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Automation and virtual commissioning of an overhead crane

Automating a pre-existing material handling process with an overhead crane using
a virtual commissioning method.

Fredrik Rapphed, Tarek Al Shafie

Department of Industrial and Materials Science

Chalmers University of Technology

Abstract

SKF Mekan, a factory within the SKF Group that produces housings, locknuts,
sleeves, and guiding rings for the bearing industry, aims to investigate how to re-
duce costs, increase capacity by increasing the level of automation in their produc-
tion facilities to remain as competitive as possible in a quickly evolving market.
Specifically, a material handling procedure carried out by an overhead crane that
delivers materials to melting furnaces has been identified as eligible for automating.
The material is taken from what is referred to as a scrapyard where the inventory of
metals is kept which is then gathered by a crane utilizing an electromagnet cylinder.
The goal of automation is to reduce costs, clearly and accurately display inventory
levels and increase the storage capacity in the scrapyard.

In order to evaluate the effectiveness of the automation sequence, a virtual com-
missioning method was investigated. This digitalization method allows automation
procedures to be tested and verified before real-life implementation. It is done by
connecting three components; Programmable Logic Controller (PLC) logic which
is the automation sequence, a physical model created digitally of the system to be
simulated, and lastly, a logical device that connects inputs and outputs between the
physical model and the PLC Logic. By connecting these the instructions given by
the PLC can be executed by the physical model with kinematics and physics. This
allows for a comprehensive view of the full system running digitally in a realistic
environment.

Some delimitations for the thesis were made. The virtual commissioning methodol-
ogy has been utilized but the thesis does not achieve the level of detail required to
complete a virtual commissioning project of the crane’s automation, some function-
ality has not been implemented due to time constraints.

The following results were obtained. The material hall and crane have been con-
structed in 3D using the Computer-Aided Design (CAD) software CATIA from Das-
sault systémes. An automation procedure has been developed in TIA Portal, simu-
lated using PLCSIM Advanced, and connected to a developed HMI using WinCC.
Suggestions for sensors and additional hardware have been made, and the authors
recommended additional safety measures. Neither the logical model nor the final
virtual commissioning step of connecting the PLC, physical model, and logical model
was completed due to not receiving the required software in the given timeframe.
However, this thesis is considered a helpful framework that provides the theory and
methodology to complete the virtual commissioning in future.



Keywords: Automation; Digitization; Industry 4.0; Overhead crane; PLC; PLC
coding; SiLi; TTA Portal; Virtual commissioning.

vi






Acknowledgements

Learning a new language is always quite an achievement. We are delighted to say
that we learned a new language, PLC language. During this learning process, we
had the chance to meet and work with amazing people who helped us get through
a challenging task.

First, we want to thank our assigned SKF supervisor, Thudor Sonnerup, for be-
ing a great, devoted employee and reliable friend. We would also like to thank
our Chalmers examiner Johan Stahre and our supervisor Omkar Salunkhe for their
support through this thesis. Thank you for guiding us and providing the academic
framework for this project.

Another person that we would like to thank is Johan Nordlling, a Siemens Employee
who helped us see the big picture of this project at an early stage.

One more special thanks to Perikles Diamantidis, Automation specialist at SKF,
who was a great help in PLC and HMI designing and coding.

Thanks to SKF stakeholders Azeez, Erik, Hoflin, Victor, and Mats for providing
outstanding support to complete this thesis.

Finally, big thanks to family members, friends, and teachers who made the university
years extraordinarily remarkable. Sincerely, Fredrik Tarek.

viil



ix






List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in

alphabetical order:

CAD
HMI
10
OEM
PID
PLC
SOP
VC

Computer Aided Design

Human Machine Interface

Input Output

Original Equipment Manufacturer
Proportional Integral Derivative
Programmable Logic Controller
Sequence Of Operations

Virtual Commissioning

X1






Contents

List of Acronyms ix
List of Figures XV
List of Tables xviii
1 Introduction 3
1.1 Background . . . . . ... .. 3
1.1.1  Sustainability . . . . ... ... oo 3

1.1.2  Stakeholders . . . . . . ... ... ... 4

1.1.3  Objectives . . . . . . . . . 4

1.2 Purpose . . . . . . 5
1.2.1 Delimitations . . . . . . . ... ... ... ... )

1.2.2  Project aim & research questions . . . . . ... ... .. ... 6

1.2.3 Thesis structure . . . . . .. ... 6

2 Theory 9
2.1 PLC . .. e 9
2.2 PLC programming . . . . . . . .. ... ... 9
2.2.1 Totally Integrated Automation Portal V17(TIA Portal) . . . . 11

2.2.2 S7-PLCSIM Advanced V4.0 . . . . . . ... ... ... .... 12

2.2.3 SIMATIC WinCC Runtime Advanced . . . . . ... ... ... 12

23 NXMCD . ... 12
24 SIMIT . ..o 12
25 CATTIA VS . . . o 13
2.6 Virtual commissioning . . . . . .. .. oL 13
2.7 Greenfield & brownfield . . . . ... ... ... 0L 14
2.8 Safety measures . . . . . ... 15

3 Methods 17
3.1 Literature study . . . . . . . . ... 18
3.2 Qualitativestudy . . . . .. ... 18
3.2.1 Crane operator interview and visual observations . . . . . .. 19

3.2.2  SKF Mekan stakeholder interview . . . . . ... .. ... ... 20

3.2.3 SKF automation engineer interview . . . . . . . .. .. .. .. 20

3.3 Technical methodology . . . . . . . ... ... .. .. ... ...... 20
3.4 CAD construction . . . . . . . . .. ... 21



Contents

3.5 PLC coding approach . . . . . . .. .. ... ... ... ... ... 22
3.6 HMIdesign . . . . . . .. . . . ... 22
3.6.1 Conceptual design . . . . .. ... ... ... ... 23
3.6.2 Design and program . . . . .. ..o 23
4 Results 25
4.1 Literature study findings . . . . . . . ... ... L. 25
4.2 Qualitative study . . . . .. ... 26
4.2.1 Interview with crane operator and visual observations . . . . . 26
4.2.2 SKF Mekan stakeholder interview . . . . . . . ... ... ... 28
4.2.3 Interview with SKF automation engineer . . . . . . . . . . .. 29
4.3 Physical device modelling . . . . . . ... ..o 29
4.3.1 Building structure . . . ... .. Lo oL 30
4.3.2 Crossbeam and trolley . . . . . ... ... ... ... ..., 31
4.3.3 Magnet, scale, and hook . . . . . ... ... L. 32
4.3.4 Material carts . . . . .. ... 32
4.4 System control modelling and HMI . . . . .. ... ... ... ..., 33
4.4.1 Custom data types . . . . . . . ... 33
4.4.2 Ensuring collision free movement . . . . . . . .. ... .. .. 34
4.4.3 Move X)Y . . . . 34
444 Pick& Place . . .. ... 35
4.4.5 Recipe gathering . . . . . . ... ..o 36
4.4.6 Reshuffling. . . . ... ... ... 0o 37
4.4.7 Smaller functions . . . . ... oL Lo 38
4.4.8 HMI . . . ..o 39
4.4.9 Connection of PLCand HMI . . . ... ... .. ... .... 43
4.4.10 Alarm system and eliminating faulty inputs . . . . .. .. .. 43
4.5 Logical device modelling and virtual commissioning . . . . . . . . .. 44
4.6 Hardware . . . . . . . . . . ... 44
4.6.1 PLChardware. . . . . . . . . . . .. ... ... ... ... 44
4.6.2 Crane HMI hardware . . . . . . . . .. ... ... ... .... 44
4.6.3 Gates HMI hardware . . . . . . . .. ... ... ... ..... 45
4.6.4 SENSOTS . . . . . v v i e 46
4.6.5 Implemented safety measures . . . . . .. ... .. ... ... 47
5 Discussion 49
5.1 Error sources . . . . . . ... 49
5.1.1 Omitted & assumed CAD details . . . . ... ... ... ... 49
5.1.2 Picking material from box centers . . . . . . .. ... ... .. 49
5.2 Recommendations for further work . . . . . . ... ... ... ... . 50
5.2.1 CAD verification . . . . .. ... ... ... ... ... 50
5.2.2 Additional safety measures . . . . . ... ... 50
5.2.3 Manual steering override . . . . . ... ..o 50
5.2.4  Box screening mechanism . . . . ... ..o 51
5.2.5  Utilize virtual commissioning for investment

Xiv

proposition . . ... ..o oL 52



Contents

6 Conclusion

6.1 Solutions to objectives . . . . . .. .. ... ...
6.2 Answers to research questions . . . .. .. .. ..

Bibliography

A Gantt schedule

B Interview questions and observations
C Additional CAD images

D PLC code and fuctions

E HMI screens

II1

VII

XIX

XV



Contents

Xvi



List of Figures

2.1 An example of ladder logic. . . . . . ... ... ... 10
2.2 An example of SCL code. . . . . ... ... ... ... ........ 10
2.3  An example of sequential programming. . . . . . .. ... ... L. 11
3.1 Methodological approach. . . . . . ... ... ... ... .. ..... 17
3.2 Virtual commissioning method adapted from [27]. . . .. ... .. .. 21
3.3 Example of conceptual design for the HMIL. . . . . . . ... ... ... 23
4.1 Boxes in scrapyard and eligible loading gates. . . . . .. .. .. ... 27
4.2 Boxes in scrapyard and their max capacity. . . . . . .. ... ... .. 28
4.3 Rendered CAD image of the full scrapyard with all components. . . . 30
4.4 Rendered CAD image of the box dividers. . . . . . ... ... ... .. 31
4.5 Rendered CAD image of the crossbeam and trolley. . . . . . .. . .. 31
4.6 Rendered CAD image of the magnet, scale and hook subassembly. . . 32
4.7 Rendered CAD image of a material cart. . . . . . ... ... ... .. 33
4.8 Visualized PickPlace sequence . . . . . . . ... ... ... ... ... 36
4.9 Figure detailing the recipe function. . . . . . . . . ... ... ... .. 37
4.10 Figure detailing the reshuffle function. . . . . . .. . ... ... ... 38
4.11 HMI main screen. . . . . . . . . . . . o 40
4.12 HMI inventory screen. . . . . . . . . . . . ... .. 41
4.13 Features of the selected 9”7 comfort panel. . . . . . . . . ... ... .. 45
4.14 Features of the selected 4.3” comfort panel. . . . . . . . . . ... ... 46
4.15 Coordinate system in the scrapyard. . . . . . . . . . . ... ... ... 47
5.1 Spacing of electromagnet placements in box. . . . . . .. ... .. .. 51
A1 Gantt schedule. . . . . . .. .o I
C.1 Rendered CAD image the full assembly from a top view. . . . . . .. \Y
C.2 Lightsensor on bracket. . . . . . . ... ... ... ... \Y
C.3 Reflex for lightsensor on bracket. . . . ... ... ... .. ...... \Y
D.1 Main code figure 1. . . . . . . . ... VII
D.2 Main code figure 2. . . . . ..o VIII
D.3 Main code figure 3. . . . . . ... VIII
D.4 Main code figure 4. . . . . . ... IX
D.5 Main code figure 5. . . . . .. Lo X
D.6 Main code figure 6. . . . . .. ... X

Xvil



List of Figures

D.7 Magnet change function. . . . . . . .. .. ... . oo XI
D.8 Reshuffle function. . . . . . ... ... ... L XII
D.9 Move XY function figure 1. . . . . . . .. ... XIIT
D.10 Move XY function figure 2. . . . . . . .. ... oL XIIT
D.11 Recipe function. . . . . . . . .. .. XIV
D.12 Weight change function figure 1. . . . . . . .. . .. .. ... ... .. XV
D.13 Weight change function figure 2. . . . . . . . .. ... ... ... .. XVI
D.14 Pick & Place function figure 1.. . . . . . . . . ... ... ... XVI
D.15 Pick & Place function figure 2. . . . . . . . ... ... L. XVII
D.16 Pick & Place function figure 3. . . . . . . . .. ..o XVII
D.17 Pick & Place function figure 4. . . . . . . . . . .. ... ... ... XVIII
D.18 Pick & Place function figure 5. . . . . . . . .. ... L. XVIII
E.1 HMI main screen. . . . . . . . . . . . . ... XIX
E.2 HMI inventory screen. . . . . . . . . . ... ... ... XX
E.3 HMI Material recipe screen. . . . . . . . . ... . ... ... ..... XX
E.4 HMI Material recipe popup screen. . . . . . . . . . . ... ... ... XXI
E.5 HMI Material recipe confirmation popup. . . . . . . . .. .. .. ... XXI
E.6  HMI Material manual move screen. . . . . . . . . .. . ... ..... XXII
E.7 HMI Material manual move popup screen. . . . . . . . ... ... .. XXII
E.8 HMI manual move confirmation popup. . . . . . . . .. .. ... ... XXIII
E.9 HMI Admin screen. . . . . . . . . . . .. .. XXIII
E.10 HMI process records screen. . . . . . . . . . . . ... ... ... XXIV
E.11 Gate HMI start screen. . . . . . . . . . . . ... ... ... XXIV
E.12 Gate HMI material amount selection. . . . . . . . . ... .. ... .. XXV
E.13 Gate HMI popup confirmation screen. . . . . . . . . . . ... ... .. XXV

xviii



3.1

4.1
4.2
4.3

5.1

List of Tables

Keywords during literature study. . . . . . . .. .. ... ... .... 18
Papers reviewed in the literature study. . . . . . . ... ... ... .. 26
All possible movement combinations. . . . . . . ... ... ... ... 35
Conceptual Design Contents. . . . . . . ... ... ... ... ..... 39
Investment Analysis Direct/Indirect Costs. . . . . . . . ... ... .. 52



List of Tables




1

Introduction

The industries of the world are moving towards automation at a rapid pace. SKF
Mekan intends to equal these developments and create a high-end automation ex-
ample on its manufacturing site. This thesis is supposed to serve as an initial project
intending to increase SKF Mekans degree of knowledge within automation and keep
it competitive in terms of manufacturing.

1.1 Background

SKF Mekan is a large manufacturer located in Katrineholm, Sédermanland, Swe-
den, that provides "...bearings, units, housings, seals, lubrication solutions, actua-
tion systems, magnetic systems, and maintenance products, as well as asset man-
agement, consulting energy and sustainability management, and services contracts.
SKF Mekan conducts operations internationally." [1]. Since SKF Mekan produces
the most significant number of different products within the entire SKF sphere, it
is required to address the number of operators and the amount of manual labour.
SKF Mekan has identified that many manufacturing processes tend to become rather
manual labour heavy when specialized. Creating effective and low labour produc-
tion routines can make Mekan successful over the long term as a manufacturing site.

The project location is the scrapyard, a large hall containing 13 boxes that hold
different types of metals. For many of the boxes, an adjacent gate opens to the
outside. This allows for direct delivery of material to the scrapyard. The crane is
fitted with an electromagnet cylinder to pick up the material from the boxes. Many
different metals are required to feed the furnaces that provide casting operations
with the material. Potential savings were identified in this process of delivering
material to reduce costs. The highest cost is caused by the operator delivering the
wrong amount of material, resulting in a high cost of the alloying materials required
to compensate for the faulty delivery.

1.1.1 Sustainability

Automating the crane could remove the operator’s salary costs and increase the ef-
ficiency of the crane and the foundry operations, which is in line with the United
Nations’ 9:th sustainable development goal. Primarily targets 9.4 and 9.5, which
aim to retrofit existing industries to make them more resource-efficient and upgrade
technological capabilities of industrial sectors [2].
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Moreover, this automation project aligns with the united nations 12:th Responsible
Consumption and production. More specifically, targets 12.2 "By 2030, achieve the
sustainable management and efficient use of natural resources'. In addition, the
target 12.5 "By 2030, substantially reduce waste generation through prevention, re-
duction, recycling and reuse" is in line with this automation project since this project
will increase the recyclability of the scrap materials while, at the same time, reduc-
ing the usage of the alloy materials [3]. Moreover, this automation project will also
increase the awareness of sustainability in this facility of SKF Group. Therefore, it is
aligned with target 12.6, " Encourage companies, especially large and transnational
companies, to adopt sustainable practices and to integrate sustainability informa-
tion into their reporting cycle" [3]. Finally, sustainability is about doing more and
better with less, which is precisely the core of this automation project.

1.1.2 Stakeholders

To claim that a specific project is successful, it should fulfil its goals and objectives
and meet the stakeholders’ expectations. The stakeholders are personnel who are
interested or have invested in the project [4].

Stakeholders in this project are divided into two groups. First, internal stakehold-
ers such as SKF top management, project team members, supervisors, peers, and
internal customers. And the second group is the external stakeholders, who might
include external customers, Chalmers university, contractors, subcontractors, and
suppliers.

1.1.3 Objectives

In this automation project, five critical issues are to be considered. The problem-
solving background for these issues is presented below:

1. Accurate deliveries
The current deliveries from the crane are sometimes inaccurate and incon-
sistent. Specific Measures should be taken to reach specified target weights
more accurately constantly. These inconsistencies can result in an incorrect
distribution of metals, making for a faulty metal composition that needs to be
re-balanced with alloys which is a costly operation. Furthermore, the weight
of delivered material should be used to update inventory levels.

2. Collision avoidance
Ensure that the crane will not collide with objects during its automation.
While the crane moves, it is expected to face obstacles such as the storage
area box walls and truck unloading area obstacles. There might be additional
obstacles in the way that are currently unknown. These obstacles should be
considered to avoid collisions within the crane’s workspace.
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3. Safety assurance
The crane’s working area is directly over the scrapyard. Personnel occasionally
enter the area to load new material either through external gates or internally.
Therefore, safety measures are critical aspects to be considered when mod-
elling the automation process to ensure personnel within the area are always
safe when the crane is operational. Safety for the personnel is ensured by the
crane being stationary while personnel are within the operational area.

4. Crane automation and priorities

Crane automation and delivering materials correctly according to set priori-
ties. The company has a higher demand for crane usage, making it a priority
to automate it. The crane process could be completely automated by gath-
ering material for each new melt. Currently, an operator performs this job,
tallying up to three hrs/day or more. The operators tend to miscalculate the
weights and thus receive incorrect distribution on the incoming melt material
and need to re-balance the total weight with alloy elements - which results in
a costly operation.

5. Re-organize material for efficient storage

Ordinarily, the storage boxes that hold material are loaded through gates
where trucks unload material from the outside. Some of the gates are perma-
nently blocked due to ongoing projects at the factory. In addition, some of the
box’s gates are temporarily closed due to current construction works. Due to
this, half of the storage boxes can not be directly loaded from the outside which
will require material to be loaded only through one side of the scrapyard and
then moved internally by the crane to the boxes that have their gates blocked,
this is referred to as reshuffling. The weight of the material being loaded into
the storage from trucks is not updated in any inventory system. The delivered
quantity should be known and used to update inventory levels.

1.2 Purpose

SKF Mekan depends on its efficiency, wherein low labour routines are very cost-
effective processes that can provide a competitive advantage. Therefore, this thesis
aims to investigate how to automate the crane to make it more cost-effective by
eliminating costs such as re-balancing with costly alloys and the operator wages.
Furthermore, the thesis aims to keep inventory levels in the scrapyard updated and
accurate.

1.2.1 Delimitations

The project will involve work at SKF Goétaholm head office in Gothenburg with
limited on-site visits to the SKF Mekan factory, located in Katrineholm, where the
crane is located. This is due to the location of the project members’ residence. The
location constraints would limit the possibility of visiting the workplace if needed
on short notice. Moreover, there are more travel constraints due to Covid-19 restric-
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tions applied by the Swedish authority and the company.

The thesis will not address how to manage employees who previously handled the
crane, which will have reduced work tasks due to the implementation of the crane’s
automation.

SKF is currently developing internal standards for automation procedures during
the duration of the thesis. These were not applied to this thesis.

This thesis will not fully achieve virtual commissioning due to the software NX MCD
and SIMIT not being made available.

It is not in the scope of this thesis to examine the development or implementation
of a coordinate system. An assumption is only made that it would exist to support
the future implementation of the automation procedure.

The implementation of the real-world crane’s automation will not be done in this
thesis. The thesis will primarily consist of a technical study to develop logic for
automating the process.

The project will have a timeframe of 20 weeks to complete all segments, which are
given a detailed time plan in a Gantt chart in appendix A.1

1.2.2 Project aim & research questions

This master thesis aims to develop a solution that automates the materials gathering
process for the crane at SKF Mekan in Katrineholm. The solution will be verified
through the use of simulations. The research questions the study sets out to answer
are:
1. How can an automation project for an existing process be evaluated without
interfering with the operational process?

2. What are the different tools and requirements are needed for evaluating an
automation project virtually?

1.2.3 Thesis structure

The thesis is structured as follows:

Chapter 1, Introduction, explains the background of the thesis and the added
values of executing the project. Therefore, background and objectives, stakeholders,
purpose and aim, research questions, and delimitations.

Chapter 2, Theory covers the theoretical framework for virtual commissioning,
the difference between automation in brownfield and greenfield, different hardware
and software used in automation projects, and safety measures taken into consider-
ation.
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Chapter 3, Methods represent the approach adopted to gather information to
complete the thesis, such as the literature study, qualitative analysis, technical
methodology and procedures.

Chapter 4, Results, includes the findings after executing the project as defined
earlier in the "Methods" framework. Semi-structured interviews and the findings
from applying the automation using PLC and HMI and the associated simulations.

Chapter 5, Discussion, discusses different errors and weaknesses points that need
to be addressed. In addition, recommendations for optimal execution are provided
and discussed.

Chapter 6, Conclusion, discuss if the thesis has achieved the objectives men-
tioned in the introduction. And then answers the research questions.
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Theory

The following theory section explains all concepts required to understand the meth-
ods and results of the thesis.

The software chosen comes from the Siemens toolchain. Firstly, SKF uses much
of Siemens in their current applications, making the results from the thesis more
applicable for SKF Mekan later on. Secondly, there is support in literature in favour
of the Siemens toolchain working in an automation process, [5, 6, 7.

2.1 PLC

Programmable Logic Controllers, PLCs, are, according to [8] ".. computer-based,
solid-state, single processor devices that emulate the behaviour of an electric ladder
diagram capable of controlling many types of industrial equipment and entire au-
tomated systems." PLCs are commonly the central part of an industrial automated
system since they can be fully adapted for any application and share joint control
with any other controller in the industry, [8]. PLCs can be of different sizes and
support various functions or have different amounts of input/output (I/O) used to
connect the PLC to components such as sensors, motors, and actuators. A PLC can
also be modular, allowing for different modules such as extra memory or additional
I/O to be connected per the device’s demands in the specific application. The PLC
can be summarised to have three tasks according to [9], "...a PLC checks the infor-
mation inputs, goes through the program and changes the outputs. Then, it circles
back to the top and starts once more."

2.2 PLC programming

PLC programming can be achieved differently since many PLCs support different
coding languages. The most common ones are Ladder logic, Structured control
language (SCL) and sequential programming. One fundamental concept for PLC
programming is tags. These are inputs and outputs defined by the user to have
physical locations on the PLC.

Ladder logic

This approach represents the code as lines or rungs which have signals sent through
them. On the rungs, different bit-logic operations can be put, such as normally open
gates, which do not pass a signal unless true and normally closed gates that do not
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pass a signal unless false. Each rung can be connected to an output, [10]. See figure
2.1 for an example of ladder logic in TTA portal.

hd Network 1: ...

Turn magnet on to full power

FhaxPWVR MOVE

| | EN —

100 M LYW
i ouUm "Magnet power”

7 Network 2:

Turn magnet off

#0Off MOVE
1 1 EN —

0 IN LYW
i oum "Magnet power”

Figure 2.1: An example of ladder logic.

SCL

SCL is a text-based programming language used to program in a PLC. Some op-
erations are easier to perform if they can be programmed using written code. SCL
allows for standard coding functions such as for and while loops and if statements,
[10]. See figure 2.2 for an example of SCL code in TTA portal.

2 BFCOR #PickCtr := & TO 10 DO // index is pushed £ 7 box 13 having index 7
SE IF #FoundPnP = TRUE THEN //do not continue ping if bos v n found

4 EXIT;

5|  END_IF;

=] IF #Boxes[#FPickCtr]."Material TIype"” = 'Empty' THEN

7 J/Will not pick from an empty box

3 CONTINUE;

] END_IF;

10 i N

11

12 & FOR #PlaceCtr := 1 TO 7 DO

J..SE IF #Boxes[#Placeltr].Capacity »= #Boxes[#PlaceCtr]."Material Bmount"™ + #Boxes[#PickCtr]."Material Amount”™
14 !MD #Boxes [#PickCtr] ."Material Type"™ = #Boxes[#Flaceltr]."Material Type" THEN
15 // Same material and placebox can hold all of pickbox's material, found boxes
16
17 #PickBox := #Boxes[#PickCer];
18 #PlaceBox := #Boxes[#Placeltr]:
19 #FoundPnP := TRUE;
20 EXIT;
21 ELSE
22 CONTINUE;
23
24 | END IF;
25 | END_FOR:
26 | END FCR;

Figure 2.2: An example of SCL code.

10
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Sequential programming

Sequential programming or S7-Graph, referred to in TIA Portal, is a programming
language consisting of steps and transitions. A step executes an order, and a tran-
sition is a condition that has to be met for the code to progress. Sequential pro-
gramming is often used for large sequences with specific steps that are supposed to
be executed in order, [10]. See figure 2.3 for an example of sequential programming
in TIA portal.

51 =" S1-Move to pick: .. X -
Move to pick Interlock Ewvent Qualifier Action
N CALL "MoveXY_SCL1.3", #"MoveXY_SCL1.3_Instance_5" "Move... 3FBS
(TargetBox := "Scrapyard_info".Boxes[#PickBoxNr] "Scra...

TargetCart := "Scrapyard info".Carts[0] "Scra
MoveToBox := TRUE
"Move complete" => #MoveToPickDone

123
T23 - Reached pick & m T Reached..
#MoveToPickDone
}—1 —A
e s6  # S6-Lower magnet: .. x -
Lower magnet Interlock Event Qualifier Action
N "Motor_Z_Down" "Moto... %04.3
R #MoveToPickDone
22
T22 - Hit material: & wm =T it mat..

58 =" S8 - Electromagnet on: X

Electromagne.. Interlock Ewvent Qualifier Action

N CALL "MagnetChange
{IncreaseFWR :
Decrease FilR

#"MagnetChangel.l_Instance” "Magn...  3EB2

37
T37 - Verify magne & w = =T verify

WQWO
“Magnet power”
Int
100

Figure 2.3: An example of sequential programming.

2.2.1 Totally Integrated Automation Portal V17(TIA Por-
tal)

TTA Portal is an interface software which includes SIMATIC tools on an all-in-one
platform to help build a productive and efficient automation process. Two pri-
mary devices are involved in successful automation: PLC to control the system and
Human-machine interface (HMI) devices to provide a visualization tool and receive
user inputs. TIA Portal is a program which allows the user to integrate vital fea-
tures in automation, including but not limited to safety and security, control and
programming, HMI design and testing, and motion drives [10]. In this thesis, TIA
Portal is mainly used to create the PLC Code and HMI alongside testing these parts.

The selection of TTA Portal to handle the automation in the thesis was not only be-
cause SKF' uses the same software in other projects but also because of the usability
of the software and the various modes of coding you can use on the same platform,

[10].
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2.2.2 S7-PLCSIM Advanced V4.0

PLCSIM Advanced is a Siemens software which creates an instanced virtual pro-
grammable logic controller on the user’s computer [11]. This virtual controller can
then be connected with TTA Portal and functions similarly to a physical PLC, en-
abling the PLC program to be downloaded to a PLC. Furthermore, using this virtual
tool allows for testing program logic within the virtual environment by changing val-
ues of variables on the PLC through TIA Portal; a sequence of automation can be
progressed and checked for logical errors before the PLC is connected to any actual
equipment.

2.2.3 SIMATIC WinCC Runtime Advanced

SIMATIC WinCC (Windows Control Center) is a Siemens software that, through
interfacing in TIA Portal, is, according to [12], a "... scalable process-visualization
system with numerous high-performance functions for monitoring automated pro-
cesses.". It is used to create user interfaces and monitoring of automation. The
software is usually used to create, simulate and evaluate the different HMI’s con-
nected to the PLC. The simulation can be connected to the PLC and send and
receive signals similar to an actual HMI, which allows for testing of the connection
between HMIs and PLC.

In this thesis, the crane functions such as the materials gathering, manual moving
between boxes, inventory control, etc., are presented on the HMI. When comparing
the existing manual process for managing the crane tasks with the end product, the
suggested approach can enhance the process significantly when it comes to precision
and constancy of the crane functions, provide a complete automation solution, assure
safety at the workplace, and eliminate unnecessary costs [13].

2.3 NX MCD

NX MCD (Mechatronics Concept Designer) is a Siemens Software program that
allows for multi-disciplinary machine design and testing from electrical, mechan-
ical and automation engineers. There are many tools and functions included in
NX MCD. However, the primarily used function in the thesis is the physics-based
simulations to which functional, active components such as actuators, sensors, and
motors can be added. The created CAD files will be put in a simulated physical en-
vironment with physics and allow for the creation and connection of active elements,
[14].

2.4 SIMIT

SIMIT is a Siemens software that enables automation application testing, which al-
lows for early process optimization. The process can result in reduced commissioning
times. In the thesis, SIMIT will organize the active components and their signals

12



2. Theory

passed through PLCSIM Advanced and SIMIT and connected with NX MCD. Fur-
thermore, specific scenarios can be created for testing [15].

2.5 CATIA v5

CATIA v5 is a CAD software developed by Dassault Systémes. CATIA has many
uses. Within the mechanical design, CATIA allows for specification-driven modelling
for solid, hybrid and sheet metal part design, alongside assembly design, [16]. It was
chosen due to CATIA files being compatible with Siemens NX MCD, [17], and
because of the authors’ prior knowledge and access to the software.

2.6 Virtual commissioning

Commissioning of an automated system is a process that can be likened to pre-
production within the implementation of an automated system that, according to
[18], "... makes visible whether the systems and components are planned, designed,
produced and installed correctly according to the user requirements.". Conventional
implementation of an automated system follows a linear sequence where firstly, the
layout and assignment of machines are created. Secondly, detailed planning is car-
ried out of, for example, the kinematics of industrial robots that are done using
offline programming to ensure no collisions will occur. In the next step, electrical
detail planning is done for the system’s energy supply and control signals. Then
finally, the commissioning of the system will be carried out, where all previous steps
have to be implemented at once to create a functioning automation cell, and each
component has to be verified working alongside all other components, [18]. The
issue with commissioning is that there are often undiscovered bugs and faults won’t
be apparent until the real commissioning, making it very time-consuming. If this
testing can be performed virtually, it could be without the risk of damaging equip-
ment. It would also allow errors to be found before the real commissioning, which
would be far more time-efficient and less costly, [19, 20, 5]. Hence, why the concept
of virtual commissioning (VC) is increasingly trending in manufacturing industries
[21].

Since machines are increasingly more complex, building and testing the actual ma-
chine is costly and time-consuming. This is due to failures and deficiencies of the
machine and program often being discovered in the last stage of commissioning,
for example, during the factory acceptance test (FAT), [6]. There are two types of
virtual commissioning, hardware in the loop (HiL) and software in loop (SiL), [22].

Hardware in the loop (HiL) means that the simulation process is associated with a
physical PLC. In contrast, software in the loop (SiL) means that simulation is asso-
ciated with a virtual PLC. The main difference is that Sil. does not give a realistic
reflection to the machine because it tests and edits the machine component, part, or
function individually. On the contrary, HiL executes the process in a predetermined
order, providing an accurate simulation of the physical system, and, if it is dimen-
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sioned perfectly, it has a good reaction time (the consumed time between taking the
order by PLC and reacting to it). However, the drawbacks of HiL. are extra cost
and more time [22].

On the other hand, Sil. provides more flexibility to try different characteristics of
system components like size and type without linking them with each other, which
will eventually shorten the process duration and enhance the quality. However, SiLL
has its pitfalls, as the system is affected by the limits of the used software platform.
In other words, the software platform could enhance the SiLi process or increase the
responsiveness of the system.

The response time is the main feature that affects the selection between Sil. and
HiL to perform effective virtual commissioning. For machines with a response time
of less than 1 ms, the suitable type of test is in HiLi associated with Real-Time
Operating System (RTOS) to give an accurate system simulation. While if we want
to test the same machine using the Sil. approach, an adjustment should be made
to the time as a replacement to the RTOS to remove the time discrepancy from the
control loops. Moreover, the type of machine that is being virtually commissioned
plays a significant role in the requirements of the PLC, [6].

Due to project requirements and adding more simplicity, the authors chose the SiL.
approach to execute this automation project.

2.7 Greenfield & brownfield

One of the most critical work prerequisites in any automation project is whether the
workplace is green or brownfield. The nature of the workplace is essential to give a
feasible economic and technical evaluation, [23].

A greenfield is an industrial term used when an industrial factory or production sys-
tem is newly designed and constructed, starting with the engineering design draw-
ings till the commissioning phase. The greenfield usually gives the engineers more
freedom to set regulations and work standards that suit the new system. Moreover,
the greenfield is advantageous for planning time and flexibility to make a modern
manufacturing environment with a high technical resolution with the suitable infras-
tructure for future projects within the workplace. However, greenfield investments
are highly costly, and validation of the new system might be an issue because of a
lack of history and prior knowledge [20].

While the brownfield is an existing facility often in the operation state, an automa-
tion project in a brownfield will integrate new technology in software or hardware
in the current system. The additional parts will require a shutdown to one or more
parts of the existing system in the installation and commissioning phase. The main
advantages of this scenario are the historical data and knowledge from the modified
or replaced system, which could be used to verify the new system. Moreover, the
existing equipment and the inherited systems within the area can be used, and as
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a result, the investment cost could be reduced significantly. However, the work in
brownfield has disadvantages, such as the restrictions that the old system will apply
to backward compatibility, [20].

If SKF Mekan is taken as a case study, the workplace is a brownfield since the scope
of work is to automate an existing overhead crane and add additional functions
and duties to it. Notably, there are many trade-offs when it comes to the project
environment for this case study, and the following are some of the observations:
Advantages:

1. There is a weight scale on the crane which can be used in the weighing process
and inventory control.

2. There are safety standards of the crane operation that can be used in the
automation process.

3. The signals from the light fences used in the wagon area can be utilized in the
automation process as safety features.

4. Initial estimation of the cost is very low compared to greenfield project.

5. Gates are controlled by sensors that open whenever a truck approaches to
deliver the material. The same door signal can be used as part of the crane
automation process.

6. The automation project can utilise cognitive support devices embedded in the
crane, such as lights and alarm sounds.

Disadvantages:

1. There is no weighing system for the individual boxes, and therefore it is un-
known how much material is in each box, making the inventory control difficult.

2. There is no coordinate system that the crane uses to navigate. This would
have to be implemented in some way for an automated solution

2.8 Safety measures

The automation of overhead cranes could include high-risk activities that might
compromise the safety measures and subject the personnel in the workplace to fatal
consequences [24].

According to [24], an efficient safety analysis should be part of any automation
project aiming to prevent collision accidents that might jeopardize workers or work-
stations in any production facility.

SKF follow its in-house safety standards. Standards like "STD-67-00 SKF Ma-
chine Safety Requirements' and "SIAS - SKF Automation safety requirements (Edi-
tion 1.0.0/2022)." and the Risk assessment format that SKF follows in automation
projects are the primary standards that aim to create a safe work environment. SKF
safety standards were considered when the PLC and HMIs were made.

As per SKF, the risk assessment fulfilment shall be completed and documented
during the project’s design stage.
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Methods

This section explains the scientific and technical framework used to structure the
methodology of the thesis. For an overview of the methodological approach, see
figure 3.1.

A literature study was conducted to answer the research questions and understand
current developments in similar fields. The literature study is essential to validate
a more in-depth understanding of research on similar automation projects and how
the simulations and PLC programming were carried out. Furthermore, a technical
methodology should be identified.

A qualitative study was carried out to supplement the literature study learnings,
understand the case’s current state and examine how information attained in the
literature study could be applied. Two qualitative approaches were chosen. The
first is unstructured observations during the site visit to the facility that define
the current process and semi-structured interviews with key personnel with either
detailed knowledge about the scrapyard and crane or automation in general. The
results of these interviews and observations, alongside a technical methodology, will

then result in achieving the objectives set in section 1.1.3.
Technical
method
For‘f{_ﬁullati:.% Literature i Current
FE-EE!FC tud developments
guestions stuay
Subject
understanding

Qualitative Application of
StUdV methods

Figure 3.1: Methodological approach.
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Acheived
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Table 3.1: Keywords during literature study.

Keywords
Automation Overhead Crane
Virtual Commissioning Programmable Logic Controller (PLC)
Discrete Event Simulation PLC Programming

3.1 Literature study

In order to ensure high reliability of the sources, Chalmers discovery services were
used to search literature from various scientific databases. The selected databases
were were Scopus, Science Direct, Google scholar and Web of Science. The keywords
used for the literature study can be seen in table 3.1.

The literature selection was based on finding literature that supports the automation
project domain related to SKF Mekan. Relevant articles will be prioritized by the
following process:

1. Review the abstract.

2. Conclusion and discussions.

3. The literature content.
If the paper was appropriate to the research scope, it will be considered accept-
able; else, it will be excluded from the literature study. Additionally, the litera-
ture selection concentrated on gathering peer-reviewed papers published as recently
as possible to ensure that the information collected is up to date. The literature
study will complement the data collected from qualitative and quantitative analysis.
Therefore, enhancing the quality of the research conducted.

3.2 Qualitative study

Interviews are a great methodology for collecting information about different topics.
However, it requires preparations and prerequisites in order to have a successful
interview that will serve its purpose. Therefore, it is of great interest that the in-
terviewer identifies the interview type that needs to be conducted, whether it is
structured, semi-structured or unstructured [25, 26].

Structured interviews

They are usually used when the questions and their order are prepared in advance,
so the interviewee will be asked a pre-prepared question in the designed sequence by
the interviewer. The advantage of this method is that it’s easy to follow and com-
pare the answers and build an objective opinion about the topic. On the contrary,
structured interviews are difficult to create. And the questions should be followed
strictly by the interviewer, which will hold back the innovation and hinder the fol-
lowing discussions [26].

Unstructured interviews
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In this type, there are no pre-prepared questions beforehand. Otherwise, the ques-
tions are generated through the discussions that take place during the interview.
Although, this type provides more spontaneous and honest answers. However, it
carries pitfalls also because it is hard to organise and evaluate the information gath-
ered during the interview [26].

Semi-structured interviews

In this type, there are only a few pre-prepared questions while the balance questions
are generated during the interview. Semi-structured interviews were used heavily in
this thesis because of the high level of flexibility the structured interviews provide
and the high-quality information that is usually provided by the structured inter-
views. The key factor in choosing the semi-structured interviews was the limited
knowledge the authors have in the field of automation since all the knowledge was
gathered from the literaturestudy rather than a solid practical experience in this
field [26].

Different sources were used to enrich the methodology with more knowledge from
experienced engineers who previously worked with similar automation projects and
from persons in direct contact with the overhead crane that will be automated. A
total of three interviews were conducted with, with one person interviewed each time
except for the stakeholder interview where two stakeholders were interviewed. All
interviews were conducted in a semi-structed manner where some questions were
prepared prior to the interview but relevant topics that came up naturally were
also explored and discussed. This allows for the authors to both receive answers to
specific questions alongside exploring the subject further and potentially receiving
additional useful information, [25, 26]. For lists of the prepared questions for the
different interviews and observations to be made, see appendix B, questions that
did not produce answers are not included.

In case of missing information, the company supervisor for the thesis provided an-
swers and assistance.

3.2.1 Crane operator interview and visual observations

This interview was conducted early when understanding the crane’s operations and
surroundings was vital. The interview was conducted during a guided tour of the
scrapyard and the foundry, where visual observations were made. Questions were
asked throughout to verify the observations made or elaborate on why things were a
certain way. Some questions were prepared before the interview, which concentrated
mainly on the crane’s different functions, the collision avoidance system in place,
the precision of the electromagnet weighing system and the safety measures taken to
ensure personnel safety while the crane is in an operational state. The interviewee
and guide was the crane operator, who is highly knowledgeable of the crane and its
surroundings in daily operation.
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3.2.2 SKF Mekan stakeholder interview

Some details about the scrapyard were unknown, specifically regarding the properties
of boxes and procedures in the material hall. An interview was held with SKF Mekan
stakeholders of the thesis who are also in charge of the material hall for details of
capacities, different materials and deliveries.

3.2.3 SKF automation engineer interview

In order to properly construct the automation for the thesis, an automation engineer
at SKF was interviewed about the general process and to receive general advice. The
thesis and its aim were explained to the interviewee first, and then questions were
asked regarding automation.

3.3 Technical methodology

The methodology for developing the model is adapted from the concurrent engineer-
ing design methodology for virtual commissioning proposed by [27], which involves
four steps.

The first step is process modelling. Requirements of the process are taken as inputs,
and the methods and processes are identified that produce the expected result. An
SOP (sequence of operations) is generated from this step, which details what tasks
the device should carry out. The three remaining steps can be addressed simul-
taneously using this SOP: physical device modelling, logical device modelling, and
system control modelling. However, this thesis will conduct the following steps in the
presented order due to not having the resources to conduct the parts simultaneously.

Physical device modelling is the process of generating the geometry and kinemat-
ics of the model. This part is the mechanical design of the VC project. This is
done by creating CAD models of each part connected by moving joints, either pris-
matic or rotational. Physical attributes like weight and gravity are also applied to all
the components in this step. The OEMs of the device typically supply these models.

Logic device modelling concerns the electrical design, which functions as a com-
munication system to the PLC from the mechanical CAD model. This is done by
taking the SOP from step 1 and allocating two symbols for each task or function,
one output symbol that triggers the task and one input symbol that notifies the PL.C
that the task has been carried out. For example, the task T MOVE is initiated
using the output symbol O MOVE, and then the completion is verified using the
input signal I MOVE. Zieglers DEVS (Discrete event system specification) is most
often used for modelling the logical device. The physical device and logic device are
then combined into a virtual device that mimics the behaviour of the actual device.

The step of system control modelling is where the actual PLC code is produced.
The code then communicates through the defined input and output symbols with
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the model. The PLC ladder logic should consist of a line for each task and check
the initiating condition of each task. The methodology is shown in figure 3.2.

Requirements

Process design

Sequence of
operations

Physical device Logical device System control
modeling modeling modeling

A PLC logic
device

Virtual
commissioning

Figure 3.2: Virtual commissioning method adapted from [27].

3.4 CAD construction

To complete the step of physical device modelling in a 3D environment [27, 28] rec-
ommends finding existing CAD files or libraries of the components from the OEMs
to shorten the time required for this step while making the CAD geometry more
accurate. However, this was not available for the components relevant to the thesis,
so the CAD geometry was constructed manually.

To construct the CAD, digital drawings to scale the crane and surrounding struc-
tures were provided by SKF Mekan. However, most required measurements were
not given in the drawings. More detailed measurements were retrieved by accessing
the digital drawing through CAD software and measuring it directly to then be used
to construct the 3D geometry of the different components.

The approach for constructing the actual geometry was to create fully constrained

sketches and then create solids from them. In some cases, a generative shape design
toolbox was utilized to create wireframe geometry of more complex shapes. Each
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part was modelled separately and then assembled with the correct constraints leaving
the desired degrees of freedom. For example, wheels on the cross beam were modelled
separately to be later assembled with constraints set so that the wheels could only
rotate.

3.5 PLC coding approach

The general process of PLC programming was first to understand all functions that
required coding. This was done by generating a plan for how to program each step.
Firstly the inputs and outputs that would be necessary were defined, and then the
sequence for the primary code process, the PickéIPlace sequence, was defined. Ac-
cording to SKF control software requirements, [29], programs should be developed
to be reusable. This was kept in mind during the development of all programs and
functions. Furthermore, the program was developed to be object-oriented as per
SKF standards, [29]. The program is modular by having functions for each sub-
process which are then re-used by more specialized functions. Sub-functions may
also include functions within themselves which are more general and flexible in their
uses. This approach allows smaller portions of programming to be tested in isolation
to verify their functionality. Furthermore, this makes later writing the code more
straightforward due to the re-usability of pre-existing and tested functions. Com-
ments were made to clarify the functionality of the program where necessary.

Along the way, the progress in the PLC programming was shown to SKF employees
who were stakeholders in the project to ensure the PLC program was representative
of the automation process that was imagined. It was changed if something deviated
from the stakeholder’s idea of automation.

Extensive testing was necessary to ensure that the created program functioned as
intended. The PLC program in TIA Portal was connected to PLCSIM Advanced,
where the program was downloaded to a simulated PLC. Once downloaded and the
TTA Portal program was online with the simulated PLC, the values of the different
variables were changed within TTA Portal to progress the code. To ensure there
were no undiscovered logical faults, the different cases of input combinations that
would produce a different result were listed in a spreadsheet and then tested to see
if the code would produce the expected output or not.

3.6 HMI design

Human-Machine Interface is a great device that visualizes the automation and inter-
acts with the user that operates the device. Moreover, the HMI screen can change
the values of the tags and execute the equipment functions [13]. When designing the
Human-Machine interface of a manufacturing machine, the device should be flexible
and practical for the customer. Aspects like usability and functionality should be
prioritized during the design process. Furthermore, since every designer has their
view on how to design each window substance, pop-up windows, layouts, alarms etc.
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both the designer and the customer should keep in mind that some designs are bet-
ter than others [30]. However, the developer’s aim should be to provide an interface
that is efficient, transparent, friendly and easy to use. These goals are utilized to
reduce downtime while increasing the machine’s productivity and to assure safety
at the workplace.

The following section goes through the design principles and methodology used to
develop the HMI.

3.6.1 Conceptual design

The first step in designing the required HMI for the project was building a conceptual
design in PowerPoint. The conceptual design included all the required windows, pop-
ups and the security level suggested for each page in the HMI. An example of the
conceptual design can be seen in figure 3.3.

Scrapyard Material Reshuffle
Inventory Recipe Material

Admin Process queue
EMERGENCY .

Figure 3.3: Example of conceptual design for the HMI.

3.6.2 Design and program

The first step is to create the connections between the PLC and the HMI devices.
Making the connection and the virtual networks is a significant part of connecting
the PLC program to the HMI functions to test and simulate the program and re-
move faulty parts or modify it before delivering the final product to the end-user.

Later, during the work through WinCC to build the designed platform, the SKF
standards to create the HMI were received. Including the standards of layout, fonts,
and different topics. However, not all of the aspects were covered in the design.
Since WinCC was chosen to design the HMI, and because of the lack of experience
in this field, the main qualitative information gathering for the thesis was through
articles, books and tutorials on the Siemens website.
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The I/O list in the HMI variables table is essential for the HMI design. The required
I/Os that will facilitate the crane’s different tasks should be defined and created.
Afterwards, the HMI I/Os should be associated with the PLC I/Os that serve the
same function in the PLC code. It is essential to configure the I/O Field when used
in the HMI in terms of input/ output tag [13].

After setting each window or function, simulation of the connection between PLC
and both HMIs was a continuous process. PLCSIM advanced and wince were used
for testing to ensure that the buttons and functions were operational. Safety features
such as the emergency stop button were tested and verified.

24



4

Results

The results from the qualitative study, literature study, physical device modelling,
logical device modelling and system control modelling are detailed in the following
section. A section regarding the total result of applying and working along the vir-
tual commissioning methodology is presented. Lastly, the required hardware for the
automated sequence to function as intended is presented.

SKF has confidential information regarding the material amounts and ratios that
make up their material compositions. To respect this, all materials in this report
are referred to as Mat 1, Mat 2, etc. Furthermore, no combinations of materials are
derived from SKF Mekans compositions.

4.1 Literature study findings

According to [5], virtual commissioning allows for the development and validation
of PLC using simulations as a means of verification which is safer and can be done
completely virtually if Sil. procedures are adopted. By using the created simulation
model from virtual commissioning as a base, a digital twin can be produced for the
system, [5]. Virtual commissioning is advantageous to regular commissioning due
to the ability to detect errors with everything still in software form, [31, 32]. An
automation project can be done much more cost-effectively by utilising a virtual
commissioning process, [32]. Dependent on if the project is brownfield or greenfield,
there are different advantages; for greenfield, there is more freedom to make choices,
while for brownfield, there is existing knowledge about the process and equipment
can be reused [20]. A concurrent design methodology for virtual commissioning is
described in [27]. Recent implementations and different types of the virtual com-
missioning process and how the process can be supported by Siemens software are
given by [7, 5, 6].

There were 57 literature reviewed during the literature study (excluding five SKF
standards and procedures). However, due to time limitations, all subjects discovered
were not utilized due to the vast scope of the area. The detailed literature can be
seen in table 4.1.
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Table 4.1: Papers reviewed in the literature study.

Literature topic Number of re-
viewed papers

Virtual Commissioning 19
Automation, Automation Software 17
Programmable Logic Controller (PLC)
Overhead Crane

Methodology

Others (CAD, PM, Brownfield..)

4.2 Qualitative study

The main results from three semi-structured interviews are detailed in the following
section. Unless specified, miscellaneous information was provided by the company
supervisor, who is well invested in the crane and its operations, such as the cost
data for the operator and the alloys used to compensate for the lack of weighing
accuracy of the crane, drawings, software access etc.

SKF Mekan provided information regarding the crane in its current state. Draw-
ings as PDFs for the building, scrapyard, electromagnet, crossbeam, and trolley were
identified and used. Digital drawings were also provided for the layout of the scrap-

yard and the crossbeam and trolley. These drawings were used in the construction
of the CAD.

To model the behaviour of the crane, information regarding the speed of the motors
for the crane, lifting capacity and magnet specifications alongside safety functions
were identified in the provided documents.

4.2.1 Interview with crane operator and visual observations

The results from both the semi-structured interview with the crane operator as well
as the visual observations are presented below.

Overhead crane

The crane is a standard overhead crane made by the company Dekra. The crane is
being controlled from a control room located above the floor level to give the opera-
tor a good view of the crane and the material boxes. To control the crane, a joystick
is used that moves the crane in three dimensions X, Y, and Z. The controls allow
the operator to adjust the magnet’s power using various buttons. Four cameras are
fixed on the crane to show the operator the exact location of the crane and its sur-
roundings. There is no automatic collision-avoidance system for the crane. Instead,
it relies on the operator’s experience for safe navigation. The crane has a stabilizing
control system, however, due to the slow movement, there is little induced sway,
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and it is rarely used. When the crane is not used, it is placed on the floor under the
control room.

According to the operator, it is challenging to deliver the accurate weight of the ma-
terial, especially the scrap material with a high variation of shapes and sizes. This
variation makes the precision of loading the exact weight difficult for the operator,
and deliveries are inaccurate by 5 to 25 kg per load.

Scrapyard

The scrapyard consists of 13 concrete boxes that hold material in the shape of metal
powder or scrap materials. Scrap materials, such as faulty bearings, housings, and
chips, come in different shapes. The layout of the scrapyard is in figure 4.1, the blue
arrows indicate where the material is loaded by truck, and the yellow lines indicate
where the material is loaded internally using forklifts.

$ $ 3 ¢ s

rtTr1111

Figure 4.1: Boxes in scrapyard and eligible loading gates.

All boxes except for box 13 are coupled with a gate that opens to the outside. Trucks
unload material from the outside to the boxes through these gates. Some of these
gates are permanently blocked due to ongoing projects at the factory, and some are
temporarily closed because of construction, see the crossed-over arrows in figure 4.1.
Due to this, half of the storage boxes are not directly loaded. The material inventory
in the scrapyard is not currently monitored.

Materials after offloading

The crane is offloading the materials to two carts that move on rails. The carts will
move once they have a signal from the furnace operator ordering raw materials to fill
the smelters. Then the operator gathers material after demand when the furnace’s
molten metal level is low.

Current safety measures
Notably, there are no safety measures for the crane itself except the instructions

27



4. Results

given to the operator not to use the crane above an active loading area (in case
there is a truck offloading the raw materials through a gate). However, there are
light sensors for the gates and the cart tracks. While a truck breaks the light fence
the gate will open, otherwise, the gate will close. If someone breaches the light
barriers for either cart, the crane operator will have a light turn on, one for each
railway. While this light is on, the carts can not move, a button must be pressed
outside of the light fence to reset the light fences and make the carts able to move
again.

4.2.2 SKF Mekan stakeholder interview

The boxes are said to be able to hold different amounts of materials. As seen in
figure 4.2, boxes numbered 8 to 12 can hold the most material, 150 metric tonnes,
boxes 1 to 5 can hold 100 tonnes of material and boxes 6,7 and 13 can only hold 40
metric tonnes.

$§ $ $ s
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13
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Figure 4.2: Boxes in scrapyard and their max capacity.

111

The stakeholders clarified that a maximum of nine materials are in the scrapyard
at once and which materials are used the most often. Due to the frequency of use
for the material being loaded into boxes 10, 11 and 12, these boxes should not have
their material moved internally since their current locations are close to the carts
that are delivered to.
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The quantity of material is known for the ordered material that is being delivered
by truck. Upon delivery, the truck driver should know how much material and what
type is being delivered to the scrapyard. The quantity of deliveries is not logged
into any inventory system currently.

The stakeholders explained that the primary costs are salary for the operator, addi-
tional alloy materials in the furnace to compensate for delivery errors, maintenance,
and power costs.

4.2.3 Interview with SKF automation engineer

For safety precautions, the interviewee recommended implementing limit sensors
that stop objects from moving to extreme locations, such as the crane moving close
to walls. This was further elaborated on and can be achieved using light sensors or
similar that detect an object crossing a defined line. Furthermore, emergency stops
buttons should always be available, and safety is a top priority in automation.

SKF are in the process of developing its internal standards for automation and ad-
jacent subjects. However, the standards will not be complete within the thesis’
timeframe. Although the interviewee shared the current versions of standards.

The interviewee reasoned that an S7-1500 PLC would be the best choice since it
is the fastest modular model with more I/Os, which is essential for large applica-
tions. Furthermore, it can use controllers such as PID (proportional, integral and
the derivative) controllers within the PLC internally. The S7-1200 series manages
this as well but not as well. The interviewee stated that the choice of an S7-1500
PLC will future-proof the automation for further improvements. The interviewee
did not specify what exact CPU of an S7-1500 should be used but instead referenced
Siemens documents which compare the CPUs.

Lastly, some recommendations were made regarding the coordinate system that
multiturn absolute encoders that register the rotation of the wheels on the crane
would be the best solution for a coordinate system according to the interviewee’s
experience.

4.3 Physical device modelling

A render of the finished CAD assembly of all components can be seen in appendix
4.3, A figure for a render of all components from a top view can be seen in C.1. The
scope of the CAD construction includes the following structures:

o Building structure and rails
o crossbeam and trolley

o Magnet and scale

o Material carts
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Figure 4.3: Rendered CAD image of the full scrapyard with all components.

4.3.1 Building structure

The building contains the boxes in the scrapyard, the surrounding floor, rails on
the floor for the carts to travel by, and the beam structure holding up the crane
crossheam. Each box with an external opening has a gate sub-assembly connected
to it with light sensors. These components can be seen in 4.3. The outer geometry
enclosing the box area alongside the flooring is made as one part before and after the
boxes. The internal box dividers were modelled separately from the outer geometry
since they have supporting feet in the provided drawings. The supporting feet
indicate that they can be moved around to arrange different box configurations,
as seen in the last row of boxes, where there are three smaller boxes. See figure
4.4 for an image of the dividers. There was no specified height for the safety rails
that enclosed the box area. The height was instead estimated through images taken
during the visit to the scrapyard.

30



4. Results

Figure 4.4: Rendered CAD image of the box dividers.

4.3.2 Crossbeam and trolley

The crossbeam and trolley are essential components of the material hall. These were
accurately constructed with the help of digital drawings of the actual products, see
figure 4.5. The crossbeam has five components and two types of parts, the crossbeam
itself as one part and four wheels, one in each corner. The wheels have a groove to
accept and move in constraint to the rails on the supporting structure. The cross-
beam has rails similar to the supporting structure to guide the trolley wheels.

The trolley consists of four components: the trolley frame, four trolley wheels, the
cable spindle, and one set of cable wheels to guide the cable within the trolley. The
trolley wheels have grooves to accept the guiding rail on the crossbeam, similar to
the crossbeam wheels.

Figure 4.5: Rendered CAD image of the crossbeam and trolley.
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4.3.3 Magnet, scale, and hook

The magnet and scale subassembly consists of 7 components, totalling 24 parts. The
different parts, from top to bottom in figure 4.6, are the crane hook, two crane hook
wheels for the cable, the scale, a larger chain link, and 18 smaller chain links (red),
and the electromagnet.

Figure 4.6: Rendered CAD image of the magnet, scale and hook subassembly.

4.3.4 Material carts

The carts consist of five components, the cart body and four wheels. There were no
drawings or references for the geometry of the carts except for the rails on the floor
that can be seen in the building structure, see figure 4.3. Therefore, the carts were
given a simplified geometry using only one crucial dimension: the width between
the wheels for the rails on the floor. For an image of the assembled carts, see figure
4.7. Each cart has a lightsensor and lightsensor reflex to see whenever the cart is
in the correct location, see appendix C.2, C.3 for rendered images of the lightsensor
and lightsensor reflex.
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Figure 4.7: Rendered CAD image of a material cart.

4.4 System control modelling and HMI

The system control modelling created as PLC logic was constructed using functions.
The most basic functions are called and utilized several times in different processes,
making creating larger functions easier since most of the code can be re-utilized from
the basic functions. The functions are presented from most fundamental to most
specialized. For each function, a sequence of operations (SOP) is also given where
the steps in the function are given.

The objective of crane automation and priority listed in section 1.1.3 is achieved
through the combinations of the recipe function, the P&P sequence and the Move
X, Y function.

4.4.1 Custom data types

A custom data type was defined for each with the necessary information to store
information regarding the boxes and the carts efficiently. For the boxes, there are
seven values defined;

1. X_Coordinate (Int): The location of the centre of the box along the X-axis,
measured in mm from the starting position of the coordinate system defined in
4.15, is used for navigating to the box’s X-coordinate. Value is of type integer
due to the value range being from -4446 to 4446, and an integer has the value
range of -32 768 to 32 768, [33].

2. Y_ Coordinate (Ulnt): The location of the centre of the box along the Y-axis,
measured in mm from the starting position of the coordinate system defined
in figure 4.15, is used for navigating to the box’s Y-coordinate. Value is of
type Ulnt because the range is strictly positive and requires defined values in
the interval of 0-36 000, and Ulnt has the defined value range of 0 - 65 353.

3. Material Type (String): The type of material that is currently in the box. Tt
is set to "Empty’ or a value between 'Mat 1’ and 'Mat 9’ Chosen to be of type
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string due to the value needing to fit up to 5 characters, a string can fit 254
characters, [33].

4. Material Amount (UDInt): The amount of material that is currently in the
box. Can hold values between 0 - 150 000. An unsigned double integer (UDInt)
can hold values from 0 - 4 294 967 295.

5. Loadable box (Bool): Specifies if the box can be loaded from the outside or
not by a truck. The data type is chosen to be boolean since it can be either
TRUE or FALSE. This is true for boxes 7 to 12 and set to false for all others.

6. Capacity (UDInt): Specifies the maximum material capacity that a box can
hold. There are three different sizes of boxes, those that can hold 150 000
tonnes, 100 000 tonnes and 40 000 tonnes.

7. Number (SInt): The number of the box according to the provided layout of
the boxes that can be seen in 4.15. This value was implemented since the
boxes are not in ascending order. It was easier to order an array of boxes in
ascending indexes going from box number 1 to 6 to 13 to 8 to 12 for program-
ming purposes. The value is chosen as Short int (SInt) since the values range
from 0 to 13, and SInt can hold values between -128 to 127, [33].

The custom data type for the carts is very similar to the one for the boxes. It
contains X_Coordinate, Y_Coordinate, Material Amount, and Material Type of
the same data types as the boxes with the same reasoning. However, the carts have
two additional booleans defined. One is called Accessible, which is set true if a
light sensor is triggered by the cart being in the position where the crane can load
into it. Another is called SendToMelt, which is activated when an order has been
completed. This boolean activates motors on the cart to move it out of the material
hall to the melting furnaces.

4.4.2 Ensuring collision free movement

The objective of collision avoidance can be solved by using predefined coordinates for
each box and cart alongside an assumed coordinate system that gives the current
position of the crane. The navigation of the crane can be set to only move to
predefined locations, such as carts or boxes. Carts can only be loaded if their
accessible boolean is true, indicating they are in the predefined location. The crane
moves to these locations firstly in X and Y axes with the electromagnet above all
obstacles and then lowers the electromagnet. This ensures that the correct location
is reached and that no objects can collide with the crane while moving to targets.

4.4.3 Move X, Y

Move X, Y is initiated by the P&P sequence. The input for this function is simply
one X coordinate and one Y coordinate, which are the target locations to which the
crane should move. The function then examines where the crane currently is and
decides if the motors in X and Y directions should move in the positive or negative
direction to reach the target coordinate, the definition of the coordinate system is
given in figure 4.15. This simple function makes the other functions easier to read
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Table 4.2: All possible movement combinations.

Combinations
X+ Y+
X+ Y-
X+ Y=0
X- Y+
X- Y-

X- Y=0
X=0 Y+
X=0 Y-
X=0 Y=0

since there are 9 cases for how the crane should move, as shown in table 4.2.

The sequence of operations for this function is then as follows:
1. Activate X motor in the correct direction (simultaneous with next step)
2. Activate Y motor in the correct direction (simultaneous with previous step)
3. Stop X motor when reached coordinate.
4. Stop Y motor when reached coordinate.

4.4.4 Pick & Place

This function is initiated by the HMI operator or the recipe function. Inputs for

Pick&Place (P&P) are; where to take material from, how much, and where to deposit

it. It also takes a boolean input declaring if the P&P targets are from box to cart or

box to box. Eligible inputs for the picking and placing locations are both boxes and
carts. The P&P (Pick & Place) function moves the material and outputs a boolean
called P&PComplete as true when finished. Values of material stored in the relevant
cart and box are updated as material is moved. At the end of the function, it is
checked whether the right amount of material has been delivered or not. If it has
been, then the function ends. If not, it begins again until the correct amount of
material has been delivered. See figure 4.8. The SOP for the P&P function is as
follows:
1. Raise electromagnet to transport height.
2. Call the Move X,Y function and move to the box that it should take material
from.
3. Lower the electromagnet until it contacts material, IE when the scale registers
a negative value.
4. Activate the electromagnet.

. Raise electromagnet to transport height.

6. Check the target delivery amount and compare to how much material is cur-
rently on the electromagnet. If the electromagnets weight is larger than the
target, reduce the magnetic force until the scale registers within a given weight
interval

ot
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7. Update how much material is in the box by subtracting the current material
on the electromagnet.
8. Call the Move X,Y function and move to the cart that it should deposit

material into.

9. Deactivate the electromagnet.

10. Update how much material is in the cart by adding material delivered by the

electromagnet.

11. If all material has been delivered - move to rest position. Else, start from step

1.

Move Z +

Safe height

Reached box

Scale negative

Magnet 100%

Weight=Targef

Move 7 +

Safe height

Weight eval

Magnet Dec

Box Mat Update

Weight < Target

Move X, Y

Magnet 0%

Cart Mat Update

Move to Rest

Finished

Figure 4.8: Visualized PickPlace sequence

4.4.5 Recipe gathering

This function is initiated by an operator starting the procedure through the HMI.
The recipe function takes four inputs, an integer of how many materials are in the
recipe, two lists, one of box numbers and another of quantities for each box and
lastly, to which cart it should deliver. It then verifies that the sufficient amount
and right type of material are in the material hall and that a material cart is in a
loadable position using a light sensor. Then it calls the P&P function for each type
of material that should be collected from each specified box. The SOP for the recipe

function is as follows:

1. Utilize the P&P function to move from specified box to cart, repeat for how

many materials there are in the recipe.
2. Send the cart out to the melting furnaces.

For an overview of the functions called and data passed from the recipe function,

see figure 4.9.
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List of materials . Cart filled with
List of amounts ‘ Recipe all materials

1 Box + quantity request 1 Box + quantity delivery
[terate Interate

Pick&Place

Point to move to ‘ ‘ Moved crane

Move function

Figure 4.9: Figure detailing the recipe function.

4.4.6 Reshuffling

This function is automatically started after completing a recipe sequence or after
loading new material. The reshuffling sequence is set to resolve the objective of
re-organizing material for efficient storage detailed in section 1.1.3. The reshuffle
procedure suggests moves between boxes since some will be blocked during construc-
tion and can not be directly loaded externally. Furthermore, while moving material,
the inventory can be controlled.

In the reshuffle code, the boxes are split into two categories, ones that can be loaded
from the outside, called loadable boxes, boxes 7 through 12, and ones that can not
be loaded from the outside, called unloadable boxes, boxes 1 to 7 and 13.

The box comparison works by first looking at the unloadable boxes and comparing
the material type in each with the material type in the loadable box. If it finds
a match between two boxes that share material, it will call the P&P function and
move all material from the loadable box to the unloadable. If no boxes share the
same material, it will instead find the first empty unloadable box and move material
from the furthest away loadable box. This logic evaluates boxes in rising order,
prioritizing placing material closest to the carts and picking material from the boxes
furthest away. This solution will stack the material close to the output, which will
reduce the crane’s travel time when the material is supposed to be delivered.

Special cases:
e The program is written so that boxes 10, 11, and 12 should not have their
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material redistributed to other boxes, and they are also not eligible to be
loaded for any other material. These boxes have material returns constantly
coming and are frequently in use.
e The reshuffle will not move from one box to another if the box that should
accept the moving material does not have enough room to fit it, with regards
to the defined capacity of boxes from section 4.2.2.
For a figure detailing the reshuffle process, see figure 4.10

Reshuffled

» material hall +

inventory

Start signal

‘ Box comparison

¥

Pick&Place

Point to move to ‘ ' Moved crane

Material moved from pick
to place box

Pick box, place box,

Move function

Figure 4.10: Figure detailing the reshuffle function.

4.4.7 Smaller functions

Some smaller functions were required for specific cases. These are described in this
section.

Magnet change

This function changes the power on the magnet. The magnet’s power is currently
defined in 10 steps between 10% to 100% of the voltage applied to the electromagnet.
An existing PLC currently controls this process. Making more accurate deliveries
requires smaller steps. Therefore the step size was reduced to 1%, making for 100
steps. The functionality of the existing PLC for the magnet should be implemented
in the main PLC that controls the entire automation to have all control sequences
gathered in one place. The smaller steps, alongside the P&P sequence’s iteration to
hit specified target weights, allows for the objective of accurate deliveries described
in section 1.1.3. This function allows for increasing or decreasing the power by one
level, turning it off or turning it to its highest level.

Weight change
This function is called when material amounts in boxes or carts have to be changed.
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It adds or subtracts material taken using the electromagnet to the box or cart that
it is taken from or deposited into.

4.4.8 HMI

Conceptual design

The results from the conceptual design are listed in the following table, 4.3. The
security levels are given as a recommendation.

Table 4.3: Conceptual Design Contents.

HMI Page

Main Function

Security Level

Scrapyard Inventory

Inventory levels and ma-
terial type for each box

Monitoring access
granted to all staff.
Unrestricted page.

Material Recipe

Order new material com-
position from multiple
boxes to the furnaces.

Access to operators and

Admin.

Manual Move

Moving the materials be-
tween boxes.

Access to operators and
Admin.

records of material gath-
ering and moving.

Admin Modify the materials and | Access is restricted to be
amounts in the boxes | used by Admin only who
manually. could be a programmer

or an engineer.

History Showing the last few | Monitoring access

granted to all staff.
Unrestricted page.
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Crane HMI Functions
The HMI complete design is added to Appendix E, and the following is a description
of the HMI design and its different functions:

1. Main screen:

The main screen contains buttons to all other screens on the HMI. Upon
clicking one button a login is prompted and the user is only allowed to access
the desired page if the user has sufficient security clearance. An image of the
main screen can be seen in figure 4.11.

SIEMENS SIMATIC HMI

Main Screen SIEMENS
SIMATIC HMI

Skrapyard Material
Inventory Recipe

Process Queue

Emergency
Stop

Figure 4.11: HMI main screen.
2. Inventory Monitoring Screen:

The scrapyard consists of thirteen boxes, so a custom design photo is made
and used in the HMI, showing the thirteen boxes for better visualization, this
can be seen in figure 4.12. The amounts and types of box materials are dis-
played on the inventory screen, and the page is accessible by all the staff (even
non-specialized staff). The Tags used for the amounts and types of the ma-
terials are taken as HMI tags and connected to the associated PLC tags, and
the tags are set to be only in the output format. The measurement unit (KG)
is posted beside the amount following the SKF standard [30].
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W Scrapyard Inventory SIEMENS |

Emergency Back
Stop

Figure 4.12: HMI inventory screen.

3. Material Recipe Screen:

The operator sets the material recipe at the furnaces area when the mate-
rial level is low in the furnaces. When the operator opens the screen, the
scrapyard with the thirteen boxes will appear so he can make sure what he
wants to order. Then he will press the "Start Recipe" button to move to the
next page to order the materials combination he desires. This screen can be
seen in appendix E.3. The inputs for the recipe include
(a) The box numbers: 10 fields are limited from 1 to 13, and an alarm will
appear if the limits are crossed.
(b) The material amounts: 10O fields are limited from 500 to 150000 KG, and
an alarm will appear if the limits are crossed.

(c) Which cart is required to be filled by the crane: two buttons, Cart 1 or
Cart 2
(d) Start Recipe button: this will validate the combination. However, a pop-
up screen will appear to confirm the process, and it could be cancelled or
approved, so the crane will start.
Once the operator prepares the recipe and presses the start button, the crane
will gather the materials from each box until it fills the required amount of
material in the assigned cart. A data record has been added to the screen so
the operator can make and save a new recipe or use previously saved ones, for
example, housings or bearings recipes.

4. Manual Move Screen
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Reshuffling the materials from box to box is an automatic process and will
be a second priority after the furnaces orders. However, the Manual move
function was added to the required tasks because of the construction works
that often occur in the scrapyard area, which require closing new gates and
opening new ones. Seeking more flexibility at the scrapyard, the operator can
initiate a manual move from box to box to empty a loadable box to an un-
loadable box. This screen can be seen in appendix E.6. The inputs for the
Manual move include

(a) Pick and place box numbers: 10 fields are limited from 1 to 13, and an
alarm will appear if the limits are crossed.

(b) The material amounts: 10O fields are limited from 500 to 150000 KG, and
an alarm will appear if the limits are crossed.

(¢) Start Move button: this will validate the material move. And a pop-up
screen will appear to confirm the process, and the crane will start moving
material between the assigned boxes.

A data record has been added to the screen so the operator can make and save
a new move or use previously saved ones. Notably, in both material recipe and
manual move screens, the operator will be able to see the material types once
he inputs the box number so that no mistakes will happen during the process.

5. Admin Screen:

This screen is made to update the box material types and amounts manu-
ally. Once you press the Admin button on the main screen, the scrapyard
custom design photo used for the "scrapyard inventory" screen shows the thir-
teen boxes. The amounts and types of box materials are displayed on the
inventory screen, and it’s in input format so that the admin can modify the
material types and quantities. This screen can be seen in appendix E.9. The
Tags used for the amounts and types of the materials are taken as HMI tags
and connected to the associated PLC tags. The measurement unit (KG) is
posted beside the quantity following the SKF standard [30].

6. General Aspects

(a) The text font and layouts are taken by the authors and don’t follow the
mentioned SKF standard because of short notice.

(b) There are general buttons used on each screen in the HMI, such as "Back”,
"Logoft", and "Emergency stop".

(c) SKF logo is taken as per SKF standard, and it exists on all pages.

(d) Confirmation Pop-ups are connected directly to the PLC.

(e) Testing and simulation of each function are completed using PLCSIM
advanced, which is approved to be optimal for validation and verification
purposes.

Gate HMI Functions The Gate HMIs are presented to be used by the truck driver
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to provide the exact quantity of material. In most factories, the truck driver will
carry a delivery note for the truckload, which contains the precise amount of mate-
rials in the truck. Moreover, the material type loaded In the truck is also important
input, and the driver will have the same delivery note he has all the time. There-
fore, the authors decided to make the truck driver part of the automation procedure.

The authors adopt a straightforward design. Considering the time consumed by
the driver should be as short as possible. So there are two main screens: the main
screen where he chooses the material type that the truck carries. Once entered, a
pop-up window will appear where he will provide the material quantity. The “Open
Gate” button will be viable. Once it’s pressed, a signal will reach the PLC to open
the gate and then unload the materials.

4.4.9 Connection of PLC and HMI

The created PLC and the HMI were connected to ensure the proper functionality
was present in the coupling. Both the HMI and PLC were put in the same TIA
Portal project. The HMI’s and the PLC were coupled using a PROFINET industrial
ethernet (PN/IE) connection in TIA Portal in the devices & networks window to
enable communication between them. Data blocks (DBs) were created in the PLC
to hold the signals sent from the HMI for the PLC code. Every output from the
HMI is coupled to a variable of the correct type in a DB in the PLC.

The connection was simulated by utilizing TIA Portal, PLCSIM Advanced and
WinCC. Firstly, an instanced virtual PLC was created in PLCSIM Advanced, to
which the PLC code from TIA portal was downloaded. Now the simulated PLC
contains the code. Then the connection between TIA Portal and PLCSIM Advanced
can be made, this is required to monitor the code in real-time. Going online TTA
Portal connects to the PLC that was downloaded and started the simulated PLC in
PLCSIM Advanced. Then the HMI can be simulated through TTIA Portal by right-
clicking on an HMI and then selecting start simulation. WinCC is then opened,
and the HMI is shown. Due to the PLC being online and connected with the HMI,
inputs can be given to the PLC, for example, recipe instructions to gather material,

[34).

4.4.10 Alarm system and eliminating faulty inputs

The HMI is designed so that the operator cannot make invalid orders. When giving
values as inputs limits are set in the so that faulty values can not be given which
would produce errors in the PLC code and fault alarm will pop—up immediately.
For example this is done when specifying which boxes to order from, only values
from 1 to 13 are valid for input. Moreover, different alarms and supervision systems
are created and visualized as cognitive support tools. The alarms and error popups
are coloured, lights are flashing, and even sounds will occur in the control room and
on the HMI screen in case of errors. The correcting actions should be clear to the
user, and the emergency option stop for the whole system should be accessible on

43



4. Results

all of the HMI pages as an 1/0 field button [13].

4.5 Logical device modelling and virtual commis-
sioning

Although virtual commissioning and modeling of the logical device were not per-
formed due to delimitations, the automation procedure was visualized using anima-

tions in CATIA v5.

4.6 Hardware

The following section recommends or declares the chosen hardware for the thesis. If
relevant, choices are discussed regarding reasoning for specific models and how and
where they should be used.

4.6.1 PLC hardware

The PLC to be used needs to be of Siemens brand due to the software being devel-
oped in Siemens software alongside SKF using Siemens PLCs as standard in their
automation processes. More specifically, the functions required by the process to
be automated can be best supported by an S7-1500 series PLC. This is because it
is modular, supporting more I/0O’s, being the fastest model that futureproofs it for
later updates and additions, and can utilize controllers like PIDs, which may be
required later in the stabilization work of the crane’s swing.

Regarding the specific model number for the PLC CPU, it is difficult to conclude
what will be necessary since the final requirements on the PLC can not be made until
the code is ready for real-world use, which is not the goal of the thesis. Therefore, it
is left as a recommendation to SKF employees to decide on the exact CPU version
for an S7-1500 PLC. However, SKF standards specify that the type can not be a
compact PLC since this is not allowed due to the restricted expansion of modules.

4.6.2 Crane HMI hardware

The chosen HMI type for performing the central task in this project is the 9”
SIMATIC HMI TP900 Comfort Panel, see figure 4.13, which is embedded in the
TTA Portal through WinCC runtime. The screen lets the operator effectively mon-
itor and fully control the crane’s tasks from A to Z. while choosing the required
device. The tricky part was exploring a universal and future proof application that
can handle a high level of connectivity, a 5G network, for example. Moreover, some-
thing should always be in mind that the chosen solution should be as transparent
as possible.

Worth mentioning that the 9” HMI is in the furnaces area in the existing control
room and should be controlled by the furnace’s operator. The operator should
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Add new device
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+ B 15" Dicola Touch screen; 1 x MPIIPROFIBUS DP, 1 x
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|
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@) Start device wizard fok [ concel

Figure 4.13: Features of the selected 9” comfort panel.

initiate the signal so the crane will start gathering materials when the material level
in the furnaces is low.

4.6.3 Gates HMI hardware

Those HMIs controlling and monitoring the truck’s gates use the same process of
transferring data between the gate and the central PLC.

The choice was a set of small 4.3” KTP 400 comfort HMIs located at the truck un-
loading gates of the foundry (at gates 7, 8, 9, 10, 11, 12). We choose to implement
this solution to provide a complete automation solution without the need for the
operator to visit the foundry. So, we designed that low-cost HMIs to be used by
truck drivers for inventory control purposes. Figure 4.14 shows the main features of
the selected comfort panels for the task.
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Figure 4.14: Features of the selected 4.3” comfort panel.

4.6.4 Sensors

Some additional components will have to be acquired for the full functionality of
the automation procedure.

Light sensors

In order to be able to detect whether a cart is in a loadable position within the
material hall, light sensors should be installed where the light is broken when the
cart is in the loadable position. One light sensor should be installed for each cart.
These should be given as inputs to the PLC.

Coordinate system

For the automation to be possible, the PLC program needs to know the crane’s
location at any given time. There are approaches for creating systems that deliver
this coordinate data. Accelerators could be attached to all moving parts to use the
acceleration to calculate a speed and distance over time. A grid of light sensors could
be mounted around the crane giving points where the PLC would know the crane’s
location. Lastly, multi-turn absolute encoders could be implemented to measure the
wheels’ rotation that induces the movement in the crane and calculate the distance
from the angular change. Upon advising the company supervisor, a decision was
made to assume that a coordinate system would be implemented that could give the
exact current location of the crane at any given time, so something in line with the
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multi-turn absolute encoders would be implemented. What should be implemented
and how is not something that is further explored in this thesis.

A coordinate system was defined in the material hall to clearly define where the
crane is at all times, as shown in image 4.15. The coordinate system’s origin is
defined on the floor in front of the boxes. This position is the origin since when
the crane is not in use, it should be on the floor in a resting position, so the crane
often starts from this position. Relative to the walls, the origin position is 6730 mm
from the side walls (centre) and 9320 mm from the entry gates of the scrapyard 4.15.

The Z coordinate, being the height, is 0 when the bottom of the electromagnet is
1575 mm below the bottom of the crossbeam. Down is positive, and up is negative.
This origin is also what is referred to as safe transporting height. It is considered
safe since when at the Z origin, the magnet bottom is 3300 mm above the side
railings, 2450 above the cart sides (highest point) and 4500 mm above rest position,
same for box walls. This provides a reasonable margin of safety not to hit obstacles
while moving material that hangs under the electromagnet. It is also a safe distance
from the crossbeam and trolley so that the magnet does not hit the crossbeam if it
were to swing while moving.

$ $ s ¢ ¢S

Positive X
direction

Positive Y
direction

TrtT1111

Figure 4.15: Coordinate system in the scrapyard.

4.6.5 Implemented safety measures

In the case of the overhead crane, the safety analysis looked at different hazards and
included functions in the PLC code to avoid them. Functions are used in the PLC
code to represent the safety measures and measures recommended to be considered
at the construction time are as follows:

1. Emergency stop function is used heavily in this project allowing the user to
stop the crane operations and override the HMI commands once the user
observes the hazard.

2. While the gates are open for truck unloading activities, the crane will be idle
and will not be activated until the gate is closed.
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4.

Utilizing the existing light fence (sensors fence) to detect any unexpected move-
ment beyond the carts area will immediately trigger the emergency stop.
Electromagnet power is a sensitive device that could cause significant haz-
ards to personnel and properties at the workplace in case of power loss or
unexpected behaviours. Therefore, it is recommended that cognitive support
devices such as flashing lights or unique sounds be installed and activated once
the electromagnet power is on.
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Discussion

The following chapter elaborates on the acquired results and gives insight into why
certain decisions were made.

5.1 Error sources

This section outlines the causes for errors in the thesis work and their potential con-
sequences, and what caused the errors. Actions to amend these errors are discussed
in section 5.2.

5.1.1 Omitted & assumed CAD details

When constructing the CAD files, some objects in the provided drawings were either
ambiguous or hidden behind other parts, so their dimensions could not be obtained.
Regarding the ambiguous elements, these were sections on the crossbeam that, if
made of solid steel as the drawing indicated, would add a substantial amount of
weight to the beam. The company supervisor was queried about this and advised
disregarding these elements or making valid assumptions if hidden parts were crucial.
Removing these objects and making assumptions for certain geometry will somewhat
differentiate the CAD drawings of the crane from the actual crane. Additionally, for
some components, such as the carts, no drawings were provided. Therefore, a basic
assumptive shape was constructed instead.

5.1.2 Picking material from box centers

Currently, the PLC program is ordered to move to a box’s centre coordinates, go
down, pick material, go up, move to a cart, and deliver the material. There is an
assumption in this logic that the material will be in the centre of the box. From the
visit made to Katrineholm and seeing the material hall in person, it can be verified
that this assumption is inaccurate. The material is very often distributed along the
sides of the boxes. An algorithm would have to be implemented within the PLC
program to find the local high points and take material from there instead. If this
is not implemented, the crane will attempt to take material from the centre of each
box and eventually, there will be no material to take from it and then it will be
marked as empty. In reality, there remains much material around the sides of the
box. This remaining material could cause the box to be filled with another type of
material, mixing them and causing severe issues upon delivery.
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5.2 Recommendations for further work

Due to the large scope of this thesis, much work is still to be done if a virtual
commissioning procedure is desired. The remaining work would primarily be in
verifying the accuracy of the work made and ensuring that internal SKF Standards
are followed throughout.

5.2.1 CAD verification

It is recommended that SKF Mekan verify the constructed CAD geometry’s accuracy
compared to the actual material hall before performing virtual commissioning. Ways
to do this are to attempt to receive original CAD models from the OEMs of the
equipment or to order a 3D scan of the material hall, including its components. A
3D scan generates a point cloud, which is a data set composed of discrete points in
space with X, Y and Z coordinates alongside RGB values, [35]. The point cloud can
then be imported into a CAD program where the shape and measurements of the
constructed CAD files can be directly compared to the real-life measurements in a
virtual environment, [36]. The measurements from 3D scanning are accurate up to
two mm. Furthermore, the carts should be accurately modelled since no drawings
were provided from SKF, and the carts were given a rough and approximate design.

5.2.2 Additional safety measures

A failsafe should be programmed for when the coordinate system gives inaccurate
information. All edge heights are known, and the scale registers a negative value
when the crane contacts an object from beneath. When lowering the electromag-
net, the code can inspect if the height is roughly that of an edge and if the scale
registers a negative value. If both are true simultaneously, an error should be sent
requesting recalibration of the coordinate system. The distance to the box walls
from the crane’s safe transport height (0 position) on Z-axis is 4500 mm, and to the
cart sides, it is 2450 mm.

In order to stop the crane from moving into walls if the coordinate system and nav-
igation were to fail, limit sensors should be implemented as an added safety level to
stop this extreme case.

As per SKF, the risk assessment fulfilment shall be completed and documented
during the project’s design stage. This unfinished activity should be addressed and
completed before implementing the actual automated solution.

5.2.3 Manual steering override

The crane in its current state is being controlled manually by an operator. If the
crane were automated, this manual steering should not be removed but instead
implemented as a safety feature for the crane if manual steering is required. So an
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admin could put the crane in manual mode by interfacing with the HMI. This could
be useful if systems such as the coordinates are malfunctioning.

5.2.4 Box screening mechanism

To ensure that material is picked evenly throughout the whole box, there needs to
be a function that finds the highest point of material when taking material from
a box. Although this was not implemented into the PLC program, a concept for
solving the issue had been generated. The most convenient implementation of this
procedure would be to use the sensors that are already existing. Naturally, a vision-
based system would work, but the given concept only uses existing sensors.

If a box is examined to see how many times the electromagnet can fit into it, it will
be apparent that the electromagnet can fit nine times in the regular-sized boxes,
see figure 5.1. This figure has the correct dimensions for the boxes and electromag-
net. A function that examines these points should be written while lowering the
magnet. If the scale on the magnet registers, a negative value material has been
reached. If the maximum depth of the box is reached in all nine locations, then the
box shall be listed as empty. However, if the bottom is reached in only one loca-
tion, the others should be tested in a given order to find local high points of material.

Figure 5.1: Spacing of electromagnet placements in box.

Since these changes have not been implemented, it is difficult to say if they would be
fully functional as suggested. However, hopefully, the main principles of the process
could be implemented similarly.
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5.2.5 Utilize virtual commissioning for investment
proposition

As SKF aims to conduct an investment proposition for implementing an automa-
tion sequence on the overhead crane, the authors propose utilizing the strength and
detail of virtual commissioning to achieve this.

When properly performing a virtual commissioning project all required components
for the automation will be implemented into the virtual system. This final virtual
version of the automated system can then be compared to the current state to find
the different components that are required for the automation to work as intended.
The cost of these components can then be utilized in an investment proposition to
find the cost of the implementation. Although, the cost of components is not a
fully descriptive of the total cost for the investment. There will be indirect costs in
regards to the project and engineering required that can not be calculated from the
virtual commissioning alone. The authors have provided a direct and indirect costs
table (table 5.1) that SKF Mekan can use to calculate the investment feasibility.

Table 5.1: Investment Analysis Direct/Indirect Costs.

Direct Costs Indirect Costs

Hardware Costs (PLC, Central | Project costs
HMI, Gates HMIs, Sensors, Ca-

bles, etc.)
Labour costs Engineering costs
Energy costs Maintenance costs

Quality costs (Alloys consump-
tion reduction)
Logistics costs
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Conclusion

In this section summarizing areas are covered for clarity such as the solutions to
objectives set in the beginning of the report as well as answers to research questions.
The thesis concludes with visualization and validation using virtual commissioning
which outlines why the methodology was chosen and what was not completed in
time.

6.1 Solutions to objectives

The five objectives defined in section 1.1.3 were all completed in the following man-
ner.
1. Accurate deliveries
The issue was that deliveries from the crane were inaccurate towards the given
target. To solve this issue, the magnet’s power changed its step size from 10%
change per step, resulting in 10 steps, to 1% change per step, resulting in 100
steps. Furthermore, the weight evaluating logic is done in an iterative manner
where the weight is evaluated, and then the power is reduced by 1%. This iter-
ative evaluation and smaller step-size results in a much more accurate delivery.

2. Collision avoidance

The crane should not collide with boxes or carts while automated. Each loca-
tion that the crane might travel to was predefined according to a coordinate
system to resolve this issue. This solution was chosen because the crane only
travels to 16 different locations, boxes 1-13, carts 1 and 2, and a resting po-
sition. The crane should have a coordinate system implemented where the
crane’s location is constantly known. Since the carts can move in and out of
the scrapyard, their correct position is ensured using light sensors to tell the
system that a cart is in place.

3. Safety assurance

When the material is being loaded into the scrapyard, personnel can be present
in the crane’s working area, which is the scrapyard. Safety must be of high
regard while personnel load material into the scrapyard. This is solved by
connecting the PLC with light sensors at each gate. When a gate is opened,
all movement is stopped until the gate has been closed. Additionally, when
re-initiating the crane, cognitive support tools will be activated to warn any
potential personnel still in the active area.
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4. Crane automation and priorities

This objective regards the crane’s general automation of gathering material
and executing automation sequences in priority order. The priority order is
solved by allowing the operator at the central HMI to decide between gather-
ing a recipe order or moving material between boxes. The reshuffle procedure
is automatically executed only after loading material into a box or after de-
livering a recipe. The detailed automation of all procedures can be seen in
section 4.4.

. Re-organize material for efficient storage

Due to construction projects at SKF Mekan, only half of the storage boxes that
could be loaded are still eligible for direct loading, and the rest are obstructed.
Therefore material has to travel through the gates open for external loading
and then be re-organized, or reshuffled, internally by the crane to the boxes
with their gates blocked. This was done by creating a reshuffling logic that can
be seen in 4.4.6. The main principle is to move material between boxes with
the same material, from loadable boxes to non-loadable ones. If not possible,
the material is moved to an empty, unloadable box from a loadable box.

6.2 Answers to research questions

o4

1. How can an automation project for an existing process be evaluated without

interfering with the operational process?

A PLC being developed to automate a process can have its code developed
and tested towards a virtual PLC to ensure its functionality. Although by only
testing towards a PLC, it is only possible to see how the logic itself works, not
how it will act on the process that is to be automated. There might be faulty
assumptions made in the programming that are apparent first when the PLC
code is controlling the process, [31].

Real commissioning evaluates the PLC code connected to the machine; how-
ever, this requires the machinery to be removed from active operations, [31].
Instead, a virtual method can be utilized where the physical device is mod-
elled virtually and connected to a virtual PLC. The simulation is then made
complete by including physics and kinematics. This process is referred to as
virtual commissioning, [18].

One benefit of virtual commissioning, according to [5] is that it allows parallel
execution alongside production and assembly processes. It is discussed by [20]
that an advantage of virtual commissioning is that solutions can be tested and
verified virtually. Further support for this method can be found in [37] that
suggests Virtual commissioning can be defined as the investigation of a PLC
integration.
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2. What are the different tools and requirements needed for evaluating an au-
tomation project virtually?

For an automation project that is conducted using PLC to automate the proce-
dure at hand, several tools are required to develop and evaluate the automation
virtually. By using a methodology such as the one provided by [27], see figure
3.2, six steps need to be addressed with specific tools and techniques;
e Process design
If the process to be automated is already existing, meaning it is a brown-
field investment. There must be a detailed and fundamental understand-
ing of how the current process works, [20]. The following should be found:
its purpose, all tasks, current issues or shortcomings, safety standards,
and hardware. For this, the authors recommend a qualitative data gath-
ering approach of firstly receiving internal documents of the process that
could be technical documentation of the hardware or current practices.
Then a visit can be made where visual observations are made of the pro-
cess in action, preferably of it performing all the tasks. This should be
documented in some manner, preferably by filming or taking extensive
notes for future reference. In conjunction with a visit, semi-structured
interviews with operators and managers of the process should be held
firstly to answer any questions that arose during the visit and reviewing
of documents and secondly, to explore the topic further, [26].

When the process has been detailed and thoroughly understood, its in-
puts and outputs should be defined, and then the SOP should be defined

for each sequence the process should be able to perform.

e Physical device modeling
By utilizing the documentation acquired in the previous step, the de-
vice should have a physical model represented as 3D CAD geometry. It
is recommended to receive this directly from the OEM since it is the
most accurate representation, [28, 27]. However, if this is not possible,
the physical model should be created using CAD software in conjunction
with drawings, preferably digital drawings. Regardless of the chosen ap-
proach, it is vital to ensure compatibility between the format of the CAD
files with the program that has been chosen to conduct the virtual device
and the virtual commissioning. The authors chose Catia V5 to construct
the physical device from drawings because it can produce files compatible

with NX MCD, [17].

o Logical device modeling
A program must be used to make the logical device modelling detail-
ing the electrical connections between sensors and the PLC. The authors
chose SIMIT for this task.

e Virtual device
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In order to connect the physical device and the logical device, there is a
requirement for a program that can connect a CAD assembly with signals
so that, for example, motors move when prompted by the logical device.

System control modeling

Three main tools are required if the automation sequence is to be tested
with an HMI. Firstly the automation sequence must be developed within
a program that supports PLC coding. For this, the authors chose TTA
Portal. Then the HMI must be modelled, this was also done in TTA Por-
tal, but then to simulate and connect the HMI to the PLC, a simulating
software is required. For this, WinCC was chosen since it is integrated
with TTA Portal. Lastly, to be able to have the PLC code run and evalu-
ated, there must be a PLC connected to the program where the logic has
been developed. This should be done for a truly virtual evaluation using
SiLi [38]. This was done using PLCSIM Advanced.

Virtual commissioning

Finally, software that can connect the virtual device to the created PLC
code in the system control modelling stage is required. For this, the au-
thors chose NX MCD.

Furthermore, to evaluate the created automation sequence, information re-
garding the performance of the current state of the sequence should be gath-
ered to compare the two.
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Interview questions and
observations

Interview with crane operator:

1.

2.
3.

4.

What are the steps for the whole process? From placed order to delivered
material.

What is the standard procedure after delivering material?

Safety procedures around the crane? What is the procedure like when loading
material etc?

How do you pick up a fraction of a load, say % of the crane’s max pickup
weight for example?

List of observations to be made:

1.

2.
3.
4.

Crane lifting, moving, and delivering material (Video).

Unloading station with the carts, with and without carts on it.

The material in the storage boxes.

Control room with instruments - What values are presented to the operator?
Speed, position, depth, etc?

Stakeholders interview:

1.

What type of materials are loaded into the boxes in the scrapyard and which
ones are added later?

. Do you know the quantity of each load when you receive it? Is it accurate or

an estimate?

. Which materials should be closest, and which are most frequently used?
. If considering the material that takes up the most volume, how much can each

box hold of that material?

Automation engineer interview:

1.

2.
3.
4.

What safety precautions should be implemented for the crane’s automation?
How are automation projects structured at SKF?

What PLC would you chose for the automation in the thesis and why?

Do you have any other suggestions for conducting the automation that we
have not discussed?
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Additional CAD images

Figure C.1: Rendered CAD image the full assembly from a top view.

Figure C.2: Lightsensor on Figure C.3: Reflex for lightsen-
bracket. sor on bracket.



C. Additional CAD images
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PLC code and fuctions

Network 1: RECIPE

Recipe call
%Q2.6 Q2.7
"RecipeCall™."HM W2 4 “Reshufile_ "Fick&Flace_ HFCE
Recipe Start” "StopAll” ACTIVE" ACTIVE" "Recipel.1”
{ } {/} {/} /1 EN ENO ———

"RecipeCall™. Material
MaterialAmounts Amounts

"RecipeCall”.
OrderBoxes boxMumbers
"RecipeCall”.
DeliveryCart DeliveryCart

Pick&Place_
DB 3 Sequence_1_
"P&PT Instance
Pick&Place_
DB 5 Sequence_1_
“P&P1" Instance_1
Pick&Place_
¥DB7  Sequence_1_
"P&P2" Instance_2
Pick&Flace_
“DBY9  Sequence_1_
"P&P3" Instance_3
Pick&Place_
%WB10  Sequence_1_
"P&P4" Instance_d4

Figure D.1: Main code figure 1.
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D. PLC code and fuctions

- Network 2: RESHUFFLE

Find the boxes and then use PEP to move material between found boxes

%812
“Fick&Place_
4027 S Sequence_DB"
%20.0 Y24 425 *Pick&Flace_ WFCS Output” “Found B4
"Reshufle_OK" *StopAll *Recipe_ACTIVE" ACTIVE® “Reshuffle1.3" 2 “Pick&Place_Sequence”
| | i1 14 14 EN ENO | | EN ENg ———
*Scrapyard_info" *Reshufile — OFF 5Q 5_NO
Boxes — Boxes PickBox — Output” Pickbox — INIT_5Q S_MORE —
*Reshuflle — ACK_EF 5_ACTIVE —
PlaceBox — Output’ Placebox — S_PREV ERR_FLT —1
“Reshufle — 5_NEXT AUTO_ON —
Output™."Found — SW_AUTO TAP_ON —
FoundPnp —i P&F* — SW_TAP TOP_ON —i*
— sw_ToP MAN_ON —i°
— SW_MAN PEPComplete —i
5_SEL
—5.0N
—5_OFF
— TPUSH

“Reshufile
Output® Pickbox
Number s pickBoxNr

“Reshuffle
Output” Pickbox”
Material Amount” —ipickAmount

7500 — PickHeight

“Reshuffle
Output” Placebox
Number —riplacenr
PlaceCart=T/
FALSE — PlaceBox=F

Figure D.2: Main code figure 2.

¥  Network 3: Manusl Move

*WB14
“ManualMove_P&F_
DE"
“Inputhianual Q2.6 Q3.0 Q2.7
Move™ “HII Start %024 “Reshuffle_ %025 “ManualP&p B4 “Pick&Flace_
Manual Move” “stopAll” ACTIVE™ “Recipe_ACTIVE® Complete” “Fick&Place_Sequence” ACTIVE®
| | 1/ 14 14 /1 EN gno—————{ ——
— OFF_SQ S_NO— 0
5_MORE —°
5_ACTIVE —i 3z
ERR_FLT—1"
AUTO_ON —7E
TAP_ON —
TOP_ON —ifs
MAN_ON —1 3
%Q3.0
"ManualP&P
P&PComplete — Complete”
"InputhManual
Move" PickBox — pickBoxNr
“Scrapyard_info®
Boxes["Input
ManualMove” Pick
Box]."Material
Amount PickAmount
PickHeight
“InputhManual
Move" PlaceBox — placeNr
PlaceCart=T/
FALSE — PlaceBox=F
Q3.0 W27
"ManualF&F "Fick&Flace_
Complete® ACTIVE®
11
| | {R}

Figure D.3: Main code figure 3.
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D. PLC code and fuctions

Network 4:

Update material an HMI

Used to show the material on the HMI when making an order.

“RecipeCall”.Fetch Wl
IMaterial “BoxOrderMaterialFetch™
————En ENO
Network 5: Send Carts out
“Scrapyard_info®.
Carts[0].SendTa %24 %022
Melt "stopall” "MotorCart0_out”
{ | 1 { }
"Scrapyard_info".
Carts[1].5endTo %024 %023
Melt "stopAll” "MotorCart1_out”
{ | 1 { }
Metwork 6:
Opening of gate/box 9
*WB21
"WeightChange1.
2_DB_1"
“Gate Block 9% “Gate Block 97 WFB1
Open Gate” Lightsensor “WeightChange1.2”
| | | | EN ENO
alse — Add Material “Gate Block 9°.*
i S“bm?n Selected
false — Ma?enal Material®
Object to
% — change

True = Change Box

“Gate Block 9%
Truck Load

Amount” — amount

Figure D.4:

Main code figure 4.

S_MOVE

EN ——

out

%Q2.4

"StopAll®
—
“Scrapyard_info©.

Boxes[9]."
Material Type”
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D. PLC code and fuctions

¥  Network7: .
Closing of gate/box @, waita predetermined time before starting crane again.
*WDB23
“IEC_Timer_0_DE_
1"
"Gate Block 9°. TON "Gate Block 9° " W24
Lightsensor Time Open Gate” "Stopall”
—A/—mn Q {R} {R}
T#105 PT ET T#Oms
*  Metwork 8: Emergencystop
“d0 .4
“Engage W24
EmergencyStop” "Stopall”
]l L i }
LI | 1 !
- Metwork 9: Stop all motors in all directions if stop all is engaged
%024 Y044 %042 %0as %043 %046 %041
“stopAll” "Motor_X_Rev" “Motor_Y_FaD" “Motor_Y_Rev" "Motor_Z_Down”® “Motor_Z_Up® *Motor_X_FwD"
1 |
{ | {R} {R} {R} {R} {R} {R}
Figure D.5: Main code figure 5.
¥  Network7: ..
Closing of gate/box 9, wait a predetermined time before starting crane again.
WB23
“IEC_Timer_0_DE_
1
"Gate Block 9°. TON "Gate Block 97 %24
Lightsensor Time Open Gate" "StopAll”
—/—mn Q {R} {R}
TH#105 PT ET THOMmS
Network 8: Emergencystop
W0 .4
"Engage 2.4
EmergencyStop” "StopAll*
1 | i }
1T 1 F
Metwork 9: Stop all motors in all directions if stop all is engaged
%024 %QAa.4 %0Qa.2 %A %043 %6 %Q4A1
“StopAll” “Iotor_X_Rev” “Motor_Y_FaD" “Motor_Y_Rev” "Motor_Z_Down”® “Metor_Z_Up” "Motor_X_FwD"
]l L
N (%) (%) (%) (%) (%) (v)

Figure D.6: Main code figure 6.



D. PLC code and fuctions

Network 1: ...

Turn magnet on to full power

QWO
"Magnet power”

FMha xR MOVE
{ | EN —
100 I
& oun
Network 2: ...
Turn magnet off
#Off MOVE
| EN —
0 1M
¥ oum
Network 3: ...

Increase magnet power level

QWO
"Magnet power”

IN_RANGE ADD
#IncreasePWR Int Auto (Int)
el EN —— £ho ——
#5tatelnc 0 KA %YW LQWO
QWO "Magnet power” N1 ouT "Magnet power”
"Magnet power” WAL 1 M2 3
99 XY
Network 4:
Decrease magnet power level
IN_RANGE suUB
#DecreasePWR Int Auto (Int)
IPI EN —_—
#StateDec MIN %QWO QWO
QWO "Magnet power” N1 ouT "Magnet power”
"Magnet power” WAL 1 M2
100 — pAX

Figure D.7: Magnet change function.
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D. PLC code and fuctions

1 #FoundPnP := FALSE;

2 [JFOR #PickCtr := 8 TO 10 DO // index is pushed from 7 --> 8§ due to box 13 having index 7
SE IF #FoundPnP = TRUE THEN //do not continue looping if boxes have been found

4 EXIT;

5|  END_IF;

(= IF #Boxes[#PickCtr]."Material Type" = "Empty' THEN

7 //Will not pick from an empty box

3 CONTINUE:

s | END_IF;

10

11

12 FOR #PlaceCtr := 1 TO 7 DO

133 IF #Boxes[#PlaceCtr].Capacity »>= #Boxes[#FlaceCtr]."Material Amount™ + #Boxes[#FickCtr]."Material Amount™
14 IND #Boxes[#PickCtr]."Material Type" = #Boxes[#Placeltr]."Material Type" THEN
15 f// Same material and placebox can hold all of pickbox's material, found boxes
18

17 #PickBox := #Boxes[#PickCtr];

1s #PlaceBox := #Boxes[#PlaceCtr] :|

19 #FoundFnF := TRUE;

20 EXIT;

21 ELSE

22 CONTINUE;

23

24 | END_IF;

25 | END_FOR;

28 | END FOR;

27

28 [HIF #FoundPnP = FALSE THEN //Only go in here if we have not found PnP

29 FOR #PickCtr := & TO 10 DO

30 B IF #FoundPnP = TRUE THEN

31 EXIT;

32 | END_IF;

EEN] IF #Boxes([#PickCrtr]."Material Type™ = 'Empty' THEN

34 f/Will not pick from an empty box

35 CONTINUE;

36 | END_IF;

37

Eg= FOR #PlaceCtr := 1 TO 7 DO

39 IF #Boxes[#PlaceCtr]."Material Tyvpe" = '"Empty' THEN

40 IF (#Boxes[#PickCtr]."Material Amount™ + #Boxes[#PickCtr]."Material Amount™ <= #Boxes[#PlaceCtr].Capacity) THEN
41 // Placebox empty and placebox can hold all of pickbox's material
42 #PickBox := #Boxes[#PickCtr];

43 #PlaceBox := #Boxes[#PlaceCtr];

44 #FoundPnP := TRUE;

45 EXTIT:

48 ELSE

47 CONTINUE:

a8 | END_IF;

19 | END_IF;

50 | END_FOR;

51 |  END_FOR;

52 |END_IF;

53

54 T"Reshuffle_OK" := FALSE: //Resets the approval for reshuffle, needs to be approved from elsewhere

Figure D.8: Reshuffle function.
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D. PLC code and fuctions
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#"Move complete” False;
IF $MoveToBox THEN //moving to box

= IF "Current X" > (#TargetBox.X_coordinate + #IntervalConstant) AND NOT "Motor_X_FWD™ AND NOT #X_off THEN
"Motor_X_Rev™ := TRUE; //

ELSIF "Current X" <= #TargetBox.X coordinate + #IntervalConstant
AND "Current X" »= $TargetBox.X coordinate - gIntervalConstant THEN

"Motor_X Rev™ := FALSE;
$%_off := TRUE;
END_IF;

=] IF "Current X" < (#TargetBox.X coordinate - #IntervalConstant) AND NOT "Motor X Rev" AND NOT #X off THEN
"Motor_¥_FWD" := TRUE:

ELSIF "Current X" »>= $#TargetBox.X coordinate - #IntervalConstant
AND "Current K" <= $TargetBox.X coordinate + #IntervalConstant THEN

"Motor_X_FWD" := FALSE:
#¥_0ff := TRUE;
END_IF;

=] IF "Current Y" > (#TargetBox.Y coordinate + #IntervalConstant) AND NOT "Motor Y FWD" AND NOT #Y_off THEN
"Motor_Y Rev"™ := TRUE; //Current Y is larger than the target, must reduce Y coord - reverse Y
ELSIF "Current ¥ <= #largetBox.Y coordinate + #lntervalConstant
MND "Current Y" >= #TargetBox.Y_coordinate THEN
//Not subtracting interval from target since its ULInt and in reverse it can go to y=0 and ULInt should not go below 0
"Motor_Y_Rev™ := FALSE:
#Y_off := TRUE;
END IF;

=] IF "Current Y" < (#TargetBox.Y coordinate - #IntervalConstant) AND NOT "Motor_Y Rev"™ AND NOT #Y off THEN
"Motor Y FWD" := TRUE;

ELSIF "Current Y" <= #TargetBox.¥ coordinate + #IntervalConstant
AND "Current ¥" >= #TargetBox.Y coordinate - #IntervalConstant THEN

"Motor_Y_FWD™ := FALSE;
#Y_off := TRUE;
END_IF:

ELSE //move to cart
55 IF "Current X" > (#TargetCart.X_Coordinate + #IntervalConstant) AND NOT "Moter X_FWD" AND NOT #X off THEN
"Motor_X_Rev™ := TRUE; //
ELSIF "Current X" <= $Targetlart.X Ccordinate + #IntervalConstant
AND "Current X" »>= $TargetCart.X Coordinate - #IntervalConstant THEN
"Motor_X_Rev™ := FALSE:
#X_off := TRUE:
END_IF;

=] IF "Current X" < (#TargetCart.X Coordinate - #IntervalConstant) AND NOT "Motor X _Rev" AND NOT #X off THEN
"Motor_X_FWD™ := TRUE;

ELSIF "Current X" >= #TargetCart.X Coordinate - gIntervalConstant
AND "Current X" <= $TargetCart.X Coordinate + #IntervalConstant THEN

"Motor_X FWD™ := FRLSE;
$1_off := TRUE;
END_IF:

Figure D.9: Move X,Y function figure 1.

LJﬂ IF "Current Y" > (#TargetCart.Y Coordinate + #IntervalConstant) AND NOT "Motor Y FWD™ AND NOT #Y off THENW
"Motor_Y_Rev" TRUE; //Current ¥ is larger than the target, must reduce Y coord - reverse ¥
ELSIF "Current Y" <= #TargetCart.¥ Coordinate + #IntervalConstant
AND "Current ¥" >= #TargetCart.Y Coordinate THEN
//Wot subtracting interval from target Since its ULInt and inm reverse it can go to y=0 and ULInt should not go below O
"Motor_¥_Rev" FALSE;
#7_off := TRUE;
END_IF;

= IF "Current Y¥" < (#TargetCart.Y Coordinate - #IntervalConstant) AND NOT "Motor_ Y _Rev™ AND NOT #¥_off THEN
"Motor_Y_FWD" := TRUE;
ELSIF "Current Y" <= #largetCart.¥ Coordinate + #IntervalConstant
BND "Current I" >= #TargetCart.Y Coordinate - #IntervalConstant THEN
"Motor_Y_FWD" FALSE;
#Y_off := TRUE;

END_IF;

| END_IF:

EIF NOT "Motor_ X FWD™ AND NOT "Motor X Rev™ BND NOT "Motor_ Y FWD" AND NOT "Motor_Y Rev" THEN // in the case that the target pos 1s current pos
#Y_off
#X_off

| END_IF;

TRUE;

IF #X_off RAND #Y off THEN // Verifying output of the move being complete.
#"Move complete" := TRUE;
END_TF:

Figure D.10: Move XY function figure 2.
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D. PLC code and fuctions

1 "Recipe ACTIVE" := TRUE;

2

3EFCR #i := 0 TO 4 DO //Five boxes, 0-4

4 IF #i = 0 THEN

3 [ #"PickePlace_Sequence_l_Instance™ (PickBoxNr := #boxNumbers([#i],

& Pickhmount := gMateriallmounts|[£#i],

7 PickHeight := 7500,

3 PlaceNr := #DeliveryCart,

g "PlaceCart=T / PlaceBox=F" := TRUE,
1| "PePComplete™ => #"CompletePeP 1"[#1i] )7
11
12 ELSIF #1 = 1 AND #"CompletePsP 1"[#i-1] THEN //Previous call must be complete
131 $"FickeFlace_Sequence_l_Instance_l" (PickBoxNr := gboxNumbers[#i],

14 PickAmount := #Materiallmounts[$#i],

15 PickHeight := 7500,

la PlaceNr := ¢#DeliveryCart,

17 "PlacelCart=T / PlaceBox=F" := TRUE,

g | "PeFComplete” => $"CompletePsP 1" [#1]);
14 EL5SIF #1 = 2 AND #"CompleteFeP 1"[#i-1] THEN//Frevious call must be complete
201 #§"PickeFPlace_Sequence_l_Instance_2"(

21 PickBoxNr := #boxNumbers[£#1],

22 Pickimount := #Materiallmounts[#i],

23 PickHeight := 7500,

24 PlaceNr := ¢#Deliverylart,

25 "PlaceCart=T / PlaceBox=F" := TRUE,

26 | "PePComplete” => #"CompletePsP 17 [#1]);
27 ELSIF #1i = 3 AND #"CompletePsP_ 1"[#i-1] THEN//Previous call must be complete

28 1 #"PickePlace_ Sequence_l_Instance 3" (PickBoxNr := gboxNumbers[#i],

29 Pickimount := $#Materiallmounts[#i],

30 PickHeight := 7500,

31 PlaceNr := $DeliveryCart,

32 "PlaceCart=T / PlaceBox=F" := TRUE,

33 L "FeFComplete™ => #"CompletePsP 17 [#1]);
34 ELSIF #1 = 4 AND #"CompletePsP_1"[#i-1] THEN//Previous call must be complete

35 H $"FickeFlace Sequence 1 Instance 47 (PickBoxNr := gboxNumbers[#i],

36 Pickhmount := $Materiallmounts[$#i],

37 PickHeight := 7500,

g PlaceNr := $Deliverylart,

34 "PlaceCart=T / PlaceBox=F" := TERUE,
o | "EeFComplete” =>#"CompletePsF_17"[#1]);
41

4z | END IF;

43

44 |END FOR;

45 HIF #"CompletePsP_1"[4]=TRUE THEN

45 "Reshuffle OK" := TRUE; //Beshuffle after delivering a recipe order

47 "Recipe ACTIVE" := FALSE;

45 "Scrapyard info".Carta[#DeliveryCart].5endToMelt := TRUE;

439

50

51

52 |END IF;

53

Figure D.11: Recipe function.
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D. PLC code and fuctions

Network 1: Add to box

#"Add Material® #"Change Box"
] |

[ :PI 1 1
#5tatel
"Scrapyard_info".
Boxes[#"Object
to change®].”
Material Amount”

FAmount
Network 2: Sub from box
#"Subtract
#"Change Box" Material”
lp L ] 1
1P| 1 T

#5tate2
"Scrapyard_info".
Boxes[#"Object
to change®].”
Material Amount”

FAmount

Network 3: Addtocart

#"Add Material® #"Change Box"

P /1
#5tate3
"Scrapyard_info".
Carts[#"Object to
change®].”
Current material
Amount®

FAmount

ADD
Auto (ULIng)

EN ——

M1 out
IN2 3¢

SUB
Auto (ULInt)

EN —

IN1 ouT

ADD
Auto (ULIng)

EMN ——

M1 ouTt
INZ2 =#

"Scrapyard_info".
Boxes[#"Object
to change®].”
Material Amount®

"Scrapyard_info".
Boxes[§"Object
to change®].”
Material Amount”

"Scrapyard_info".
Carts[#"Object to
change®]”

Current material

Figure D.12: Weight change function figure 1.
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D. PLC code and fuctions

- Network 4:

Sub from cart

Comment
#"Subtract suUB
Material” #"Change Box" Auto (ULInt)
Ip | ] ,
1P| /1 EN 1
FLtated
“Scrapyard_info". “Scrapyard_info".
Carts[#"Object to Carts[#"Object to
change®].” change®].*
Current material Current material
Arnount® Arnount”
M1 ouT
FArmount N2
Figure D.13: Weight change function figure 2.
e S1 - Move to pick: -
WMove to pick Interlock Event Qualifier Action
N CALL "MoveEY_SCLL.3", #"MoveXKY_SCLL.3_Instance_5" "Move... $FBY
(TargetBox := "Scrapyard info".Boxes[$PickBoxlr] "Scra...
TargetCart := "Scrapvard_info".Carts[0] "Scra...
MoveToBox := TRUE
"Move complete” => $MoveToPickDone
]
. 23
T23 - Reached pick X w =T Reached...
#MoveToFickDone
—
e S6 S6 - Lower magnet: 5=
Lower magnet Interlock Event Qualifier Action
[ "Motor_Z_Down" "Moto... 04.3
R #MoveToPickDone
T22 - Hit material: & — " T E(Zmat___
#PickHeight
==
Int
T
“Current Z*
WD2
"Scale Weight"
<
Dint
e 58 S8 - Electromagnet on: -
Electromagne... Interlock Event Qualifier Action
N CRLL "MagnetChangel.l™, #"MagnetChangel.l_Instance” "Magn... $FB2
(IncreaseFWR :=
DecreaseFWR :=
MaxPWR := TRUE
)

XVI

Figure D.14: Pick & Place function figure 1.



D. PLC code and fuctions

T37 -Verify magn = A= vaify m.
e
- sz 57 §12-Zup: X -
‘
T41 -Transporthix — - I Transport
-
T25-Curr>ask: ® - - T24 -Curr<=ask: Cumack
e S11 =7 $11-Reduce magnet pwr: EE
[ Interfock _ Event _ Qualifier Action
7
Fi D Pick & Place f ion fi
.
igure D.15: Pic ace function figure 2.
T27 -correct weig® w T comet T46 -Current > asked: - ‘Current >
Seale lsicht mag Sealeveont magnet pur T
13 " $13-Update box amount: =]
Updateboa. Interlock  Event _ Qualifier Action
,
T2 -Cartplaceme ¥ — - = Gar lace. T39-Box placeme — 5o plsce.
- =28 " $28-Move to cart place: - £ 527 -Move to box place:
Moveto cartp. Interlock _ Event _ Qualifier _ Action Interfock _ Event  Qualifier _ Action
N T42-Boxplacerax — T Box place.
T43-Cartplace re¥ w - T Cart plac. #MoveTobaxPlacs
#MoveToGart Dene.
—

Figure D.16: Pick & Place function figure 3.
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D. PLC code and fuctions

|
20 " s18-Cartorbox:

T44-Magnet off: % —

#"HagnetChangel . 1_Insti

£
e interlock _ Event _ Qualifier _ Action
R #HoveTobexPLace]]
R #oveTobexPLace)
cAdd news
T30-cart check: ® = T26-box check: ® =
517 # 7 817 -Update cart amount, magnet off: EE] 529 " $29-Update Box, magnet off:

D Interlock _ Event _ Qualifier Action s Interlock _ Event _ Qualifier

N o N

Add news
T28-Magnet off_x —

$30-Request eval:
Interlock  Event  Qualifier

Action

<Add news

Figure D.17: Pick & Place function figure 4.

s:

30

Request eval

29
T29 -Delivery complete ... =S [=Ddivery ¢
" Scrapyard_info’
Gars[# Placalir].”
Current material
Amount’
e B 531 -Move to rest: X
Move o rest Interlock  Event  Qualifier Action
N CALL “"MoveXY_SCL1.3", g"MoveXY_SCL1.3_In
(TazgetBox Scrapyard_info".Boxes
TargetCars "Scrapyard_info" .Cart
MoveToBox := IRUZ
"Move complete” => #MoveToRestDone)
T45 -Rest reached:
" Scrapyard_info’ " Scrapyard info .
coordinate coordinate # MoveToRest
Int }—| Uine |—1 —
HMWO w2
" Currant X *Curren ¥
o 525 $25 -7 down to rest: ==
HEET Interlock  Event  Qualifier Action
N "Motor_Z_Dow "Mot %043
5 #"DaPComplet
R #MoveToRestD
6
T36 -Restreach: .. X [ Retre.
%D2
" Seale Weight'

E b

D2
“Scale eight'

o

Figure D.18: Pick & Place function figure
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T31-Gather more® -

"Scrapyand_info"

Garts[# Placahr].”

Current matarial
Amount”

#PickAmount
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HMI screens

SIEMENS SIMATIC HMI

Main Screen SIEMENS |
SIMATIC HMI

Skrapyard Material Manual
Inventory Recipe Move

Process Queue

Emergency
Stop

Figure E.1: HMI main screen.
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E. HMI screens

* Scrapvard Inventory SEvers

SIMATIC HMI

Emergencv o BaCk
Stop

Figure E.2: HMI inventory screen.

Material Recipe SIEMENS

SIMATIC HMI

Box

Back

~ Start Recipe

Figure E.3: HMI Material recipe screen.
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E. HMI screens

Data Record Name:

| Housings

Entry Name
Box Order[0]
Box Order[1]
Box Order[2]
Box Order]|3]
Box Order[4]

Tarant AraaiosdlN]

OV
A AEA

Transfer completed

Emergency

Cancel Stop

Figure E.4: HMI Material recipe popup screen.

Figure E.5: HMI Material recipe confirmation popup.
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E. HMI screens

W Manual Move e

Box 6 ) Box 3 Box 2

60000 I8 Mat2 _[liMat2 |

Box 13 ' 60000 [PER| 60000 (@
(Mat1 |

12000 (e Box 11 Box 12

Mat7  [liMats  [liMato |
3| 20000 |1 20000 [Pl 20000 €

Back

Materials

Figure E.6: HMI Material manual move screen.

Data Records
Pick Box Nr. Pick Box mat
|+7 | IMat1 | Data Record Name: No.:
Place Box Nr. Place Box mat |Scrap 1 i I I1 I

(x| [Wars ]

Pick Box Nr 7
Material Amount Place Box Nr 1
Material Amount 3000

[3000 ke
E B 01 = = s

Transfer completed

m Emergency
Stop

Figure E.7: HMI Material manual move popup screen.
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Figure E.8: HMI manual move confirmation popup.

AT

Admin Screen SIEMENS |

SIMATIC HMI

Box 6

60000

Emergency Back
Stop

Figure E.9: HMI Admin screen.
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E. HMI screens

SIEMENS SIMATIC HMI

Process Records SIEMENS |
SIMATIC HMI

Recipe Name:

Data Record Name:

Entry Name

LA B3

Status bar

Emergency
Stop

Figure E.10: HMI process records screen.

SIEMENS SIMATIC HMI

Figure E.11: Gate HMI start screen.
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>
I
O
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>
n

SIEMENS

T R A A A A A AR A AR A AR A AR

SERRRSNPRENrErrarssrs ERRRREPERERrRrIraSrs;

SRPRRERSRERrErIrssrs

Gate HMI material amount selection.

Figure E.12
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