11 | 0 IR AR LI 11101 e 1 Jrn 1 I O
Controlled Process ]
) System Mode!
Basic
Communication Interface ,$
Communication Interface
a::l:;em ent Resource A Resource B l I Resocurce C l Ecmme
Apphication 1 C
| Application 2 | | U& T K
] I Applicaion 3 | 8
1
Process Interface C: Process Interface |xm
Scheduling function
b) Device Model — -
c) Resource Model :_ o~

@) Function Biock
Types

Fig. 2.1 IEC 61499- Reference Models for Distributed Automation [120]

The IEC 61499-4 standard’s mission strives to the following attributes of systems, devices
and software tools [96] [127]:

Interoperability: the ability of devices from different manufacturers to operate
together and to perform the functions specified by one or more distributed
applications;

Portability: the ability of software tools to accept and correctly interpret library
elements produced by other software tools (other manufacturers).

Configurability: the ability of devices (from different manufacturers) and their
software components to be configured (selected, assigned locations, interconnected
and parameterized) by multiple software tools (designed by different
manufacturers).

Dipl. Eng. Bogdan Pirvu
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Features regarding the ability to support dynamic reconfiguration were also included in the
IEC 61499 standard [96].

The “building brick” of the whole IEC 61499 standard is the function block (FB). The second is
the usage of an event-based execution model.

2.1.2 Traditional and reconfigurable manufacturing systems

A reconfigurable manufacturing system (RMS) is a system designed from the beginning to
allow a rapid change of its structure, its hardware and software components, in order to
easily adapt the production capacity and functionality within a specific parts family [17].

III

RMS represents the advantages of both ,traditional” manufacturing solutions, by adopting
from dedicated manufacturing systems the focus on specific family of parts, and from
flexible manufacturing systems, the possibility to adjust in case of a production variation

without changing the production scheme.

Reconfigurable hardware and software are necessary but not sufficient for a RMS. The core
or the reconfigurable manufacturing systems paradigm is the approach based on system and
open reconfigurable controller design implemented intro modular machines that may be
constructed by synthesis of the moving modules [45]. A RMS system should assure
reconfigurability of: the whole system, the machines hardware and control software system.

Such a RMS system may be easily compared with the ,Plug & Play” system from the PC
industry that offers an easy configuration possibility corresponding to different needs of the

PC system.
[] 1

hydraulic :
i l yunit axis 1 axien
4

CNC IPLC||K Eont'rolle1 PL! ‘ ontrolle
1 X) !
T
—

i1

M1 Mn

LA R J LA R J

pneumatics 1

AC power

Bus system

M = modular mechatronic unit

Fig. 2.31 Modular mechatronic units that compose a RMS[83]

The entities composing such a RMS system should be composed by easily connectable
mecatronic units into different manufacturing configurations. Such an example is depicted in
2.31, in which these mechatronic units are composed out of: a PLC, a drive controller, a
convertor, rectifier and a hydraulic unit [83]. Such a system will allow the interconnection of
various modules in a couple of minutes.

The vision of such an adaptable autonomous system is depicted into figure 2.32.

Research regarding the digital factory modeling and implementation into real manufacturing systems
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Software
components
library

Integrating
mechatronic
model

Configuration file |

Bussystem

e Software
O icomponent A

_~Automated (0o e I3

v “ configuration t Software
T component B e
Runtime :

configuration Component .

component integration Idenimad Component
toot component busmanager O

YT epely——

1 1] |

IHardware and operating system IC pl bus
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Fig. 2.22 Vision of an adaptable and autonomous control unit [84]
2.2 Digital Factory

2.2.1 Introduction

The current context can be characterized by complexity enhancements required by
customers, global competition and a very fluctuant customer demand regarding the product
volume and product type. Remarkable product diversity can be observed to cope with the
global client requirements. A good example is the auto industry, where the major
manufacturers have tremendously developed their product range compared with the 1990s

to cope with the global demands (fig. 2.33)

, Products

Q - ~
Audi 60 Audiquattro | |  R8.AudiQ7, A8, S8, A6, S6, RS6,
Audi 80 Audi 100,200 A6 allroad quattro, A4, S4, RS4,
Audi 80,90 TT Coupé, TT Roadster, A3, S3

Fig. 2.33 Audi product diversity evolution [94]

At this point there can be distinguished a separation between the engineering tools and
manufacturing systems. There is no cohesion between product and process development
and simulation with the production. Even the digital tools are not yet fully integrated, thus,
the so called digital factory engineering tools are still far from integrating the two worlds (fig.
2.34).

Research regarding the digital factory modeling and implementation into real manufacturing systems
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Fig. 2.34 Separate worlds (real factory and Digital Factory) [89]

2.2.2 Definitions

The Digital Factory concept will be used within this thesis in conformity with [112], having
the following definition:

The Digital Factory represents all necessary conditions in order to create an efficient virtual
and real manufacturing respectively the efficient factory.

2.2.3 Manufacturing simulation

Simulation is the behavior imitation technique of a system or process (e.g. mathematical,
mechanical, social etc.) by means of an analogue artificial corresponding system (or process).
Simulation can be seen as a way to observe the outputs of a model depending on its various
inputs [9] or it can be seen as an imitation of the process operations during time [4]. In other
words, simulation can be identified as a behavior analysis method of a real system that also
can determine the effects of exogenous interventions regarding this system.

Simulation is used largely in the industry to model, study and optimize existing or future
processes. Discrete event simulation (DES) is a branch of the simulation methodology largely
used in industry to analyze manufacturing systems. DES is based on stochastic discrete
models.

2.3 SOA - Service-oriented Architectures

2.3.1 Introduction to SOA

The “service orientation concept” is regarded as “an ideal vision of the world in which
resources are cleanly partitioned and consistently represented” [22]. The basic idea of
service-oriented architectures is that all involved software modules — which are called
services — are self describing and can be integrated in an interoperable way [38]. The self
descriptiveness bases on a model based company wide description of communication and

Research regarding the digital factory modeling and implementation into real manufacturing systems
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information models. Reconciling these two principles (building an autonomous system that
is yet interoperable) is very difficult.

SOA is and was used mainly in IT and represents software modules which are executing a
special functionality within a business process.

SOA is neither a technology nor a technology standard. It represents a technology
independent, high-level concept that provides architectural blueprints. At this point the
preferred implementation mean of SOA is through Web Services. Web Service technologies
(e.s. UPnP, DPWS, Web Services) are communication methods between electronic
components over a network (Internet) using technologies like: XML, SOAP, WSDL, WS-
Addressing, WS-Policy, WS-MetadataExchange and WS-Security [37].

s

> Service Discovery

A, Mechanism \
/ == e \

‘f’ . publish - ‘,'. . —“-_\‘ find ‘ ,:} \\‘

“ provide - |

“ |

Service
Requester
.;f'.‘ Pravider Engne request c‘!’ Requester Engine

Fig. 2.46 Service communication mechanism within the SOA concept [57]

An important characteristic of SOA is the loose coupling of services. The term coupling refers
to the degree to which services depend on each other. An agile service environment needs
services that are independent to each other. Thus, service compositions can be done quickly
and with high flexibility. In normal software architectures loose coupling can mainly be
obtained by software modularization and a high degree of cohesion.

The service access is described through its interface. Thus, the requester will be able to
access the service without focusing on the service implementation. In order for services to
interact with each other they shall be first discovered. This is done by means of a service
discovery mechanism (fig. 2.46). So the SOA mechanism has three components: service
provider, service requestor and a service discovery mechanism. Messages are the elements
which are connecting the three components

2.3.2 SOA in automation

For SOA applied to the IT the blueprints are focusing on the slicing and composition of
enterprise applications as services which are technically independent and have a direct
relationship to business functionality. Thus, a service is a software component that executes
a special functionality within a business process. In the automation domain meanwhile, a
service encapsulates mechatronic functionality. The main difference between these two
application fields is the dependence on the location of the hardware that executes the
service. While it does not matter where the physical execution of a piece of software takes

Research regarding the digital factory modeling and implementation into real manufacturing systems

12



State of the art

place, the right execution of a mechatronic function that impact a physical process is heavily
dependent on the location of the hardware. A detailed comparison between SOA in IT and
automation can be found in [66].

Loose coupling of technical processes additionally requires modular design of the
mechatronic components in order to rearrange the hardware structure easily. Thus, the
hardware of the automation devices and the control programs have to satisfy the paradigm
of loose coupling. The ideal case would be SOA applied till the lowest levels, main objective
of the SIRENA perspective [145]. An agile service environment needs services that are
independent to each other. Thus, agile manufacturing systems need loose coupling both at
the hardware and software level.

The benefits of the SOA approach to automation could be summarized as follows:

- Connection of different automation components could be done with ease without
current integration issues;

- A process could be implemented by a certain service succession invocation;

- Programming doesn’t deal anymore with 1/Os and the logic is correlated to the
functional perspective of real manufacturing processes. We are discussing about a
higher level of abstractization;

- A high level of independence could be achieved concerning the hardware and
software and device reutilization;

- The automation pyramid becomes hetearchical.

2.3.3 Orchestration versus choreography

There are two approaches for the execution of manufacturing systems having a SOA
approach: orchestration-based or choreography-based.

The orchestration logic is concentrated in one place and can therefore easily be changed
should the machine need to be extended or reconfigured. Furthermore, the absence of
direct communication between the individual devices greatly facilitates the machine set-up
process as well as the replacement of devices. On the other hand, more time is spent in
exchanging messages between the devices and the orchestrator than in case of direct
device-to-device communication. This may or may not be an issue, depending on the
dynamics of the production machine

While orchestration is an approach oriented towards the execution of processes or
succession of atomic processes, it does not take into consideration different communication
patterns needed to invoke associated services with these atomic processes. Choreography,
one the other hand, defines rules that define messages and interaction succession that need
to take place in order to execute a specific process through a particular service interface
[39].
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3.  Problem formulation, thesis objectives and approach

3.1 Current context

The global market imposes with it a new dimension: the global competition. Companies are
faced with constant customer requests that are generally represented by: quality products
(highly customizable) that are fast available (generally speaking a car is outdated in three
years and a phone even in a couple of months) with a low price tag that arrive on time with
the right specifications at the right place. In this context the companies who will survive and
strive will not be the strongest or the smartest, but the ones better adaptable to change.

Different existing concepts intend to guide the path towards achieving fully “adaptable”
companies at this point. One recent concept, dealing with the issues stated above, is the
Digital Factory. The concept states that in order to achieve attributes like adaptability, there
should be a strong link between the real factory and a digital counterpart of this factory. The
vision is to optimize all parameters in the virtual world (proactive or during operation) and
then to send the data to be used by the real production line. There should be a strong link
between these two entities. The concept is thoroughly presented in the VDI 4499 standard
[151].

One of the major issues deriving from this ideal is the communication between simulation
and the real production line, stated in a general form, or, more specific, the migration of an
optimum production scenario (done obviously by virtual models) to a reconfigurable
production facility. A complete and error-proof migration between the two actors should
offer the agility needed to survive and strive in the global market environment.
Communication between simulation and the real line requires in the majority of cases the
usage of OPC (Ole for Process Control), since only messages can be exchanged.

Major issues stem on one side because of the automated line - with its various controllers
(PLCs stem from different vendors) - and on the other side because of the software tools
both of which, from the beginning of development, were never intended to provide
functionality or mechanisms for “transferring” results from one to the other — simply said
they are lacking cohesion. Each perspective (automation and simulation) over the same
manufacturing processes is completely different and not complete (one deals with low level
programming and the other mechanical aspects — kinematics, collisions, part design. This is
one neuralgic point that does not allow an easy and smooth migration from one
environment to the other.

At this point there is only a state change information exchange (triggering 1/Os), data about
processes are never exchanged. When a problem will occur at the PLC programming level in
the real factory (likely when considering that no simulation is and probably on midterm will
not be 100% accurate compared with the real line) today’s limitations will still apply
(someone will have to understand the PLC programme, interpret it and correct it). No
current approach manufacturing approach is real-process centred.
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3.2 Current simulation approaches

In most cases, manufacturing simulation software (material flow, Digital Mock-Up) has
reached this level by adding different functionality or tools during its evolution. What
remains the same is the basic logic or the architecture that was first conceived. Simulation
software tools were designed to give engineers a better understanding of the system and
take according actions. The needed actions were then presented to the execution level
where the automation and production engineers tried to do their best of implementing what
they have understood. This is the past and present way of doing things.

One current possibility is to model the behaviour of the system by internal logic within the
simulation. By this, the various states of the system (relevant for the controller) are
modelled by Sequential Function Charts (SFC) in Delmia [88] and global variables in Plant
Simulation [80]. Then the SFCs or the global variables are then linked with I/Os (ports). When
a certain event in simulation happens their state (SFC or the global variable) also changes
(this will trigger an event —via OPC - at the controller level).

The other option (in case of Delmia) would be to programme the logic (PLC programme) on
the PLC and to connect I/Os from PLC’s to the simulation ports (visualisation of the logic in
an animated virtual world). Obviously a mix of those two is also possible.

Leitao et al. underlines in his paper [49] that Delmia Automation (other tools offer even
more limitations in terms of validating and migration process from virtual environment to
the real world) enables validation of the control logic in a simulation environment and offers
the possibility of programming various PLCs. But, the migration to the real line has the
following obstacles [5]: validation is achieved by means of simulation model and “a
validation using formal language is missing”; deployment into controllers is dependent on
developed interfaces, “requiring more integration and interoperability compatibilities”; it is

not prepared to allow “multi-agent systems and service-oriented ecosystems”.

To conclude, even probably the best digital manufacturing tool today (Delmia) doesn’t offer

a “smooth” transition from the virtual environment to the real world and vice versa.

3.3 Current PLC approaches

The IEC 61131 standard has been largely adopted by the automation industry, but could be
replaced by the IEC 61499 standard — open standard for distributed control and automation
— that promises to bring the agility needed to face current and future exigencies and offer
attributes like: interoperability, portability configurability and dynamic reconfiguration.

The IEC 61499 standard is based on function blocks and an event-based execution model. It
allows for an application to run over several resources of different devices, thus offering true
distributed controlling capabilities.

Worth mentioning is the ISASGRAF environment, which is the first commercial available tool
to support the Function Block (FB) standard (IEC 61499) and also the IEC 61131 standard.
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3.4 Current middleware approaches

The first main wide-spread middleware solutions were OMG’S CORBA (Common Object
Request Broker Architecture) and the (D)COM (Distributed Component Object Model)
architecture from Microsoft. The common goal behind CORBA and (D)COM was to provide a
technology to allow various applications to communicate over a network. Although CORBA
was developed first (around 1991), it has at its roots some of today’s concepts and trends,
with its SOA fitting and platform independence, differentiating itself from the “younger”
(D)COM approach. The main advantage of Microsoft’s (D)COM technology was that
everything was already implemented and available with Microsoft Windows operating
system. This is the main reason why the Microsoft technology became so spread.

OPC UA (Unified Architecture) keeps all the functionality of Classic OPC but uses state of the
art Web services technology and an optimized binary TCP protocol for high performance
communication instead of Microsoft’'s COM/DCOM technology. Thus OPC UA becomes
platform-independent overcoming one of the major issues of classical OPC. OPC UA specifies
how data is exchanged, while standard information models specify what information is
exchanged [56].

OPC UA offers the possibility to use information models (some basic ones are defined). Using
already defined information models one can define other information models which are
custom. With the introduction of metadata it is possible not just the transmission of
variables, but at the same time how the transmitted data should be interpreted (data over
data).

The major downside at this point is the data transmission speed with OPC UA. Because more
information is exchanged the data transmission speed is low (compared at just a couple of
variables, it is clearly slower than classical OPC) [56]. Another down side would be that not
all aspects of OPC UA are yet available, like for example the server to server communication.

3.5 Problem formulation

An approach that links the manufacturing simulation (process flow and digital mock-ups)
with controllers while having a holistic view of the real processes that take place in
manufacturing is missing. Such an approach can become future industry implementable,
when considering today and future controller and middleware advancements. They are
shortly described in the following paragraphs.

The IEC 61499 open standard for distributed control and automation can be considered
suitable in the above stated approach because of the application model described in the
standard (e.g. a pick and place service), which is able to run over multiple devices (it could
involve one or more robots, a conveyer, sensors and various actors etc.), thus allowing for a
true process orientation approach. This way we can distinguish the real processes that are
happening in the factory and programme the controller accordingly (by having the overview
of the process) and not focus on I/Os.
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The application model from the IEC 61499 standard and its integration within the controller
could be also extended to the simulation models that have service orientation. Simulation
should provide a better outlook of the process that take place in the factory by having this
view. Thus the same perspective of the same real process will exist in both cases (of the
simulation engineer and of the automation engineer).

As middleware, OPC UA is capable of exchanging more data between the automation
pyramid actors compared to its predecessor. It is suitable for our before stated approach
because: it is service oriented, capable of exchanging more data, with a better security,
platform independent and continuously updated and implemented (or future implemented)
by major industrial companies like Siemens, Rockwell Automation etc.

A process (service) oriented manufacturing architecture involving simulation and controllers
is the missing link between a better coupling of the digital world to the real world. As
presented above the advancements in controller technologies and middleware technologies
will allow for a process oriented approach from simulation to the real production lines.

3.6 PhD thesis objective

Goal of this thesis is to propose a novel architecture in case of manufacturing simulation
(material flow and digital mock-ups) that has a strong process orientation approach
regarding the real manufacturing systems. Thus, the thesis accent will be directed mainly
towards the concept level.

By simulation term, in the thesis context from now on, it will be understood material flow
and DMU (Digital Mock-UP)

3.7 Approach strategy for the PhD thesis objectives

To reach the thesis goals the followings concepts are proposed: the architecture of
functionalities and the manufacturing-centred and automation-centred services (McS and
AcS). The architecture of functionalities presumes the splitting of the entire manufacturing
process — considering process specific characteristics and mechatronic aspects- into ,,atomic”
processes. The splitting process should primarily focus a high degree of correspondence
between the ,,atomic” process and its corresponding executing mechatronic device/devices.
Thus, the whole manufacturing process could be shaped as a succession of the “atomic”
processes (fig. 3.3).

In order to allow the atomic processes description and a better information transfer
between manufacturing simulation and manufacturing systems the services - McS and AcS -
will be developed as concepts. These, are developed in order to incorporate the basic ideas
of the IEC 61499 standard, current SOA approaches in automation but also current and
future technologies that allow the storage and transfer of necessary data to fully represent
the manufacturing processes (at the controller level and simulation level) using a single
neutral data exchange format (e.g. AutomationML).

Research regarding the digital factory modeling and implementation into real manufacturing systems



Problem formulation, thesis objectives and approach | 18

The proposed simulation architecture will incorporate the ideas from the architecture of
functionalities and of the Mc Sand AcS - services. Its applicability and testing will be

presented into the fifth chapter, as a proof of concept, that will use current market available
technologies.
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Fig. 3.3 Architecture of functionalities example
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4 Proposed concepts

This chapter deals with the motivation and description of the service-centred concepts
behind the Manufacturing-centred and Automation-centred Services that will enable a
better linkage of manufacturing simulation with the real manufacturing systems. This is done
by encapsulation all the relevant manufacturing aspects (for simulation and control unit)
under one entity, represented by the generic service.

4.1 Introduction

The execution of a SOA-centred manufacturing system implies the usage of service
orchestration or choreography. Thus, regarding the orchestration approach, the whole
manufacturing process execution at the logical execution level, concerns only the succession
of service invocations by the orchestrator.

SOA implies not only the creation of independent and interoperable logical units — the
services - but also a modular (independent and interoperable) mechatronic construction for
a improved hardware reconfigurability and not only logical reconfigurability.

SOA at the hardware level will most likely imply, besides standardization and mechatronic
modularity, the introduction of computing capabilities at the lowest levels within the
automation pyramid.

To support a SOA manufacturing scenario, considering the most general case, modern
manufacturing systems have one or all of the three major components:

- Smart mechatronic components: that have built-in control and intelligence
- Aggregated mechatronic components: built from various number of basic
mechatronic components governed by an internal process control component
(control and intelligence). A good example in this case would be a transport
system.
- Upper process control component that governs over the whole manufacturing
system.
Purely mechanical or electromechanical components could be linked with these three major
components. But we will focus on systems without these components which have or are

linked with control and intelligence.

Imagining a complex production system having each sensor/actor or simple device exposed
as an service it is easily recognizable that the orchestrator has to an overwhelming level of
information in a short time stamp and this will lead to major lags or communication
breakdowns (because all state changes should be interpreted by only one orchestrator). To
avoid this services should be grouped into larger services - compound services - with their
corresponding orchestrator. This way the “master orchestrator” has to deal with only a few
“compound services” in case of production and this will not affect the overall data transfer
speed. It makes sense to group all services from a device into a couple of compound services
(also taking into consideration the linkage with other exterior devices) and a device
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orchestrator for executing the compound servicess. The “Main Orchestrator” orchestrates
exposed compound services and he also manages service synchronization when a process
involves at least two services (compound) over two different devices.

A fully SOA implementation at the manufacturing systems’ level is not possible mainly
because of the following causes:

- Technological:  development of new or derived devices from the existing
technologies for manufacturing (automation) to host services until the device level;

- Software: additional aspects that need to be embedded into services should to be
defined beside standard defined by Web standards;

- Methodological: how the big real manufacturing process can be split up into well-
defined technical sub-process (e.g. services) that are autonomous, interoperable and
reusable.

4.2 Manufacturing and automation-centred Services (McS and AcS)

4.2.1 Premises

A service-based manufacturing and simulation architecture represents a complex hardware
& software lego-system designed to easily build, commission, produce and reconfigure the
manufacturing system in order to meet the market needs. Beside the fore mentioned
prerequisites, the integration with higher enterprise levels (ERP) should be kept in mind.
Identification of the main “lego” constructs regarding different phases of the manufacturing
system will lead to the definition of the main services that can be then used into larger,
compound services. In our approach the services are orchestrated and not choreographed.

For an easy system construction, services should enable:

- Discovery, identification and integration of the newly inserted device into the
system;

- Location of the physical device within the system;

- Description of the device;

- Functionality of the device.

For a thorough commissioning, services should enable:

- Verification of services regarding deadlocks, stability, existence of unforeseen
prohibited states;
- Full mapping of logical and physical characteristics between real line and simulation:
v" Migration of physical and functional characteristics data over a local network or
internet to the simulation environment and vice versa from the simulation
environment to the real line to enable a full simulation description or a full
functioning real manufacturing system;
v Process logic succession migration from the orchestrator to the simulation and
vice versa;
v" Hardware in the loop (HIL), software in the loop (SIL) or both testing scenarios;

For a smooth production, services should enable:
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“Fast” or even hard real time updates of states, variables, emergencies etc.;
- (Pre-)Visualization of previous, current and future processes taking place in the real
manufacturing system on the real line and in simulation;

For a complete reconfiguration, services should enable:

- Update of actual hardware and logical characteristics of the line (deletion of old ones
and insertion of new ones);
- All aspects from the commissioning prerequisites.

For migration of data to higher enterprise levels, services should enable:

- Non real time update of manufacturing systems values or characteristics (parts
produced, failures, physical devices involved in current production, etc.)

- Non real time update of physical system devices in higher enterprise level systems
after a reconfiguration action.

To summarize there are three main scenarios:

a) Only the manufacturing system is working: stopped, stand-by, work in progress.
Information into the simulation or higher enterprise levels should be updated when
requested.

b) Simulation and real manufacturing connected: SIL, HIL, upload and download of data
between the two actuators. At the end the real manufacturing lines is updated with
the latest process execution order.

c) Simulation only, when new configurations are pre-tested. Inputs from manufacturing
line are necessary to upload the devices physical characteristics and the process
logic.

Digital Factory Solution
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Fig. 4.2 Example of a simple service-based manufacturing & simulation architecture

According to these tree main situations two different main service specifications underline
themselves:

- One “light” aspects’ structure for manufacturing only situations (update state,
variable etc. for higher enterprise levels or visualization possibilities on the line and in
simulation). These “light” services will be named Automation-Centered Services.

- One “heavy” aspects’ structure that comprises the “light” one and beside this offers
the capabilities for migration of data from real line into simulation (and vice-versa)
and thus enable commissioning and reconfiguration actions. These compound and
complex services will be named Manufacturing-centered Services.
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These two AcSs and McSs highlight different aspects of the same real process, but depending
on possible scenarios (the three described before) certain aspects from the most general
service are being “hidden or used” to form the AcS’s light perspective, or, on the other hand
all the aspects of the general service are being shown to form McSs. AcSs should embed just
enough aspects (fully or partial) that allows a line to function on its own and update data for
insertion into higher enterprise level reports or databases.

Why there should be two perspectives - AcSs and McSs? There are three major reasons:

- AcSs may be hosted by future sensor an actuator elements with reduced
computational capabilities (SIRENA perspective [145]). McSs will comprise the whole
functionality in the main computational unit (main controller). SOA could then be
implemented also at the hardware level.

- Security. All AcSs ensure the manufacturing system is functioning. Full description is
available only in commissioning or reconfiguration scenarios. Complete data is not
accessible for unauthorized persons.

- Automation. The automation engineer can deal with AcSs for simple tasks or simple
process changes within the orchestrator.

4.2.2 Generic service concept definition

Services in general, are software modules execute a special functionality within a business
process. This is fine in case of a business process but not enough in case of a manufacturing
system. Very important and similar with an application define within the IEC 61499 standard
(distributed control and automation), in this presented approach, a service should be able
run from a single resource on a single device to various resources of different devices (even
all resources of all devices in the most extreme case). In our approach we view a component
as a device. A mechatronic device is composed out of mechanical, electrical and
computational elements. These elements should also be visible for someone who is using a
specific service not necessarily used when the real production line is working but if it is the
case of building a system from ground up. Thus, some other characteristics a service should
comprise, besides the general ones considering current Web-standards specification
(identification of the service, the control logic and the component’s functionality), in order
to adopt it for the complex manufacturing systems. These could be:

- Description of the device’s physical characteristics (mechanical, electrical,
computational) - devices over which the service runs. Very important in case of
malfunction or in the case of the manufacturing system connection with simulation.
Physical characteristic could be imported directly in the simulation thus achieving a
correct physical description.

- Physical relationship of the device to the manufacturing environment. Where is
device located within a manufacturing system related to other devices?
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- An implementation characteristic. This should link together the functionality of the
service (read, write in case of a RFID device) with the physical description via a
communication technology. This deals with the internal inter-connections within a
service regarding the hardware upon which it is executing on. Traceability of physical
logic with the service functionality can be this way achieved.

- Aggregation characteristics. Our service should be viewed as a holon. It can represent
itself a whole but also a part of another whole (sub-whole). Thus, inter-connection
with other services (at the same lever or regarding upper levels) should be foreseen
at its interface capabilities to create a “compound” service. This will allow building
complex services to fully describe the manufacturing of a specific product.

- Service orchestration or service choreography characteristics regarding the service.
The selected approach will definitely impose different prerequisites from the
architectural standpoint of the service. The later implies surely an additional
interaction because there will be no more an orchestration from a fixed point but
rather an negotiation between various services in order to achieve a service process
model (which in case of the service orchestration resides in the orchestrator).

Interface
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description
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Mechanical, physical description
Electrical & within the functional
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Implementation
Implementation

Implementation

Implementation

Fig. 4.3 Aspects encapsulated by AcS Fig. 4.4 Main aspects of a general service — the McS

Considering the previous stated characteristics for services regarding production
manufacturing we may define such a service as an context independent software application
compound that encapsulates and interconnects the identification of the service (basically its
unigue name), functionality (e.g RFID_1: read, write), physical description of the device and
its relationship to the environment (data sheet) with the physical communication technology.
We will name this complex software compound which is this most general service for
manufacturing (later named as Manufacturing-center Service — McS — fig. 4.4). Thus a

general manufacturing service has these main aspects:

1. Identification: it is necessary for an unambiguous service selection or addressing;
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2. Functionality: it is necessary to effectively identify which and what functionalities
does the service have. The functionality aspect is composed out of sub-operations
their corresponding parameters and description (a RFID service will have read and
write operation- see table 5.3 from [65]). Nevertheless the computational unit that is
running the functionalities has to be also regarded.

3. Data Sheet: within the service this aspect serves for the mecatronic description and
location of the stand alone device or devices on which the service is running. The
device’s relationship to the production environment should also be described (e.g.
location of the device). It has these main elements: mechanical, electrical, pneumatic
and logical. This is a storage file of all the needed data and interconnections to build
current or previous virtual representations of the system into the simulation
environment. Necessary for building a system from ground up (in simulation or
reality).

4. Communication: this aspect reveals which physical communication linkages exist
regarding the physical environment and which communication technologies and
maps are used for service to service communication. In the most physical general
case this would involve machine to machine communication over a network,
between devices or between resources of within a device. Necessary for diagnostic
purposes.

5. Implementation: this aspect comprises all the needed elements that allows for a
mecatronical unit to function stand-alone. Many, if not most, of the needed aspects
are the ones encapsulated into the functionality and the communication aspect.

6. Inter-connection: a very complex aspect of the service. It is like “binding material”
that allows the aggregation of the previous aspects into one unity and also for the
aggregation of basic services into composed ones (that are running from one device
to a finite number of devices). This could be represented by the Enterprise Service
Bus when thinking of the most complex compound service at the highest level. (e.g.
Produce the X product). Interconnections could be structured into two parts: internal
and external inter-connections. Internal inter-connections are complementing the
implementation aspect in order to allow an update of relevant “components” of the
Data Sheet. This will allow, when needed, an update of the current production phase
into various components of the data sheet that can be shortly uploaded into the
simulation system or higher enterprise level systems. The external inter-connections
are responsible for coupling services to each other to form a higher compound
service. This will also have to deal to the succession of each sub-service that it is
made of.

7. Interface: is used to access/discover the service from outside the service.

Figure 4.5 identifies the general manufacturing service’s aspects within more devices (for
representation simplification the device uses also a SOA approach to its design). A device has
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from 1 to n resources. One resource groups together mechanical electrical and
computational elements that in the end offer a specific functionality.
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Fig. 4.5 Device perspective regarding the main aspects general service (McS)

4.2.3 Enabling technologies supporting the concepts implementation

For the implementation of the service concepts — McS and AcS — there are needed two
major components in order to start programming the services. One component is
represented by a SOA implementing technology in the automation field (e.g. DPWS) that is
verified in a research or industrial frame. The SIRENA frame does just that, being one of the
remarkable examples of SOA capabilities with the first industrial example — the dozer [7]
[38].

The second major component is represented by the existence of a storing and exchange
format between the control unit of a manufacturing system and the simulation. These data
have a unified structure that have an integrated perspective of the production perspectives,
which today, in the best case, are represented by proprietary exchange data formats. The
appearance in 2006, of the neutral exchange data format — AutomationML —, that integrates
under one format information, regarding not only the device topology, CAD representation,
kinematics and logical states of the system (everything based on XML and IEC 62424 - CAEX),
but also the possibility to attach in the future further aspects — that are also XML-based-,
supports the Data Sheet aspect creation of the McS service.

Considering these two fundamentals technology pillars that are currently existing and will
surely mature, we can safely formulate that it is possible and feasible the Mc Sand AcS
programming in the context of the new simulation architecture proposed by the thesis.
Thus, the whole manufacturing system processes and a more precise simulation can be
constructed just by a succession invocation of services.

4.3 Proposed simulation architecture

The simulation architecture concept has at its basis the architecture of functionalities and
the McS and AcS services that are implemented through three actors: the orchestrator, the
simulation and the real manufacturing system (with its various control units).
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Fig. 4.10 Basic design of architecture

The first rectangle at the concept level (fig. 4.10) (represented by dot-line) represents
splitting the whole manufacturing process “into” atomic sub-processes (that execute a
specific functionality of the whole process) and the description transfer of their functionality
—backwards or forward — under a certain formalism that should allow their verification for
avoid unwanted global or sub-system states. One possible validation formalism of the sub-
process state are the Petri nets. After the state validation of the whole system takes place,
the validated states are embedded into services. By the service succession orchestration
both simulation and manufacturing system can be controlled.

4.4 Methodology for meshing manufacturing processes

The simulation architecture proposed by the thesis is based on splitting the whole
manufacturing process into “atomic” sub-processes. A splitting methodology is of great
interest because till this point the division of the whole manufacturing process is done by
the designers’ experience.

The whole manufacturing process needs to be split into sub-processes that will be
embedded into services. Generally this is done in a much customized way by the designer
because until this point there are no architectural tenets how to build independent and yet
interoperable and reusable services in case of manufacturing. In our methodological
approach the basic procedure presented in [27] has been augmented with a verification
phase. In case of a simple demonstrator deadlocks or unwanted states can be clearly
identified but when dealing with complex systems it is very important to verify all aspects.
The verification phase implies the service description under Petri net formalism. Petri nets
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are used for verification because there have a strong mathematical mechanism regarding to
their creation and functioning.

The methodology (fig. 4.13) has a top-down approach. It is composed out of six sequential
stages where the following should be defined:

1. Description of the manufacturing system: the whole manufacturing system should be
formally described and its scope defined. The manufacturing system’s
subcomponents (modules) are identified and undergo identical analysis as the whole
system (formal description and scope).

2. Requirements of each module: the identified modules (at the previous stage) are
analyzed (using for example UML use-case diagram) and specific requirements are
identified. At the end of this stage a set of functional units should become visible for
each module.

3. Functional units construction for each module: at this phase all functionality needed
for each module (determined by UML use-case diagram) is determined. Thus, all
functional units are being defined. This may be systematically done using a
Production Flow Schema (PFS) / Petri Nets (PN) approach [114] [33] [97] PFS may be
used for the concept model construction for each functional unit. This could be later
transferred (mapped) into a PFS activity. This in turn is refined till it reaches the
necessary details to ensure proper functionality in a PN. Construction of the PN
model (functional units) may utilize the transition fusion approach used by [29]. The
PN constructs are very helpful because verification and functional analysis can be
tested due to the mathematical basis of the PN that they are now defined by.

4. Verification and analysis of the service (functional unit) model: formal PN analysis
techniques combined with simulation techniques (e.g. HPSim) may be used to test
the models for: deadlocks, stability, existence of unforeseen prohibited states, etc.

5. Encapsulation of functionality into components (compound functional units): different
functional unities are encapsulated into components. This encapsulation can be
done, for example, to have a closer resemblance to the hardware modules or for a
more visible and understandable process.

6. Real line validation: Codes are written into device components / control system.
Depending on the possible problems that may emerge a reiteration of the whole
methodology starting from the second phase will most probably solve the issue.

Using this methodological approach the functionality aspect from the general service (McS)
can be thoroughly determined and validated. The approach identifies also the hardware
linked with the functionality aspect (Phase 1) proving valuable information to define the
other general aspects (Data sheet, Interconnections, Communication, and Implementation)
from within a McS. Furthermore, applying this methodological approach to various
manufacturing systems typologies would lead to general guiding lines and/or pre-
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Fig. 4.13 Methodological approach for the functional units delimitation and verification
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5 Conception of the prototype architecture

In this chapter there will be a detailed description of the implementation of the basic
simulation architecture using current material flow simulation (Plant Simulation 9) and
controllers (PLC).

5.2 Architectural concept implemented into the prototype
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Fig. 5.3 Architectural concept implemented into the prototype

As shortly presented into chapter 4.3, the proposed simulation architecture (fig. 5.3) has at
its basis the architecture of functionalities and the McS and AcS services that are
implemented through three actors: the orchestrator, the simulation and the real
manufacturing system. The first rectangle at the concept level (fig. 5.3) (represented by dot-
line) represents splitting (meshing) of the whole manufacturing process “into” atomic sub-
processes (that execute a specific functionality of the whole process) and the description
transfer of their functionality under a certain formalism. After the state validation of the
whole system takes place, the validated states are embedded into services. By the service
succession orchestration both simulation and manufacturing system can be controlled.

The prototype implementation reduces the simulation architecture to only two entities: the
simulation and the manufacturing system. As depicted from picture nr. 5.3, at this prototype
simulation architecture, in the simulation environment the manufacturing splitting process
takes places and also the orchestration and simulation model are residing here. Obviously
the implementation of the basic architecture (in the upper side of fig. 5.3) could have a more
complex implementation like in figure 7.1 or 7.2. Thus, the basic architecture remains the
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same, and its implementation may vary depending on the available technologies. Current
technological limitations imposed the approach presented into figure5.3.

To summarize, the first prototype implementation of the architecture has the following
characteristics:

- Orchestration and model simulation reside both in the simulation environment (Plant
Simulation 9). The orchestration will coordinate the simulation model and the control
unit (PLC) of the real manufacturing system;

- Testing of the sub-process states will not takes place due to the reduced number of
sub-processes that compose the manufacturing systems’ functionality;

- Services which in the general concept were shaped into McS and AcS, are replaced by
objects within the simulation and the service calls are replaced by function calls
(allowed by the OPC specification) between the simulation and the control unit of the
manufacturing system. McS and AcS programming is not the target of the thesis,
because their development has a high degree of implementation issues which was
estimated beyond a two year period taking into consideration a twenty people
programming team. Another limitation is the lack of OPC UA implementation at the
software applications level, both in simulation and control unit, in order to exchange
more real process relevant data between the two;

- The control unit of the manufacturing line will use a S7-300 PLC controller
manufactured by Siemens, largely adopted by the manufacturing industry;

- The simulation environment — Plant Simulation 9 — will operate on Microsoft
Windows XP operating system to benefit from the implemented OPC application
interaction capabilities based on the (D)COM technology.
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5.3 Basic simulation architecture concept implementation

5.3.1 Description of the Mobile Module manufacturing system
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Fig. 5.4 Mobile Module [58] Fig. 5.5 CAD model of Mobile Module [80]

The manufacturing system that was used to implement the simulation architecture is named
the “Mobile Module”, which represents one unit from SmartFactory" platform

(Kaiserslautern), where the new and future technologies are researched.
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Fig. 5.8 Loading process [59]

The functionality of the manufacturing system is to load pills into boxes (located on
transporters) that move on a conveyer (fig. 5.5) — built by the GRASSLIN company
(approximately one meter high, having rectangular shape composed out of four straight
transporting belts). The number of pills is read from an RFID tag which is glued on the pill
box, with the read-transponder. After a pill box is loaded, on the RFID tag is written that the
box is full with the second transponder on the line: the write transponder. In the loading
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process the pills are manipulated with a wheel that has special places where only one pill
fits. The pills which are dropped from the wheel in the pre-loading pill buffer are counted

with a light barrier attached to the source’s structure (fig 5.8, 5.10).

The pre-loading pill buffer will open only if the pill box is still present on the container in the
loading position. The presence of the box that has to be filled is sensed by an ultrasonic
sensor. The containers are sensed with inductive sensors that activate or deactivate the
stoppers. There can be only one container in the loading area; all others will wait until that
container will leave the loading area. Locations of all sensors and actuators can be identified

in figure 5.11 (upper view).

Description of the complete process executed by the Mobile Module is thoroughly
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Fig. 5.9 Mobile Module functionality [59]
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Fig. 5.11 Actuators and sensors of the Mobile Module (upper view) [80]
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Fig. 5.12 Mobile Module process description

5.3.2 Software package used for orchestration and simulation modeling

Discrete event simulation (DES) is a branch of the simulation methodology largely used in
industry to analyze manufacturing systems, and such a methodology is used by Plant
Simulation 9. The DES software Plant Simulation is part of the Siemens PLM package and
allows the creation of digital simulation models of logistic systems (e.g. manufacturing
systems) that helps explore the system characteristics and optimize its parameters. These
digital models allow running experiments and what-if scenarios without disturbing existing
production systems or — when used in the planning process — long before the real
production systems are installed. The results provide the information needed to make fast,
reliable, smarter decisions in the early stages of production planning [144].

Using Plant Simulation manufacturing systems can be modelled and their processes
simulated. In addition, it can optimize material flow, resource utilization and logistics for all
levels of plant planning from global production facilities, through local plants, to specific
lines [144].
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5.3.3 Main implementation aspects of the simulation architecture

The Plant Simulation digital model includes both the orchestration and the simulation model
of the Mobile Module (with lower detail level are represented the Siemens, SAP modules,
present at the 2009 CeBIT event, by the Siemens and SAP frames). The separation of the
orchestration from the simulation model is done by creating two distinct frames: one
corresponding to the global aspects orchestration — that enables the global functionality -,
and, the second frame, that comprises the “local/internal” behavior of each important
object of the simulation model — that enables the internal functionality.

The basic architectural implementation (fig. 5.13), with the simulation model done in Plant
Simulation, follows the SOA concept tenets — independence and interoperability between
entities. Thus, the simulation model construction strives at creating independent and
interoperable entities, and the process succession to be achieved by orchestration. The date
exchange between simulation and control unit is implemented at the orchestration level by

B Production unit orchestration S

-~
o Orchestration of sub-processes™ ~

5 .
I Load pills Load confirmation

an OPC interface.

Simulationmode); — - --" " - - o mmmmmmm e

Fig. 5.13 Simulation architecture implementation into the first prototype

The simulation model orchestration is done with the logic implemented into the Logik frame
by the contained objects, and obviously by the discrete event engine of Plant Simulation.
The Logik frame represents the bounding element between the simulation model -
represented by the objects from the SF_mobile_module — that executes the global level
logic. The internal/local logic is done mainly by the objects existing in the following frames:
RFIDtagREader, Pillsource, pillalimentation, RFIDtagWriter toghether with the Line object
and the movable units (aluminiumcontainer, pill_container, pillbox, pill).

The orchestration focuses mainly the interaction logic at the filling process (fig. 5.9). The
methods that represent the interaction logic between the objects located in the simulation
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model (SF_mobile_module) are triggered mainly by sensors located at the Line object level
(e.g. sensor2, sensord, sensor7 methods etc.). Besides these methods, in case of the
orchestration, we have also the global variables. They play a crucial role in the interaction
between the objects at the simulation model, but, extremely important, are the global
variables (e.g. Linear_Schieber, k, c etc.) that trigger the PLC state change correlated with the

events taking place into the simulation.
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6 Final conclusions. Main thesis contributions

6.1 Final conclusions
The final research conclusions can be summarized as follows:

- The Digital Factory concept can be applied at the industrial level on a large scale; the
benefits of the entire concept implementation lead to more efficient manufacturing
systems and a smoother migration of optimized manufacturing scenarios, from
simulation to manufacturing systems (and vice-versa), can be achieved;

- Currently the Digital Factory concept is in an early implementation phase,
characterized by the lack of all simulation tools integration (e.g. Siemens PLM) and
also a reduced level of application interaction between manufacturing simulation and
manufacturing systems, that is currently executed by the OPC specification;

- Improvement of Digital Factory concept implementation could be done by
integrating all simulation and manufacturing applications by the OPC UA specification
— the IEC 62541 standard; also, the implementation time of an optimum
manufacturing scenario at the manufacturing level can be significantly reduced by
using distributed control units (e.g. PLC in compliance with IEC 61499);

- The OPC UA specification proves versatility not only at the transport level, with its
two transport protocols (one based on Web services and the other based on an
optimized binary TCP protocol), but also at the informational level modeling with
meta-modeling capabilities. Although it reaches lower transfer speeds, compared to
OPC, this disadvantage can be overcome be the coexistence characteristics of OPC
UA with OPC;

- OPC UA is not yet fully implemented (in the best case partially) at the manufacturing
simulation level. The classic OPC specification is still the middleware solution adopted
by the major engineering simulation packages (Delmia, Siemes PLM etc.);

- Service-oriented architectures applied to the automation level, that implies the
development of independent and interoperable modules (software and hardware), in
order to allow a flexible and simpler approach in case of manufacturing
reconfigurability, using currently as implementation technologies the Web-based
approaches (e.g. WS, DPWS, UPnP), are gaining more interest and attention in the
research and industrial field;

- Encapsulation at the service level, not just of functional and control aspects regarding
devices but also the correlation and augmentation of the fore mentioned ones with
relevant simulation aspects, represents the thesis proposal for the Manufacturing-
centred Service — McS;

- In the perspective of achieving the ultimate SIRENA goals, that is to apply SOA to the
lowest levels of the automation pyramid (field devices), the Automation-centred
service — ScA —represents a “light” aspect structure of the McS, in order to be hosted
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by future computational capable field devices and to stand alone assure the
manufacturing systems functionality;

A new simulation architecture is proposed, that is based on: the architecture of
“functionalities” — that presumes splitting (meshing) of the entire manufacturing
process into “atomic” sub-processes depending on the process and technological
restrictions, the usage of the McS and AcS services for the atomic sub-processes
description at the simulation and controller level, and the control mechanism, of
both simulation and manufacturing system, by the orchestration of the service
succession. Thus, in the thesis vision, an implementation improvement of the Digital
Factory, respectively its integration with manufacturing systems, can be achieved.

A first prototype is developed, to integrate the simulation architecture, using current
technologies from the manufacturing simulation (Plant Simulation 9), middleware
(OPC) and control units (S7-300 Siemens controller). The prototype demonstrates
also the current simulation approaches limitations.

Manufacturing systems modeling using just mathematical methods is not a viable
solution because of the modeling complexity, reduced scalability, intractability and
modeling time; as recommendations mathematical methods should be applied to
“narrow” areas where process bottlenecks are earlier determined by other methods;
As optimal accepted manufacturing modeling solution by industry is the discrete-
event simulation technique besides an object-oriented derived method.

Original contributions

By this PhD thesis original contributions have been brought regarding the Digital Factory

modeling and implementation into real manufacturing systems, contributions published or
to by published by the author ([54], [77], [78], [79], [80], [81]), inland or abroad, as follows:

Regarding the theoretical standpoint:

Most scientific and technical published results from this field have been synthesized
as a bibliographical study;

An analysis has been performed concerning where manufacturing simulation can be
used independently, together and separately from the manufacturing system. Two
major cases resulted that recommended the development of the McS and AcS -
services;

The augmentation necessity was formulated regarding the current SOA approaches
(applied in automation) with specific simulation elements. The augmentated service
is theoretically defined and is called Manufacturing-centered Service — McS.
Supporting the development of field devices with computational capabilities, the
Automation-centred service was theoretically defined, service which encapsulates all
necessary aspects to allow the complete functionality of an automated
manufacturing system;
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- The technological premises, AutomationML and the SIRENA frame, where presented
to support the McS and AcS implementation;

- The architecture of “functionalities” concept was formulated in order to “mesh” the
whole manufacturing system — depending on the technical and process limitation,
into “atomic” sub-processes;

- A possible meshing methodology was presented to split the entire manufacturing
processes into “atomic” sub-processes and to verify the system states after the re-
composition of the entire manufacturing process by means of “atomic” processes;

- A new simulation and manufacturing simulation architecture was proposed that
incorporates the architecture of “functionality” and McS and AcS service concepts,
that allows primarily the construction and coordination of both simulation and
manufacturing system, but also could verify the system states after the global
“atomic” units functional composition.

Regarding the practical standpoint:

- A first simulation architecture prototype was built. Thus, at the simulation level
(Plant Simulation 9) the orchestration and simulation model were integrated, and the
real manufacturing system was controlled from the simulation by the OPC interface;

- A better control possibility from the simulation was demonstrated, concerning more
actuators belonging to the manufacturing system (Mobile Module), by using the
standard OPC interface;

- A CAD model in Catia v5 was constructed, so that the simulation animation in 3D was
closer to reality;

- A synthetic documentation was conceived regarding the steps that need to be
followed to configure and verify the OPC server and client;

- A usability test was conducted regarding the OPC interface from Plant Simulation 9,
and improvement solutions were proposed to Siemens PLM;
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7 Research outlook
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7.1 First improvement scenario

The main research direction is focused towards an improved implementation of the
simulation architecture, but also the development of manufacturing processes “splitting”
approach.

A first simulation architecture implementation improvement would be the orchestration
outside (fig. 7.1) of the simulation environment (same host or a different host accessible via
LAN connection). This could be achieved by the “atomic” process description by means of
Petri nets. Thus, possible system states could be verified, and the orchestration may be done
by a Petri net engine (possibly in Matlab) outside of the manufacturing simulation. Linkage
between simulation and PLC will be done by an OPC interface. Still, at this phase a process
data exchange between simulation and controllers is not yet possible due to the lack of a
better middleware specification implementation.

A second major improvement step would be the encapsulation of the McS and AcS aspects
as software implementation. The current vision is to use the DPWS technology, the currently
most promising Web-based technology, and, to integrate this, with the neutral exchange
format AutomatioML. Thus, both the migration and execution of both simulation and
manufacturing system could be further improved. Application interaction, between
orchestrator, simulation and control unit, will most likely imply OPC UA, because of the
extension of the needed information exchange, compared to current implemented
middleware approaches (mainly OPC).

Research regarding the digital factory modeling and implementation into real manufacturing systems



Research outlook | 40

One of the last phases would be to integrate the last two major steps: orchestration outside
of the simulation and a real process data exchange between the simulation and the control
unit using as communication infrastructure the Internet (fig. 7.2). Thus, the hardware
implemented into the simulation architecture could have an evolved representation like the
IEC 61499 controllers or a microcontroller-based approach (fig.7.2). As simulation
environment both Delmia and Tecnomatic platforms could be used, and, as communication
infrastructure may be used the Internet.

The final objective would be to apply the architecture till the field device level, thus, a one to
one correlation between the physical representation and functionality. So, the level of
abstraction would be identical both in simulation and regarding the simulation.

Research regarding a manufacturing processes “splitting” approach will be also researched,
in order to determine the means to recognize, reuse and standardize the “atomic” sub-
processes and respectively the corresponding services.
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7.2 Future implementation scenario
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