Review of Digital Twin applications in manufacturing

In the Industry 4.0 era, the Digital Twin (DT), virtual copies of the system that are able to interact with the
physical counterparts in a bi-directional way, seem to be promising enablers to replicate production systems
in real time and analyse them. A DT should be capable to guarantee well-defined services to support various
activities such as monitoring, maintenance, management, optimization and safety. Through an analysis of the
current picture of manufacturing and a literature review about the already existing DT environment, this
paper identifies what is still missing in the implemented DT to be compliant to their description in literature.
Particular focuses of this paper are the degree of integration of the proposed DT with the control of the
physical system, in particular with the Manufacturing Execution Systems (MES) when the production system
is based on the Automation Pyramid, and the services offered from these environments, comparing them to
the reference ones.

This paper proposes also a practical implementation of a DT in a MES equipped assembly laboratory line of
the School of Management of the Politecnico di Milano. The application has been created to pose the basis to
overcome the missing implementation aspects found in literature. In such a way, the developed DT paves the
way for future research to close the loop between the MES and the DT taking into consideration the number

of services that a DT could offer in a single environment.
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1. Introduction

With the new paradigm of Industry 4.0, manufacturing evolves to include smart objects [1], basing
on the concept of Cyber-Physical Systems (CPS), defined as “systems of collaborating
computational entities which are in intensive connection with the surrounding physical world and
its on-going processes, providing and using, at the same time, data-accessing and data-processing
services available on the internet” [2]. These new autonomous systems are capable to elaborate and

communicate data and to build a copy of real processes in a digital environment in real-time [3].

The main enabling technologies of the Industry 4.0 that characterise CPSs (such as Big Data and
Cloud computing as support systems to read big sets of data from the field, store and analyse them
[4,5] and Internet of Things (IoT) to remain connected and extract data) are also the basis for a new

simulation approach, which leverages on the pervasive connectivity in production systems to offer a



real-time synchronization with the field. This new simulation approach is generally referring to the
elaboration of Digital Twins (DT) [6]. Although much literature was produced on the topic, a
general definition and an agreement over its features and scopes has not been reached yet.
Considering its close link with production management issues, it becomes highly valuable to
understand the features of the applications of DT and to compare them with what is suggested by
literature. This paper aims at exploring the existent literature about the practical applications of DT,
identifying the gaps between the theoretical features of the DT and the applications. Then, this
paper proposes an application in a laboratory environment that poses the basis to overcome the

found gaps.

To this aim, the next part of the introduction this paper is structured as follows: firstly, the
automation pyramid structure, the most commonly used structure in industrial field, is illustrated in
section 1.1. Then, in section 1.2 the innovations in this field are showed highlighting the role of the
mentioned CPSs and the related Digital Twin (DT). Finally, in section 1.3 this paper will condense
the main points for a reflection on the current scenario, needed to better illustrate the objectives of

the paper.

1.1 Relation to the Automation Pyramid
Each industrial automated process is commonly based on the Automation Pyramid, a centralized
structure composed of five layers, as in Figure 1 [8]. On the left of the figure lies the automation
pyramid (https://visaya.solutions/video/old-new-automation-pyramid/), on the right the
corresponding production management level [9]. The figure also shows the Manufacturing
Execution System (MES) functions listed by the Manufacturing Execution System Association

[10].

(i) The three lower layers (0 - 1 - 2) are summarized as the control layer, including: electrical

engineering layer, Programmable Logic Controllers (PLCs) / Distributed Control
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Systems (DCS) and Scada/HMI layers,

(i) the middle layer (3) is the Manufacturing Execution System (MES) that guides the process,

and

(iii) finally on top there is the Enterprise Resource Planning (ERP) layer (4) aimed at integrating

organizational functions for better customer support and planning [11].
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Figure 1. The automation pyramid, the correspaﬁding production management level [9,12].

In this structure, the MES guides the manufacturing process, monitoring all the steps of a product in
the production system in a centralized way. Among the MESA-identified functions, some are
directly linked to the production process (such as scheduling and quality control), while others
(such as resource management and traceability) are best described as cross functions, not strictly
related to the production process but supporting a higher point of view. Thus, all MES functions are

not on the same level, as suggested by De Ugarte [13].
1.2 Digital Twin in CPS-based systems

Introducing the new technologies mentioned above, manufacturing industries future vision is often
depicted in literature as based on CPSs [14] or on Cyber Physical Production Systems (CPPS) [15]

and on the associated concept of the DT.



CPSs represent a promising future within the Industry 4.0 context and offer to enforce the flexibility
of the automation pyramid-based manufacturing systems [16], showed in section 1.1. CPSs, by
definition, have both a cyber and physical nature. In the cyber part, they will be suitable to host
computations, that cover data analysis and on-board simulations. The simulation may be:

- synchronized with the field (physical part of the CPS) but is limited to the boundaries of the CPS
itself (e.g. a single workstation);

- a higher-level simulation, that is hosted outside the CPS system itself. This simulation may in this
way replicate both single workstations and the whole production system behaviours, as data are
collected from the single CPSs.

The latter type of simulation, when synchronized with the field, complies in all aspects with the
definition of DT given by [17] and reported in [6,18]: “The DT consists of a virtual representation
of a production system that is able to run on different simulation disciplines that is characterized by
the synchronization between the virtual and real system, thanks to sensed data and connected smart
devices, mathematical models and real time data elaboration. The topical role within Industry 4.0
manufacturing systems is to exploit these features to forecast and optimize the behaviour of the
production system at each life cycle phase in real time”. In this vision, the future of manufacturing
is characterized by entities, CPSs or CPPSs, able to collect data directly from the field and to
replicate the physical production system in the cyber world through various digital models that
compose a DT; i.e. these models open the way to a real-time synchronized simulation of the
physical equipment [6]. The digital models also encompass a proper data modelling to allow for
interoperability of various models and tools, to offer a common vocabulary and to provide to the
system knowledge about the information the digital models elaborate: all of this is well supported

by semantic models, such as ontologies [19,20].

As said, the DT is related to the CPS and is seen as its digital counterpart. The concept of DT is still

evolving and its definition has matured over the years as Negri reports in [6]. The DT was initially



employed by the NASA to replicate the life of the air vehicles. DT were used for health analyses i.e.
crack propagation [7], or for improving maintenance activity and planning. Then, it was also
introduced to digitally mirroring the life of the physical entities and to support decision making
through engineering and statistical analyses; in this wider perspective it started to be used also in
other fields such as industrial engineering [17]. In its essence DT can be considered as an
environment that can support different types of simulation or is considered as a simulation itself,

which is synchronized with the field in a near to real-time fashion.

An interesting interpretation is given by Kritzinger, that proposes in [18] a review of the DT
literature depending on the interactions between the physical object and the relative virtual object.
In this sense, a proper DT is the one where the virtual object exchange data flows with the physical
one in both directions (physical-to-virtual and virtual-to-physical directions). This means that the
virtual object can eventually act on the control system of the real one. This DT interpretation is
depicted in Figure 2 together with the other two categories mentioned by [18]. (i) The Digital
Model does not entail any interactions between the physical and virtual objects. (ii) The Digital
Shadow, where only the physical object sends data and updates the virtual one. It includes the
Digital Model, the data acquisition protocols and the simulation software to simulate the digital
model. In this case, the interaction between cyber models and physical objects is monodirectional.
(i1i) As stated by Kritzinger [18], and illustrated in the context given by this paper in Figure 2, the
Digital Shadow can become a full Digital Twin only when the dotted line connecting data coming
from the Digital Shadow (the virtual twin) with the real system is realized, therefore when the data

flow is bidirectional from the real system to the DT and vice versa.
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Figure 2. Digital Twin (DT) schema
The DT is often used to offer specific analyses, related to the considered system and to its lifecycle,
according to the services that a DT may offer, as listed by Tao et al [21]. As we will recall later, not
all services are needed for all systems, but having them at disposal in one DT environment may be
useful for industrial decision makers that do not need to carry out different analyses in separate
digital environments.
Considering the nine services listed by [21], they can be grouped in these categories:

e Real-time state monitoring, used to update the virtual twin in real time;

e Energy consumption analysis;

e Product failure analysis and prediction, and product maintenance strategy, that have in
common the analysis of the real-time state data and historical data to predict a fault and
construct a maintenance strategy;

e Intelligent optimization and update; this service is based on the analysis of the user’s
operation habits and product behaviours data to improve the product and/or the production
process;

e Behaviour analysis and user operation guide, used to obtain the operations done from the
users and/or giving them some user guidance to visualize the system updates with a user-

friendly HMI (Human-Machine Interface);



e Product virtual maintenance and product virtual operations; given a 3D environment or
software, these services elaborate and show the operations or the maintenance strategy to the
user.

The challenge in offering these services in a single environment leads to the fact that some of them
need a 3D graphic interface and others only analyse data without requiring any graphics. Also
noticeable is that some of them (e.g. “Intelligent optimization and update”) are based on this
mutual exchange of information between the real and virtual object, the DT must offer specific
services, that recalls again the concept introduced by Kritzinger [18].

1.3 The current scenario

To sum up, the adoption of a DT must ensure that it is connected to the physical twin. In case the
physical system it mirrors has the characteristics to be considered a CPS, this will make the DT
implementation easier because its synchronization passes through a direct field connection hosted
by the CPS itself. Also, the DT does not have a unique definition or a unique reference model yet,
but Figure 2 provides the reference concept of DT for the purpose of this work.

In practice, research on CPS and DT is still ongoing, and in most cases manufacturing systems at
companies are equipped with traditional machinery which is hierarchically based on the automation
pyramid: the production is planned in the long run by the company information systems (such as
ERP), and the sequence of operations is controlled by the MES of the systems (referring to the
levels of the automation pyramid of Figure 1). In these cases, it is more difficult to introduce an
implementation of DT in the systems and to integrate it with an existent MES-based equipment.
This paper wants to investigate the DT applications present in literature, to understand how the DT
is used practically on real systems and what are the services offered. Particular attention will be
given to the improvement that can be made to boost the usage of a DT inside the already existent

systems, given the importance of the additional information and analysis provided by this tool.

The structure of this paper is the following: in section 2 the objective and approach of the work are



better outlined; section 3 reports the literature review about the DT applications; in section 4 the
creation of a DT in a laboratory environment and the related results are described; section 5

discusses the created DT environment; section 6 proposes hints for future work and final remarks.

2. Objective and approach

As already said, research about DT is ongoing as a promising topic for decision making in various
fields, among which the manufacturing field is one of the most relevant [22]. The present paper
aims at proposing an overall vision on the DT application for production systems. The main
objective is to identify the discrepancies between literature and implementations of DT, starting
from a literature review on the DT applications. The paper also aims at proposing a DT
environment in laboratory where this topic can be further studied, posing the basis to overcome the
discrepancies found.

More in detail, the literature review investigates the practical DT applications in an industrial or
laboratorial environment, relating them to the definition of DT given in literature and to the services
proposed by [21]. This review is carried out in line with the definition of DT in the classification

done by [18].

3. Review of Digital Twin applications in literature

As mentioned, researchers and practitioners still do not agree on a unique definition of DT. A lot
has been said about its role in the Industry 4.0 paradigm, however, only few practical examples are
reported in scientific papers that do not show the same technological features and functionalities. It
is therefore of paramount importance to investigate previous research works about DT application
in production environments. Scopus was used as research literature database, considering the papers
in English language in the last 5 years (starting from 2015 to 2019). The reason for the choice of
this time span is that DT in production systems in the Industry 4.0 meaning were first proposed in
2015, as shown by [6]. As reported before, this paper wants to investigate the practical

implementations of the DT of production systems in industry or laboratory environments,



understanding the principal application purpose of the DTs created, which services are offered
among the ones described by [21] and how the architecture for data acquisition and simulation was
built (including dataset acquisition and protocol, model and used software). For this reason, the
literature research was executed on Scopus with the logical expression of keywords: (“digital twin”)
AND (*manufacturing” OR “production” OR “operations”), updated until April 2019.
Regarding the research, the total number of result articles were 309, among which several articles
had to be excluded as they were not useful for the purposes of the analysis (point 1 in the
“Objectives and approach” section) for the following reasons:

e Some of them did not explain the development of the DT and the architecture to support it;

e Others were only theoretical articles, dealing with DT or more in general about Industry 4.0

without showing any practical application;
e Some articles did not actually report applications in the manufacturing domain;

e Some others were not downloadable.

As a result, 52 articles were included in the analysis, all reporting DT applications in industrial or

laboratory manufacturing environments. Table 1 reports the results of the analysis of the articles.
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Table 1. Literature review about the DT applications (Legend: « means that the characteristic has been considered and implemented in the DT

application; v means that ithas been considered but not implemented).



The table reports several articles — one in each row — identifying the name and year of publication
(in the first column) and the type of publication, whether it is a Journal publication (J), a conference
contribution (C) or a book chapter (BC) (in the second column). It is possible to notice that most of
the papers (29) were published during the year 2018. Twelve were published in 2019 (until April).
The rest of papers (11) included in Table 1 are from 2017. This suggests that the research on this
subject is still ongoing and is growing in the recent years. Among the articles selected, 24 were
presented to conferences and 25 published in journals, three are extracted from three different
books, demonstrating the high scientific importance of the treated subject. In Table 1, the articles
are clustered following the *“Application purpose” for the development of the described
manufacturing DT. This column shows that the DT can be constructed for a variety of different

purposes:

1) The DT can be used to ““Support the production system management” with the construction
of a DT called “installer base management system” that assists in data structuring and
management of machines [25], identifying the design for automated flow-shop
manufacturing systems [24], supporting the supply chain management through data

monitoring [23,26];

2) The DT can help to “Monitor and improve the production process™, sometimes optimizing
it: this is done with the creation of a system architecture for the virtualization of
manufacturing machines (VMM) [27], integrating multiple dynamic simulations [28],
monitoring a machine tool [30,31], monitoring product parameters during production [35], a
single process [34,36,44,45], an assembly process [33,41] or a production line [42,43,46].
The proposed improvements are reached by reducing the energy consumption [37,40],
increasing the productivity performances [39], or limiting geometry faults in the additive

manufacturing processes [32,38];



3)

4)

5)

6)

7)

8)

The DT can also be used to “Support the lifecycle” of a machine process [47], like in

material recovery [76] [48].

The DT application is also used to “Handle the flexibility” of the production systems [49-
52];
Other articles introduce the DT for “Maintenance” purposes [48,54-59], such as

reconditioning of old machines [53];

DT was also considered helpful for ““Safety reasons’ in human-robot interaction [61,63,64],
in monitoring of a smart wearable equipment [67], or in the manufacturing process of a
produced part [66], within a virtual reality (VR) visualization platform creation [65] or with

a HMI visualization environment [60].

In some cases, the DT is used for the ““Design” of a machine [68,72], of a laboratory
environment [71], of a product or production environment [69,73] or for the redesign of the

working environment [70].

Finally, the DT was also used to evaluate the “Performances of a cloud-based DT, that are
mainly aimed at verifying the speed with which the data are updated in a cloud environment

[74,75].

The remaining columns of Table 1 are commented in the next sections.

3.1 System features

The “System Features” columns describe the system type taken into consideration in each article.

Accordingly, the production systems can be grouped in three categories, that are listed below. Each

article is marked with a black circle according to the type of production system:

The “Ad-hoc system” is a production system which is set up for the purpose of the DT



research reported in the article. It is therefore relying not on closed proprietary systems, but
on open protocols and programmable boards. In Table 1 seven articles developed “ad-hoc”
systems to build DT: for the management of a didactic production line [26], to construct a
MES in Android systems [43], to build user guides for safety reason [60,62], and to evaluate
the performances of a cloud-based DT [74,75];

The “Closed system” is a closed and proprietary production system, in industrial
environments and sometimes also in laboratories. The considered system is synchronized
with DT simulation directly without the use of additional sensors or other external devices to
build the DT application since the DT simulation usually runs on simulators that are native
or from the same vendor of the production system;

The “Hybrid systems”, the systems in Table 1 where both the boxes “ad-hoc” and “closed
system” are checked. These systems are closed proprietary ones but some “ad-hoc” elements
are included to realize the DT environment, i.e. additional sensors or programmable boards.
In some cases the production system is equipped with additional sensors to perform different
analyses [37,39,45,67], or for the design of a single process [71]. In other cases, the system
is considered with the addition of cameras: in particular, in one case the system is a
production robot that will be in the future controlled from data coming from the cameras
through its DT [61], in another case is used for remote training of a robot [64] and in the last
case is used to evaluate the design of a process line [69].

The “Industrial/Laboratory production” column reports whether the production system on
which the applications were developed are industrial (1), laboratory (L) or if there are no
information about it (n.a.).

Additional details on the type of laboratory and/or its location are given in the “where”

column.



3.2 DT Implementation Features

The columns under “DT Implementation Features” in Table 1 reports the architectures used to
support the DT.

- First, the analysis highlights the “Scope” of the DT, i.e. the level of detail of the system
replicated in the DT. It can be at different levels of details: equipment piece, workstation or
production system level or applied only at the product level. There are aspects that can be
faced from each level of detail, i.e. [42,47,53,56]; in other cases DT can be developed
contemporarily for two or three different levels of detail, as in [23,40]; but in most of the
cases DT are usually developed on a single scope level, i.e. [24,30,31]. In most cases, the
scope is strictly related to the application purpose, e.g. for the purpose “Support to the
management of the production system” both the machine/process of the production line
level of details are investigated; the equipment piece and the product scopes are not used, as
they would not give any additional information for that purpose. The same concept can be
extended also for the application purpose “Handle flexibility”, related only to the
machine/process or to the production line. The other “Application purposes” are instead
applicable to all the scopes in Table 1.

- The “Data acquisition” section shows details about the *““Dataset” and ““Protocol” to
acquire data from the production system.

o The former checks if the analysed contributions explicitly mentioned the formalism
of the acquired dataset and the acquisition protocol. The dataset description is
showed only in nineteen articles: in four cases a description is done using Unified
Modeling Language (UML) [25,51,63,73], in one case only with the Sequence
Diagram (SD) [75]. In other cases, the description is less detailed and shows only a
dataset description with machine data [31] a class diagram description of the data

[39], an XML format of the data [26,35,54,72]. In the rest of the cases different



environment are used to describe the dataset, like HDF5 File [66], MongoDB [27],
SQL Database[45,56,65,67] or ISO-compliant data model [48].

0 The acquisition of the data is always performed with the use of a protocol. From
Table 1, it appears that different alternatives are possible but the Open Platform
Communications Unified Architecture OPC UA and Transmission Control
Protocol/Internet Protocol (TCP/IP) connection seem to be the most used.

The “Simulation Features” considered in Table 1 are strictly related to the considered type
of system. If a system is closed and proprietary (as defined in “System Feature” section), the
used software of the DT is most of the times the system vendor one. This section reports the
“Software” used to describe the “Type” of the simulation environment and the “Name” when
available, of the software tool used, finally what type of simulation “Model’” was developed.

o0 The software can be of different “Types”: external (E) and adapted to the system,
therefore opening the possibility to further re-adaptations to a variety of other
systems. The software can also be proprietary (P) and specific for the system
considered. If there is no mention to the used software, “n.a.” is written in this
column.

o From the “Name” column, it can be noted that there is not a prevalence of one
environment with respect to the others because the environment is directly related to
what information must be extracted. This is also related to the model used to analyse
the data extracted.

0 Regarding the “Model”, the articles selected in Table 1 can be divided into different
categories. Five articles use a 3D dynamical Finite Element Method (FEM)-based
model [32,34,38,55,66] and one that uses a multi physical model to represent
different physical aspects [57]. In two cases is used a prediction model [25,63], in
other cases the representation of the production system is done with a Discrete Event

System (DES) model [28,37,41,44]. Eight articles did not use any model, but they



extract information from the system experimentally, analysing the acquired data
[26,43,45,49,50,52,56,71]. The most used model is the 3D kinematical model, used
by the remaining articles in Table 1.

- Another feature to consider in the “DT implementation Features” is the “Cloud Usage”. For
this aspect, the articles considered can be divided into two different categories: (i) those that
effectively use a cloud and build a cloud-based DT application, marked in the table as «
[27,34,37,43,47,48,54,56,62,67,74—76], (ii) those that construct the DT application in a
virtual space with the use of a software highlighting the possibility to build it also in a
cloud-based environment, marked in the table as v [25,28,31,46,61,68]. If the cell is not
checked it means that no mention to the cloud has been made in the article.

- The last important “DT Implementation Feature”, “Control of the real system from the
digital copy”, responds to the question “Is the real system controllable from the DT?” and is
related to the services offered by the DT environments. Tao gives indications on what are
the services that a DT must offer, which are all requiring the DT to be connected to the real
system [21]. For this reason, this feature highlights if the real system is effectively
controlled by the digital counterpart (marked as ) or at least could be controlled by it in
future works (marked as v). If the cell is not checked it means that no mention to the

possibility of controlling the physical system through the DT has been made in the article.

3.3 Digital Twin Services

The analysis also considered “Digital Twin services” offered by the DT environments taking as
reference the services by Tao [21]. It is possible to classify the analysed papers in two groups:

1) DT that offer services connected to state monitoring, energy consumption, maintenance

support and data analysis for optimization (in Table 1 these four services are the ones on the

left);



2) DT whose main services are visualization of the behaviour of the system or offering user
guidelines, as an example through user-friendly HMI [56,60], or through virtual reality 3D
systems in a software [42,61,65], or with the use of Smart Glasses [62].

Some DT applications in literature do not comply with one of the two mentioned groups, as they are
developed specifically to offer one single service, such as only for system monitoring ([67,72]), or
for performance optimization ([41,64,73]).

Also, there are papers that mainly belong to the first group but also offer services of the second
group ([39,40,50,70]), and vice versa ([56,61,62]).

The services offered can be analysed also in relation to the “Application purpose” that they want to
fulfil with the DT construction. In some case the application purpose can be realized with different
services, i.e. in case of “Monitoring and improve production process”, “Handle flexibility”, “Safety
reason” and “Design” the improvement performed can be of different nature and can be realized
with each of the services listed in Table 1. (i) In case of “Monitoring and improve production
process” rarely the services “Energy consumption monitoring”, “Behaviour analysis for user
operation guide” and “Product virtual maintenance operation” are offered; (ii) for “Safety reason”,
the “Energy consumption monitoring” is never used, and rarely “Failure analysis and
prediction/maintenance”; (iii) for “Handle flexibility” both “Energy consumption monitoring” and
“Failure analysis and prediction/maintenance” are not considered; (iv) for “Design” purpose,
“Failure analysis and prediction/maintenance” and “Product virtual maintenance operation” are not
offered. (v) For the purposes “Support to the management of the production system” and “Lifecycle
support” only the first four services in Table 1 can be useful, and it is worthy to note that for these
types of purpose the “Energy consumption monitoring” is never used. (vi) In most cases, the
purpose “Maintenance” is accomplished with the service “Real-time state monitoring” and the
strictly related service “Failure analysis and prediction/maintenance”, rarely the other services are
used also if they can be really useful, i.e. it could be helpful to know the profile of the energy

through the “Energy consumption monitoring”. (vii) For “Cloud-based DT (CBDT) performances”



the services offered are monitoring and the optimization, in the sense in this case of optimization of
the connection established. In this case, providing the other services does not add real value for the
CBDT creation. Nevertheless, providing all the services in the same DT application means to
provide all the application purposes in a single environment, using each service for different
purposes. From Table 1, it can be seen that no DT applications in literature give all the services

proposed by [21], but at most two or three of them contemporarily.

3.4 Overall findings of the Review

To sum up, the DT can be applied at different scope levels, and in each case the required structure
to build it seems to be the same. The schema identified is showed in Figure 2. The Real System is
represented with the layers of the mentioned automation pyramid (Figure 2), the construction of the
Digital Shadow starts from the data acquisition in a virtual environment, that can be done with
different protocols. Successively, the acquired data are analysed and processed with the use of
digital models that open the way to representing the real system in the chosen virtual environment
with a (simulation) software. These first steps are needed to give the final shape to the Digital
Shadow. As it can be seen in Figure 2, when the Digital Shadow is bidirectionally connected to the
main controller of the real system (that is the MES in the case considered in Figure 2) for decision
making, the overall system becomes a proper DT.

First gap - DT integration with control system

The majority of the proposed DT applications do not mention the connection of the DT
environment to the control system of the physical equipment. The only articles that actually perform
a control of the real system (i.e. in Table 1, column *“Control of the real system from the digital
twin”) are “ad-hoc systems” [43,74,75], meaning that they used open protocols and programmable

boards. The reason could lie in the fact that “ad-hoc” systems do not have a centralized structure



that controls the production/process in a MES-like way and because of this they can be controlled
from the DT.

Second gap - Offered DT services

Only a limited set of services are offered in one single DT application, according to the
classification made by Tao [21]. As said before, the scope is in most cases strictly related to the
application purpose; rarely a DT of an equipment tool is scalable to the production line level. A
comprehensive application of a DT of production systems that offers all services is not proposed
among the ones in Table 1. Besides, it is a major challenge to offer a higher number of services in
the same environment, because, certain services need a graphical representation and others just
elaborate data without the use of graphics. Having all the services offered on the same environment
can be useful in case of complex decision making, that needs different aspects analysed at the same
time. The majority of proposed applications cannot fully offer the services from Table 1 by [21],
and this places the related DT in the area of “Digital Shadows”, that do not reach the full DT
potentials [18]. In fact, without the bidirectional interchange of information between DT and its
physical counterpart, there is no possibility to offer some services (e.g. optimization of the

processes).

4. Digital Twin creation

This section illustrates the development of a DT that poses the basis to overcome the gaps found in
the previous section. The proposed DT is built with the purpose of energy consumption monitoring,
inside the Industry 4.0 Laboratory (14.0 Lab) of the School of Management of Politecnico di Milano

[77].

4.1 The production line

The production line installed in the laboratory, showed in Figure 3, was designed to assemble a



prototypical mobile phone, with the following assembly steps (form 1 to 7 in Figure 3): the
“Manual Station” (1), loading/unloading station where the production starts, the “Front Cover
Station” (2) where the Front Cover is positioned on the pallet, the “Drilling Station” (3) where the
cover is drilled, the “Robotic Cell” (4) where the Printed Circuit Board (PCB) and the fuses are
placed inside the front cover, the “Camera Station” (5) controls that the pieces inside the front cover
are well positioned, the “Back Cover Station” (6) places the back cover on the front cover, the
“Press Station” (7) presses the two covers to close the piece. Finally the finished assembled part
returns to the “Manual Station” (1) where the operator unloads it. Number 8 in Figure 3 is the
bridge that can switch the production flow either to the robotic cell or to the camera station,

according to the single mobile phone routing.
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Figure 3. Industry 4.0 Laboratory production line

All the stations inside the Laboratory are equipped with: Band, PLC, Application module and HMI.
There is no buffer, and the automated conveyor is the only handling system to move the products

from station to station. In this system, a certain number of carriers moves around the line and are



stopped in each station to perform assembly operations and in the meanwhile to read/write the

information about the products using the Radio-Frequency IDentification (RFID) technology.

As showed in Figure 3, the entire production line in the laboratory is connected to two computers.
The first one is equipped with the MES system from which the production orders are launched, and
the production itself is controlled. The other computer hosts an application that monitors the
energetic behaviours (i.e. electric current, power ...). All the stations of the line and the computers

are connected to the laboratory network and have their unique IP address.

4.2 Data Acquisition

The 14.0 Lab is equipped with OPC UA, a machine to machine (M2M) communication, that has
been used for Data Acquisition for the DT. This is the most recent OPC specification generated by
the OPC Foundation that intends to unify all the existing OPC technologies. This type of protocol
allows software tools to establish a unified architecture with industrial equipment and systems for
data collection and control and is also already used for industrial automation, as appears in the

literature review section (3.2).

OPC UA has also its own defined security mechanism, thus an extra encryption layer
implementation is not needed. Further details and more description of design aspects of OPC UA

for industrial application can be found in [78].

Matlab and Simulink are used for the modelling and for the Data acquisition inside the laboratory,
following the indications by [79]. Matlab is a computing environment developed by MathWorks
(https://it. mathworks.com/). Simulink, always developed by MathWorks, is the correspondent

environment for dynamical simulations. They use the client/server implementations integrated in

the OPC Toolbox™,


https://it.mathworks.com/

This toolbox allows the user to work with data from live servers or historical data and conforms to
the OPC UA standard required to exchange data to or from the servers

(https://it. mathworks.com/products/opc.html?s_tid=srchtitle).

Since all the modules in the 14.0 Lab are equipped with PLCs that use OPC UA protocol, it is
possible to create a connection in real time with the facilities by means of the OPC UA Toolbox.
Figure 5 shows the OPC UA client/server connection scheme, where multiple clients can be created

at the same time to query the servers.
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Figure 5. Schema of the OPC UA client/server connection.

This type of data exchange standard is a safe, reliable, manufacturer-independent, and platform-
independent industrial communication. It enables secure data exchange between hardware platforms
from different vendors and across operating systems. It is a way to extract data from PLCs and
computers in order to analyse the productivity of production systems, optimize machine parameters,

or plan predictive maintenance.



4.3 Modelling DT through machine states

This section will describe how the DT of the 14.0 Lab was developed with Simulink. Noting that all
the stations in the laboratory present the same features and similar components, the DT is developed
for a single station and then replicated and tested for the other stations. As an example, Figure 6
shows the Front Cover Station, that will be taken as a reference to illustrate the DT development
here proposed. The same procedure can be replicated for each station of the line, taking into

consideration the characteristics of each machine of the production line itself.

Figure 6. On the right the overall structure of the Industry 4.0 laboratory of the Politecnico di

Milano, on the left the front cover station considered for the DT application (https://www.festo-

didactic.com/int-en/).

The DT development consists in building a virtual copy of each station in Simulink, that replicates
its behaviour while the production is running, and connecting them, in a way that simulation is real-
time synchronized with the field. As identified in the architecture of Figure 2, the two major
identified steps are firstly to find a way to extract the data in real time and successively to find the

right model to replicate the station inside the virtual environment.



When it comes to extract a big set of data in real time on Simulink through OPC UA Toolbox with
a simple MATLAB function, some tests in 14.0 Lab proved that this solution gives a big delay
between the real values displayed in the HMI of the station and the ones on Simulink. The use of a
simple MATLAB Function wastes time in the connection at each cycle during the simulation. For
this reason, another MATLAB Function has been taken into account: The Level-2 MATLAB® S-
function (https://it. mathworks.com/help/simulink/sfg/writing-level-2-matlab-s-functions.html).
Thanks to this function it was possible to connect a client to the PLCs of the station only once at the
start of the simulation. Then, thanks to the OPC UA toolbox, knowing the path of each needed
signal, it was possible to reach and read each corresponding value at every sample time. The first
step to construct the DT was the building of the mentioned Level-2 MATLAB® S-function to
visualize the data from the field in Simulink. The functions Application Programming Interface
(API) allows to use Matlab language to create custom blocks with multiple input and output ports,
capable of handling any type of signal produced by a Simulink model. This function itself
comprises a set of callback methods, that the Simulink engine invokes when updating or simulating
the model. The callback methods perform the actual work of initializing and computing the outputs
of the block defined by the S-function. Each block of Level-2 MATLAB® S-function used to

acquire data use basically three methods:

e The Setup, where the number of Inputs and Outputs of the function is defined, such as their

DataType (i.e. int, boolean, etc.), Complexity and Dimension;

e The Start, the most interesting functionality of the Matlab block. This method allows to do
the connection to the server only at the start of the simulation of Simulink and to store in

memory the addresses of the variables in the Level-2 Matlab S-Function block memory;

e The Output, that permits to associate each PLC signal address to a variable. When the output

is set, the real-time values of the PLC signals became the Output of the Level-2 Matlab S-



function block.

The production line must be replicated starting from these data extracted from Simulink. Being an
advanced simulation, the DT needs to rely on a properly designed Data Model to construct it. Each
machine can be modelled through a set of machine states identified in literature [80]. In alignment
with the machine states found in literature, the identified states in the stations of the laboratory are

[81]:

e Idle: the conveyor in the module is moving, but no operation is performed, the machine is

waiting for a piece to work;

e Working: the machine is performing an operation;

e Energy-saving mode: the machine is on, but the belt is not moving to save energy when

there is no piece to work immediately;

e Fault: the machine is down due to abnormal behaviour and shows an error message in the
HMI. Only when the fault is fixed and the operator responds to the error message in the
HMI, the work cycle resumes. The machine is in fault state in case the emergency button is

triggered by the operator or there is a machine error.

Finally, Figure 7 on the left shows how the values acquired were combined to replicate in real-time
the machine states of each station in laboratory. As it is showed in Figure 7 on the right, an output
number was assigned for each machine state and that permits to univocally identify the machine

state and to make analyses.
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Figure 7. Machine States created by combining the signals from the PLC.

The DT model in Simulink is showed in Figure 9: from the left there are firstly the functions that
extract the data - through the Level-2 MATLAB® S-function - from the front cover station with the
mentioned OPC UA protocol. Similar modelling has been elaborated also for the other stations of
the line. In the middle of Figure 9, the three functions under the name “Machine state identification”
identify the state of the machine analysing the acquired data. Finally, the functions for: energy
consumption computation in real time (above), knowing machine state and the power consumption;

data storage (below), to extract the data also outside the Matlab environment.

4.4 Functionalities of the proposed Digital Twin

Once identified the combination of sensors that gives the exact machine state in laboratory, it was
possible to better represent a single station of the production line in a digital environment. The

following functionalities of the DT were created:

e Energy consumption computation of the station;

e Collection of the data (sensors and actuators) read from the PLCs and their visualization in a

graphical user interface (GUI) Figure 8;

e Tracking of each carrier inside the production line.



Energy consumption is a topic that was already treated in literature based on the machine states of a

single machine [80,82]. The function that computes the energy consumption, identified in Figure 9
as “Energy consumption computation” function, was created as an example to prove the multi-
disciplinarity of the Digital twin environment within the H2020 MAY A project as was discussed in
[81]. It takes as Inputs the machine states, the instantaneous power from the Energy box server and

the sample frequency of the running simulation. The function works performing these steps:

e It counts how long the station was in each machine state i: ¢;;

e |t computes the mean value of the Power in each machine state i during the simulation: P;;

e |t computes the Energy consumption for each machine state i: E; = P;*t;;

Both the data collected and analysed can be visualised in the GUI represented in Figure 8.
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Figure 8. Graphical User Interface (GUI) in Matlab/Simulink to visualize the information of the

front cover station in a user-friendly way.

This allows easy usage of the DT of Figure 9, since the user is not required to know the code that
leads to the creation of the DT, the data extraction is clearer and more readable. All these data may

be stored inside the MATLAB workspace and if the dataset is too big, the function “storage of



useful data” of Figure 9 can be used to store data in a “.txt” file at each time step.

The last functionality of the DT is given by the usage of the stored data to track the production.

From the “Analysis” button of the GUI in Figure 8, when the simulation has been stopped, the data
can be analysed to understand the steps performed by the carrier during its passage through the
station. This functionality was created to improve the traceability of the product in line with the

H2020 PERFoRM project (http://www.horizon2020-perform.eu/).
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4.5 Results of the DT in laboratory

The DT environment developed in the “DT creation” section, showed in Figure 9, was

used to prove how a first introduction of the DT might bring benefits to the production

and, in particular, to investigate the impact of connecting the DT to the MES system.

Taking into consideration the MES functions reported by the MESA [12], two of them

clearly receive a positive impact through the addition of a DT in a production system

(Figure 2) :

Data collection and acquisition: From the data collected in real time to identify

the machine states, it is also possible to obtain the energy consumption data, also
in real time [83]. This application case gives the proof that with the DT
environment the analysed data are stored and analysed in real-time, as in the
MES. The important aspect is that all data from the field are stored in the DT as
showed in Figure 10 (solid black line), increasing the number of collected data,
avoiding sensors and actuators data loss. This represents a benefit, reminding
that the MES system only stores aggregated data, after elaborations and

analyses. Raw data from the field are lost Figure 10 (solid black line).

Product tracking and genealogy: The importance of storing the acquired data

from the field from sensors and actuators is underlined in the tracking of the
piece. With more data, it is possible to obtain a higher level of granularity of the
historical track of the product with respect to the tracking given by the MES
system inside the laboratory Figure 10 (dotted black line). The data tracking by
the MES system is only related to start and end of the operation Figure 10

(dotted black line), giving a picture in real time of the current situation of the



completed and non-completed jobs. With the DT it is possible to save the history
of the information from the field, retrieving — for example — where the carrier
was in the system at a certain time in the past. This could not be done by the
MES that provides the location of the carrier only “now” (i.e. at the current

time).
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Figure 10. MES interface in laboratory.

Another improvement given by the proposed DT is the possibility to acquire data that
come from different sources in the same environment, for example data from two

different PLCs. To sum up, benefits are of a double nature:

e In real time data are collected in the digital environment can be read and

analysed, stored inside or outside the Matlab virtual environment;

e With a historical data perspective, the stored more granular data can be used for

a posteriori deeper analysis.



5. Discussion

The proposed DT poses the basis to overcome the gaps from Section 3.4. The analysed
DTs are limited in the number of services offered, never extended to the entire set of
services of reference given by [21], and they are usually not integrated with the existent
control system, making the DTs closer to a “Digital Shadow” [18] without reaching the
full DT potentials mentioned in the “Introduction” section.

In the presentstate of research progress, the proposed DT has the following
characteristics.

» The environment created in laboratory is focused on the energy consumption
computation, but the proposed architecture can be used to extract any data from
the servers available in laboratory. The Simulink environment can be used to
perform different analyses, also on the same dataset, with the same procedure
showed for energy consumption. For this reason, it is a good DT environment
not only for the services of “monitoring” and “energy consumption”, but also
for the others as it can be seen in Table 1. An exception must be done for the
“Product virtual maintenance or operations” service, because there is not
already a defined Matlab/Simulink tool that could transform the sensor data
into a 3D guideline for the operator. There is instead the possibility to extend
the GUI created into an HMI guide for the user through the collected data.

» The available MES in laboratory is supplied with a TCP/IP communication
language that allows to write messages to the MES itself, also from the
Matlab/Simulink environment; it seems to be a good test bed to experimentally
understand how the DT should be integrated inside a closed system already
controlled by a MES. In fact, the laboratory MES is not completely open and
programmable but is flexible enough to perform a first attempt of integration

with the DT created in Simulink in future works.


https://context.reverso.net/traduzione/inglese-italiano/state+of
https://context.reverso.net/traduzione/inglese-italiano/progress

These two peculiarities of the presented DT application can be considered an
improvement with respect to the others DT presented in Table 1 and set the research
work in a focused direction, considering that:

1. In most of the cases, nothing is mentioned about the general potentiality of the
created DT; they mostly show the single analysis done to create the DT without
mentioning if it is possible to perform other analyses on it.

2. Only in one case the DT is constructed in Android application to be itself a MES
for the system [43], in the other cases, already showed in Section 3, the
integration with the MES is mentioned only in a theoretical way.

Summing up, this paper proposes a simulation model that is still in the realm of Digital
Shadows but poses the basis to achieve a complete DT, that focuses on monitoring
machine states and their relative energy consumption and that allows different analyses
in the same environment related to the different services that can be offered from the
DT [21], with the future possibility to integrate the DT with the MES of the laboratory
in order to perform decision making from the DT, reaching the full DT potential as a

properly DT defined by [18].

6. Conclusions and future work

In the most recent years, the DT in industry has received a relevant attention from both
researchers and practitioners. Manufacturing is one of the most promising contexts
where the DT may be successfully applied for concrete benefits in terms of maintenance
and operations monitoring and optimization.

The article frames the research on DT as follows. Nowadays production systems are
still “traditionally” controlled with the automation pyramid. However, the advent of
CPS may lead to less hierarchical and more flexible control approaches. CPS are by

nature cyber and physical, with a deep connection between the two worlds. In



particular, the cyber part may host or be connected to simulations that are thus
synchronized with the field (that literature commonly denominates DT). However, to
have a full DT it is not only necessary to have data coming from the field to simulation,
but also to be able to act from the simulation to the field, by offering monitoring and
optimization services and by actuating decisions on the production control system [18].
For this reason, DT in their full functionalities may be included in new more flexible
and flatter production control approaches, whose way is opened thanks to the CPS.
This paper brings a contribution to the research on this topic, by firstly exploring the
applications of the DT in manufacturing and the related services offered by them with
reference to [21]. From this analysis, some misalignment was identified between the DT
implementation and its description in literature:

o Each DT offers only some of the services that such platform should offer [21];

o0 Each DT takes data from the real systems, but this communication is never bi-
directional with the field.

This paper also proposes the development of a DT of a laboratory line to lay the
groundwork in overcome these gaps. The suggested DT monitors energy consumption
during line operations based on machine states. The purposes of this development are
the following:

» The DT constructed in laboratory seems to be a good example of a single
environment that offers the highest number of services promised by the
introduction of the DT [21], from what appeared in literature until now;

» The DT can give the basis to future works on the integration of the DT with the
control system, that is generally a MES when the system is closed and

proprietary.

The connection of the DT to the production system of the laboratory has brought to



specific extensions of the functions of the MES of the laboratory production line, with
respect to those mentioned by [12]. The acquisition of more data from the field
guaranteed a more detailed information on the production with respect to the existent
MES system that controls the line, demonstrating that the use of DT may enhance the
availability of the field data, to be elaborated for a more consistent autonomous decision
making, exploiting the presence of intelligent systems, such as CPS. This takes
particular importance with respect to the Industry 4.0 wave, where data take the leading
role to a higher comprehension of industrial processes and interactions for a deep digital
transformation. Companies are at different levels of readiness and maturity in this
process [84,85] and this contribution aims at demonstrating practical implications of the
use of DT for those companies willing to invest in the direction of the digital

transformation.

Future works should close the control loop, by using the MES to act on the system,
according to specific decision making and management rules. The developed DT
proposed in this paper complements the MES of a closed proprietary system adding
additional information, without sending any feedback to the MES. The open challenge
is then to allow the DT to control the processes of a line also in closed proprietary
systems, controlled by a MES system. It is extremely important to investigate this
aspect to achieve more benefits from the DT, given that most of the production systems
are ruled by a MES. In this way, decision making on important aspects, such as
scheduling, energy consumption, safety, maintenance and quality management, could be
made in a fully reactive way through DT to the MES. This is possible when the DT not
only provides a richer information flow to the databases (as demonstrated by this
contribution), but also with a proper structuring of rules that are provided to the MES.

As emerged also from section 3, this is possible only thanks to the use of proper data



models, to store data and on which rules would be written, such as reported by [19]. In
other words, future work should leverage on the proposed work to elaborate a full DT

[18].
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