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Abstract. Systems engineering (SE) approach is undergo-
ing constant change and is already being used in many
companies as part of product development. This ap-
proach, which offers many advantages in collaboration,
efficiency and product quality, as well as cost, can meet
the challenges of Industry 4.0. Various tools are needed to
implement SE. These include a PLM system for collabora-
tion during development, as well as various simulation en-
vironments that are brought together to form a co-simu-
lation. One way to enable communication for this is to use
the OPC UA communication standard. The application of
the SE approach will be illustrated using two application
examples, namely a holistic simulation of a production
plant with energy management and a teaching course.

Introduction

The automation of production systems is characterized
by high technical complexity and strong interdiscipli-
narity. The planning of an industrial plant requires the
coordination and integration of various specialist disci-
plines such as mechanical, process and electrical engi-
neering or software with regard to the procedure and
work results.

In this context, automation as a connector ensuresthe
correct interaction of various disciplines. The Industry
4.0 approach and the associated increase in IT penetra-
tion in the manufacturing industry are significantly in-
creasing the relevance of digitalization in production.

Thisis already evident during product development,
because engineers from different disciplines already
work together as part of systems engineering. This re-
quires a data platform that ensures data consistency and
enables access, as well as the possibility of exchange
through all disciplines.

This article first gives an overview of the methodol-
ogy of continous engineering and classifies the develop-
ment methodology according to the VV-model. It will then
be shown how the individual disciplines can participate
synchronoudly in asimulation and thus how virtual com-
missioning can succeed.

Finally, the application of integrated engineering will
be presented based on two use cases; on the one hand, the
methodical approach at university with students as a ba-
sis for future collaboration in the company and, on the
other hand, the development of a co-simulation for an au-
tomated production plant in an industrial company.

1 Continuous Engineering

In modern mechanical engineering, there are hardly any
purely mechanical products anymore. The share of elec-
tronics and software or machine control in the product
development process (PDP) is not only continuously in-
creasing, see Figurure 1, but is also becoming more and
more complex.

Whereas in the 1980s an industrial plant consisted
mainly of mechanics and mechatronics was more of a
supporting accessory, today it is the software that deci-
sively determines the functionalities of a plant. The rea-
sons for this arise from customer requirements such as
process flexibilization and networking of al plantsin op-
eration to enable simple operation and monitoring of pro-
duction [1].
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Figure 1: Proportion of individual disciplines
in the PEP [1].
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Therefore, successful product development already
requires successful interaction between various fields of
expertise: mechanical engineering, electrical engineering
and computer science, especially software engineering.
This complexity can no longer be covered by a small
number of people, so devel opment teams haveto be more
interdisciplinary and larger than they were in the past.
This inevitably means that the groups also have to work
together in different locations in different time zones.

1.1 Definition of Mechatronic Systems

The term "mechatronics’ is an artificial word composed
of mechanicsand el ectronicsand refersto "the synergetic
interaction of the disciplines of mechanical engineering,
electrical engineering and information technology in the
design and manufacture of industrial products, aswell as
in process design” [2]. The interdisciplinary interaction
of ahigh number of coupled elements, interfaces and in-
teractions of the mechatronic modules with each other
makes the application of ahalistic, cross-disciplinary ap-
proach to system definition indispensable. This also in-
cludes communi cation and cooperation between the indi-
vidual disciplines[3].

For this reason, new development methods based on
the fundamental idea of systems engineering (SE) arein-
creasingly being used for mechatronic systems.

1.2 Strategy of Continous Engineering

Thethree guiding principles of simultaneous engineering
are parallelization, standardization and integration. Par-
alelization means optimizing the timing of sub-pro-
cesses that are independent of each other and can be pro-
cessed independently. In standardization, the primary
goal isto avoid duplication and repetition of work. This
is achieved primarily through a specified uniform design
of modules, components, phases and interfaces between
projects and departments. The goal of integration is to
turn interfaces into seams. They allow all product infor-
mation to be brought together.

1.3 Multidisciplinary Approach and

Parallelization of Development Activities
This multidisciplinary structure of the model is based on
an iterative procedure. Integration progress and synchro-
nization points are continuously checked and guarantee
successful product development due to early error pre-
vention.
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Furthermore, parallelization instead of sequential
product development can save valuable time, which has
apositive effect on the required time target (time-to-mar-
ket). In order to meet thistarget, certain methods, such as
reuse within the SE, must be applied [4].

Consequently, the use of SE to support the upcoming
transformation to customized products should be consid-
ered as a possible solution approach.

2 Product Development along
the V-model

2.1 Requirement and Solution Specification

Another concept, which is mainly used in the require-
ment engineering, i.e. the development of requirements
from abstract specifications of the customer, is the
method of RFLP [5]. In German-language literature also
named AFLP, it describes the subdivision into require-
ments, functions, logic and physical model. By these four
ranges the goal of the concept, i.e. the draft of auniform
structure, which can be applied to al disciplines, can be
pursued.

This interdisciplinary combination results in an ini-
tialy discipline-independent description of the system
and takes on an extraordinary role especialy in the early
development phases of multidisciplinary products.

The physical model describes the elaboration of the sys-
tem architecture by adding physical properties using dis-
cipline-specific methods and I T applications [6].

2.2 Mechanical, Electrical and Software
Development

Production Ciperating Recycling

ey
fen ' R Requirements
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P Physical element

Figure 2: MVPE process model based on VDI 2206 [3].
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In systems engineering process, mechanical design
follows the solution specification. Simultaneously with
it, the electrical design and the software development are
proceeded, as can be seen in Figure 2. After completion
of the design phase, to which it belongs, realization fol-
lows, aswell as virtual and actual commissioning [3].

In order to enable a continuous flow of information
and a coherent product model across disciplines, the re-
spective discipline naturally hasinterfaceswith other dis-
ciplines (mechanical, electrical and software). For this
purpose, specifically new approaches of product devel-
opment have to be defined [7]. The interfaces are pre-
dominantly mapped by the PLM system.

2.3 Further Development to Model-based
Systems Engineering

One possible approach is Model-Based Systems Engi-
neering (MBSE), which describes the transition from
document-based to model-based systems engineering
and combines MV PE with systems engineering. It is a
"formalized application of modeling to support the incor-
poration of system requirements, design, analysis, verifi-
cation, and validation from the concept phase through the
development phase to later life cycle phases' [8]. In this
case, the draft engineering is of particular importance,
sinceit is during this phase that the system model is cre-
ated, which contains all the product lifecycle require-
ments of the product.

Completely digital product models (plant models) are
already created during the product development process,
enabling physical products to be linked to the associated
virtual models from product development. This enables
the networking of real production facilities with the dig-
ital images created during product planning, as required
by Industry 4.0 [10], which hel psto merge the virtual and
real world.

Within the framework of MBSE, a holistic and con-
sistent data model is created for each product over the
entire product lifecycle, which enabl es enormous produc-
tivity, efficiency and quality increases as real and digital
processes overlap. For example, in addition to the prod-
uct, manufacturing is also planned digitally and mapped
and validated through early simulations, resulting in up
to 50% reduction in time-to-market for new products [11].
The end-to-end data model enables flexibility in the pro-
duction process through consistency, which allows prod-
ucts to be individualized.

2.4 Integration of MBSE into the Stage-Gate
Process and the Quality Gate Model

The VDMA Quality Gate model corresponds to a stage-
gate process based on Cooper's model [9] . It dividesin-
novation and product development processes into differ-
ent stages, to which similar activities are grouped. The
individual stages end with aquality control (gate), which
can only be crossed if the defined requirements are fil-
filled.

The decisive factor is the assessment of the manage-
ment. One advantage of this method can be found in the
structuring of long processes, which becomethereby con-
trollable and steerable. The regular reconciliation of the
project team with management also serves to inform all
stakeholders and involves interdisciplinary company de-
partments (marketing, sales, etc.) early in the process.
Overall, stage-gate processes lead to higher quality and
more innovations [9], [12].

The procedure has many parallels to the V-Modell of
the VDI standard 2206 and both model s comprise almost
the same steps. The description of the phase contents, de-
liverables and gate criteriaturn the general V-Modell into
acontrollable process. However, the work hereis not yet
model-based, because the greatest challenge is the reali-
zation of consistency in the PDP by means of consistent
system models.

Figure 1: Model-based quality gate approach.

Figure 3 illustrates the modified quality gate approach.
Asin the VDMA quality gate model, the turquoise, yel-
low and red bands represent the classic disciplines of me-
chanics, electronics and software, which continue to be
processed as parallel strands[13], [14].

During further development, the requirements and so-
lution specification phases are combined into a single
specification phase so that a holistic system model con-
sisting of system requirements, functionsand logic (R, F,
L) can be created and released. The creation of test spec-
ifications also forms part of this phase. The performance
of quantitative simulations also supports the objective se-
lection of solution alternatives.
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The subsequent realization phase includes discipline-
specific modeling and simulation, which is combined in
the integration phase at the latest and supplemented by
physical tests. Final tests are performed in the acceptance
phase.

During the PEP, when working with evolving models,
simulation isof great importance as a supporting module.
Furthermore, the first simulation studies, which, as
shown in Figure lure 3, aready start in the specification
phase, form the basis for the digital twin of the product
or the production plant [15].

3 Co-simulation for Synchroni-
zation of the Disciplines

"Simulation is the recreation of a system with its dy-
namic processes in a model capable of experimenta-
tion in order to arrive at knowledge that can be ap-
plied to reality” [16, p. 3].

3.1 Production System Simulation

Nowadays, it is necessary to design an automated pro-
duction system not only in terms of strength in mechanics
(e.g. by means of finite element simulation), but to con-
sider the entire mechatronic model and to take into ac-
count interactions between modules and models, because
it is a complex system. This complexity increases with
the number of elements aswell as with the links between
the elements in terms of tolerance or dynamics.

In order to make the complexity manageable, the sys-
tem is divided into severa - partly hierarchical - levels.
In each level, relevant questions can be answered by the
simulation.

The first step is to consider, evaluate and, if neces-
sary, improve the issues and solutions in the individual
levels. Thisis performed independently from simulations
of other levels.

In context of MBSE, this means that individual com-
ponents of the plant can be considered separately, but at
the same time that all individual disciplines can be con-
sidered independently of each other. Thefact that the sec-
ond approach will not result in meaningful solutions is
proven at the latest when considering mechatronic mod-
els, because mechanical, electrical and information tech-
nology (software) tasks must be solved in an integrated
manner.
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Overall, simulation has proven to be a profitable
method to highlight discussion points, but also to support
complex decision-making processes [17]. Thus, simula
tion technol ogy offersgreat opportunitiesfor improvement
in planning and operation of production systems[18].

3.2 Multiphysical Simulation Programs

There are aready simulation programs from various
manufacturers that are predestined for solving mecha
tronic requirements. Examples include the Mechatronics
Concept Designer (MCD) from Siemens PLM, iPhysics
from machineering or virtuos from isg. These systems
not only offer a simulation environment, but also inter-
faces for virtual commissioning. [19].

These are tools for mechanical and el ectromechanical
simulation (computer-aided engineering), manufactur-
ing, tool and fixture design, quality inspection, and mech-
atronic concept development [20]. In this context, geom-
etries modeled in mechanical design can be extended to
a simulation model which, in addition to multi-body
physics-based simulation, also includes aspects of auto-
mation technology and thus visualizes the physical be-
havior of different solution concepts. Based on the
MBSE approach and a cross-domain solution concept,
the simulation tools promote early interdisciplinary col-
laboration between mechanics, electronics and software
development. This is reflected in particular by cost sav-
ings and accelerated product development times.

3.3 Coupling of Simulation Programs

The aforementioned increasing degree of complexity of
production systems makes it necessary to link additional
simulation environments. To this end, distributed simu-
lation has gained in importance in recent years. Initialy,
this involves a simulation model that is divided into dif-
ferent models in the sense of different levels. Data flows
exist between the individual submodels via databases,
which ensure their consistency. Digital product data in
the form of work plans, calculationsand CAD modelsare
available in various database systems and can be used
and modified by all those involved in the development
process. The resulting product or product data models,
which function both as interdisciplinary information car-
riers and as alink between the individual product devel-
opment areas, such as planning and design, form the basis
of distributed simulation.
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Amount of simulation tasks

=] =1
closed distributed
simulation simulation
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- monolithic . .
c 2 closed . . simulation
- . simulation L .
g 8 modelling Co-simulation
£ 3 - Tool-coupli
@ L . ool-coupling
< T distributed Modell-coupling -coupng
s . Co-simulation
=  modelling

Table 1: Matrix of simulation architectures -[21].

Distributed simulation isalso referred to as co-simulation
[21], and can consist of a partitioned simulation or a tool
coupling, as shown in Table 1.

The aforementioned discipline-specific simulation solu-
tions developed in the context of the digital factory are
very powerful in terms of mapping accuracy and calcula-
tion performance. However, these are designed for the
virtual mapping of selected processes.

For a comprehensive modeling of the entire process,
machine and plant behavior with all occurring interac-
tions, high-resolution submodels of various simulation do-
mains must be integrated into the digital image of the pro-
duction plant and coupled in an overall simulation [22] .

In the context of multidisciplinary modeling of NC
machinetools, acentral problem in unifying modelsfrom
different simulation disciplines into an overall multidis-
ciplinary moddl is said to chalenging [23] . This is be-
cause, in principle, the relevant data of the individual
models must be provided via a neutral uniform data in-
terface by means of a uniform data format. Manufactur-
ers of simulation software meanwhile confirm this thesis
by integrating neutral datainterfaces|[24] .

Furthermore, a simulation tool is needed as a basis
that passes on the data of all individual simulation tools.
For this purpose, there are different approaches and tests
in various contexts, but no system that has become estab-
lished. In the use cases shown here, an approach for a co-
simulation for the holistic smulation of a production
plant operated with direct current is to be demonstrated.

4 IT Infrastructure

A functional and far-reaching infrastructure is required
for the implementation of MBSE and the associated sim-
ulation. PLM systemsare acommon platform for the sen-
sible implementation of SE in order to support and map
model-based work.

For the mapping of co-simulations, additional data
exchange formats are required that are as real-time-capa-
ble as possible.

4.1 PLM System as the Basis for MBSE

Product Lifecycle Management (PLM) describes a "ho-
listic approach to enterprise-wide management and con-
trol of al product data and processes throughout the
lifecycle along the extended logistics chain” [25].

As part of the change in development methodol ogy,
the engineer's tasks have changed from creative devel op-
ment activity to organizational and communication tasks
(planning, procurement). Corresponding IT tools for
more efficient management of the tasks are necessary
[26] in order to master digitization.

PLM

Figure 4: Distinction between PLM and PDM
according to [27].

These challenges can only be overcome through the use
of product data management (PDM) and PLM software
[27]. The former focus on the product development
phase, while the PLM approach expands the concept by
considering the entire life cycle from initial ideato recy-
cling [28]. Accordingly, PLM represents a concept rather
than an IT system.

The PLM software is a component of the concept,
serves to integrate I T tools into a development environ-
ment and supports the interaction of the tools in terms of
models, systems, processes and procedures [3]. Holistic
PLM concepts result from strategy, processes and the IT
solution [32].

4.2 OPC UA as Communication Standard

In the field of automation, the goal of developing more
effectively, more cost-effectively and more time-effi-
ciently and, if possible in the sense of "first-time-right",
to commission plants directly at the customer's site ready
for production, is at the top of thelist.

Just as the need for standardization and modulariza-
tion in the software landscape is becoming louder, there
is an increased demand for a standardized interface be-
tween several components at the communication level.
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Regarding this, OPC has emerged. OPC stands for
"Open Platform Communications" and is a communica-
tion protocol that is used primarily in the context of In-
dustrie 4.0 and that enables standardized access to de-
vices, machines and other systems in the industrial envi-
ronment. It forms the interface between control systems
and the control level, enabling uniform data exchange re-
gardless of the manufacturer. The most current specifica-
tion is "Unified Architecture" or UA for short. OPC UA
consists of a server and the client, with the OPC UA
server forming the basis. The logical counterpart to the
OPC UA server isthe client. By connecting to the server,
the data provided by the server can be read out [29], [30].

With the help of the described OPC UA standard, the
co-simulation for an automated production plant was re-
alized, whichis supplied with itsown industrial-level DC
circuit with avoltage of 650 V DC.

Here, in addition to the multiphysical simulation of
the process flow, the simulation of the power supply net-
work plays asignificant role.

5 Virtual Commissioning as
System Integration

Virtual commissioning is atool of the digital factory. It
is assigned to the "planning of production facilities'
phase and thus takes place before the "assembly and com-
missioning of production facilities" phase [31]. It de-
scribes the control commissioning on a virtual machine
model, which represents the mechanical, electrical, pneu-
matic and hydraulic functionalities of an automated,
mechatronic plant [33].

In the three types of virtual commissioning (model-
in-the-loop (Mil), software-in-the-loop (Sil) and hard-
ware-in-the-loop (Hil)), testing is aways performed on
the model. The aim is therefore to model the model as
realistically as possible. The terms "Model", " Software"
and "Hardware" in this context refer to the form of the
control that is used, the control within the model, control
by a simulated Programmable Logic Controller (PLC)
(viathe program PLCSim Advanced) or the control as a
hardware component.

At any early stage, ssmulation can be used according
to model-in-the-loop. Here, the sequence control is in-
serted directly into the physical model and tested within
the model. Thisis more of a process-accompanying sim-
ulation, sinceindividual stepsare successively taken over
by the control system.
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At this point, however, the physical plant model isal-
ready used, which is also used in the other two forms of
virtual commissioning. In afurther step, the control pro-
gram can first be tested with a simulated control on the
model (Sil). Compared to Hil, this has the advantage that
the entire periphery (input and output modules) does not
yet have to be defined and modeled. Because, if the real
control is used, it is necessary to simulate the whole pe-
riphery and the Profibus connection as well as the whole
plant by the physical model.

R I ——

-

Figure 5: lllustration of Hil using a real controller with a
human-machine interface (HMI) and a simulation unit
(1) and the Sll with a simulated controller, simulated
HMI (2) and the multi-physical model (3) in the MCD,
as well as exemplary cloud-based visualization of
production data.

6 Use Cases

The demonstrated methodology of MBSE and a model
environment for a co-simulation were implemented on
the basis of two use casesin the field of teaching and re-
search. The goals of the two cases are consistently differ-
ent, but both are intended to contribute to the fact that
product development can be carried out more cost-effec-
tively, better and more efficiently in the future.

6.1 Co-simulation for the Holistic Simulation
of an Automated Production Plant

The continuing, or rather successively increasing, scar-
city of resources is now a worldwide problem, which is
why the energy turnaround has been initiated. In the fu-
ture, renewable resources such as photovoltaic systems
or wind power plants are to be used in the context of man-
ufacturing plants, and storage technologies (accumula
tors, capacitors) areto beintegrated into the plants. Smart
grids are being created in the manufacturing halls to meet
the energy needs of manufacturing and to make optimal
use of the distribution of resources. The energy supply
must therefore be regulated via a further control system.
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However, the physical behavior of the accumulator or
PV system cannot be represented in the common mul-
tiphysics simulation environments, nor can the extraction
of energy from the utility grid. For this purpose, further
simulations have to be used. In this case, MATLAB Sim-
ulink was used to simulate the accumulator. For the sim-
ulation of the process flow of the manufacturing plant,
MCD was used. In the present simulation study, both en-
vironments were connected by means ofan OPC UA
server. Furthermore, each tool has an OPC UA client.
This is used to exchange state variables in discrete time
steps and to test the energy management. For example, if
an energy-intensive work step begins in the process sim-
ulation, the accumulator discharges to the maximum in
its own simulation, as shown in Figure 6.

Figure 6: Course of the state of charge over the
discharge process. (in MATLAB Simulink).

If thisis completely discharged, the high-energy pro-
cess is stopped and only restarted when the accumulator
has been charged by the PV system.

This application primarily demonstrates the feasibil-
ity of co-simulation using OPC UA. However, all models
are stored in the PLM system, because the structure of the
product devel opment processwas carried out along the SE.

6.2 Internship for Students as a Basis for
Future Cooperation in Companies

Another use casein regarding thistopic wasimplemented
inteaching. Every semester, studentswork in an interdis-
ciplinary team on a development project based on a con-
veyor system on the chair's own 14.0 demonstrator.

In afictitious development team, variousroles are as-
signed whose task it is either to create and control the
mechanical, electronic or information technology design,
or to take care of the simulation accompanying the devel-
opment, or to monitor the creation of the model already
in the specification phase.

The business game should help to understand and
comprehend the described basics of SE, because from the
recording of the requirements from the customers' decla-
rations to the commissioning of the conveyor belt, the
students go through al the steps of the product develop-
ment process, with all the necessary iterations.

By applying the methodology of SE already in the
course of studies, a contribution isto be made to advance
the introduction and application in industry.

7 Summary and Outlook

In summary, the approach of model-based develop-
ment with the aid of PLM systems can meet the require-
ments placed on manufacturers of mechatronic systems
by Industry 4.0. Simulation plays an important role here.
Simulation in amulti-physicstool isnot sufficient, so co-
simulations must be used. One approach to thisisto use
the OPC UA standard. This approach can be extended so
that it can be used to perform virtual commissioning. In
order to establish this approach, it will be taught to stu-
dents as close to practice as possible.
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