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dellisen tehokkuuden ja strategisen ndkemyksen tasapainoa valittaessa PLC-ohjelmointimene-
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ABSTRACT

Paavo Kujala: On selection of PLC programming approaches and languages in industrial
automation system delivery projects

Master of Science Thesis

Tampere University

Master’'s Programme in Automation Engineering

November 2023

In this thesis, the complexities of Programmable Logic Controller (PLC) programming in indus-
trial automation were being explored. The thesis was examining the balance between technical
proficiency, economic efficiency, and strategic foresight in the selection and implementation of
PLC programming approaches and languages. The selected programming approaches in this
thesis were platform-based and model-based programming. The study, which was drawing on
qualitative insights from industry professionals and a literature review, was going through PLC
programming, explaining its role in productivity, precision, and adaptability across industrial sec-
tors. The thesis was highlighting the importance of PLCs in automation processes and their inte-
gration with various systems and processes.

The thesis was focusing on the balance in PLC programming, involving a balance between
cost-effectiveness, performance, standardization, and customization. It was outlining the relation-
ship between organizations and suppliers, emphasizing the need for an assessment covering
expertise, reliability, future preparedness, and cost-effectiveness.

Additionally, the thesis was exploring the role of industry standards, specifically IEC 61131-3
and IEC 61131-10, in PLC programming. It was anticipating a future with greater emphasis on
these standards, driven by trends toward modularity, scalability, and library-driven development.
The study also examined the evolving field of PLC programming, considering the possibilities of
integration with other technologies, such as artificial intelligence, as well as the importance of
incorporating cybersecurity measures.

Keywords: PLC programming, IEC 61131, Programmable logic controller, Model-based
programming, Platform-based programming
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1. INTRODUCTION

Industrial automation has witnessed a remarkable surge in the adaptation of Program-
mable Logic Controllers (PLCs) as a fundamental component in various automation pro-
jects. Because automation projects are a broad concept, in this thesis, automation pro-
jects are limited to describing system delivery projects. The concept of a system delivery
project in fields like technology, construction, or industrial automation involves a struc-
tured approach to managing and executing the delivery of a system. As industrial and
production companies embark on system delivery projects, they face decisions regarding
the selection of an appropriate PLC programming approach and language. These deci-
sions are influenced by factors such as cost, flexibility, complexity, time-to-market, in-
teroperability, ease of maintenance, modularity, and scalability. In this thesis modularity
and scalability are in an important role because of their impact in automation systems.
Modularity is defined as a design strategy that partitions a system into a set of functional
modules, each of which can be developed independently but functions together as a
coherent whole [30]. Scalability is a measure of a system's ability to increase perfor-
mance, such as speed, as its size expands. It indicates the system's efficiency in utilizing
additional processing resources. In practical terms, scalability is evidenced in various
forms, including improvements in speed, efficiency, size, application scope, generational
advancement, and the heterogeneity of components. [31] PLCs hold a significant posi-
tion in the industrial sector, bolstering productivity and refining operations across indus-
tries. This thesis aims to illuminate the role of PLCs, elaborating on their foundational
components, compliance with industry standards [27, 28], and the array of programming

languages that drive them [9,10].

From robotics and manufacturing to steel and food processing industries, PLCs are the
linchpin for real-time decision-making and data-driven optimization [13]. This thesis
delves into the significance of PLCs, exploring their fundamental components, adher-
ence to industry standards, and a spectrum of programming languages that empower
them [9]. In an age where efficiency, precision, and reliability are paramount, PLCs have
emerged as an important part of complex industrial operations. Their versatile hardware,

enriched by robust software capabilities, ensures that factories and industrial systems



function seamlessly [11]. This multifaceted role has made PLCs indispensable for en-

hancing productivity, upholding safety standards, and optimizing resource utilization.

PLCs comprise a unique amalgamation of hardware and software tailored to meet the
demands of industrial environments. These components include the processor unit,
memory, power supply unit, input/output interfaces, communication interface, and pro-
gramming devices [1]. Their interaction enables PLCs to process data, execute control
actions, and facilitate communication with external devices and networks [13]. Further-
more, adhering to established industry standards cannot be overstated. PLC systems
are designed to adhere to the International Electrotechnical Commission (IEC) 61131
standard series [2, 27, 28], which delineates the functionalities required for effective con-
trol of industrial automation systems [9]. Understanding these standard functionalities
ensures operational integrity and empowers engineers and technicians to design and

implement robust PLC systems.

Going through the intricacies of PLCs, this thesis delves into the programming languages
at their disposal. The IEC 61131-3 standard defines five distinct PLC programming lan-
guages: Ladder Diagram, Function Block Diagram, Instruction List, Structured Text, and
Sequential Flow Chart [28]. While all these languages serve the common purpose of
instructing the PLC to perform specific tasks, their varying syntax and characteristics
make them suitable for different applications. The choice of a programming language is
not arbitrary; it hinges on factors such as ease of maintenance, execution speed, the
complexity of mathematical operations, and specific application requirements. Thus, se-
lecting the suitable programming language is a strategic decision that impacts the effi-

ciency and effectiveness of industrial control systems.

Two engineering approaches, Platform-Based Engineering (PBE) and Model-Based En-
gineering (MBE), are examined within the PLC domain [15, 16]. While PBE customizes
PLC applications to specific system types, MBE uses a more holistic approach, leaning
on systems thinking and engineering to enhance PLC system design. Despite their con-
trasts, these approaches are integral to industrial efficiency and innovative system deliv-

ery.
The guiding research questions of this thesis are:

e How could industrial companies decide whether to use MBE or PBE -approach

in system delivery projects?

e How and what factors should be considered when selecting an appropriate PLC

programming language?



¢ How do modularity and scalability influence the choice between MBE and PBE in

PLC system delivery projects?

The first research question focuses on the decision-making process for selecting a PLC
programming approach. Industrial and production companies encounter different PLC
programming approaches and must navigate through the options to align with their spe-
cific requirements, resources, and objectives. By investigating the decision-making cri-
teria employed by organizations, this question elaborates on the factors influencing the

selection of PLC programming approaches.

The second research question delves into the factors to consider when making decisions
regarding PLC programming languages in system delivery projects. This question pro-
vides valuable insight to organizations seeking to improve their decision-making process
in selecting a suitable PLC programming language by identifying and analyzing these

factors.

The third research question explores the impact of modularity and scalability on the

choice between MBE and PBE approaches.

The empirical part of the thesis consists of a research questionnaire. Automation experts
in various positions answered the questionnaire. This part of the thesis does not only
focus on one PLC programming provider, as all the interviewees are from different or-

ganizations.

Chapter 2 covers PLCs, including their background, components, programming lan-
guages, industrial applications, and challenges in system delivery projects. It starts with
the origins and categories of PLCs and their design. Key components like processor
units, memory, power supplies, and interfaces are discussed. The text explains compli-

ance with IEC 61131 standards and explores different programming languages.

Chapter 3 explores the selection of PLC programming approaches and languages in
industrial automation. It utilizes qualitative interviews in semi-structured format, and
questionnaires to gather data. Key topics include the influence of cost, modularity, scala-
bility, and performance on programming approach selection, the significance of PLC pro-
gramming languages and standards, and the deciding factors between MBE and PBE.
The research also explores modularity and scalability in PLC programming and antici-
pates future trends in PLC programming. Data was collected from six organizations, in-

volving six professionals, to provide an understanding of PLC programming practices.

Chapter 4 examines organizational decision-making considerations, impacts of different

PLC programming approaches and languages, challenges in modularity and scalability,



differences between MBE and PBE, and future trends in PLC engineering, including ar-
tificial intelligence and cybersecurity integration. The purpose of the chapter is to provide
a comprehensive understanding of the decision-making processes in PLC programming,

considering both technical and practical aspects.



2. THEORETICAL BACKGROUND

2.1 Programmable Logic Controllers

The initial idea for the PLC originated in the United States of America circa 1968, devised
by engineers working at General Motors. This concept of a microprocessor-based PLC
replaced the previous method of using hard-wired circuitry. [4] PLCs come in three pri-
mary categories: compact, modular, and rack-based. Compact PLCs are diminutive, self-
contained devices commonly deployed in smaller-scale applications. Modular PLCs offer
greater scalability, allowing customization to match a given application's requirements.
On the other hand, rack-based PLCs are substantial units primarily utilized within indus-
trial and manufacturing environments. These units incorporate the capacity for multiple
plug-in modules catering to input/output (I/0O), communication, and processing func-
tions.[11]

A PLC is an industrial computer that has undergone adaptations and modifications to
ensure high reliability in various environments. Like other computing systems, PLCs con-
sist of hardware, software, and an operating environment. However, they possess unique
characteristics, such as the storage of programs as instructions and a programming lan-
guage specifically designed for ease of use compared to traditional computer programs.

The basic concept of a PLC is presented in Figure 1. [1]
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| |
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Figure 1. The concept of a PLC, adapted from [4, p. 13]



PLCs perform operations that can be classified as hard real-time operations since the
control code must be executed within specific time constraints. The term “logic” in PLC
originates from their primary application, which involves handling logic and switching op-
erations. However, with increased processing power, PLCs are also increasingly utilized
in mathematically complex control tasks. [1] Its primary function is to oversee large and
intricate factories or specific sections within them. As a result, these computers must
exhibit reliability since any operational disruptions could result in financial losses and, in

specific scenarios, pose a risk to individuals.

A typical PLC consists of several essential components: a processor unit, memory, a
power supply unit, /O -interfaces, a communication interface, and a programming device
[11]. Figure 2 illustrates these essential functional components. The processor unit, also
known as the central processing unit (CPU), executes control actions based on the pro-
gram stored in its memory. The memory stores the program and holds the 1/0O -data.
External devices communicate with the processor through the input interface, which re-
ceives information from them. Similarly, the output interface lets the processor send ac-
tions or commands to external devices. The power supply unit (PCU) is crucial in con-
verting the main power supply into a suitable voltage for the PLC’s components, including
the processor and I/O -interface modules. A programming device inputs a program into
the processor's memory. This programming can be accomplished using various tools
such as a handheld programming device, a desktop console, or a personal computer
(PC). The communication interface facilitates data exchange between the PLC and com-
munication networks or other PLCs. It enables the PLC to receive and transmit data as

required. [3]

Programming Program & data Communications | Communications
device memory interface networks
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Figure 2. Basic functional PLC components, adapted from [3, p. 4]
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2.2 PLC System Requirements

PLC systems adhere to the IEC 61131 -standard series, which outlines the functionalities
required by these systems. This standard breaks down the PLC into smaller functional
components, each representing the features necessary for every PLC to control indus-
trial automation systems. The general structure with main functional components in a

PLC system illustrated in Figure 3. These functions communicate with each other and

with the signals of the machine/process to be controlled [2].
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Figure 3. Basic functional structure of a PLC-system, adapted from [2, p. 8]
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The interface function that connects to sensors and actuators serves to:

- Transform signals and data received from machinery or processes into suitable

signal levels for further processing.



- Adjust the processed signals and data outputs to proper levels so they can ef-

fectively operate actuators and display systems.

The signals entering or exiting these interface functions might originate from specialized
modules that preprocess signals from external sensors based on the modules' specific,
predefined functions. Such modules can be, for instance, those for Proportional-Integral-
Derivative (PID) control, fuzzy logic control, high-speed counting, motion control, among
others. [2] Most commonly in systems, analog signals in the range of 4 — 20 mA and
digital signals of 230 V/24 V need to be converted to signal levels the processor can

handle and understand.
The communication functions

Allow for data exchange between different systems. These systems commonly include

other PLCs, PCs, robot controllers or fieldbus devices. [2]
Human-machine interface (HMI) functions

HMI function facilitates communication and interaction among the operator, the signal

processing system, and the machine or process. [2]
Programming, debugging, testing, and documentation functions

These functions enable the creation and loading of application programs, as well as their
monitoring, testing, and debugging. They also support the documentation and archival

of application programs. [2]
Power-supply functions

The power supply functions are designed to convert and isolate the power for the PLC

system from the main electrical supply. [2]
Operating system functions

The operating system function manages the PLC system's internal interrelated functions,
which includes configuration control, diagnostics, memory management, managing the
execution of application programs, and facilitating communication with peripheral de-

vices as well as with the interface functions connected to sensors and actuators. [2]
Application program storage

The storage for application programs is designated for saving a sequence of commands
that, when executed periodically or in response to specific events, dictate the operation
of a machine or process. This storage area might also allocate space for the initial values

of application data. [2]



Application data storage

For application data, the storage is allocated for saving the I/O -image table and various
data elements such as settings for timers, counters, conditions for alarms, and parame-

ters or recipes that are essential during the application program's execution. [2]
Memory type, memory capacity, memory utilization

Different memory types are used, including volatile memories like random-access
memory (RAM) and non-volatile memories such as read-only memory (ROM), and pro-
grammable read-only memory (PROM). Memory capacity is quantified in kilobytes and
is gauged by the number of memory locations available for storing the application pro-
gram and data. The metrics for memory capacity include: The base capacity necessary
for functionality, the incremental sizes available for enhancing memory, and the maxi-
mum capacity possible through expansions. The memory space taken by each program-
mable function within the application program is contingent on the complexity of the func-

tion and the specific type of programmable controller. [2]
Application program functions

An application program might be composed of several tasks, with each task being exe-
cuted in a sequential manner, processing one programmable function after another until
the task's completion. The commencement of a task, whether on a scheduled basis or
in response to a specific event (such as an interrupt condition), is managed by the oper-

ating system. [2]

2.3 PLC Programming Languages and PLC Programming

This chapter addresses the fundamentals of the five distinct PLC programming lan-
guages, following the IEC 61131-3 standard guidelines. These languages encompass
Ladder Diagram (LD), Function Block Diagram (FBD), Instruction List (IL), Structured
Text (ST), and Sequential Flow Chart (SFC). While these languages share a standard
syntax, their visual representation and functional characteristics differ. There is also a

relatively new IEC 61131-10 standard that is introduced in its chapter.

Ladder Diagram

The Ladder Diagram (LD), often simply referred to as Ladder (see Figure 4), stands as

one of the most prevalent PLC programming languages in current use. Originating as a
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replacement for fixed relay-based control systems, Ladder programming is applicable in
about 95% of scenarios. It is characterized by a graphical layout that mirrors control
circuits, requiring specific inputs to be "made" or "true" in order to trigger one or more
outputs. [10] The immense popularity of Ladder programming has led to universal adop-
tion, making it understandable to programmers worldwide across various industries. Its
similarity to familiar electric circuit formats allows even individuals without programming
backgrounds but with electrical knowledge to troubleshoot problems by following the pro-

gram.

Writing a program in Ladder is straightforward, requiring only a basic outline of I/O -
signals to get started. In contrast, other programming languages often demand more
preparation. Additionally, Ladder implementations commonly enable the organization of
programs into folders or subprograms, simplifying program segmentation during PLC
downloads. [10] Ladder programming is well-suited for basic material handling tasks.
While it can handle simple tasks involving timers, basic comparisons, or elementary
mathematics, it typically steers clear of more complex functions. With the evolution and
increasing complexity of PLC functionalities, Ladder programming has struggled to keep
pace, especially while trying to retain its straightforward visual approach. Executing func-
tions like PID-loops, trigonometric calculations, or data analysis, now crucial in many
control applications, poses a challenge in Ladder. Furthermore, as the size of the pro-
gram expands, interpreting Ladder diagrams can become difficult without thorough doc-

umentation. [10]

Internal

Input 1 Input 2 Variable 1
Rung 1 I I ( )
Internal
Variable 1 Input 3 Qutput 1
Rung 2 I/I ( )
Input 4 Qutput 2
Rung 3 ( )—
Input 5

Figure 4. Ladder logic diagram example, adapted from [22]
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Instruction List

IL programming comprises numerous lines of code, each corresponding precisely to a
single operation. Consequently, its layout and structure are highly sequential, facilitating
the input of a sequence of basic mathematical functions. Operating as a low-level lan-
guage, IL boasts swifter execution compared to graphical counterparts like Ladder. It
also boasts a compact nature that occupies minimal space within PLC memory. The
straightforward method of entering code through single-line text input ensures rapid pro-
gram creation without a mouse or tab clicks. Furthermore, in older systems, IL programs
can be conveniently displayed and edited using handheld programming units, bypassing

the necessity for software or laptops. [10]

IL faces challenges when dealing with complex functions, including PID loops and ad-
vanced mathematical calculations. Additionally, its compatibility with structured program-
ming approaches, such as state programming or step ladder, is limited, which restricts
its effectiveness in implementing extensive programs. Furthermore, the advantages of
IL's speed and compactness are becoming less critical in light of the fast processing
speeds and large memory capacities of modern PLCs. [10] An example of IL is seen in
Figure 5, where on the left is a Ladder logic example, and on the right is the equivalent

IL example.

%qj %Q2.3 LD %$I1.1

! { OR %M1
_jﬂl ST %02.2
% M2 Q2.2

I ( LD %M2
i1 2 ORN %I1.2
—/- ST %0Q2.2
%113 %Q2.4

| f

[ \ LD %$I1.2
j;li ORR %I1.4
ouM3 %Q2.5 ST %Q2.4

[ ¢

| LY
%I1.5 LD %M3

I

Inf ORF %I1.5

ST %02.5

Figure 5. Instruction list example, adapted from [19, p. 13]
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Function Block Diagram

Although Ladder programming continues to be extensively used, there's an increasing
trend towards adopting other programming languages besides Ladder. One notable ex-
ample is the growing use of FBD programming. Although its adoption rate has slowed
compared to languages like ST, FBD is a prominent contender and likely holds the sec-
ond-highest usage frequency. [10] FBD, in essence, bears a closer resemblance to a
wiring diagram than even Ladder code. This graphical approach connects blocks to form

a coherent sequence, ensuring easy understanding.

FBD suits straightforward programs involving digital inputs like photoelectric sensors and
outputs such as valve manifolds. It finds applicability across domains where Ladder has
proven effective. However, FBD presents limitations when applied to extensive programs
involving specialized 1/0 and functions. The considerable screen real estate it demands
can render a program unwieldy as its size increases. Furthermore, crafting an FBD pro-
gram necessitates thorough upfront planning to comprehend the program's flow before
writing any code, given the challenges associated with making corrections at a later

stage. [10] An example of FBD is seen in Figure 6.

> 1 &
— TN1 ouT IN1 OUT
— IN2 INZ2

>= 1
= IN1 ouT

IN2

Figure 6. Function block diagram example, adapted from [32]
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Structured Text

Characterized by its IF...THEN loops, CASE selectors, and lines terminating with semi-
colons, ST closely mirrors the syntax of high-level computer programming languages like
Pascal and C. Within the realm of IEC languages, ST appears to be particularly attuned
to accommodating the escalating intricacies of PLC programming, particularly evident in
domains such as plastics or chemical manufacturing involving process control functions.
The integration of trigonometry, calculus, and data analysis is markedly more stream-
lined in ST compared to Ladder or IL. Decision loops and pointers, employed for indirect
addressing, enable a more concise program implementation than Ladder permits. The
pliable ST editor, a staple in most programming suites, facilitates the incorporation of
comments at various points in the program. It also supports indentation and line spacing,
enhancing the clarity of interconnected code sections and simplifying the structuring of
intricate programs. ST's text-based, non-graphical nature translates into superior execu-
tion speed compared to Ladder. Another advantage of ST is its alignment with the trans-
ferability objectives set by the IEC 61131 standard, effectively liberating programmers

from hardware dependencies. [10]

A notable challenge with ST programming is its unfamiliarity to many seasoned program-
mers, maintenance staff, and service personnel. While creating code and structures that
are maintenance-friendly might ease this issue, it could also compromise some of the
space efficiency that ST offers. As a result, control engineers often use ST in a more
supplementary role. For example, under the IEC 61131 standard, programmers have the
flexibility to create custom functions in one language and then incorporate them as sub-
routines in another. A common practice is to encapsulate an ST program within a com-
mand and then integrate this into a Ladder program. [10] An example of ST is seen in

Figure 7.

IF tank temp = 200 THEN
pump fast :=1;
pump.slow =0;
pump.off :=0;

ELSIF tank.temp > 100 THEN
pump fast =0;
pump.slow =1;
pump.off -=0;

ELSE
pump fast =0;
pump.slow =0;
pump.off -=1;

END_IF;

Figure 7. Structured Text example
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Sequential Flow Chart

SFC programming is reminiscent of the flowcharts that engineers often create during
their academic years. It begins with what's referred to as the "action box," akin to a
flowchart's start point, and progresses through various transitions and additional action
steps. The basic principle of SFC is easy to grasp: an action box, filled with code in the
programmer’s selected language, remains active until the transition step beneath it is
initiated. This transition deactivates the current action box and activates the next one in
the series. The transition step itself contains code to verify whether the necessary con-

ditions have been met for the program to proceed to its next phase. [10]

However, this programming style isn't universally suitable, as the structure it imposes on
a program can introduce unnecessary intricacies. Prior to engaging in any programming,
substantial preliminary effort is required in planning and preparation, lest the charts
evolve into challenging entities. The extra processing demands associated with this type
of programming result in relatively slower execution times compared to other languages.
Additionally, a significant limitation is the incompatibility of SFC programming with con-
version to other languages. In contrast, languages like IL, FBD, ST, and Ladder allow for
smooth conversion between each other, offering users the flexibility to view code in their
preferred format. Unfortunately, this type of conversion is not possible with SFC. [10] An

example of SFC is seen in Figure 8.
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Choosing an Appropriate Language

In the process of evaluating the range of programming languages available, a compre-
hensive consideration of multiple critical factors is important prior to identifying the most
appropriate language for a specific application. Although an existing proficiency in a cer-
tain language may predispose an individual towards selecting a familiar option, it is ad-
visable to undertake a thorough assessment of the inherent benefits associated with
each language. The following exposition aims to outline these advantages, facilitating a

more informed and judicious decision-making process:
o Simplified maintenance for the end-user: SFC
e Broadly recognized language: LD
e Popular in European regions: IL or ST
¢ Rapid execution on the PLC: IL or ST
e Suitable for tasks involving digital I/O and basic processing: LD or FBD
e Convenient for future code modifications: LD
e User-friendly for new engineers: ST
¢ Ideal for complex mathematical functions: ST

e Suitable for repetitive or interlocking processes and simultaneous operations:
SFC. [10]

Your choice of programming languages might also be influenced by the specific PLC
platform you're using. Not every automation provider offers programming software that
fully complies with the IEC61131-3 standard. Many vendors, particularly those outside
Europe, may not support this standard comprehensively, often providing only a limited
selection of options like Ladder Diagrams and SFC. Another consideration is the capa-
bility of different PLCs to execute various IEC languages, which can be limited by factors
such as memory capacity or processor speed. This limitation is often seen in many micro-
PLCs. [10]

PLC Programming

As the cornerstone of numerous manufacturing processes, PLCs undertake many func-

tions. Amidst the significance attributed to the controller, its programming holds equal
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importance, a facet that can occasionally be disregarded. The initiation of PLC program-
ming occurs during the project’s definition stage when drafting the design documenta-
tion. Efforts should be directed towards formulating PLC programming that remains com-
prehensible for the eventual user. Incorporating standards and the unique application’s

requirements is paramount in PLC programming.

IEC 61131-10 and PLCopen

IEC 61131-10 refers to a specific part of the IEC 61131 standard, which is related to PLC
programming and interoperability [27]. The IEC 61131 standard is broadly concerned

with developing and using PLCs in industrial-process automation.

Specifically, IEC 61131-10 outlines the requirements for exchanging PLC programs and
associated data between software tools and the PLC [28]. This part of the standard en-
sures a consistent method for exchanging information, which can help develop, test, and

maintain PLC systems.

PLCopen, on the other hand, is an independent organization that works to create stand-
ards for PLC programming to improve efficiency and exchangeability [29]. PLCopen col-
laborates with various organizations, including the IEC, to develop internationally ac-
cepted standards. Their efforts aim to harmonize control programming, providing efficient
and standardized approaches that help reduce training costs and improve the usability

and compatibility of control software across different hardware platforms.

2.4 Platform-Based Engineering

Platform-based development focuses on creating and shaping applications tailored for
distinct computer types and operating systems, commonly called "platforms." This ap-
proach encompasses factors unique to each system, evident in fields like Web program-
ming, multimedia creation, mobile app development, robotics, and industrial systems.
Platforms like the Internet or an Android tablet provide opportunities to immerse them-
selves in environments defined by specific hardware, application programming interfaces
(APls), and specialized services. These settings stand apart from the realm of "general-
purpose" programming, justifying the need for dedicated endeavors in research and de-

velopment. [14]



18

PBE is a rising technological strategy that has the potential to expedite application de-
ployment and enhance the rate at which it generates tangible business benefits. By of-
fering self-service capabilities coupled with automated infrastructure operations, platform
engineering elevates the experience and efficiency of developers. This approach is gain-
ing traction due to its commitment to enhancing the developer journey and expediting

product teams' delivery of customer value. [15]

PBE is a rising approach to modernizing how software is distributed in businesses, es-
pecially during digital transformation. This involves building an engineering platform,
managed by a dedicated product team. This team's goal is to meet the needs of software
developers and other key players by providing common, reusable tools and features that
work well with complex infrastructure systems. The specific functions of an engineering
platform depend entirely on what its users need. It's designed and built by a team of
specialists and then offered to various users like developers, data scientists, or the final
consumers. For the platform to be effective, the team must understand their users' needs
very well, decide what's most important, and create a platform that helps the people it's
made for. [15]

Initiating the process of building a platform often commences with establishing internal
developer portals (IDPs), given their stage of development. IDPs function as repositories
of tools, capabilities, and procedures. These are selected by experts in the field and
packaged for adoption by development teams. It's important for the platform team, in
collaboration with the developers they assist, to determine the approach tailored to their
circumstances. The objective is to achieve a seamless, self-service developer experi-
ence that equips developers and others with the necessary capabilities to generate val-
uable software with little added complexity. The aim is to enhance developer productivity

while simultaneously reducing cognitive burden. [15]

The advent of a new wave of tools has elevated the prominence of PBE within the de-
velopment and operations (DevOps) community. These tools are designed to simplify
constructing and sustaining platforms, rendering PBE a central focus of discourse. The
notion of an ideal development platform varies from one company to another, and what
serves one company perfectly might hold no value for another. The primary objective of

the engineering platform is to increase developer productivity. [15]
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2.5 Model-Based Engineering

The term "model-based" implies that the model and its manipulation serve as the foun-
dational elements of the activity. The model should encapsulate all essential data re-
quired for the activity at hand. By integrating requirements into the model, it's tailored to
align with the desired implementation. Model-based activities employ abstractions to
manage the intricacies of environments, fostering innovation and mutual understanding.
When adopting a model-based approach for software development, the process within
a company begins with recognizing the necessity for a particular system or software so-

lution.

Model-Based Systems Engineering

Model-Based Systems Engineering (MBSE) merges three core concepts: model, sys-
tems thinking, and systems engineering. A model entails a simplified rendition of an en-
tity, a representation that utilizes graphics, mathematics, or physical elements to abstract
real-world complexity. This connotation suggests a formal or rule-based approach to
simplification, representation, or abstraction. In the context of modeling a system, a sys-
tems architect must distill the system with intricacy, revealing its structure and behavior

while ensuring the manageability of its complexity. [16]

Systems thinking represents a perspective that views a considered system not in isola-
tion but as an integral part of a larger whole. It diverges from systematic adherence to
plans, data collection, or methodical procedures. A systems engineer adopts a holistic
vantage point, exploring the system's boundaries, context, lifecycle, behavior, and pat-
terns. This methodology aids in identifying issues and handling system complexity. While
systems engineers commence by dissecting and analyzing the system, systems thinking
subsequently enables synthesizing these parts into a coherent entirety. Parts aren't just
linked; they are interdependent for proper functioning. This interconnectedness is the
emphasis of systems thinking. The system's behavior emanates from the activities of its
constituent parts. By observing these interconnections, systems engineers detect feed-
back loops and causal patterns that are not immediately apparent. Systems thinking un-

veils issues, facilitates balancing, and streamlines system complexity. [16]

Systems engineering emerges as a transdisciplinary and integrative approach to facili-
tate the successful creation, utilization, and retirement of engineered systems. It employs
systems principles, scientific, technological, and management methods and tackles ar-

chitecture, implementation, integration, analysis, and lifecycle management. [16]
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In adopting MBSE as an internal system engineering approach, the organization's sys-
tems engineers must consider adopting architectural frameworks. MBSE entails a multi-
disciplinary endeavor necessitating actors, processes, environment, and information
flows. To successfully model a complex system or system of systems, the organization
must support the modeling process, akin to what's essential for developing and delivering
such systems. While MBSE can be integrated into the development process, commit-
ment to the modeling effort is essential. Through systems thinking, three systems are
discerned in the modeling process: the designed system, its contextual environment, and
the modeling organization. The designed system functions within a broader system con-
text, and the modeling organization must comprehend both the designed system and its
context. [16]

The application of MBSE has been subject to extensive analysis over the years, yielding
opportunities and innovative avenues for system development. These systems encom-
pass embedded or operating systems, serving as integral components within larger
frameworks. Their purpose often involves monitoring or controlling the broader system
through specialized hardware devices, with the system software typically tailored to fulfill
specific functions [21]. The development of models is carried out with consideration of
the requirements for model transformation, verification, and simulation. These stages
align with the conventional approaches employed in model-based methodologies. In cer-
tain cases, code generation and verification are considered separate phases, but fre-
quently they are integral parts of the three primary stages. The basis of the model design
is established on pre-set requirements, which guide the choice of transformation and
generation tools most suitable for these needs. The subsequent steps of the process are

largely dependent on the modeling component. [23]

Transformation entails altering the model to fit the domain, thus preparing it for imple-
mentation in a simulation setting [23]. After this transformation, it is necessary to vali-
date the transformed data to confirm that it meets the specified requirements. This veri-
fication step ascertains the model's ability to provide the desired information [23]. The
model undergoes multiple iterations of modification before successfully passing the
verification stage. This verification process introduces an iterative loop, as seen in Fig-
ure 9. Each iteration entails costs in terms of time and resources, underscoring the im-
portance of ease of modification and efficient testing. After the data is transformed,
source code can be generated for use in simulations. The quality of these simulations

is dependent on the characteristics of the generated source code [23].
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Figure 9. MBSE activities for embedded systems, adapted from [23].

Model-Based Development

Model-Based Development (MBD) is a methodology characterized by the use of flexible,
modular, and structured models across its entire lifecycle. This approach depends heav-
ily on computer systems, primarily software suites, to auto-generate code from the mod-
el's abstract components. The majority of the code generation choices stem from the
design specifications embedded in the original model. The development procedure must
remain confined within the bounds dictated by the modeled requirements. Task-specific
tools execute various activities within the developmental process. For efficiency, these
tools should be integrated into the model. [17] The information about any given system
can be captured within a model, allowing for controlled representation based on specific
perspectives, such as functionality or visual depiction. Several common model types in-
clude informative, behavioral, and structural models [18]. Models can enhance human
comprehension of data or present information in a manner that facilitates mechanical

analysis [17].

Upon selecting MBD as the method, the next step involves designing a model that ad-

dresses the product's specified requirements and the intended operational environment.
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The model's lifecycle aligns with that of a standard product, following a V-shaped model,
testing linking the various stages. Figure 10 illustrates the sequential phases within the
model life cycle, seamlessly juxtaposing the relevant segments of the specification and
integration processes. The process of specifying the design initiates with the articulation
of the desired result — the product itself. Subsequently, the following stage outlines the
operational context, whether it pertains to a system or a comprehensive software solu-
tion. Diverse environments or domains come with their distinct intentions and attributes.
The third stage involves identifying the necessary equipment’s to align with the determi-
nations made during the preceding stages. These definitions are then implemented,
leading to the integration of the model's various elements to fulfill the predetermined

requirements. [20]

Product
Definition Product
System Definition System
Dasign
Specification Integration
Equipment .
Definition Equipment
Manufacturing &
‘r Coding

Figure 10. Product design-development, adapted from [20].

2.6 Industrial Applications of PLCs

PLCs are often entrusted with overseeing and regulating an array of sensors and actua-
tors, distinguishing them from typical computer systems due to their comprehensive 1/0
-configurations. The versatility of PLCs as components within control systems goes be-

yond their original role as dedicated digital computers, leading to their alternative name,
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industrial PCs. [13] The upcoming section is going to introduce a few of the major appli-

cations of PLC in industries.

Automation of Robotic Processes

Industrial robots incorporate robust PLC programs directly into their controllers. This soft-
ware's broad implications allow multiple robots to operate independently of a master
PLC. This cost-effective approach benefits smaller companies that would otherwise need

substantial investments for regular PLC integration. [13]
Enhancing Industry Productivity

Intelligent automation, the Internet of Things (loT), cutting-edge robotics, and smart fac-
tory initiatives have significantly improved manufacturing processes. Despite technolog-
ical progress, PLCs remain pivotal for real-time decision-making at the core of produc-
tion. When combined with cloud computing, PLC-derived dependable data, including
sensor performance, contributes to a more comprehensive understanding, often called
"big data." Analysis tools linked to this data empower plant managers and others to op-
timize resource utilization, logistics, supplier timing, and batch scheduling for more effi-

cient manufacturing. [13]
Applications in Paper and Steel Industries

In the paper sector, PLCs streamline processes for maximum efficiency, managing the
production of book or newspaper pages. In the steel industry, PLCs control various as-
pects such as boiler temperature and pressure, electrode lift, oxygen lance operation,

cooling bed temperature, and more. [13]
Machine Tool Monitoring and Automotive Automation

PLCs function as machine tools that assess inputs and outputs, executing actions based
on stored instructions. They enhance productivity while reducing reliance on human de-
cision-making. In the automotive sector, PLCs are employed to standardize manufactur-

ing and enhance return on investment by automating processes. [13]
Glass Industry Utilization

The glass industry utilizes automatic process control systems to regulate material pro-
portions and process flat glass. The need for PLC control has grown alongside techno-
logical advancements, particularly in glass bottle production, where PLC-based spray

coating systems play a significant role. [13]
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Role in Food Processing

PLCs contribute to the food processing industry by remotely adjusting flow rates and
valves in water treatment plants. PLC programming also automates packaging pro-
cesses, increasing production rates and efficiency. For example, automated mixing and
bottle-filling systems begin by combining water and protein solutions and filling individual
bottles accordingly. Sensor data is sent to the PLC, which controls the mixer, valves, and

conveyor belt.

2.7 System Delivery Projects

Understanding the nature of a project and its distinctions from other business forms is
essential. In the context of system delivery, it involves not only hardware and software
products but also engineering hours and installation services to ensure the seamless
functioning of the automation system and the controlled machine. There are four inter-
connected project characteristics: uniqueness, complexity, discontinuity, and the extent
of financial commitment [5]. These characteristics equally apply to industrial automation

system delivery projects, leading to various challenges throughout the delivery process.

In literature, a project is a complex transaction encompassing a combination of products,
services, and work. Its purpose is to create capital assets and long-term benefits for the
buyer [5]. Each project is guided by a predefined goal, typically representing a desired
future state expected to be achieved upon project completion [6]. In the case of system
delivery projects, these goals include timely system activation and fulfilment of all pre-

determined system requirements.

As mentioned earlier, every system delivery project is inherently unique, owing to the
distinct characteristics of the project business. These characteristics are going to be fur-

ther explored in the upcoming sections.

Uniqueness

When examining system delivery projects, it becomes evident that each project is a dis-
tinct and individual case. For instance, the automation system cabinets, application, and
fieldbus interfaces to other systems always exhibit variations. This uniqueness poses

challenges, particularly during the project sales phase, as it is almost impossible to define
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the automation system’s structure precisely so early on. The characteristic that sets pro-
jects apart from other activities lies in their structure, where each project is an entity with

no identical counterpart. This uniqueness can be attributed to various factor:

e The project’s objectives and outcomes differ from those of previous projects.

The organization of the project differs from that of previous projects.
¢ Circumstances surrounding the project are one-of-a-kind.
¢ Project stakeholders differ from those involved in previous projects.

e The resulting product of the project is tailored to meet specific customer require-

ments. [6]

All these divergences between different projects also impact the challenges faced in au-
tomation system delivery projects. The project’s distinctiveness makes creating an ac-

curate quotation exceedingly difficult during the sales phase of the project.
Complexity

System delivery projects exhibit technical complexity, stemming from the technical ele-
ments involved in designing, organizing, and implementing solutions for customers [4].
The complexity of technical projects primarily arises from the unpredictability and non-
repetitiveness of activities, unlike those found in serial production, where simple tasks
are repeated. Complex activities are often novel in a project setting, necessitating special
skills, creativity, ongoing assessment, and well-defined decision-making processes to

ensure efficient execution [6].
Discontinuity

The project business’s discontinuity can influence the project’s life cycle. The project’s
lifespan is defined as commencing when one company enters a contract with another,
and it concludes at the end of the operational phase when the transaction is finalized [7].
As a result, projects have predetermined time limits established early in the project’s
initiation phase. Furthermore, project business is characterized by a pronounced level of
discontinuity in the economic relationship between the supplier and the customer [5]. A
finite capacity exists within a project to consume labor, time, and money resources. The

project must be completed within a pre-defined budget [6].
Financial Commitment

The level of financial commitment required distinguishes every technical project. Even in
smaller projects, financial considerations demand significant attention during the sales

phase [5]. Effective control and scheduling of funds and cash flow are essential in system



26

delivery projects to ensure project completion [8]. However, it's important to note that the
financial perspective is not the primary focus of this thesis; thus, it is not extensively

discussed in detail.
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3. QUALITATIVE RESEARCH

3.1 Research Method

This thesis discusses factors influencing the selection of PLC programming approaches,
provides insight for organizations in their decision-making process for choosing PLC pro-
gramming approaches and languages, and investigates the impact of modularity and
scalability on the choice between different PLC programming approaches. Qualitative

interviews were used as the research method.

Qualitative interviewing is used for information gathering. It involves conversations be-
tween individuals to acquire or exchange knowledge on a specific topic [25]. Interviews
are categorized into unstructured, semi-structured, and structured. In an unstructured
interview, the interviewer does not plan all questions in advance and listens to the inter-
viewee's life story [26]. A structured interview uses predetermined questions for orga-
nized and quantifiable data [26]. Semi-structured interviews, falling between structured
and unstructured formats, are often chosen for their flexibility and adaptability, allowing

for the exploration of various angles [26].

The number of interviewees affects the outcome. Group interviews or focus groups in-
volve multiple interviewees and a moderator. This approach is suitable for exploratory
studies [25]. Individual interviews involve one interviewee and are easier to control and
schedule but may offer less diversity in perspective. There is a possibility in group con-

versations that some opinions might be overlooked [26].

Factors influencing interview outcomes include question style and atmosphere [25]. The
interview's perspective can focus on documenting statements or generating knowledge
[26]. The selection of interviewees, determining who to interview and how many, involves
identifying a target group and sampling individuals. Sampling can be random or purpose-
ful. Participants' willingness and available resources may constrain these decisions. The
correct number of interviewees varies; one may be enough for unique knowledge, while

too many can obscure individual opinions [25].

Questionnaires were used to gather data on PLC programming practices in industrial
system delivery projects. They aimed to collect development information on different PLC

programming approaches. Questionnaires were conducted in Microsoft Teams to enable
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interaction and prevent misunderstandings. Interviewees, chosen for their experience in
automation, were from different organizations to ensure a range of expertise. They rep-
resented groups working with engineering activities, development, and product manage-
ment. Multiple organizations in the industrial system delivery sector were contacted via

phone calls for qualification for the questionnaire.

3.2 AQuestionnaire

The questionnaire is designed so that the interviewee's answers would give insight into
their own or their team's PLC programming. It should be made clear to the interviewees
what the terms platform-based, model-based, and platform independence mean. Alt-
hough these are widely used terms in automation and PLC programming, there could be
misunderstandings because different organizations and even the people inside the or-
ganizations might use these terms differently. The questionnaire contained these five
topics: Factors influencing PLC programming approach selection, PLC programming lan-
guages and standards, model-based vs. platform-based PLC programming approaches,
modularity and scalability in PLC programming, and future trends in PLC engineering.

The topics and questions for the questionnaire are listed in Table 1.

Table 1. The topics and questions of the questionnaire

Topic Questions

Factors influencing What are the primary considerations and factors in your or-
PLC programming ganization when making decisions about PLC programming

approach selection methods in system delivery projects/product development?

How do you balance factors such as cost, modularity, scala-
bility, and performance when deciding on PLC programming

methods?

Do you aim to be platform-independent when performing PLC

programming?




29

What compromises is your organization willing to make re-

garding PLC programming?

PLC programming
languages and

standards

How do you choose the most suitable PLC programming lan-

guage”?

How does the choice of PLC programming language affect

the performance of the system/product?

How do industry standards, such as IEC 61131-3 (program-
ming languages) or IEC 61131-10 (PLC open XML), manifest

in your PLC programming?

Do you apply object-oriented programming principles, such
as inheritance, interfaces, methods, and types, in your PLC

programming?

Model-based vs.
platform-based PLC
programming ap-

proaches

Do you have more experience with model-based or platform-

based PLC programming approaches?

Do you have experience with any other PLC programming

methods in addition to the ones mentioned above?

In your experience, how do the PLC programming methods
you are familiar with impact the development of the sys-

tem/product?

Modularity and
scalability in PLC

programming

Based on your experience, how does the choice of PLC pro-

gramming method impact modularity and scalability?

What challenges have you faced regarding modularity and
scalability in PLC programming?
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How do you see the role of modularity and scalability evolving

in PLC programming?

Future trends in PLC | How should PLC programming adapt to ensure efficiency and
engineering security as systems become increasingly interconnected and

data-driven?

How do you see the role of PLC changing in the future con-
cerning other higher-level software in the management of in-

telligent machines?

Factors influencing PLC programming approach selection

When organizations decide on PLC programming approaches, they weigh factors like
cost, modularity, scalability, and performance. Balancing these factors are important in
system delivery projects. Making informed decisions often involves compromises, nota-
bly in achieving platform independence. Organizations must assess trade-offs to make
correct choices for them, ensuring their PLC programming strategies align with project

needs and constraints.
PLC programming languages and standards

Choosing the right PLC programming language is important in influencing system and
product performance. Industry standards like IEC 61131-3 and IEC 61131-10 might im-
pact PLC programming decisions. Implementing object-oriented programming principles
such as inheritance and interfaces could enhance efficiency. Understanding these lan-

guages and standards is vital for developing high-performing systems and products.
Model-based vs. platform-based PLC programming approaches

Organizations face a choice between model-based and platform-based PLC program-
ming approaches. Understanding their impact on system and product development is
important. Exploring PLC programming approaches beyond these approaches provides
a broader perspective. This knowledge aids in making well-informed decisions regarding

PLC programming approaches.
Modularity and scalability in PLC programming

The choice of the PLC programming approach influences modularity and scalability, af-
fecting how system components interact and expand. Challenges often arise in balanc-

ing modularity and scalability, demanding consideration during programming. As PLC
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programming evolves, modularity and scalability will continue to play vital roles, shaping

the future of system development and adaptability.
Future trends in PLC engineering

The future of PLC programming must prioritize efficiency and security, especially in in-
terconnected, data-driven systems. PLCs are expected to assume a more central role in
managing intelligent machines, necessitating adaptation to higher-level software. Adapt-
ing to these trends is important to ensure that PLC programming remains relevant, effi-

cient, and secure in an increasingly complex technological landscape.

3.3 Collection of Research Material

The questionnaire structure contained an introduction to the specific meanings of some
of the terms used in the questionnaire so there are reduced ambiguities when the inter-

viewees start answering.

Questionnaire introduction:

¢ Platform-based programming focuses on developing applications or systems on
top of a specific platform or development environment. When a program or appli-
cation is built platform-based, it utilizes the ready-made solutions and compo-
nents the platform provides. These might include, for instance, database connec-

tions, user interface elements, network interfaces, or other functionalities.

¢ Model-based programming is another programming approach based on model-
ing the behavior and functionality of a program or system before writing the actual
code. This model serves as a plan or abstraction for the programmer or devel-

oper, outlining what the program or system is intended to do.

e Platform independence means that PLC programming is designed in a way that
is not tied to specific hardware or software platforms. This implies that PLC pro-
gramming can be developed and used with PLC hardware from different manu-
facturers or software platforms, and the program remains relatively unchanged

even if the hardware or platform is switched.

The potential candidates were contacted firstly via phone calls to ask if they could answer

the questionnaire and when the questionnaire would be arranged. After the agreement
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for answering the questionnaire the date for the interviews was selected. Due to the
interviewees' busy and tight schedules, the interviews had to be arranged as Teams
interviews and the questionnaire should be answered before the Teams interview in Mi-
crosoft Forms. It was made clear to the interviewees that it would be preferred if they
would answer the questionnaire before the Teams interview. The Teams interviews were
all arranged in the last week of September 2023. The questionnaire was published one
week before the Teams interviews, and there was a reminder email sent to the interview-
ees with a link to Microsoft Forms where the interviewees could answer the question-
naire. The questionnaire presented to the interviewees is in English in Appendix A and
Finnish in Appendix B. The questionnaire was presented to the interviewees in Finnish
to keep the research material as high quality as possible. After collecting the research
material, the material was translated into English because the thesis was done in Eng-
lish.

A total of seven different organizations had agreed to participate in the questionnaire,
but in the end, six of them participated. From each organization, there was one inter-
viewee, so there were six answers and interviews in total. The job titles of the interview-

ees consisted of:
e Chief Executive Officer (CEO)
e Senior Automation Engineer
e Head of the Programming Department
¢ Head of the Automation Department
o Software Developer

e Electrical & Automation Engineering

All of the interviewees answered the questionnaire successfully before the Teams inter-
view, which eased the interview sessions and gave the interviewer an opportunity to
communicate with the interviewees about their answers rather than focusing on answer-
ing the questions. During the Teams interviews, which lasted between 15 — 20 minutes,
there was communication between the interviewer and interviewees about the content
and answers of the questionnaire, the purpose of the questionnaire, and the interview-
ee's experience in PLC programming and their thoughts about the future of PLC pro-

gramming.
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4. RESULTS

4.1 Factors influencing PLC programming approach selection

The primary factors and considerations for organizations when making decisions about
PLC programming approaches in system delivery projects include simplicity, reliability of
the program, supplier capability, and practical aspects for the project, creating a product
that can be sold with a good margin, price, and suitability of programmable components,
customer preferences and the system to be implemented, existing software architecture
and programming approach of the customer, and suggesting and marketing new and
possibly better programming practices. For example, one respondent mentioned that
costs, modularity, scalability, and performance are balanced based on project cost,
schedule, maintainability of the final product, and scalability. Another respondent stated
that cost optimization is crucial in mass-produced products while tailoring solutions and

considering scalability are easier in customized products.

Simplicity and Readability

The responses emphasize the importance of simple, reliable, and readable PLC pro-
grams. Ease of understanding and modification of the program is important, especially
during the commissioning stage when frequent monitoring and adjustments may be nec-

essary.
Supplier Capability

Supplier capability and their existing methods and competencies influence the choice of
the PLC programming approach. Organizations rely on suppliers’ support, expertise, and
the programming environment they provide, demonstrating a dependency on external

entities for successful project execution.
Profit Margins

Profit margins are important for organizations. There's a clear focus on creating products
that can be sold with good margins, highlighting PLC programming projects' economic

viability and sustainability as central to decision-making processes.
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Component Suitability

Respondents highlighted the importance of selecting programmable components that
are cost-effective and suitable for the specific project at hand, underlining the necessity

of a tailored approach to each project.
Customer Preference

Customer preferences and their existing software architecture influence decision-mak-
ing. Organizations are often required to suggest and market new and possibly superior
programming practices to their clients, balancing customer requirements with the intro-

duction of innovative solutions.
Cost, Modularity, Scalability, Performance

Cost is a predominant factor, with considerations varying between mass-produced and
customized products. For mass-produced items, cost optimizations, modularity, code
standardization, and configurability are paramount. For customized products, tailored

solutions with scalability in mind are favored.
Platform Independence

Responses varied regarding platform independence. While some organizations use spe-
cific platforms like Siemens, others strive for platform independence, albeit with required
flexibility. The approach towards platform independence often hinges on the specific

needs and scope of individual projects.
Compromises

Organizations acknowledge the need for compromise between project cost, schedule,
maintainability, and scalability. The responses suggest a conservative approach to sig-
nificant changes, with customer influence and tool limitations acknowledged as factors

constraining programming flexibility.

4.2 PLC programming languages and standards

The choice of the most suitable PLC programming language is influenced by factors such
as readability, monitorability, standard functions, supplier capability, practical aspects of
the project, agreed-upon language among stakeholders, logic to be used, and user pref-

erences. ST is generally preferred due to its higher-level programming language and
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portability to other platforms. The choice of programming language does not significantly
impact system performance. Industry standards, IEC 61131-3 and IEC 61131-10 impact
PLC programming by ensuring compliance, influencing supplier capabilities, and provid-

ing guidelines for code creation.

Programming Language Choice

Programming language selection is influenced by various factors, including readability,
monitoring needs, supplier capabilities, agreed standards, and logic requirements. A
preference for ST is noted due to its higher-level functionality and portability across plat-

forms.
Impact on Performance

Respondents generally believe that the choice of programming language does not sig-
nificantly affect system or product performance but does influence cost, schedule, and
maintainability. However, some argue that the choice still has an impact, especially when
optimization is crucial, with different languages offering varying levels of debug capabil-

ity, platform transferability, and maintenance ease.
Industry Standards

While some organizations adhere closely to standard IEC 61131-3, others rely more on
supplier standards unless customer specifications dictate otherwise. Respondents have

limited awareness of standard IEC 61131-10.
Object-Oriented Principles

Object-oriented principles in PLC programming vary, with some organizations employing
interfaces and user data types, while others do not engage with these principles. Cus-

tomer requirements again play a role in the application of these principles.

4.3 Modularity and scalability in PLC programming

The choice of the PLC programming approach and language affects modularity and
scalability. Non-library functional code can become expensive to maintain in the long run.
The programming language affects readability and comprehensibility, which ensures
everyone understands the program and can modify it if required. Challenges related to

modularity and scalability include finding time and resources for rearranging code, limited
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memory in PLC devices, ensuring consistent functions assigned to I/O’s in modular pro-
grams, and developing compatible interfaces between modules. The role of modularity
and scalability in PLC programming is expected to evolve towards established libraries,

standardization, and code reuse.

Modularity & Scalability Challenges

Challenges related to modularity and scalability include hardware limitations, incon-
sistency in 1/O function assignments, and difficulties in code reusability and scaling due

to non-standardized interfaces and hardcoded values in programs.

4.4 Model-based vs platform-based PLC programming ap-

proaches

The respondents have more experience with the platform-based PLC programming ap-
proach. However, model-based system simulation can benefit companies in sales situa-
tions or system pre-design. The choice between model-based and platform-based ap-
proaches depends on factors such as the need for precise modeling, time considera-
tions, and the benefits of better documentation and system testing. The respondents also
mentioned other PLC programming approaches like Beckhoff ST- programming and

DevOps-like development.

4.5 Future trends in PLC engineering

To ensure efficiency and security as systems become more interconnected and data-
driven, PLC programming should adapt by following practices, paying attention to com-
munication with other devices, providing cybersecurity training, developing data handling
capabilities, and implementing software updates regularly. The role of PLC in managing
intelligent machines is expected to remain independent, controlling the operation of de-
vices and processes through interfaces. PLCs may integrate artificial intelligence into the
programming environment and become smarter. Real-time systems will still require
PLCs, and the performance requirements are increasing by including computationally

intensive functions.
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Future Evolution

Respondents anticipate an increased focus on standardization, library establishment,
and continued emphasis on modularity and scalability in future PLC programming. The
role of PLCs is expected to evolve, possibly integrating more closely with user interfaces,

and incorporating artificial intelligence into programming environments.
Cybersecurity

Cybersecurity is a concern as systems become increasingly interconnected and data-
driven. Respondents highlight the importance of password protection, firewall configura-
tion, and enhanced cybersecurity expertise within organizations to safeguard against

potential threats.

4.6 Summary

Three categories represent a hierarchical approach to decision-making in PLC program-
ming approach selection. These categories are primary considerations, secondary con-
siderations, and specific approach. Primary considerations set the stage while secondary
considerations refine the choices made in primary considerations. There's also a feed-
back loop from specific approaches back to primary considerations. The outcomes and
learnings from specific approaches can inform future primary and secondary considera-
tions, leading to an iterative process. These three categories and their hierarchical ap-

proach are represented in a flowchart in figure 11.
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Figure 11. Secondary considerations of PLC programming approach selection.
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Primary Considerations

Primary considerations include technical factors and business considerations. Technical
factors include elements like the simplicity and readability of the program, the capabilities
of the supplier, the suitability of components, and the choice of programming languages
and standards. These are direct factors that impact the functionality and effectiveness of
the PLC system. Business considerations have factors related to the broader business
context in which the PLC system operates. This includes the profit margins of the project,
customer preferences and demands, the modularity and scalability in terms of cost, and
the need to make compromises between business constraints and technical require-

ments. The hierarchical approach flowchart of the primary considerations is represented

in figure 12.
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Figure 12. Primary considerations of PLC programming approach selection.

Secondary Considerations

These considerations are evaluated after the primary considerations. They add depth
and specificity to the PLC programming approach selection and involve broader, more
strategic thinking. Secondary considerations include industry standards and future
trends, and modularity and scalability. Industry standards and future trends includes the
need to comply with industry standards, the increasing importance of cybersecurity, and
the anticipation of future trends in PLC programming like the integration of Al. These
considerations ensures that the PLC system is not only effective today but also remains
relevant and compliant in the future. Modularity and scalability are about the adaptability
and futureproofing of the PLC system. They involve addressing challenges related to
hardware limitations and the scalability of the system, and the evolution towards more
standardized and reusable code. The hierarchical approach flowchart of the secondary

considerations is represented in figure 13.
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Figure 13. Secondary considerations of PLC programming approach selection.

Specific Approaches

The hierarchical approach flowchart (figure 14) shows a process for selecting a PLC
programming approach based on four factors: system modeling needs, system testing
needs, time considerations, and documentation requirements. These factors lead to a
decision between a model-based or platform-based approach. System modeling needs
call for a virtual representation, often leading to a model-based approach for complex
systems. System testing needs to emphasize validation, which the model-based ap-
proach supports. Time considerations favor platform-based programming for faster de-
velopment. Documentation requirements may sway the choice if detailed documentation
is necessary. The selected approach will depend on these factors, considering the pro-

ject's needs against each approach's advantages.
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Model-Based Platform-
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Figure 14. Specific approaches for PLC programming approach selection.
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From the results provided, it became clear that a complex interplay of factors influences
PLC programming approach and language selection. These include technical aspects
like simplicity and readability of programs, as well as business considerations like profit
margins and supplier capabilities. The PLC programming approach must be versatile
enough to accommodate project requirements, whether focusing on cost-efficiency for
mass-produced products or scalability for customized solutions. This necessitates a flex-
ible, adaptable approach to PLC programming that can respond to the diverse and
changing needs of the industry. Obstacles associated with modularity and scalability en-
compass hardware constraints, I/O task allocation variations, code reuse and scaling
challenges stemming from non-uniform interfaces and embedded values within pro-
grams. There is an effect between modularity and scalability influencing the choices be-
tween MBE and PBE approaches. The effect happens when organizations are consid-
ering the primary considerations which include programming languages. Those consid-
erations will affect the PLC programming approach selection but there is no direct influ-
ence between modularity and scalability influencing the choice between MBE and PBE

approaches.
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5. CONCLUSION

This thesis set out to answer questions related to PLC programming in industrial system
delivery projects. Specifically, it aimed to determine how industrial companies decide
between MBE and PBE approaches, the factors influencing the choice of a PLC pro-
gramming language, and the impact of modularity and scalability on choosing between
MBE and PBE approaches.

Through analysis of the questionnaire results, it was established that the decision hinges
on several factors, including the project's complexity, the need for customization, cost
considerations, and the existing technological infrastructure. The results emphasized the
need for a balanced approach, considering both the immediate requirements of the pro-
ject and long-term strategic goals. In response to the second question on selecting an
appropriate PLC programming language, this thesis explored factors that should be con-
sidered. These include technical aspects like program simplicity, readability, and com-
patibility with existing systems, as well as strategic considerations like supplier capabili-
ties, cost-effectiveness, and alignment with industry standards. The findings provide an-
swers for making decisions when selecting a PLC programming language that best suits
the specific needs of a project. The third question, concerning the influence of modularity
and scalability on the choice between MBE and PBE in PLC system delivery projects,
was also addressed. The research revealed that modularity and scalability are factors in
this decision-making process but there is no direct influence between modularity and
scalability influencing the choice between MBE and PBE approach. MBE approach fa-
vors flexibility and ease of future expansions, making it more suitable for projects where
scalability is a priority. On the other hand, projects requiring a standardized, uniform ap-

proach might benefit more from a PBE strategy.

This thesis provides a multi-dimensional view of PLC programming, encompassing tech-
nical considerations, business strategies, relational dynamics, regulatory adherence,
and anticipatory adaptability. The nature of PLC programming, highlighted throughout
this thesis, suggests a continuous evolution of best practices. Future research should
focus on empirical studies to validate the theories and methodologies discussed. Explo-
rations into secure, intelligent PLC systems and cross-industry studies could provide fur-

ther insights into the challenges and opportunities of modern automation.

In conclusion, this thesis has addressed the initial questions, providing insights and a

framework for decision-making in PLC programming for system delivery projects. The
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balance between technical and strategic considerations, the importance of supplier rela-
tionships, the role of industry standards, and the need for adaptability are all factors that

have been highlighted in answering these questions.
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APPENDIX A: QUESTIONNAIRE IN ENGLISH

Thesis questionnaire

DEFINITIOM-CLARIFYING INFORMATION

Platform-based programming is a programming approach focusing on developing applications or systems on top of a
specific platform or development environment. When a program or application is built platform-based, it utilizes the
ready-made solutions and components provided by the platform. These might include, for instance, database
connections, user interface elements, network interfaces, or ather functionalities.

Model-based programming is another programming approach based on modeling the behavior and functionality of a
program or system before writing the actual code. This model serves as a plan or abstraction for the programmer or
developer, outlining what the program or system is intended to do.

Platform-independence means that PLC programming is designed in a way that it is not tied to specific hardware or
software platforms. This implies that PLC programming can be developed and used with PLC hardware from different
manufacturers or on different software platforms, and the program remains relatively unchanged even if the hardware or
platform is switched.

1. Name, position, company

2. What are the primary factors and considerations for your organization when making
decisions about PLC programming methods in system delivery projects/product
development?

3. How do you balance factors such as costs, modularity, scalability, and performance when
making decisions about PLC programming methods?

4. Do you aim to be platform-independent when doing PLC programming?

46



5. What compromises is your arganization willing to make regarding PLC programming?

6. How do you choose the most suitable PLC programming language?

7. How does the choice of PLC programming language affect the system's/product’s
performance?

8. How do industry standards, such as IEC §1131-3 (programming Ianguages) or IEC 61131-10
(PLC open XML), impact your PLC programming?

9. Do you apply object-oriented programming principles, such as inheritance, interfaces,
methods, and types, in your PLC programming?

10. Do you have more experience with model-based or platform-based PLC programming
approach?

11. Do you have experience with any other PLC programming methods in addition to the ones
mentioned above?
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12. In your experience, how da the PLC programming methods you are familiar with impact the
development of the system/product?

13. Based on your experience, how does the choice of PLC programming method affect
modularity and scalability?

14, What challenges have you faced regarding modularity and scalability in PLC programming?

15, How do you see the role of modularity and scalability evolving in PLC programming?

16. How should PLC programming adapt to ensure efficiency and security as systems become
more interconnected and data-driven?

17. How do you see the role of PLC changing in the future concerning other higher-level
software in managing intelligent machines?

18. Free form commenting
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APPENDIX B: QUESTIONNAIRE IN FINNISH

Paavo Kujala DI-tutkimuskysely

TERMISTOMA TARKENTAVAA TIETOA

Alustapohjainen ohjelmeinti on ohjelmeinnin [ihestymistapa, joka keskittyy ohjelmoimaan sovelluksia tai jarjestelmia
tietyn alustan tai kehitysympariston paalle. Kun ohjelma tai sovellus rakennetaan alustapohjaisesti, se hy&dyntaa alustan
tatjoamia valmiita ratkaisuja ja komponentteja, jotka voivat sisaltds esimerkiksi tietokantayhteyksia,
kayttaliittymaelementteja, verkkoliitinndita tai muita toiminnallisuuksia.

Mallipohjainen chiglmointi on ohjelmoinnin [ahestymistapa, joka perustuu ohjelman tai jdrestelman kayttaytymisen ja
toiminnallisuuden mallintamiseen ennen varsinaisen ohjelmakoodin kifjoittamista. Tama malli toimii ohjelmoijan tai

Alustariippumattomuus tarkoittaa, ettd PLC-ohjelmointi on suunniteltu niin, ettd se ei cle sidoksissa tiettyyn laitteistoon
tai ohjelmiston alustaan. Tama tarkoittaa, ettda PLC-ohjelmointia voidaan kehittda ja kayttas eri valmistajien PLC-
laitteistoilla tai eri ohjelmistoalustoilla, ja ohjelma sailyy suhteellisen samana, vaikka laitteisto tai alusta vaibtuisi

1. Nimi, positio, yritys

2. Mitka ovat organisaatiosi ensisijaiset huomioon otettavat seikat ja tekijat, kun teette
padtéksia PLC-ohjelmointitavoista jarjestelmén toimitushankkeissa/tuotekehityksessi?

3. Miten tasapainotatte kustannusten, modulaarisuuden, skaalautuvuuden ja suorituskyvyn
kaltaiset tekijat tehdessanne paatoksia PLC-ohjelmointitavoista?

4, Pyrittekd alemaan alustariippumattomia tehdessanne PLC-ohjelmointia?

5. Minkalaisia kompromisseja organisaationne on valmis tekemaan PLC-ohjelmointiin littyen?
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6. Miten valitsette sopivimman PLC-ohjelmaintikielen?

7. Miten PLC-chjelmointikielen valinta vaikuttaa jarjestelman/tuotteen suorituskykyyn?

8. Miten alan standardit, kuten esimerkiksi IEC 61131-3 (chjelmointikielet) tai IEC 61131-10 (PLC
open XML) nakyvat PLC-ohjelmoinnissanne

9. Kaytatteko oliopohjaisen ohjelmoinnin periaatteita, kuten periytymista, rajapintoja, metodeja
ja tyyppeja, PLC-ahjelmoinnissanne?

10. Onko teilld enemman kokemusta mallipohjaisesta vai alustapohjaisesta PLC-
ohjelmointitavasta?

11. Onko teilld kokemusta jostain muusta PLC-ohjelmointitavasta edella mainittujen lisaksi?

12. Miten PLC-chjelmointitavat, joista teilld on kokemusta, vaikuttavat jarjestelmén/tuotteen
kehitykseen?



13. Kokemuksesi perusteella, miten PLC-ohjelmointitavan valinta vaikuttaa modulaarisuuteen ja
skaalautuvuuteen?

14. Mité haasteita olet kohdannut modulaarisuuden ja skaalautuvuuden suhteen PLC-
ohjelmoinnissa?

15. Miten néet modulaarisuuden ja skaalautuvuuden roolin kehittyvan PLC-ohjelmoinnissa?

16. Miten PLC-ohjelmoinnin tulee sopeutua varmistaakseen tehokkuuden ja tietoturvan
sailymisen, kun jarjestelmat tulevat entistda enemman keskindisesti yhteydessa oleviksi ja
datavetoisiksi?

17. Miten naet PLC:n roolin muuttuvan tulevaisuudessa suhteessa muihin korkeamman tason
ohjelmistoihin alykkéiden koneiden hallinnassa?

18. Vapaamuotoinen kommentointi
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