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Abstract

Control systems are required in various industrial applications varying from individual
machines to manufacturing plants and enterprises. Software applications have an
important role as an implementation technology in such systems, which can be based on
Distributed Control System (DCS) or Programmable Control System (PLC) platforms,
for example. Control applications are computer programs that, with control system
hardware, perform control tasks. Control applications are efficient and flexible by
nature; however, their development is a complex task that requires the collaboration of
experts and information from various domains of expertise.

This thesis studies the use of Model-Driven Development (MDD) techniques in control
application development. MDD is a software development methodology in which
models are used as primary engineering artefacts and processed with both manual work
and automated model transformations. The objective of the thesis is to explore whether
or not control application development can benefit from MDD and selected
technologies enabled by it. The research methodology followed in the thesis is the
constructive approach of design science.

To answer the research questions, tools are developed for modeling and developing
control applications using UML Automation Profile (UML AP) in a model-driven
development process. The modeling approach is developed based on open source tools
on Eclipse platform. In the approach, modeling concepts are kept extendable. Models
can be processed with model transformation techniques that plug in to the tool. The
approach takes into account domain requirements related to, for example, re-use of
design. According to assessment of industrial applicability of the approach and tools as
part of it, they could be used for developing industrial DCS based control applications.

Simulation approaches that can be used in conjunction to model-driven development of
control applications are presented and compared. Development of a model-in-the-loop
simulation support is rationalized to enable the use of simulations early while taking
into account the special characteristics of the domain. A simulator integration is
developed that transforms UML AP control application models to Modelica Modeling
Language (ModelicaML) models, thus enabling closed-loop simulations with
ModelicaML models of plants to be controlled. The simulation approach is applied
successfully in simulations of machinery applications and process industry processes.

Model-driven development of safety applications, which are parts of safety systems,
would require taking into account safety standard requirements related to modeling



techniques and documentation, for example. Related to this aspect, the thesis focuses on
extending the information content of models with aspects that are required for safety
applications. The modeling of hazards and their associated risks is supported with fault
tree notation. The risk and hazard information is integrated into the development
process in order to improve traceability. Automated functions enable generating
documentation and performing consistency checks related to the use of standard
solutions, for example. When applicable, techniques and notations, such as logic
diagrams, have been chosen so that they are intuitive to developers but also comply with
recommendations of safety standards.

Keywords: control application, model-driven development, modeling, simulation,
safety
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1 Introduction

This Chapter introduces the topics of the thesis and provides an introduction to the
background and motivation of the work. The Chapter is organized as follows. First, the
background of the thesis, the research questions and the research methodology are
presented. They are followed by the contributions, before outlining the organization of
the thesis.

1.1 Background

Control systems are required in various applications ranging from individual and small-
scale machines to extensive manufacturing plants and enterprises. The systems are
required to control and supervise machines and processes in a timely and efficient
manner while at the same time optimizing their productivity and guaranteeing the safety
of their environment and operating and maintenance personnel. Currently, an essential
role as an implementation technology of such systems is played by software control
applications that are often executed on Distributed Control System (DCS),
Programmable Logic Controller (PLC) or embedded platforms.

Control applications, computer programs that perform control tasks, are fairly efficient
and flexible by nature. A single processing unit with a control application can control
and supervise a number of complex processes, sub-processes and devices. Processing
units can be connected together to control ever-larger processes while their applications
exchange real-time information on the measured properties and statuses of the
processes. To adapt to changing needs and specifications, the dynamic behavior of a
controlled system can be flexibly altered by changing the parameters and operating
points of the control application or by updating it entirely or partially. However, while
the applications have become essential parts of the systems, at the same time the
efficiency of their development process has become an essential competitiveness factor
in the domain.

Development of a control system for an industrial plant, for example, is a complex
endeavour. It requires the collaboration of experts and information from various
domains of expertise. Control system development, and control application
development as part of it, requires and integrates information from process, electric,
hydraulics, safety and chemical engineering, for example. Some of these engineering
disciplines may also require information from control application development.
However, in a common case it is the control application that can and need to adapt to



requirements and conditions from the other disciplines. To cope with the amount of
information and requirements, the use of models — to complement or to substitute
written documents - has been studied in the domain. However, models and modeling
concepts alone are not the answer. They need appropriate, flexible tool support for
performing the required engineering activities within a model-driven development
process.

Modeling concepts developed for the needs of automation and control domain need to
be supported by a modeling tool, including their possible relations to the concepts of
more general purpose modeling languages: UML and SysML. UML and SysML based
modeling techniques that have been widely used in MDD are a sound alternative for
also control applications and enable modeling from the early stages of development.
The models need to be processed with model transformations to automate repetitive but
error-prone tasks and in order to streamline information transfer from and to the related
engineering disciplines. Especially at the early stages of adopting MDD technologies to
practical use, modeling concepts need to be implemented in a flexible manner for future
needs. Re-use of existing knowledge and design information has to be supported in
models in order to obtain the benefits of re-using application blocks, which is already
reality in control application development.

Using models as primary artefacts during development offers possibilities that are
beyond the capabilities of current control system and application development practices.
Models that are formal enough can be analyzed and studied either alone or together with
the models of the processes to be controlled. In control algorithm design, simulation is a
technique that has been traditionally used to study and experiment possible control
approaches, structures and tunings. However, traditionally the activity has been
separated from the basic control application development. Simulation studies have been
possible only after developing the applications, by executing them in conjunction to the
models of processes to be controlled.

If models are to be used as the primary engineering artefacts, they should also serve
documentation purposes for which information is currently produced mainly with
manual work. Safety related systems, especially, constitute an area of applications in
which documentation is of special importance because of the need to be able to prove
the compliance of the produced applications to standards and to convince the authority
of the correctness of the application. However, it is also an area of applications that
could especially benefit from the use of models. Models could enable automated



consistency checks during design and transferring the design information to a form in
which it answers the relevant questions.

The motivation of the thesis is to study how control application engineering could be
facilitated by extending a Model-Driven Development (MDD) approach. The thesis
focuses on concepts and tool support for modeling, model processing, integrated
simulations and safety-related information in models.

1.2 Research Questions

The thesis explores whether or not the control application development can benefit from
MDD and selected technologies enabled by it. To answer this general question, the
thesis focuses on a set of smaller research topics. They are related to modeling and
developing tool support for modeling the applications, ability to integrate and gain
benefit from integrating simulations into MDD and ability to document safety-related
information on control applications in models. These research topics are divided into
three groups of questions hereafter referred as RQ1-3.

1. How to develop support for domain-specific, UML based modeling in control
application development? How to develop support for and gain benefit from
applying design patterns in models? How to enable and gain benefit from re-
using platform specific blocks in modeling?

2. How can model-in-the-loop simulations be integrated into MDD of automation
and control applications with UML based modeling? What are the requirements
and constraints for selecting the simulation approach to be followed? How can
simulations with the selected approach benefit MDD?

3. How can the safety of control applications be supported in MDD? How can risk
and hazard information be integrated into modeling? How can traceability,
correctness and completeness be supported in models? How can the use of
design patterns support documenting the safety features of control applications?

1.3 Scope of the Thesis

The thesis discusses the use of MDD and techniques enabled by it in automation and
control application development. The main focus of the thesis is on whether and how
control application development could be enhanced with MDD techniques and how the
required tool support can be implemented with the use of standard techniques.



Related to implementing the domain specific modeling concepts and tool support for a
MDD process, the thesis studies and uses standardized modeling, metamodeling and
model processing techniques. Graphical support for the modeling concepts, which is in
current modeling tools often implemented on top of the information content layer, is not
considered in detail in the thesis.

In the thesis, simulation is considered as a means to evaluate and compare control
application designs. It is also a technique that is already in use in the domain; however,
not necessarily during basic control application development. Simulations are widely
used in control algorithm development and in, for example, control system testing after
the development. In the thesis, the use of simulations as well as techniques and
approaches to create closed-loop simulations are discussed with focus on the software
development phase. However, especially related to interlock functions the distinction
between algorithm and software development is sometimes difficult to make.

Related to safety aspects and safety related information in models, the thesis focuses on
extending the information content of models with IEC 61508 [1] as a reference. The
purpose is to develop the MDD process and concepts in a direction in which they could
fulfill more of the requirements of the safety standard. However, with discussion on
documentation, the author does not want to claim that safety systems should or should
not be developed with MDD techniques only. Nevertheless, in order to develop safety
systems with MDD techniques, it would be vital to be able to fulfill the relevant
documentation requirements with MDD.

1.4 Research Methodology

The research methodology of the thesis is the constructive approach of design science.
According to livari [2], design science research has been applied in computer science,
software engineering and information systems for decades producing e.g. new
architectures, languages and algorithms. It is the rigor of constructing IT artifacts that
distinguishes the design science from the practices of building IT artifacts and to
demarcate the two there are two options. The essence of information systems can lie in
the scientific evaluation of the artifacts or in a reasonable rigorous constructive research
method for building the artifacts. [2]

According to Crnkovic, the key idea of constructive research is the construction based
on the use of existing knowledge in novel ways and possibly adding new links. The
construction proceeds through design thinking to the projections of future solutions.
Conceptual and other knowledge gaps are filled with purposefully tailored building



blocks to support the whole construction. When a construction, theoretical or practical,
differs profoundly from pre-existing ones, it constitutes a new reality against which pre-
existing ones can be examined and understood [3].

According to Hevner and March [4], the purpose in design science is to create
innovations or artifacts that embody ideas, practices, capabilities, and products that are
required to efficiently accomplish the analysis, design, implementation and use of
information systems. According to [4], the output artifacts of research include
constructs, models, methods and instantiations. However, due to the range of output
research artefacts in reported research, a more expansive view of the artifacts can
include any designed solution that solves a problem in a given context [5].

The main research steps applied in the research are as follows:

1. Tool support for the domain specific modeling concepts of UML Automation
Profile is developed while taking into account the needs of the application
domain related to the re-use of application blocks, for example. The industrial
applicability of the model-driven development process and tools as a part of it
are assessed.

2. The use of design-time, closed-loop simulations is investigated to facilitate
control application development. Methods are developed for generating
simulation models from UML Automation Profile models and to integrate the
models in a novel manner to plant simulation models. General approaches to
closed-loop simulations in MDD in the domain are compared.

3. The use of design patterns is studied to enhance the re-use of existing design
solutions. Modeling concepts and tool support are developed for specifying
design patterns, marking and visualizing design pattern instances, applying
design patterns as well as for using patterns to produce documentation from
models.

4. The modeling concepts are extended to enable the specification of how the
hazards associated with the controlled systems may occur. Traceability,
correctness and completeness are improved within models with safety aspects in
mind.

The evaluation of the results is