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Code structure for developing and validation of PLC program
Control and monitoring of a power transformer by implementing a PLC control,
with a code structure designed for flexibility and reusability
Niklas Borg
MPPEN
Chalmers University of Technology

Abstract
In this project a concept for developing and improving the control and monitoring
of a power transformer by using a PLC is presented. A PLC system can contribute
with several key functionalities which are necessary in the ongoing reconstruction of
the power grid, towards the smart grid concept.

However due to a high variation in the design of the power transformer, it is neces-
sary to use a smart code structure. This report presents a possible code structure
of the control logic and simulation model, that can be used for validation of the
control logic, as well as reducing the developing time for this type of projects. In
order to obtain this, the project have been utilizing features from the object oriented
programming which enables for easy modification, adding, removing, etc of different
functionalities in the PLC program.

In this project the reusability and flexibility in the code structure have been increased
by building the application in several layers based on basic components. This is
accomplished by using two of the four foundations of object oriented programming,
inheritance and encapsulation. This approach will reduce the required time for
developing the control logic but also encourage to utilize the benefits of simulation
earlier and give the engineer faster feedback.

Keywords: PLC, PLC programming, Object oriented programming, Power trans-
former, validation, simulation
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1
Introduction

1.1 Background

Before the implementation of the first programmable logical controller, more com-
mon know as PLC, control logic where embedded in the hardware, consisting of
relays, mechanical thermometers, etc. During the years, PLC units have become
more common in control system and are today widely used in the industry for dif-
ferent purposes [1]. However, still in today’s moderns society there are systems
being designed with the control logic embedded in the hardware, often due to the
high reliability, quality, low cost and history of earlier implementations [2]. If that
is the case many benefits are lost which otherwise possible to obtain with the im-
plementation of a PLC in a control system. For example flexibility of modifying the
control logic after installation without modifying the hardware [1] [3] .

However, it is not possible to simply connect a PLC to a control system without
defining a program containing the control logic. Unfortunately, the engineer can not
be 100% sure that a PLC program is working correctly, before validating it [2]. To
validate of the PLC program it is most common to build the real physical system but
this result in a lot of time spent on debugging and error fixes during the installation
phase at the customer [4] [5]. Also one should considering the fact that there are
increasing demand of shorten time to market, quality, complexity and functionality
of the control system [6][7]. This means that the room for mistakes, is slowly dis-
appearing and it is important to have fast feedback in order to detect errors early [8].

A second approach to validate a PLC program, is to use simulation, which allows for
reallocating considerably amount of time spent on debugging the PLC program to
before the start of installing the control system [9]. This is one of many reasons why
simulation has become such an important part during development of control sys-
tem. The engineer can save both effort and money during the testing and validating
phase of the control system when using simulation [9]. Even though simulation is a
major benefit, since it eliminates the need of hardware, it is costly in terms of time
during the creation of the simulation model.

Also in a new project it is often necessary to start from scratch due to high cus-
tomization. Therefore it is desirable to start reusing old code as much as possible
from earlier projects. This requires a code structure that considers how to han-
dle variation. Furthermore the possibility of reusing of code also enables for auto
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1. Introduction

generating code based on the components in the library. However there are several
aspects to consider before this is possible [10] [11].

1.2 Industrial Context
ABB is a developer and producer of power transformers which is an essential com-
ponent in the power sector. This component minimizes the energy loss when the
produced energy should be transported over long distances by increasing the volt-
age and has become a vital part for the modern society. The principle with a power
transformer is easy, either you increase or decrease the voltage depending of desired
outcome. This is achieved by using two coils and a magnetic field that occurs when
the current passes through it. This means that losses due to for example resistance in
the wires used for the transportation of the energy can be reduced significantly[13].
However there are still minor losses which results in heat and therefore there are
need of cooling equipment for this purpose, See appendix A for more information
regarding the power transformer itself and figure 1.1 for the appearance of power
transformer.

Figure 1.1: Example of a power transformer

A power system is complex and consist of several advanced components such as
power transformers, breakers, etc and all of them must collaborate together in order
to obtain the desired outcome with a high efficiency.

1.2.1 Smart grid
ABB has increasing demands for better power system solutions that can offer higher
capacity, reliability, efficiency and stainability. In order to fulfill this demand, ABB
have been considering to integrate their products with a solution called “smart grid”.

2



1. Introduction

This is a power system solution where all the components quickly can be adjusted
and optimized in order to minimize the energy loss. This will create a power sys-
tem which is more stable for disturbances and establish a collaboration between all
different components in the system. This means that there will be a system which
quickly can adjust depending on the status of the grid [14]. Also considering the fact
that there is a ongoing transformation of the power system structure as we know
today. New technology enables for smaller companies or even ordinary household
to generate energy both for personal use and sometimes even for other household as
well.

The smart grid will enable for utilizing the produced energy further and avoid un-
necessary losses in the power system. For example there are occasions when the
grid is over/underloaded and when this occurs it is suitable to adjust the grid. A
overloaded grid means that there is more energy available on the grid than the cus-
tomers uses and therefore it is better to send the energy to other locations/grids,
where it is needed. In order to enable for the use of smart grid, it is necessary with
a modern control system that easily can provide the operator with data, both real
time and historical. This puts demands on the communication between different
parts in the power system and therefore aspects such as flexibility and accessibility
are of importance in the control system [12] [14].

1.2.2 Present control system

The present control system consist of two main parts, the control cabinet and the
control room which sometimes can be several miles apart, and monitor several im-
portant parameters of the power transformer and controls the cooling system. The
communication media between the control cabinet and the control room depends on
the customer specification but most common are to use several copper wires.

The present control system solution can almost be considered as "hardcoded" in the
physical hardware in the control cabinet. For example, the control system that de-
termines when for example the cooling system should be activated, is controlled by
mechanical thermometers or relays that monitors parameters like current and tem-
peratures. Modification in the control logic therefore result in a need of travelling
to the physical location of the control cabinet and adjust it. Furthermore, every
transformer is entailed with respect to the customer specifications, which means
that there is a high customization level, see figure 1.2 for a typical control cabinet.

3



1. Introduction

Figure 1.2: Control cabinet ready for delivery, made by ABB

1.2.2.1 Problem area

In order to fulfill all the requirements in the smart grid solution it is necessary to
sample both historical and real time data. This data can be used to predict future
actions for the control, for example the cooling or discover irregular patterns that
indicates a possible error [15]. This means that it is possible to extend the life time
of the power transformer since the cooling of the windings will be done earlier. The
historical data can also for example be of use in order to have leveled use of the fans
located on the transformer. This minimizes the risk of irregular need of maintenance
of the cooling system.

One way for obtaining the necessary flexibility and accessibility it is possible to
integrate a PLC into the control system. However, due to the importance of the
power transformer and price tag it isn’t possible to test a new concept on a physi-
cal transformer. Therefore it is suitable to use simulation to test and validate the
system before the installation on the transformer and by this reduce the cost and
time for testing and validation of the control system and also ensure that the so-
lution works correctly. Still one have to consider the high variation level in order
to not have a PLC solution that requires a lot of time for the creation of the program.

1.3 Objective

The purpose with this project is to create a concept for the control and monitoring
of a power transformer by implementing a PLC, and validate the control logic with
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1. Introduction

a simulation model, and also implement a method for enabling a easy reusing of
code from earlier projects and by this enable for auto generation of code.

1.4 Scope
This project will be focusing on the control and monitoring of the power transformer
and a code structure that can handle a high customization level during the design
of the PLC program and simulation model, in order to reduce developing time. The
project aims to enable for reusing code from earlier projects and by this reduce the
development time in a new project significantly. The concept of reusing code also
seeks for enabling auto generating of code.

1.5 Deliveries
The project aim to deliver the following in the end of the project,

• Easy and understandable PLC logic.
• A solution for easy reuse of PLC and simulation code.
• A clear code structure for easy debugging and error searching
• A concept for controlling and monitoring the cooling equipment, gas, tap

changer, leak detection, etc on a power transformer.
• Enable the use of simulation early in a development project for validation.

1.6 Research questions
• Is a PLC a strategic choice for the control and monitoring of a power trans-

former?
• How can one design the PLC/simulation code structure for increased reusabil-

ity?

1.7 Contribution
In this thesis a concept for implementing PLC control for a power transformer is
presented. This concept have been developed with a code structure that enables
reusing old code from earlier projects and by this the creation of a library. The
main idea with the library is to reduce the time needed for creating new customized
applications which also open up for the possibility of auto generating code.

Simulation have been used in this thesis in order to validate the control logic, that
also have been designed with respect for reusability. This does not only enable for
fast and easier validation of the control logic but it is also possible to utilize the
benefits of simulation earlier in a project and evaluate several different concepts.
This results in a possibility of not only reduce the developing time of the control
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logic and simulation model but also increase the quality due to the fact that the
code is well used and tested before.

1.8 Thesis outline
The report have been divided into three main chapters, the first considers PLC
system in general, and specifically for the one used in this project and controlling
and monitoring a power transformer. chapter 3 considers the structure of the PLC
program and how one can enable for easy reusing of PLC code. Chapter 4 contains
information regarding the validation of control logic and also how this can be done
with respect for reusability. The three chapters are then followed by a conclusion
which summarizes this project and suggest future work.
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2
Implementing of a programable

logic controller in a control system

This chapter contains information regarding the basics of PLC systems, drawbacks
and benefits both in general but also specific for the system used in this thesis.
Furthermore, the chapter contains information regarding results of implementing a
PLC and the user interface that have been designed during this project.

2.1 Programable logical controller system

PLC systems are widely used all around the world for different types of purposes,
everything from monitoring and control of traffic lights to heavy machine equipment
[1]. A PLC system is usually connected to several other components for example
other PLC units, servers, human-machine-interface(HMI), third party systems/com-
ponets, etc [3].

PLC developers often offer their customer systems including all these parts, and
more, in one complete system. One example of this kind of system is the 800xA
developed by ABB which have been used in this project. The 800xA system is used
all around the world in different types of applications thanks to its wide application
area. One of benefits with using a system such as 800xA is the easy set up of a new
control system and the fact that many third party components are already possible
to integrate to the system without any extra effort such as Wago, Siemens, etc, see
figure 2.1[3].
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2. Implementing of a programable logic controller in a control system

Figure 2.1: Example of a control system structure (800xA)

The communication between the components in the system can be performed in
several ways, either following standard protocols such as modbus, profibus, profinet,
IEC 61850, etc or adding a own customized protocol. Also it is possible to connect
the control system to higher level system via the system network, which also enables
for remote access and modification in for example the control logic. This means that
it is possible to reduce the need of travelling to the physical location of the PLC to
a minimum [18]. However, sometimes it is desirable to have so called stand alone
solution which means that a PLC can operate on its own without being connected
to other components. If that is the case it is still necessary to travel to the location
of the PLC unit if it is necessary to modify the control logic.

2.2 Basics of a PLC
As mentioned before the control logic is downloaded to the PLC. The PLC unit
performs a cyclic reading of the program. The cyclic reading means that the PLC
read the program row by row and and only in the end of it, or start if it is defined
by the engineer, write the values to variables and I/O signals. I/O signals are used
for communication with sensors, actuators,etc. The activation of signals is based on
the input signals or time events, however how this should be done can be totally
customized by the engineer. A engineer can for example define that the PLC should
be monitoring different running times for a motor or activate a specific components
on a specific day or value [1] [3].

The PLC unit which used in the 800xA system is called AC800m and consist of a
CPU unit connected to one or several modules. A module is used for adding func-
tionality to the PLC unit and can for example enabling communication according to
a specific protocol or possibility to read or write different types of I/O signals. The
AC800m PLC can be seen in figure 3.6 which is connected to a I/O module, on the
right, and two communication modules, on the left. The modules are connected to

8



2. Implementing of a programable logic controller in a control system

the PLC via an terminal unit. Then, wires are connected to the terminal unit and
sensors, actuators, etc. Since there are no direct connection between the modules
and wires, it is possible to replace faulty modules without disconnecting the wires
from actuators, sensors, terminal unit, etc. This enables for a efficient service of the
control system without interrupting the system more than necessary [3].

Figure 2.2: PLC with modules

The use of modules also enables for an easy extension of the hardware in the control
system. The AC800m PLC allows for 12 modules directly connected to the PLC.
When all of these are used one simply add a new "row" of modules. This is achieved
by connecting the new "row" via a communication module to the PLC, see figure
3.6. On the new row one can connect further 12 modules, to the control system by
defining the address of the modules in the software compact control builder used for
programming the AC800m unit, provided by ABB.

9



2. Implementing of a programable logic controller in a control system

Figure 2.3: PLC with several rows of I/O modules

2.3 Programming language

A PLC program determines the output signals of the control system that can based
on several different parameters such as sensors, timers, date/day, counters, etc. The
PLC program is written in one of the five languages, used by almost all PLC brands,
all described by the industrial standard IEC 61131. These are structured text(ST),
sequential function chart(SFC), ladder diagram(LD), function block diagram (FBD)
or instruction list (IL). All five can be considered as low level programming langues.
Still despite this fact, it is possible to obtain a total customized control logic for
every control system and the possibility to monitor both components of the control
system and sensors in the system [16] [1] [3]. An example of how the activation
of a pump can be defined, see figure 2.4. This example also includes the use of a
customized so called function block.

10



2. Implementing of a programable logic controller in a control system

Figure 2.4: FBD code example for choosing mode

A function block contains in and output parameters, see figure 2.4. The output is
dependent on the input parameters and the defined logic inside the function block
which can be done in any one of the 5 langues, for an example of see figure 2.5. The
use of function blocks enables the engineer to save time and effort since the same
function can be accomplished simply by importing a new instance of the desired
function[3][1]. In figure 2.5 one can notice the use of a data type. This can be
considered as a package that contains several variables, for example a simple bool
(true or false), arrays, further own customized data types, etc [3].

Figure 2.5: Control logic inside the function block seen in figure 2.4
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2. Implementing of a programable logic controller in a control system

2.4 Implementation of PLC control for improved
monitoring and control of a power transformer

In this thesis a concept of implementing PLC control, in order to improve the control
system of a power transformer have been tested. The main idea with the design of
the system structure in this project have been to demonstrate benefits with a PLC
system but also in order to align the control system with the smart grid solution.
This means that functionalities such as remote access, historical data, etc have been
enabled. The structure of the PLC system used in this thesis can be seen in figure
2.6 and one can notice that only a small part of the 800xA system have been used
in this project. Pictures of physical setup of the system can be found in appendix
B.

Figure 2.6: PLC system setup

2.4.1 Improved utilizing of the cooling equipment

One can, as mentioned before, measure time continuously for different components
in the system. This enables improving the use of the cooling equipment. Utilizing
this function it is possible to level the use of for example the pumps and by this
prevent the need of service for the pumps to occur on different times.

Furthermore the implementation of a PLC total customization of the control logic.
This can for example enable for individual control of the cooling equipment. The
cooling equipment is usually divided into several groups consisting of for example
1 pump and 4 fans. In the previous control system a group is fully activated when
there are actually maybe need of only the pump and one fan. This means that 3
fans are running unnecessarily and can therefore be considered as waste not only
in energy but in running time for service as well. Using the individual control it is
possible to extend the time when there are need of service of the cooling equipment
and also when it is necessary to activate the exercising running of the different fans.

12
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2.4.2 Improved error detections and service supervision
The implementation of PLC control enables for increasing the assistance for the op-
erator during stressful circumstances when searching or fixing errors in the control
system. This could result in a reduced time needed for service or the startup phase.
The PLC uses modules that can both receive and send I/O signals and with the
800xA system it is possible to detect if a module is broken, receiving faulty signals
or if it is replaced with the wrong type. All this enables for a system that directly
detects errors and its exact location and send alarm to the operator, in this case
even with article number, type of module/sensor, etc. The main idea have been to
provide the operator with all the necessary information for locating the error and if
needed order new parts.

The control system can also determine when different parts on the power trans-
former is need of service thanks to a implementation of this function in the control
logic. The PLC constant measures active time for all the components on the power
transformer. For example the cooling system which uses electric fans need service
within a specified time interval. The PLC sends a signal exactly when it is required
to start considering for service on a specific component. This enables for allocating
the service event during a planned stop of the power transformer and avoid unnec-
essary cost due to down powering the station.

Furthermore the PLC can monitor several signals which for example indicates whether
fan is started or not. This can for example be utilized in order to secure the cooling
of the power transformer when one fan breaks down. If a active fan breaks down,
the signal is lost and the PLC can send a alarm is sent to the operator and then a
new group/fan is started based on active running time. Also one can define that the
PLC should send a alarm which alerts the operator when there are no fans available
but there are need of further cooling capacity. This kind of information can then be
used in order to decide whether it is worth the cost of shortened life time by running
the power transformer at the same load or if one should considering to lower the
load.

2.4.3 Improved communication and accessability
At the present control system it is sometimes necessary with several copper wires for
establishing a communication between the control cabinet and control room. The
implementation of the system 800xA reduces the amount of cables needed since it is
possible to transfer information via communication protocols. This means that it is
possible to save money and time needed for communication during design, installa-
tion and error searching. Also the possibility of connecting the control system to a
networks opens for the possibility of remote access, control and modification. This
means for example that it is possible for the operator to access the control system
via any device with a internet connection, for example smart phone, tablet, laptop,
etc. This also enables for a future collaboration with the smart grid solution, since
it it possible to provide both real time and historical data.
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2.5 Visualization of data and control functions

One of the most important purposes with a PLC systems, except for the control and
monitoring, is to present information for the operator. However this isn’t done by
the PLC itself but rather a HMI system who is designed for this purpose. The PLC
sends the information via one of the communication protocols to the HMI which
presents the data for the operator. Furthermore it is possible to send commands to
the PLC, for example triggering a variable which starts for example a pump. How-
ever, the media which is used for visualizing the HMI can vary a lot depending of
the customers specification. One can for example use a HMI based on a server which
you connect from a ordinary computer using a client or a HTML based interface
located on a webserver [1] [3].

During this project the touch panel PP865, included in the 800xA system, have been
used. This allows for easy access to the control system with no need of a computer.
Furthermore the PP865 enables several other functions such as sampling of data,
webserver, vnc server, alarm manager, report generating, email/sms functions, PDF
viewer, etc. The PP865 panel is programmed using the software Panel Builder 800
which enables for easy changes and creation of graphic used for visualizing data
or control functions for the operator, see figure 2.7 for the working environment in
the software. The communication between the PP865 and PLC is performed using
ABB’s communication protocol called control network which is based on the MMS
protocol [3]. Furthermore it is possible to connect the PP865 to the system network.
See figure 2.1, which allows for remote modifications in the HMI. Also it is possible
to remotely access the HMI via either a VNC client or the web page located on
the webserver but it requires that the user is connected to the same network either
directly or via VPN.

Figure 2.7: Snapshot from Panel Builder 800

The design of the HMI have is to be as easy and fast as possible to use for the
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operator. One reason to this is that when a alarm goes off it should be easy for the
operator to find the needed information or functions fast. In order to achieve this, the
information have been divided into several menu’s. The start screen can be seen in
figure 2.8 and this have been designed to provide the operator with all the necessary
information in order to interpret the status of the power transformer. Furthermore
due to possibility of easily modify the HMI for different purposes, one can entail
the HMI for each customer. For example a picture of the power transformer of each
project which can be used to visualize the exact location of for example a faulty
pump or adding extra information to the start screen.

Figure 2.8: Start screen

The alarm manager located in the HMI, which monitors variables in the PLC. When
one of them are triggered the HMI sends a alarm. In the alarm manager it is possible
to connect the alarm to a text which can be used to describe the error including
information such as article number, location, etc. see figure 2.9 for the alarm screen.
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Figure 2.9: Alarm screen

It is possible to both monitor the cooling equipment with detailed information, see
figure 2.10, and control it as well. However in order to activate any of the functions
in the HMI it is required that operator log in as a user which enables specified
permissions. In the cooling control screen one can easy see whether a pump is
running or a fan is activated, since for example the fans is GIF images which rotates
when activated. Also in order to visualize if there are any errors, the images change
color. As it can be seen in figure 2.10, where pump 1,2 and 4 have failed but 3 is
running.

Figure 2.10: Cooling screen
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Several test runs have been performed with designed HMI in order to receive feed-
back. During these runs it didn’t take long before the "operator" could operate the
control system without help and the HMI have only been receiving positive feedback.

2.6 Drawbacks and benefits with the implemen-
tation of a PLC in a control system

As always there are drawbacks with connecting a system to the internet, for exam-
ple the possibility of someone attacking the system and succeeds with overriding
the system and obtain the control of it. If this occurs it is possible to overheat the
transformer and accelerate the ageing which result in a shorter life time. However,
since the 800xA system is continuously being updated and improved by ABB, there
are modern countermeasures available for this concern and therefore it is possible
to protect the control from unauthorized control. The continuous improvement also
applies for the hardware and software which is used for programming the system.
This means that it is possible to utilize the benefits with newest technology that
ABB implements in the 800xA system. Also the fact that a big company as ABB
is the one responsible for the system, encourages many other smaller companies to
adapt their products for easy implementation in the system.

However one have to consider whether it is worth the cost of adding a PLC to a con-
trol system. For example some of the designed power transformers doesn’t require
advanced cooling control, possibility of remote control/modification or storing of
historical data. If that is the case, the implementation of a PLC may not be needed,
rather the opposite due to extra cost and work if one should be using the AC800m
PLC unit. But it is clear that for bigger transformers that requires these functions
it is beneficial with the use of a PLC. There also are cheaper "budget" variants
of PLC’s available on the market, that could be used instead of the AC800m but
comes on the cost of functionality and performance. Therefore it is possible to use
a PLC even for smaller transformers and enable some of the benefits with a PLC,
for example historical and real time data, visualization, remote access, etc.

Also since the PLC is consisting of different types of modules it is possible to add
more functionality and hardware. Furthermore it is easily integrate a new system
with a previous control system and avoid adding a extra stand alone system. Also
the fast service of the control system is useful when components have to be replaced
in the control system. There are occasions when there are several companies deliv-
ering either complete power system or parts of it to a station. If the last scenario is
the case, it is important with the possibility of integrating the control system with
a third party system.

The possibility of customizing the control logic for every power transformer gives a
clear advantage both technically and in a selling perspective. This means that it
is possible to entail for example the cooling conditions and how, when and why a
group should start. All this can be done according to customer specification and
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own experience in order to get the best cooling strategy. Also if the design of the
hardware is considered, it is possible to apply comprehensive modifications in the
control logic without re-manufacture the control cabinet. This means that the im-
plementation of a PLC enables for flexility in the control system not only during the
developing of the control logic but also when it has been finished. Furthermore the
possibility of easily apply changes in the control logic encourage for improvements
and bug-fixes in the control system even after the delivery to customer. Therefore
when new progress are made in the cooling strategy area it is possible to implement
this in both old and new control system and ensuring that each power transformer
always is using the best strategy available. However before it is possible to start up
a PLC system it is necessary with a PLC program which have to be developed to
each type of transformer, due to the high variation which demands a code structure
that supports reusability and flexibility.
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3
Design of control logic with

respect for reusability of previous
knowledge

A high variation regarding the specification of the control system for a power trans-
former requires a code structure that contributes with flexibility and reusability.
How this can be achieved will be discussed in this chapter, together with relevant
research within this topic. Two possible concepts which can be used for enabling
reusing of code within this sector will also be presented.

3.1 Background theory

In order to handle the increasing demands on time and quality during development
of control system one should start to consider the possibility of enabling for reusing
of code. One method is to start using a library which contains code from earlier
projects, that can be imported to a project when needed. It is obvious that reusing
code is more efficient in terms of time, compared to starting every project from
scratch and entail the entire project to one system. The purpose with a library is
to allow the engineer to easily reuse previous created code, components, functions,
etc if it is needed in the new application. This requires a structure and design of
the components in the library with respect for this purpose. Variation is a major
problem within the industrial automation sector, obvious, because without variation
it would be possible to use the same code over and over again. Variation result in a
need of adding extra code in order to obtain the desired control logic and behavior
in the system [16].

Adding extra code to a project/library, based on components from earlier projects,
there are several factors to take into account, for example so called cross cutting
concerns. These concerns are factors/functions that occurs in multiple locations in
the program which complicates both the understanding and reusing of code [11].
This means that one modification one location of a application might have other
unwanted affects at other locations. However adapting the structure and design
of the control logic for this purpose it is possible to ease the reusing of code in a
company and reduce the required time for developing the control logic significantly.

However when designing a PLC program it is preferable to have a clear picture
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of the needed functionalities. Often is the desired logic described in text in the
specification, that can sometimes be hard to fully understand due to its abstractness.
In order to ease the understanding it is possible to use so called machine states.

3.2 Machine state

The first step during a creation of control logic is to determine different types of
functions/parts in the system, possible operations, how they should be triggered
and which order[17]. In order to visualize these aspects, in a pedagogical way it is
possible to use a so called “machine state”, see figure 3.1. A machine state describes
the events that occurs when a specified signal is triggered and how they affect each
other. This helps the engineer to get a good overview of the system and different
functions. The machine state consist of in and out signals, that is connected to ei-
ther IO signals or other machine states, and the different events dependent on these
signals.

Figure 3.1: Example, machine state

A example of a machine state can be seen in figure 3.1. This machine state de-
scribes the part of the application determines which cooling group to start, in this
case based on active time, and sends the signal to the next part in the program
which executes the start. However as it can be seen there are two possible scenarios
during this event, for example if there are no group left to start an alarms should
be sent to the operator and if there are groups available then this parts should send
the number to the next part of the program.

Even though the visualization with the machine states ease the creation of control
logic, it is still possible that a application contains errors due for example human
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factor, etc. With a machine states it is possible to get an better perspective and un-
derstanding of the different parts when programming the control logic or designing
the structure of the program.

3.3 Traditional vs object oriented programming

Before starting to programming it is necessary to determining the structure of the
PLC program, that have a major influence on the reusability. The design of the PLC
program can be very diverse from company to company, both in terms of structure
and choice of language. It is common that companies uses their own standards,
developed within the firm but there are also cases where no standards are used at
all. No standards means that the application has to be created from scratch, both in
terms of structure and previous defined functions. Defining a structure of a the PLC
code requires that the engineer considerers the control logic in a wide perspective,
that often requires several modifications during the development[2] [3].

For the programming of the AC800m there are two approaches, traditional and ob-
ject oriented programming. The choice depends on the complexity of the needed
control logic. For a system with low complexity it is preferable to utilize the tra-
ditional programming methodology and vice versa when one should use the object
programming. Still worth mentioning is that the features that that defines the object
oriented programming approach isn’t fully implemented in the PLC units available
today [3]. For example the possibility of inherit features are not possible, but the
use of some features of object programming is slowly started to be seen in developing
softwares for PLC’s[19].

The traditional programming utilizes ordinary programs (POU) and functions blocks
and is suitable for easier PLC programs. Still using the traditional programming
contributes with several drawbacks in terms of reusability. For example a higher
use of global variables for the communication between different applications in the
program which complicates the reusing, see figure 3.2.
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Figure 3.2: Example of structure for traditional programming

Therefore in order to ease the reusing, it is suitable to use the object oriented
approach. This can enable for easier encapsulation of different parts in the program.
In the programming of AC800m it is possible in the software Compact Control
Builder to utilize control modules. A control module can be considered as a super
function block which can contains defined control logic with possibility of adding
graphic for control, service, etc purposes. It is also possible to combine the use of
control modules and function blocks depending on the complexity of one part of the
program. Still even though the appearance of the control module is similar as the
function block it is to be considered as a small program. Using control modules
enables several benefits in terms of reusing, for example it is possible to create the
modules in a hierarchy structure and reduce the amount of variables needed in the
program[3]. The decrease of variables is possible since one can connect modules
directly to each other, see figure 3.3.

Figure 3.3: Example of structure for object oriented programming(control mod-
ules)
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3.4 Encapsulation and inheritance of functions in
a application

In order to be able to handle the variation it is important to have a flexible code
structure for easy and fast changes. This is possible to obtain with several ap-
proaches, one is to encapsulate code. This approach, builds the application in
different parts which enables for easy modifications and reuse of earlier code. This
reduces the time needed for development between different system significantly since
one doesn’t have to know exactly what happens inside the encapsulated part but
rather understand what has happened.

In order to ease the reusing of code from previous projects it is possible to encapsu-
late functions/programs into several smaller parts. In practice this means that the
engineer considers the structure of the program and how it should be designed in
order to enable this. One approach as Pineda-Sanchez describes, is to encapsulate
for each type of component in a control system and by this build the application
using objects of these [20] [19]. For example a relay, certain cable, motor, etc. The
encapsulation of program code isn’t only limited to hardware in the control system
but parts/functions in the control logic are also possible to encapsulate, see figure
3.4.

Figure 3.4: Example, encapsulation

Unfortunately in the approach used by Pineda-sanchez utilizes templates for each
type, which is copied and paste into the project. Then, one have to manually add
the desired control logic in the instance, containing the encapsulated part of the
program, since it isn’t fully possible to utilize inheritance in the PLC’s. However,
the code structure for a basic components such as a relay could be similar as in figure
3.16 based on Pineda-sanches method[20] which utilizes the basics of inheritance and
encapsulation.
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Figure 3.5: Basic of inheritance

The design of the code structure is a time consuming task but there are also other
aspects to consider during this phase of a project such as the need of storing data
globally [3]. Global variables can for example be used for connecting separated parts
which complicates the understanding of the execution order between thee different
parts. This could lead to unwanted behavior when changes are applied to one of
the parts. Also one have to consider that the execution order of different parts in a
PLC program may differ between PLC developers even though this is described by
the IEC 61131-3 [7].

The main idea with the encapsulation and inheritance is to enable for easy modifica-
tion in the control logic and change the behavior without reprogramming the whole
application. Also the possibility of reusing code from earlier projects in order to
save time and effort. The engineer can swap one part of the program for another or
add complete functions to the PLC program and radically affect the outcome in the
control system [16]. However the flexibility in the encapsulated part of the program
is limited and in order to handle variation it is necessary to add a new type to the
library even for minor differences.

3.5 Encapsulation in several layers

In this project, a concept for utilizing the benefits with encapsulation, inheritance(similar
as Pineda-Sanchez) and control modules been tested in order to get a flexible and
reusable code structure. In order to achieve this, the structure of the code have
been considered from scratch and implemented in the new control system proposed
in this project for the control and monitoring of the power transformer. However,
as mentioned before, even though the encapsulation enables for easy modifications
it is limited in terms of variation. The reason to this is that it is necessary to add
extra types in the library for small variation. In order to handle this phenomena it
is possible to encapsulate the PLC program into several levels,see figure 3.6, possible
to obtain with the use of control modules.
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Figure 3.6: encapsulation and "inheritance"

This enables for the possibility of modifying the control logic on a lower level. Com-
paring this to the encapsulation with only using one level this gives the engineer
a clear structure of the PLC program which is beneficial when debugging the PLC
program. The reason to this is that it is possible to easily find the part which is
most likely to be incorrectly and focus the debugging on this part. An example of
this is the control of the cooling equipment. The first level of encapsulation can be
performed as in figure 3.7.

Figure 3.7: Example, encapsulation level 1

The part that determines when a group should be started has been encapsulated
into one part. The part of the program that handles the control of the cooling for
one group have been encapsulated into another part, including alarms, timers, etc.
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This allows for easy adding of groups to the control system since one simple can
copy and paste a group and add it. However, the amount of for example fans varies,
in order to avoiding adding a extra type to the library have this part been divided
into several different levels. This increases the possibility of adding or removing
functionality for each group only by using components from the library, see figure
3.6.

Figure 3.8: Example, encapsulation level 2

The dividing of the group control have now been divided into three subparts. The
first part listens to the start signals, from the higher level, and sends it to the for
activation of the group which have minimum active time. The last part receives data
from the groups considering status, running times, etc. This part then processes this
and determines which groups should be started or stopped next time the first part
is triggered. In this case it is possible to divide the second part further, see figure
3.9. However at this level it is possible to add extra fans by simply copy and paste
the pump control instance. Also it is possible to entail this different for each group,
for example one group maybe only have 2 fans and another group have 4.

Figure 3.9: Example, encapsulation level 3
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This part have been divided to 3 additional parts. The first parts listen to the oper-
ation number and determines if it is turn to start or stop. The second part activates
the fan/pump and then the last part considers all the alarms which is connected
to this part of the program. However in order to enable for easy modification have
the first and last part been encapsulated to further subparts, while the pump_start
part is down to such a basic level that further encapsulation is unnecessary. The
encapsulation of for example the alarm part enables for adding or removing different
types of alarm easily and is the reason why this have been encapsulated to further
subparts, see figure 3.10.

Figure 3.10: Basic of encapsulation level 4

As one can understand this structure enables for modifications with the same ap-
proach as in the first encapsulation, in figure 3.7 but with higher flexibility and the
need of adding extra types have been reduced since the PLC program consist of
basic components on lower levels. This means that adding extra functionality to the
control system can be done rapidly and easy. Also in order to ease the building of
the application have data types been used as input and output parameters which
only enables some of the components in the library to be used together.

The use of instances/objects for each group enables, as mentioned, for customization
between the different groups using the same code with the possibility of adding/re-
moving features. For example when a group consist of a higher amount of fans it
is desirable to start one by one in order to avoid voltage drop or unnecessary high
current during the start of multiple fans. This is done by adding this functionality
to the encapsulated part for the triggering of fans, seen in figure 3.9. Since this part
is located in one location of the program one can go down one level and add a this
functionality.A better overview of the included functions in the PLC program can
be found in figure 3.11.
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Figure 3.11: Overview of PLC program

The use of levels doesn’t only contribute with a easy modification of the PLC pro-
gram but also eases the debugging of the PLC program when searching for errors.
Comparing the approach with several levels to one with only one level, as in figure
3.12 it is clear that the debugging is easier with multiple levels. One reason to this
is that one can focus the debugging on the parts that the error is most likely to be
located.

Figure 3.12: Encapsulation with one level

3.5.1 Adding extra functionality

Adding extra functionality is done in two steps, assumed that the necessary logic is
already existing. The first step is to add the control module for example a extra fan
including alarms, start conditions, etc. This can be done by simply copy and paste
a other one in the project see figure 3.13.
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Figure 3.13: Adding a extra fan/pump

The second step is to "map" the start signal in the control module to the I/O signal.
This done by specifying the address of the start variable in the control module in
the "Hard ware" editor in the software. See figure 3.14.

Figure 3.14: Mapping of I/O signal

Still it is necessary that the engineer imports and connect the different parts of the
control logic for different groups of cooling equipment, every new type of installa-
tion needs new developed programs. This requires time and effort especially if the
comments in the reused code isn’t sufficient enough in terms of understanding.
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3.6 Encapsulation using objects
In order to improve the code structures ability to handle variation, a second approach
was evaluated. This is based on the use of objects together with encapsulation and
control modules which allows for reusing the same code without any significant
modification. In order to enable this the project have been utilizing data types. For
example two data type have been created for the cooling equipment, see figure 3.15.

Figure 3.15: Data type for a fan.

The data types is stored in a array which contains information regarding the sta-
tus of all the cooling equipment. Each pump is stored separately in the array, and
include one more array with data types of the fans, and values that the data type
contains in each spot of the array can be modified independent of each other. These
object, stored in the array, are then sent to different parts of the program in order to
determine for example which group to start. The first spot of the array is dedicated
as a operation slot, for example which fan/pump to start/stop.

This enables for easy adding of extra functionality, such as a extra fan, by utilizing
the same approach described in section 3.5 one can start changing different part of
the control logic easily. The different encapsulated parts are connected to by sending
the array of object to each other, see figure 3.16. This allows for adding extra parts
to the PLC program by simply connecting it to one part and send the array to the
next part of the program. Also it is possible to remove unnecessary functionality and
without considering the whole application. Furthermore one can add parts to the
PLC program that for example only considers one of the fans by sending the array
and extract the object and export, it to the array after use if any changes are done,
and send it to the next part of the program. This allows for adding customized code
for each object. It is important that one consider the order of the parts included in
the program since the execution order may have an influence of the control logic.

Figure 3.16: Example of application utilizing objects
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Also, in this approach it was chosen to utilize for-loops for avoiding modifying parts
dependent on the amount of for example fans. This creates a code structure that
has embedded logic for adapting for variation in the control logic. However worth
mentioning is that utilizing for-loops, objects, etc in a PLC program contributes
with a complex debugging and also adds a possibility of entering a deadlock. But
the power of using a for-loop enables for easy reusing of code without manually
modify it, see below for a example of the search in the array after the group with
lowest active time which can be done independent of the amount of groups.

GetArray ( Array := pump_array ,
Index := 0 ,
ArrayElement => operat ion ,
Status => sta tu s ) ;

i f ( ope ra t i on . s t a r t ) then

f o r index :=1 to nr_group do
GetArray ( Array := pump_array ,

Index := index ,
ArrayElement => temp1 ,
Status => sta tu s ) ;

i f ( temp1 . s t a tu s =0) then
e x i t ;

end_if ;
end_for ;

f o r index :=1 to nr_group do
GetArray ( Array := pump_array ,

Index := index ,
ArrayElement => temp2 ,
Status => sta tu s ) ;

i f ( ( ( temp2 . s t a tu s =0) and ( TimerElapsed ( temp2 . tota l_act ive_t ime ) <
temp1:=temp2 ;
end_if ;

end_for ;
ope ra t i on . to_start :=temp1 . index ;
PutArray ( Array := pump_array ,

Index := index ,
ArrayElement => temp2 ,
Status => sta tu s ) ;

end_if ;
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3.7 Drawbacks and benefits with reusable code
structure

A reusable code structure enables not only for reducing the developing time for the
PLC program but also improves other aspects such as quality, reliability, etc. This
clearly advocates for a this implementation and one should design the code struc-
ture for this purpose. During the design of the code structure would it require extra
engineering time but it should be seen as a long term investment. The reason to
this is that variation can be seen as a positive influence in a project. Adding extra
code in a project will in the future minimize the development time for the next
project using the same type of code and increasing the flexibility and functional-
ity of the control system. Still the encapsulation of the different part in the PLC
program isn’t always obvious. This means that it is still possible that the engineer
creates parts including several aspects which, as mentioned, complicates the reusing
of code. Luckily during the development of the PLC program for the control and
monitoring of the power transformer it was possible to distinguish different parts
and encapsulate them cleanly. However it is still possible that the library will be
overflowing with similar objects, as previous mentioned, but the created PLC code
parts are on a basic level and easy to create and are used to build complex control
logic. Also it is possible to use the library for offering a customer standard solutions
that can be customized according to their specifications and offer this as a extra
service. One can compare this with the ordering of a new car, where it is possible to
choose between several standard components and also with the possibility of adding
new unique components to an extra cost.

Furthermore the use of levels and encapsulation in the code structure eases the de-
bugging since there are clear distinguishing of different parts in the program. For
example if there are problems with the one of the alarms in one group it is easy to
locate the problem. During this project this have been helpful when searching for
errors and the debugging was easier compared to the approach with only have one
level which gives a more unstructured appearance.

Comparing the first and second approach, presented in this report, it is noticeable
that the object based approach requires less time and effort for building a applica-
tion, thanks to the embedded flexility in the code. However considering the time
which was spent during this project on debugging in this approach, the extra time
that the first approach requires during the creation of the PLC program was worth
it. Especially considering the stressful circumstances when one start the installation
of the control system, on site at the customer, if it is necessary to start debugging
the application. Still, the use of high level programming approaches such as object
programming might be the future choice of programming language for PLC systems.
Developers of PLC programming softwares are slowly starting to implementing, for
example, the basics of object oriented programming in their developing softwares.
Also already in the programming of industrial robots have the languages in some
brands been switching from the use of low level to high level langues such as java.
However, both approaches used in this project was able to relatively easily to reuse
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old and add new code.

The use of a library decreases the requirement of knowledge/experience within pro-
gramming since the code is already written, tested and used before. Therefore if all
the necessary parts exist in the library it is possible for one with minor knowledge
regarding the programming, but with some experience of the developing software,
to build a new PLC program. In order to ease this phase it is crucial with a good
description of each part in the library and one can utilize machine states for this
purpose. Even though the easy creation of a "customized" PLC program it is pos-
sible to create a incorrect control logic. A PLC program might for example not
fully following the specifications considering alarms, etc. This means that it is still
necessary with a validation of the control logic in order to ensure the behavior of
the control system.
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4
Validation of PLC program

Validation of a PLC program is a crucial part in order to avoid delivering a incorrect
system to the customer. This chapter contains information regarding the validation
of the PLC program, created during this project, by using simulation. Further-
more the design of the simulation model that have been used done with respect for
reusability.

4.1 Background theory

Simulation eliminates the need of hardware and therefore it is possible to perform
multiple and fast validations of the control logic. Furthermore it is sometimes de-
sirable to validate that a solution will work during extreme and dangerous circum-
stances. This might not be possible with the physical hardware due to cost and
safety issues. Simulation enables this and the engineer can perform these testes and
ensure that the solution will work as well in normal as in extreme conditions[21].
Also, one of the main reason why using simulation because, it is possible to reduce
the time needed during the start up of a new system since it is possible to detect
hidden errors before starting the installation of a system

Even though the use of simulation enables the engineer to get fast feedback for every
concept, the creation of the simulation model is a though and time consuming task.
First of all it requires programming skill but also detailed information regarding the
system to be simulated, for example how different actuators are triggered by the
control system and their effects on the system [22]. However before starting with
the simulation model it is wise to evaluate if it is necessary, considering the cost and
time needed for programming and gathering information. Furthermore, the cre-
ation of a simulation model often started late in a project due to earlier mentioned
aspects. Unfortunately, this means that some benefits with the simulation is lost[10].

There are several different types of simulation models, each one with its benefits and
drawbacks. Two examples of model types are dynamic and static model. A static
model calculates differen states for each time a event occurs. An dynamic model on
the other hand calculates the state of the system continuous and is time dependent.
The dynamic model consist, usually, of differential equations which describes the
behavior of the simulation model.

In order to perform the validation with a simulation model it is possible to for
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example use virtual commissioning (VC). VC is performed by using either the real
physical controller (hardware in the loop (HIL)) or a soft controller (software in
the loop (SIL)) and connect to the simulation modelfor example via Open Platform
communication(OPC) technology.

4.2 OPC

OPC is used for communication in industrial application and is specified by the
OPC foundation. The purpose of using an OPC server is basically to enable the
access of data from the PLC. The data from a PLC can easily be accessed by simple
using an OPC DA (data access) server and an OPC DA client. The client is used for
reading the data from the PLC via the server to desired interface, for example the
simulation model. However before the data appears in the server it has to be read
from the PLC and this is done by a cyclic synchronization in a specified interval [23].

However the use of an OPC server can sometimes create unwanted problem if there
is a time critical application. The reason to this is that a short signal from the
PLC might be missed due to the cyclic reading. In order to solve this Carlsson[10]
propose a extension of the OPC communication that eliminates this problem.

4.3 Virtual commissioning

The concept of VC is to use the real PLC controller and control logic as it is sup-
posed to be used in the finished installation. The PLC is connected to a virtual
simulation model, as mentioned before, via OPC technology see figure 4.1. This
means that the engineer can be performing the validation similar as it would be
with the real physical system.
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Figure 4.1: Concept of virtual commissioning

One can say that the virtual commissioning consist of two parts, the real controller
and the virtual plant, but one can also be using a soft PLC. The real controller
includes the PLC and sometimes also the HMI which the operator can use for mon-
itor and control of the system. This part can also include the I/O signals and be
connected to a visualization of the virtual plant. For example it can consist of signal
lamps and smaller fans that is a smaller version of the real system only for visu-
alization purposes. However the actual I/O signals are never necessary to be used
in the virtual commissioning since the communication between the controller and
virtual plant is done via the OPC server. This means that it is possible to elimi-
nate the need of hardware. Also it is possible to connect the HMI to the physical
or soft PLC, see figure 4.2. This means that the control system can be used for
education purposes for operators using with the real HMI and see the effects of the
actions in real time without any possibility of jeopardizing any hardware or humans.

Figure 4.2: Concept of virtual commissioning with control panel

37



4. Validation of PLC program

The level of detail in the simulation model depends on the system and customer. For
example if it is a production cell including robotics it is necessary with four steps/-
parts, process design, physical device modeling, logical device modeling and system
control modeling [24]. However if it is for example a process such as a furnace or a
power transformer, then the mechanical aspect is not necessary to model in order
to validate the control logic. Rather the behavior of the "machine" for example in
terms of heat generation within the process .

Furthermore there are some problems that can occur independent if it is in the
real and virtual world, for example considering the synchronization between the
controller and simulation model or actuators actual state. This can for example
lead to that the PLC is performing the wrong actions even though it is the right one
according to the PLC program. This is possible to solve with better conditions that
has to be fulfilled before the start of an operation. One drawback with this solution
is that the improved conditions can result in a deadlock if the PLC and simulation
model are unsynchronized.

4.4 Software for creation of simulation model

In order to create a simulation model for validating the PLC code there are several
softwares available. The choice of software depends on the system to be simulated,
for example if a system contains moving parts and the visualization of the system is
important it is suitable to use a software such as 3D-Create, Winmod, experior, etc.
These types of software allow the engineer to define how the system should behave
virtually, for example the kinematics for customized parts. However when there is
no need of visualizing the functions/system it can be suitable to use MATLAB due
to the advantages in a mathematical perspective[25].

MATLAB have a add-on called "Simulink" which allows the engineer to connect
to either the real PLC or a soft controller easily with a tool called OPC toolbox.
This means that for a process that for example controls a cooling system, one can
define the generation of heat mathematically in Simulink. This simulation model
corresponds to the real world system if the formulaes are correct. By doing this it
is possible to runs the system totally virtually and see how for example the control
logic will affect the outcome in the system. [25].

Simulink also have possibility to create a simple user interface which can be used to
monitor and control the simulation model during the validating of the PLC code.
This means that it is possible to testing everything from the basic of the system to
generating error signals either automatically or on demand. Simulink enables for
a easy set up different scenarios in one run with the use of pulse generation which
is triggered at a certain point. However independent of software that is used in a
project it is necessary to gather information regarding the system in order to create
a simulation model corresponding to the real world system[25], see figure 4.3.
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4.5 Creation of simulation model

In this case the system to model is a power transformer. A power transformer is
a complicated component that have several factors to consider. However the main
purpose with the control system, in question, is to control the cooling equipment.
This means that it is necessary to include the heat generation, in the process of
transforming voltage up or down, in the simulation model. Cooling of the power
transformer is a vital part and if the temperature is to high the ageing of it will be
accelerated. Therefore it is desirable to include this as well in the simulation model
in order to see the result of different cooling strategies. Furthermore the control sys-
tem monitors parameters such as gas detection, leak detection, tap changer, load,
etc.

4.5.1 Encapsulation of simulation model

It is common that engineer creates one massive model which includes the whole sys-
tem. This complicates the reusing of code since it is no clear distinguishing between
the different parts in the simulation model. Luckily, similar as for the encapsulation
of the control logic in the PLC it is possible to utilize the same in the principle in
the simulation model in order to ease reusing. This also enables for the possibility
of testing different parts of the program separately.

For example in this case it is necessary to include heat generation, generation of
error signals,etc. By encapsulating each one of these into several parts it is possible
to start reusing them in other projects. For example if the system will be monitor-
ing the gas generation in the power transformer it is possible to extract this part
from the standard library and fast validate if the control logic is correct or not for
this purpose. Also sometimes there are several error signals each one connected to
different part in the program, by designing one type that is applicable for all the
error generation it is possible to fast and easy build the simulation model.

4.5.2 Power transformer

The system needed for validating the control logic can be seen in figure 4.3. However
depending on the power transformer specifications it can sometimes be necessary to
monitor parameters such as humidity, gas, leak detection, etc which also have to be
simulated sometimes. This means that variation can be found in both the control
logic and simulation model. For more information regarding the equations behind
and different parameters, see appendix A.

39



4. Validation of PLC program

Figure 4.3: Example, Simulink with the OPC toolbox

As it can be seen in figure 4.3 the simulation model have been divided into several
parts. In the top can the heat generation be found which calculates the temperatures
in the power transformer during different loads. Furthermore in order to validate
how the control logic handles a error in one of the cooling groups simulation logic
were created for this purpose, see figure 4.4. The simulation model is connected to
the I/O signals which triggers the start of for example a pump and then since the
control logic continuous monitors if the pump is activated a signals is received from
the contactors that activates the pump based on the signals from the I/O signal. If
this signal is not received the PLC should switch to the next group. In order to test
this the simulation model listens to the activation I/O signal and via the interface in
Simulink it is possible to interrupt the signal which is being sent to the PLC which
indicates a successful activation of the pump. Furthermore some parameters which
are necessary in order to fully validate the control logic such as gas generation have
been solved with a more basic solution (not included in figure 4.4). In this case
have the gas generation been simulated by using a "bar" which change to different
values in order to see that the PLC sends the correct alarms to the operator. The
same reasoning have been applied on the tap changer and leak detection in the oil
conservator, see figure 4.4.
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Figure 4.4: Simulation model used for validation of control logic, created in
Simulink.

4.6 Validating control logic
Using the created simulation model in Simulink it is possible to connect it to the
AC800m via an OPC server and connect the parameters in the simulation model to
variables which are connected to I/O signals. It is possible to validate the control
logic totally virtually with the 800xA system by using the soft controller. This can
be connected to the OPC server and then to the simulation model, similar as the real
system. During this project it was the HIL solution preferred since it gives a more re-
alistic impression when validating the control logic since the actual PLC unit is used.

The validation was performed by setting different scenarios in Simulink and con-
nect it to the PLC. Scenarios that was performed was for example during normal
conditions with a load capacity of around 80 % to extreme conditions with a load
factor of 200 %. Also during the validation were different error signals sent to the
PLC, for example if a fan breaks down the PLC should directly switch to the next
one with minimum running time. This enable for testing the control logic during
operation with faulty cooling equipment and see that the next group will start and
also if there are none available to start that the right alarm is sent to the operator.
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All the testes that where performed revealed several minor errors in the control logic
which, of course, where corrected. After the bug had been corrected a new validation
run where performed in order to ensure that the control logic is behaving as intended.

However during this project the creation of the simulation model have been done
in parallel with a physical representation of some of the functions on the power
transformer. This was due for selling purpose but it is also possible in a limited
extent to validate some of the control logic, see figure 4.5. Worth mentioning is
that the Visualization hardware could also be sending different parameters to the
PLC thanks to several potentiometers. However it is also possible to only use the
LED-lamps for displaying when for example a pump motor is started and use the
simulation model at the same time.

Figure 4.5: Visualization for selling purpose

4.7 Drawbacks and benefits with validating the
control logic using a simulation model

It is clear that the use of simulation can reduce the time needed during the start
up of a new system since one can identify and eliminate errors in the PLC program.
Therefore it is possible to save a significant amount of money otherwise due to the
fact of having a physical system in standby waiting for the PLC system to working.
Still it is not possible to be absolutely 100 % sure that the PLC program will be
behaving as intended with the physical system due to several different unknown
aspects. However as time proceeds these unknown aspects can be included in the
simulation model library in order to eliminate this problem in the next project. This
means the start up time will continuously be decreasing and perhaps in the future
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be almost eliminated.

One of the drawbacks with the use of simulation is the time that have to be spent
on the creation of the simulation model. The encapsulation of different parts in the
simulation model enables for decreasing this time. It is important that one evaluates
the value that a simulation model might contribute with before starting the creation
of a complex simulation part. Sometimes can be enough with a simple solution in
order to validate the control logic. Still a simulation model that corresponds exactly
to the real physical system gives a more realistic impression and can be used as a
selling point when presenting for the customer. Furthermore this allows for train-
ing of operators with a new control system without risking the power transformer.
However the use of simple representation enables for earlier use of simulation when
the engineer are programming the PLC program since more complex simulation are
time consuming.

The use of a simulation isn’t necessary to be limited to the validation and design
phase in a project but rather sometimes can the model be used to improve the run-
ning result of the application. The benefits that the simulation model can contribute
with is mainly in the future decision making. For example, the simulation model
can predict heat generation and improve the uncertainty in by using real data value
as parameters. Based on this information it is possible to activate counter measures
before there are needed or trigged by the system. This can in some application result
in a increased life time of the system since risks such as overheating is minimized.
Also it is possible to use the simulation model as a extra security if the sensors that
are for example measuring the temperatures break down.

Also, reusing simulation and creating a library enables for testing the PLC program
continuously during its development and evaluate several different concept easily.
This can lead to that the Still the chosen approach is sensitive for variation in the
simulation model since one have to add new types each time this occur. The same
approach with several layers haven’t been realistic to implement in this case which
resulted in a lost flexibility in the code.

43



4. Validation of PLC program

44



5
Conclusion and future work

Is a PLC a strategic choice for the control and monitoring of a power
transformer?
It is clear that it is beneficial with a implementation of a programable controller for
control and monitoring of a power transformer. First of all it enables for a future
collaboration with the smart grid solution since it can provide the operator with
detailed information, both historical and real time data. Using this information
the operator can start to see irregular patterns and use it as a tool when making a
decision. This means that it is possible to avoid one major cost which will otherwise
occur if it is necessary to perform a unplanned down powering of the power trans-
former. It is possible to extent the time between service event that is due to the
equipment monitored by the PLC system. A major advantage with a PLC system is
the modularity that it offers. One can build the hardware after specifications which
means that the cost and functionality is optimized. Also this improves the service
of the control system since faulty components easy can be replaced.

Also the flexibility that the PLC system offers in terms of applying changes in the
control logic after the final installation is a major advantage. Some conditions might
change over time and with a Plc it is easy to adapt the control logic without re-
building the hardware by simply downloading a updated PLC program. By this it
is possible to use the best control logic available even if the system is older since it
is always possible to easy apply changes.

How can one design the PLC/simulation code structure for increased
reusability?
The creation and validation is time consuming if one have to create the PLC pro-
gram and simulation model from scratch each time. Therefore it is preferable to
implement methods that enables for easy reusing of code, such as in this project
with a object oriented code structure. However the object oriented approach isn’t
fully supported by the PLC softwares but some parts are possible to utilize anyway.
During this project it was noticeable that some features from the object program-
ming was powerful but also contributed with a complicated debugging such as the
use of objects. However using features from the object oriented programming ap-
proach such as encapsulation, "inherence",etc in the code structure. This enables for
the engineer to easily modify,add,remove, etc in the code without considering the
whole application. In this case this was possible thanks to the clean encapsulation
of the different parts in the PLC program and "inheritance" (similar only, not fully
applied) for the building of the different parts using control modules.
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Furthermore since the same approach of building a library of encapsulated parts
have been used for both the creation of PLC program and simulation model one
can easily validate the control logic by importing the necessary parts. This does not
only increase the quality of the PLC program and validation, since the parts are well
tested and used before, but also it lower the requirement for knowledge considering
the programming.

The PLC program was created in multiple levels which in this case wasn’t fully
possible/optimal with the simulation model. The simulation model have been uti-
lizing the encapsulation but only one level. This means that the flexibility of the
encapsulated part is lost but the programmer can add different functionalities to
the simulation model. A future simulation model should be utllizing the multple
level approach but for some function this is unnecessary work due to its entailed
appearance.

Future work
The chosen approach in this project wasn’t able to handle smaller variation without
adding a extra type to the library. However in order to create a code structure that
can handle this it might be possible to generate code using a high level programming
that can handle this complex problem. Due to time limitations in this project this
part haven’t been included as intended. Therefore a natural next step for this
project would be to investigate how the use of high level programming can generate
complete PLC code code with respect for variation between different projects.
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A
Appendix 1- The power

transformer

Power transformer is used all over the world in power systems and have a high
variation in terms of design both mechanical and electrical. A typical location of
the power transformer is at a power plant(sender) where it is used to increase the
voltage to a desired voltage, for example 800 KV, and then it is send to another
station(receiver) for further distribution to for example households. Transforming
the voltage will reduce the energy loss which otherwise will for instance be caused
by the resistance in the wires. The wires connects the sender and receiver station
togehter[13]. In order to understand the savings that can be done with a power
transformer see equation A.3 where it is clear that a higher voltage (U) leads to a
decreased loss in the system.

R = ρ ∗ L

A
(A.1)

Loss = I2 ∗ R (A.2)

Loss

P
= I2 ∗ R

U2 (A.3)

In order to simplify the consistence of a power transformer one can say that it consist
of two coils, one primary and one secondary. These generates an electric magnetic
field when the current passes through the primary coil. When the magnetic field is
generated the current passes through as in figure A.1.

Figure A.1: Example of coil used in a transformer
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A. Appendix 1- The power transformer

The voltage that is generated in the magnetic field can be calculated by equation A.4,
which describes the relationship between the primary and secondary coil. During
this process there is a small energy loss within power transformer even though the
efficiency is around 99 % [13]. The energy loss is often in form of heat which is
generated in the magnetic field, coil, wires, etc and in order to reduce the risk of
overheating the transformer is often some kind of cooling system used, for example
oil, air, water, etc. This cooling system is then controlled by a system which can for
example is monitoring oil temperatures or the load factor on the power transformer
and activate or deactivate the cooling system based on these parameters.

E1

N1
= E2

N2
(A.4)

The heat that is generated in the power transformer increase the so called ageing
rate. This is a parameters that defines the degradation of the isolation paper in the
coil. The paper is used for reducing the risk of sparking between the wires on the
coil which results in a gas generation and if this is to high it can be necessary to
repair the power transformer. Therefore is the cooling system a vital part of the
power transformer. The cooling system usually consist of four main components,
fans, pumps, heat sinks and the cooling media which the coil is immersed in. The
cooling system appearance varies between each type of transformer, some are only
using pumps and oil while others are all the mentioned components.

A.0.1 Temperature Calculation
It is possible to predict the heat generation within the power transformer due to
the losses. This is normally used to compare that the designed power transformer is
behaving as intended and according to the specifications before starting the produc-
tion. In order to perform these types of calculations there are a standard, SS-IEC
60076-7 which describes the heat generation of a power transformer with oil as cool-
ing liquid [36].

In order to calculate the θo there are several parameters necessary to determine be-
fore which are the following,

• ambient temperature(θa)
• Load factor (K) - The present load on the power transformer.
• Hot-spot temperature (θh) - Gradient at the load considered .
• Hot spot to top oil(in tank) (Δθhr) Gradient at rated current.
• Top oil(in tank) (Δθor) temperature rise in steady state at rated losses (no-load

losses + load losses).
• Hot spot to top oil(in tank) (Δθh) gradient at the load considered.
• Average oil time constant (τ0).
• Ratio of load losses at rated current to no-load losses (R).
• Exponential power of total losses versus top-oil (in tank)(x) temperature rise

(oil exponent).
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• Exponential power of current versus winding temperature rise (winding expo-
nent)(y).

• Winding time constant (τW ).
• Thermal model constant (kxy).

a

These parameters can either be determined by recommendations found in standards
or it is possible to use so called finger prints which is collected during the testing of
the power transformer. The finger print data is unique for every power transformer
and can be used to predict how the heat is generated when it is active with more
precision since it is adapted for that power transformer[36].
There are two possible scenarios for the heat generation, either it increases or de-
creases. These two scenarios can be described in two differential equations which
can be seen in equation A.5 for increase and A.8 for the opposite.

Heat increase

θh(t) = θa+
(

Δθor ∗
(

1 + R + K2

1 + R

)x

− Δθoi

)
∗f1(t)+Δθhi+(Hgr ∗ Ky − Δθhi)∗f2(t)

(A.5)

f1(t) =
(
1 − e(−t)/k11∗τ0

)
(A.6)

f2(t) = k21 ∗
(
1 − e(−t)/k22∗τ0

)
− (k21 − 1) ∗

(
1 − e(−t)/τ0/k22

)
(A.7)

Heat decrease

θh(t) = θa+Δθor∗
(

1 + R ∗ K2

1 + R

)
+

⎛
⎝Δθoi − Δθor ∗

(
1 + R ∗ K2

1 + R

)2
⎞
⎠∗f3(t)+Hgr∗Ky

(A.8)

f3(t) = e(−t)/(k11∗τ0 (A.9)
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Figure B.3
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