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Abstract

The versatility of the braiding technology for the production of customized braids is
nowadays still being done with a high manual effort for setting up the braiding machines.
An automation of this process promises lower costs, reduced set-up times and
consistently high product quality. In the present study a solution for the automated
change of material on a conventional braiding machine is designed and constructed.
The specifications and pattern of the braid material should be selected by the customer

and transmitted through a network to the braiding machine.

The development process is based on the proven design methodology of the VDI
guideline 2206 which stands for the development of mechatronic systems, where a wide
range of methods for the processing of the individual stages of development is applied,
ranging from the scenario technique for requirements elicitation to heuristic methods for

finding solutions through concept-rating means and utility analysis.
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Chapter I: Introduction

The recent decades have witnessed a fast growth of automation. In consequence of this, the
worldwide production systems have changed dramatically in many industries. This has been
possible due to the new quality systems and process-customization. Because of this reason, a
lot of different technologies can be used to solve any automation problem, this derives on the
need for professional business that can consult, build and optimize those systems.

This project is developed in Gemini Business Solutions, which is an Original Equipment
Manufacturer (OEM) and technological consulting enterprise that helps their clients to have
access to state of the art process automation and design. Most of this projects belonging to the
new products and processes construction into a paradigm called “Industry 4.0” that has as its
goals the connection, customization, virtualization and tracking of products when they’re being
made.

Using this design philosophy, the present project is about the construction of an integrated
solution that improves the production of braiding products, in order to enhance the productivity of
the process but also adding the key factor of the new industry revolution, the possibility of
individualize the production according to the requirements provided to the machine by the
customer.

A braiding machine consists on a set of carriers attached to an epicyclical movement
mechanism composed of a planetary gear train. These carriers are responsible for producing the
threaded product; however, if the colors, amount of carriers and turn direction of the machine are
changed; a different thread pattern will emerge, giving the possibility to fabricate different kinds
of threads by varying those parameters.

The machine-assisted braiding process has been implemented since 1817, having the
characteristic, that the thread change and pattern choice has to be made manually, which
constitutes an area of opportunity for the development of a mechatronic system that helps with
these task, then the expected result, is an increase on productivity and flexibility of the process.

However, until now, it is still not possible to configure individual braids and weave in small
batches, since the plaiting exchange has still to be done manually, making this feature time and
resource consuming. This is because the machine elements that carry the threads of the braid
must be individually dismounted from the guide rails.

Another reason for not including this feature with a human operator is due to the amount of
threads that have to be changed,; this can easily be error prone. Then by automating these tasks
not only the individual requirements can be fulfilled while maintaining high quality standards but
also the error probabilities can be decreased.
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Altogether the requirements, for the development of an automatic thread exchanger can lead to
a significant improvement of the performance in these tasks.

The purpose of this thesis is to document the development of the electrical and control systems
in an automatic thread changer that can operate in a flexible working environment. This will be
achieved by selecting the suitable components that can fulfill this task by using a mechatronic
design model.
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Chapter II: State of the art

In this project; two principal technologies coexist, both in cooperation are pretended to fulfill the
requirements. In one side the 2D braiding, a traditional method for the textile industry and, a
recently emerging subject, the so-called "industry 4.0", which provides this process with modern
day features.

The first step is to explain the principal features of these two dissimilar areas of technology and
how their combination in a mechatronic system can lead to the development of an innovative
production system with a promising potential to improve the production in the upcoming future.
The main objective will be to preserve the already proven quality provided by the ancient
technology but with the advantage of faster, automated and personalized fabrication features
derived from this integration.

2.1 Braiding Technology

Nowadays through the employment of modern manufacturing technologies it is possible to
create complex braided structures whose technical characteristics are demanded on high
performance applications, such as the aerospace, medical and retail industry. On this chapter an
overview of the different main braids and their different characteristics will be explained before
getting into the functionality of the conventional braiding machine.

“Braiding is the process of interlacing three or more threads diagonally to the product axis
(parallel to the longest dimension of the resulting product) either to obtain a thicker, wider,
stronger product or to cover (over braid) a given profile.” [KYOY15] It is one of the oldest
technologies still present in modern era and has been used for many years in a wide range of
areas such as the braiding of threads, flowers, hair, food, etc. The main reason of still using this
technology is that, it allows joining single yarns to a final product and the addition or replacement
of yarns during each step of the whole process.

In addition there is a similar technology which is often confused with braiding; the weaving
technology which is also intended to join different flexible materials. Nevertheless, “Weaving
encompasses two discrete sets of threads: wrap and fill. They have a similar interlacing effect as
braiding but two threads are placed perpendicular to each other. “Wrap threads run in
longitudinal direction, also known as the machine direction and fill threads run laterally typically
through a shuttle system thus forming an interlaced structure.” [wwwO01] The Figure 2.1 shows
clearly the difference of both processes: While in the braiding (left), the thread always runs
diagonally to the product axis, its bent and perpendicular to the braid edges. Also weaving
threads (right) of the weft thread (blue) are always perpendicular in the direction of the stationary
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production, and when the edge is reached, the fabric is turned 180° and reinserted in the thread.

k(u_ L)Ll L
o=
c
K]
k=1
2
=]
c
K]
© B
=
g G ~
o
€ Fo
I I vl
Braiding Weaving

Figure 2.1 Differences between Braiding and Weaving [Eng90]

In a simple braid (Fig.2.1 left) the filaments are disposed only in two orientations on which they
cross over, resulting in what is known as biaxial structure. This type of braid can be stretched
elastically along its longitudinal axis and decreased in diameter due to the lack of any kind of
resistance to perpendicular forces. In order to avoid this kind of problems, some opposition
against the force is needed.

The so-called stationary or 0° threads can be incorporated into the fabric that are not crossed
each other but deducted only perpendicular to the braiding with in addition to the braiding in
order to counteract the force. This type of threads supports the structure of the braid by giving a
third direction of threads, creating with this another type of braid, the triaxial braid. A direct
comparison can be found on figure 2.2, where on the left side a biaxial is presented and on the
other side a triaxial braid with the 0° threads blue highlighted.

Biaxial Triaxial

Figure 2.2 Difference between biaxial and triaxial braids [SCH12]
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The form of the braid (linear, curved or solid structures) defines its type between one, two or
three-dimensional fabrics. Figure 2.3 gives an example of each of those three mentioned types
of braids. This work is restricted to circular braids, flat braids and the wide range of 3D meshes.

Curved and linear braids are very similar to each other and both are classified among the 2D
braids, even when they have a measure in all three axes. The definition of Ko et al. states that
‘in the 2D braids only threads are placed in a level above the other, but no more than threads
are included in the direction of the wall thickness” [KPH89]. This statement separates then the
3D braids from the other two, due to the possibility to add woven fabric into a third plane in the
direction of the wall thickness of more threads, so several braided profiles can be produced.

The profile shape in 3D braids also can be adjusted during the braiding process, the way that it
can be done is along the withdrawal direction; therefore complex parts with shape changes are
possible.

There is also another type of braid the so-called tubular braid, which is a derivation of the flat
one but what makes them different, is the fact that they are constructed around a circle, giving

them the option of creating a kind of a cover for this circular shape just like the case of the
normal ropes.

L Y ™
l. 5 -
Y ( ™
= ok e ® @& @ ® ® ®» C B Il D e
Curved Linear 3D-braid

Figure 2.3 Curved-, Linear- and 3D-Braid [LAO11]

In order to generate an even assembly, it is important to maintain a constant tension on all the
yarns involved in the production. There are many different ways to do it, depending on the type
of setup employed for the braiding process; it can be achieved in manual braiding by simply
attaching a constant weight to the yarn ends. This will ensure that the final product will have the
desired quantity of material from each yarn and not a random distribution which can lead to
mistakes in the mechanical characteristics of the product.
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2.1.1 Conventional braiding machine and its roots

As explained before, braiding is an ancient technology developed for bringing different flexible
materials together in order to obtain a thicker and stronger one. It has been used in a wide range
of areas, ranging from medical industry to normal products like ropes, cables, laces and large
scales such as tubes used in the oilfield sector, by following the same principle of interlacing
yarns in a defined braiding angle “a” according to the function that the final product is intended
for. Figure 2.4 gives an example of the mentioned angle on a braid which in order to be able to
consider the product a braid has to be between 1° and 89° even though it is usually in the range
of 30° to 80°. This braiding angle is the most important geometrical parameter of braided

structures.

(c)
A Braiding angle

Product axis

Figure 2.4: Braided cake (a), lace (b) and idealized representation (c). [KYOY15]

All braided products are manufactured in the same way of interlacing yarns at a given angle to
the main product axis. Derived from the simplicity of the process, it can be noticed that this
procedure can be done easily by hand just by following the steps clearly explained in figure 2.5
where the first one is to interlace the left two yarns followed by interlacing the right two yarns. It
can also be extended to a bigger number of yarns just by being careful to keep the order of the
overlapping. The final product is a flat cross-sectioned braid, also called flat braid.
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(a) (b) (©)

Figure 2.5: Principle of hand braiding [KYOY15]

The braiding machines were developed by following that principle of interlacing threads, they
consist of a set of carriers attached to an epicyclical movement mechanism composed of a
planetary gear train. Thus providing motion to the carriers with the aid of a motor, the threads
can be constructed. As shown on figure 2.6.

Carrier with Tread

mechanism

Figure 2.6 Braiding mechanism example [IHPH14]

In the illustration the orange carrier arrives to the center, then it travels to the next horned gear,
and then held the interference of the green and orange threads through the rotation around the
right impeller; however, if the color, amount and turn direction of the machine are changed, a
different pattern of thread will emerge, giving the possibility of fabricating different kinds of
threads by varying those parameters. As shown in figure 2.1 for the characteristic plaits crossing
at the web edges and diagonal orientation of the fibers is also evident here on a smaller scale.
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On any given braiding machine the main principle of operation is to move the carriers in two
epicyclical movements, one clock wise and the other anti-clock wise giving the possibility of
making a braid with the given threads. This combination of contrary movements as can be seen
in figure 2.7 leads to a braid by interlacing the yarns.

Clockwise
cycle

Figure 2.7 Thread movement description [IHPH14]

Also providing the same tension to each yarn during a braiding process becomes as important
as the correct interlacing of the threads in order to obtain an evenly produced braid. This task
was solved by using weights attached to the ends of the yarns. “Then that technology was
replaced with the use of wooden carriers, which were able to maintain the yarn tension and also
to hold extra yarn wound around it. 1KYOY15]

For braiding machines it was not possible to fulfill that task with such carriers mainly because of
the varying distance between carriers and braiding points along the process. The solution to this
problem came by using carriers with a lever which can move up and down in order to
compensate the need of increasing or reducing the tension resulting from varying the distance to
the braiding point. These works by either pull the thread into the compensation area, or release it
when is needed. An example of the modern carriers normally used in braiding machines can be
seen in figure 2.8, where such the lever is used.
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Figure 2.8 Industrial Carriers for textile yarns. [KYOY15]

Another aspect of the braiding machines is the employment of horn gears that convey the
carriers on the desired track during the he process. Each horn gear has normally 4 slots where
the carriers can be placed in, however, only in two positions a carrier can be inserted, those are
referred as full positions whereas the other two have to be free (empty positions) in order to be
able to receive another carrier from the neighboring horn gears.

Track 1 7 ~\

Full Empty Full Empty

F E F E
o o
~ St

Track 1, if it would be a straight line

Figure 2.9 Track notation for Horn gears [KYOY15]

The disposition of the carriers among the horn gears is notated for every track in a way that the
full (F) and empty (E) positions can be noticed and so an idea of the braiding pattern can be
figured out. An example of this type of nomenclature is given in figure 2.8 where “1 Full — 1
Empty” is written shortly by 1F 1E.
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With the proper arrangement of the bobbins there is the possibility to generate braids with color
patterns for specific applications like shoe laces, decorative textiles, etc. For getting the desired
pattern it becomes indispensable to specify the organization of the threads in addition to the
previously explained disposition of the carriers in order to ensure that the outcome is precisely
as designed.

Such personalized braids have been made since the beginning of this technology by just
organizing the bobbins before the braiding process takes place making the production in one
hand flexible due to the possibility to personalize the final products but in the other hand slow
and costly because of the need to stop the production for setting the carriers in the proper
arrangement, task that is normally performed by operators; therefore, this leaves room for
innovation in terms of production technology and automation.

10
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2.2 Industry 4.0

Contrary to the traditional braiding technology, the industry 4.0 is a recently developed
production concept which is only around four years old. Nevertheless, theories and visions are
already united on the future of industrial production under this term. In addition, the industry 4.0
represents a key project in the High-Tech Strategy 2020 of the German Federal Government.
Figure 2.10 gives an overview of the wealth generated in billion USD around the world on the
previous generations and the forecast for this fourth one, giving a clear idea of the importance
that this concept will obtain in the upcoming future.

Gross domestic product worldwide, bn USD (purchasing power adjusted)

about
90,000

1880 1913 1980 2020

1st 2nd 3rd 4th
Industrial Industrial Industrial Industrial
revolution revolution revolution revolution

Source: ZVEI, 2013

Figure 2.10 Development of economic output since first industrial revolution [HEN14b]

According to Roland Berger: “The Industry plays a central role in the economy of the European
Union, accounting for 15% of value added (compared to 12% in the US). It serves as a key
driver of research, innovation, productivity, job creation and exports for the EU. Including its
effect on services, industry could be considered the Social and Economic Engine of Europe”.
[BERO14] This statement enclosures the need of keep developing ways for things produced
uninterruptedly due to the new demands of the market that keeps changing every single day
demanding faster and more flexible procedures.

The macroeconomic objective is to strengthen the German industry to keep being one of the
leading suppliers for technologies in the near future and the goal from a technical perspective is
the creation of smart factories where the networking of all production components leads to an
increment of the efficiency and virtually autonomous manufacturing processes

The name “Industry 4.0” (also known as integrated industry) is the concise notation for the fourth
industrial revolution. In this, information technology and modern electrical control systems are

11
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programmed and thus the automation of production is promoted. With the passage of time while
the complexity of the production processes steadily increased. Fig 2.11 shows the four stages of
industrial development in the last centuries with the main focus of each one of the generations

highlighted.

Autonomous products and decision-making processes
S *_ control value-added networks in near real-time

3. Industrial Revolution
4 Automation of production by electronics and IT

2. Industrial Revolution
4 Technologies of mass production based on the division of labour by means
of electronic energy

| \ 1. Industrial Revolution
' Introduction of mechanical production lines

Figure 2.11 Stages of Industrial Revolution [IHPH14]

One important characteristic of the Industry 4.0 according to the committee workgroup industry
4.0 is “the transformation of all machines, storage systems and resources in production to
interlinked cyber-physical systems (CPS) "[KWH13]. This CPS is, according to Geisberger et al.
"... Characterized by a combination of real (physical) objects and processes with information
processing (virtual) objects and processes through open, partly global, anytime interconnected
information networks" [GB12].

Then according to this design paradigm, a new factory type has to be implemented, this is
known as the “Smart Factory” which needs this advantages to enhance production flexibility and
individualization of products. This new type of factory needs to adapt its production to fast
changing costumers’ orders while maintaining their efficiency.

Full automation emerges as good solution for reaching high production ratios by increasing the
output numbers and reducing the employment of human resources and working time. Leading to
economic efficiency but scarifying production flexibility which as explained before is highly
demanded by today’s industry because of the increasingly short product life and the necessity of
developing and launching new products to the market as fast as possible.

Many setups have been developed in order to get closer to the desired productivity and reduce
the sacrifice of flexibility i.e. flexible manufacturing cells, flexible manufacturing systems, flexible

12
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transfer lines, etc. But their main disadvantage is the lack of self-optimizing ability and leads to
the production of low amounts.

I l | Facility

A o .

§ D

Materials ‘_ Cradle Bluetooth Smartphone

Products

o Logistics
L* - )

Figure 2.12: An overview of the concept of smart factories [WWWO02]

Self-optimizing setups are then requested in order to improve efficiency, making necessary a
complete understanding and control of the process flow by the system itself. Task for which
becomes necessary to be able to know at any point of the production the status of every
involved element in a way that any needed change, adaption or maintenance can take place as
fast as possible. With this requirements the machines and products have to be interconnected in
a higher level in a way that it is possible to know the status of each one of the components i.e.
workstations, robots, assembly stations, products, etc. So the adaptions of either the tools or the
products can take place in an automatic way according to the orders without the need of human
intervention. The following Figure 2.12 gives an overview of the concept of a smart machine.

Inside the smart factory, as actors of this, several devices that make possible to automate
process are given, such as embedded IC’s, microcontrollers, PLC’s and industrial PC’s. Thought
this project, several alternatives for the automation tasks will be compared, since the computing
power needed can be provided from a wide range of devices and also for the instrumentation,
since there exist several third parties that offer ready to install sensors and actuators suitable for
the task.

In addition to the instrumentation and control aspects of the project, the communications inside
and outside the machine have an important role, since the selection of the correct standard and
protocol for the connectivity of the machine can provide advantages for future requirements.

13
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Therefore, the investigation of the different industrial communication standards that are
implemented on the controller will be a major feature to consider in the choosing of it. In the
world of automation there exist basically 5 levels of communication, Fig 2.11 shows in detail
what is the application of those communication standards.

According to this chart and the requirements for the application, the OPC UA (OLE Process
Control Universal Architecture) standard is one of the ones that provide communication outside
the plant, embedded security and interconnectivity with other devices. This is a non-proprietary
protocol allows the transfer of data on a client — server architecture between devices from
different suppliers. In addition to this, the OPC foundation has among its members most of the
automation device producers this generates a long time lifecycle expectancy.

Cloud/Internet Field Bus Control Bus Device Bus Sensor Bus
EEEeeeee EEEEEES  EEE— | — ]
Plant
Line__ | a
o
-
Cell _| l
‘8 ]
= % @
(7]
§ 3 3
Smart Device | H [ )
a 3§
&
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Discrete I/0__| E 9'
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Figure 2.13 Industrial communication standards for automation

Also in the Fig 2.13 it can be seen that the smart devices also have a wide range of protocols
can be used for interconnection with the whole process, such as |0-Link, CAN and AS-I|
communication protocols. Those protocols are mostly for sensor-controller communication; 10-
Link is based on the IODD (Input/output device description) that allows the design of complex
automation processes with multiple vendor devices by consolidating the 10 descriptors with a
standard XML file declaration.

Moreover the Controller Area Network Bus (CAN) is related to automotive sensor/actuator and
controller communications, this standard has been designed for networked systems that can be
applied in a wide range of applications, from small networks to full automated processes with
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high speed communication (up to 1Mbps) and lastly the AS-i interface that is oriented to
distributed 10 devices over a network with one central host using only 2 wire data interface.

As well as the control process for the machine, the industry 4.0 is oriented to the tracking of the
product along its fabrication. Two technologies have been implemented to do it: Radio
Frequency identification (RFID) and QR-Codes, the RFID is a technology based on the use of
tags that have embedded information which can be manipulated in a contactless manner by the
employment of radio frequency, while the QR-Codes are printed matrixes that assign and store
data statically on a product therefore relying on the storage of data inside a central computer;
then, selecting which one of these two technologies relies on the following characteristics inside
the product.

1. Centralization on the tracking data for the product.
2. Amount of data needed to characterize the product along the process.
3. Cost — benefit balance.

As these points are remarked, it can be seen that the RFID tag is suitable for complex, hi-added
value products, since the RFID technology enables the transfer of information in a very effective
way, due to the reduced size of the tags, the amount of data that can be stored on them and the
speed of the information flow between tags and antennas which can also be manipulated in
terms of frequency. There is a wide range of tags offered recently which is divided in three main
groups depending on the way they work. In the table 2.1 an overview with the main
characteristics of the different types of tags present in the market is shown.

Passive Active Semi-Passive
Power source External Internal Battery Internal battery for circuitry.
(Electromagnetic field for External electromagnetic field
data transfer needed) for transmission
Range of Feet Thousands of feet Tens of feet
transmission
Size Small Larger Large
Data Storage Less More More
Cost Less More More

Table 1 Presentation and Comparison of RFID tags [JOERO0S8]

With these components, the requirements for automate a braiding machine is possible, however
not only the knowledge of the process and the automation devices will suffice to complete the
project, also a detailed and structured construction method has to be implemented since the
machine itself is a mechatronic device, the design has to be planned accordingly.
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2.3 Construction Method

In a mechatronic system there is a combination of many different connected elements which are
furthermore in separated engineering domains, leading with this to complex and heterogeneous
systems that have to be controlled. In order to manage this kind of systems the methods of
modeling and model analysis are very important. Complexity is intrinsic in a mechatronic system
and leads to 4 main requirements according to the VDI 2206 [GAJU03]:

1. “Procedure with changing level of detail and abstraction”. Due to the cross-linkage
between a many of elements, during the design phase a reciprocal action between the
overall context and the detail focus is needed.

2. “Methods of structuring ”: The systems should be designed structurally in order to reduce
the number of interactions to its minimum so as the complexity.

3. “Early modeling and simulation”: Interactions can only be anticipated with the aid of
modeling and simulation.

4. “Integration and verification/validation of properties”.: The resulted design has to be
incorporated to an overall system and to be checked continuously by means of the
specified solution concept and the requirements.

These requirements lead to a model for the design and development of mechatronic systems
with a specific procedure. It is described by two levels of design support: The Micro-Level and
the Macro-Level.

2.3.1 Design Support on the Micro and Macro levels

The design process is divided in two levels; the first one is the micro-level, which focuses on the
problem-solving process of the individual designer and the second level, the macro-level, where
it is intended to support the design phases and corresponding product states.

The sequence for problem solving on the micro-level comprises 5 steps that are sequentially
ordered and give a schematic support oriented to the problem solving of specific situations
during the design of the new mechatronics systems. This is a proven "approach to the
development and design of mechatronic systems and products” in accordance with the VDI
guideline 2206, whose sequence is shown in Fig. 2.13.
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planning
of further learning
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Figure 2.13: VDI-2206: Micro-level (problem solving) [GAJU03]
Then the approach VDI 2206 as explained before is divided in 5 steps:

Situation analysis and/or take-over of target: A cycle can start either with the situation analysis,
where the actual state of the system given is studied and the setting of the goals follows derived
from the analysis or with the take-over of a target where a pre-set target is established and the
situation is analyzed.

Analysis and synthesis: this step is intended to work as closed control loop, because first it is
intended to find solutions to the problems but most of the times solution variants have to be
found due to new aspects of the problem that might arrive after the first attempts to solve the
problem.

Analysis and evaluation: The solution variants have to be evaluated on the basis of evaluation
criteria defined accordingly to the target formulation. If a solution variant does not fulfill all the
goals pretended for that particular problem, it becomes necessary to go back to previous phase
of solution search and look for a different solution variant that fits better on the demands of the
task.

Decision: It has to be found out if the process of the previous problem solution has achieved all
the goals planned satisfactorily. In case it has not it is important to go back to the situation
analysis and target formulation phase.
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Planning of the further proceeding resp. learning: The further procedure leads to further
sequences of problem solutions and thus to an efficient, situation-adapted process. The resulting
processes should be analyzed analytically, with the understanding of positive and negative
results on the procedures; experience for upcoming designs can be achieved. By helping with
this the improvement of future design processes systematically.

Once the micro-level design is completed, the macro level planning and design of the solution
can be started, in this level, “The V-shaped model is well-established in the domain of software
engineering” [GAJU03]. Three main points make it very suitable for the development of
mechatronic systems:

1. The v-shaped model shows a downwards approach for the system design which is also
subdivided into sub-functions, as well as an upwards one for the system integration
part where all the results are integrated in the overall system. Both approaches are
given in an obvious way.

2. It permits to highlight the necessity of continuous validation/verification between the
requirements/goals on the left side of the model and the actual system status on the
other hand side.

3. It has been already proven by the industry in context of mechatronics, giving with this
more acceptances to the model.

requirements product

verification/validation

4
<

domain-specific design
mechanical engineerin
electronic engineerin

information technology

\ .modelling and model analysis |

Figure 2.14: V-shaped model for the design of a mechatronic system (macro level)
[GAJUO03]

Consequently the V-shaped model has been chosen and adapted to the mechatronics needs. It
clearly describes the steps to design a system accordingly to the requirements of the task
involved. An example of the schematic model is shown in Figure 2.14.
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As it can be seen on the previous figure, this model is divided in steps and areas of domain-
specific design and last but not least a feedback that validates what has been developed in
comparison with the design which is derived from the requirements of the task.

Requirements: The first step of this model where the task is defined and clearly described with
the help of the requirements needed which will help afterwards to evaluate the outcome at the
end of the process.

System design: At this point the object is defined in a cross-domain solution concept that will
give an overview of the characteristics of the system to develop. It involves all the different
domains presented in the project in a common language with the aim of making it
understandable from any point of view. This description will afterwards be divided to its
corresponding domain e.g. Mechanical engineering, electronic engineering, information
technology, etc.

Domain-specific design: The concept previously defined by the involved domains is now divided
and deeply analyzed separately in concern of each area. The singular calculations and designs
take place at this point.

System integration: Each outcome from the singular domains is now integrated to an overall
system with the purpose of evaluating the interrelations among them.

Verification/Validation: It is important to continuously trace the development of the system and
compare it with the concept previously defined in order to be able to identify weak points in an
early stage of the process.

Modeling and model analysis: All stages are limited by the modeling and analysis of the
conception with the aid of computer-aided tools for simulation.

Product: This is the outcome obtained from the whole design procedure. It doesn’t have to be
precisely the finished product, sometimes it can be obtained in different maturity levels e.g.
concept model, functional model, prototype, etc.

The presented V-shaped model on the macro level represents only a generic model that works
as a guide for mechatronic developments. This means that for complex products it can take
more than one macro-cycle. Through the first cycle, for example, a working set-up can be
achieved which fulfills the preset working requirements but doesn’t look like the final version of
the product, so it is only wanted to be worked out in detail within a second cycle in order to
create prototypes. At that point the main phases of the model are not yet specified in detalil, it is
normally done by the team. Especially design processes can be described in terms of partly
predefined procedures modules, which can be organized in data bases. Figure 2.15 gives an
overview of how are normally the procedures subdivided.
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Figure 2.15: Configuration of process modules for individual operation steps [GAJU03]

The designer or the responsible of any particular task can choose the appropriate path to meet
his requirements; if necessary he can adapt or change them. Figure 2.15 shows an example of
this procedure with the module “system design”.
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Chapter Ill: Problem Discussion

In order to illustrate the central task of this work it is vital to give an overview of the environment
it was developed in as well as the direction it was intended to follow when the idea was
established.

The company Gemini Business Solutions GmbH, Disseldorf, offers state of the art services and
products for the Industry 4.0, where most of the projects are intended for the textile industry.
One of these projects is the “Customer-oriented textile manufacturing” which is graphically
shown in figure 3.1.

Consumer level

End Costumer / Visitor Smartphone app
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Supervision
Level

Shippment/Storage Handling Supervision Braiding Machine
Factory level

Figure 3.1: Concept customized textile production [Gem13]

This concept is planned to be presented in November at the world-largest textile exhibition
“ITMA 2015” in Milan. As an exhibition item, this will be the ideal opportunity to present the
visitors with the potentials of Industry 4.0, explained in chapter 2.2, by offering an illustrative
demonstration where the interested parties will have the occasion to get directly involved. In
practical terms, the goal is to stretch the repercussion a vertical braiding machine for circular
braids could have in the manufacturing industry by giving the potential clients the opportunity to
see how a braided bracelet can be produced individually in a fully automated way. The
production of these bracelets is used here only a “proof of concept” because it results very
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practical for exhibition purposes to produce small size items that require short time of production,
yet it is intended to show that the automation and individualization of braiding processes are
possible and can be implemented in many different sectors such as the medical, automotive,
etc.

Visitors will be able to take part on the process with the aid of an app, specifically developed for
this purpose to be used on either a smartphone or a tablet on which they get to choose from a
range of mesh patterns and colors according to their liking and then this order will then be
transmitted wirelessly to the machine control following the process shown on figure 3.1. The
braiding machine, a model of the company Steeger Flechtmaschinen GmbH & Co. KG with a
maximum loading capacity of 16 thread carriers in stock and up to eight 80mm impellers, is
automatically set with the required plaiting and then the automated production process initiates.
After this production process is completed the visitors then receive custom made bracelets to
take away as a souvenir of this stand and more importantly it will serve as an evidence of the
production concepts of the company Gemini and the significant impact this technological
advances could have in countless industries.

The implementation of this project can be roughly divided into three areas. First, the software
configuration of the braiding pattern must be implemented in a mobile app (see. "Consumer
level" in Fig. 3.1), which is then transmitted as a compatible data to the machine control. The
second area is the braiding process itself where (see. "Enterprise level" in Fig. 3.1), the
mechanical concerns take place. Finally, the control stage, where the diverse sensors and
actuators such as motors, grippers, antennas as well as the read out sensors values on the
machine are to be controlled based on the pre-established specifications  without any
additional external intervention.

The key objectives of the present thesis are the design, development and documentation of an
automated thread changer setup of an industrial braiding machine. This includes the
implementation of the mechanical part of the project for the ITMA 2015 from the conception of
the idea to the elaboration and assembly of all the required components to ensure its proper
functionality. Moreover, it aims to accelerate the manufacturing process swapping from a dated
manual labor to a more robust and efficient way. Therefore it becomes necessary to break up
the main task into different disciplines and each of them into single subtasks till the point where
every one of them can be evaluated in terms of importance and work on them individually
leaving room for their future incorporation in the final network.

Two main groups have been identified from the requirements of the project, which initially served
as sub-headings of the design procedure. These are the material exchange and the material
replenishment in order to allow a continuous production. Company’s specifications were
established beforehand the beginning of this work and read as follows: “The braiding machine is
designed to be equipped with a maximum of eight carriers, all of which can be loaded with either
the same thread color for monochromatic patterns or up to 3 different colors for polychromatic
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and individualized patterns”. The result of these specifications leads to a system of 24 usable
tools. For the material exchange, the most important requirement is to guarantee the quality of
the final braids as if they were produced manually. A full automation of the process is desirable.
Additional required procedures such as, separation of the wasted material, the handling of both
yarn ends and the interlacing of the raw material result too complex to be additionally elaborated
within the scope of this thesis.

Geometry and ergonomics are also essential features of this system. The space should be kept
as compact as possible, in order to be able to continue using the existing structure of the
braiding on a working surface of 1000 mm width and 700 mm depth. It is also important to bear
in mind the long-term idea of being able to adapt this concept to other braiding machines and
commercialize it maintaining the idea of a compact system. In terms of ergonomics, an easy
accessibility must be guaranteed, so the material reservoir can be easily replenished, ideally in
parallel to the braiding process. About the systems kinematics, it is required that any collision
possibility among additional modules should be avoided with the existing actors and these
modules may only interfere with the process during standstill of the braider into its working
space. Another example of the iterative nature of requirements elicitation is the feature of cost;
aspect that was brought to the table by the client, who had not set anything concrete before the
main characteristics were processed. From that point a ceiling of €10,000 applies for this work.
However, the associated materials and manufacturing costs, should not compromise the quality
of the final products by aiming to a maximum cost reduction.

The product life cycle of the apparatus was analyzed by using the scenario technique, which
consists precisely in the application of concrete scenarios that are likely to happen. Tab. 3.1
shows a selection of the scenarios that were took under consideration, and the courses of
actions associated with each of them. The respective scenarios are accompanied by concrete
boundary conditions, from which new requirements of the product to be developed can be
derived. The most obvious scenario is the upcoming fair for which this apparatus was designed.
However, potential future scenarios such as the use for the manufacture of customized medical
technology braids or the behavior of the machine in the long-term operation were examined.

23



oo CiDES{" MGEMINI

UNIVERSITY OF APPLIED SCIENCES — Business Solutions

Scenario Occurring boundary condition Resulting requirement
Exhibition at a e Many prospective e Safety: strict spatial separation
trade fair customers /crowds between man and machine in

e Electricity is the most order to avoid the risk of injury
universal / easiest by third parties.
available energy source Design / Ergonomics: visually

appealing, professional
appearance as a marketing
strategy.

e Energy: electrically operated
actuators are preferable

Production of A contamination-free Materials: lubricants and possible
medical braids environment is required. contaminants should be avoided.

e Also derived from these
materials: components that
move relative to each other /
rub, should have good sliding
properties

The machine Non own production capability /  Manufacturing: production-oriented
serial production  workshop available, restriction design and design-to-install them as
on assembling the components  possible components

Long-term Not exclude wear and tear in the Materials: Select a wear-resistant
operation long term materials.
Maintenance: interpret resulting wear
parts exchangeable good and
reasonably priced.
Table 2: Partial results of the scenario technique for requirements elicitation

3.1 Project Justification

After the explanation of the project seen from the customer point of view, where the goals and
requirements of the goal idea are clearly defined, it is important to analyze as well the state of
the art of the involved technologies, which has been presented on the previous chapter, and
from that point the evaluation of the scope of the idea in the environment where it is planned to
be introduced should take place and thus have the following characteristics:
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e Fully automated operation.

e Network communication and distributed control interface

e Predictive maintenance purpose data recollection.

e User oriented easy to use interface

e Flexibility and reusability for commissioning in diverse areas.

Because of this a braiding machine that has none of those capabilities is the suitable subject for
the development of a system that allows to be integrated on old braiding machines and get the
advantages of not only a fully automated system but also a structure that can be monitored and
controlled remotely, plus the possibility to make it highly interactive between all the parties
involved in a production process.

Then the time saving and the efficiency of the whole process can be improved, by having
reliable data on the amount, type and position of the carriers as well as the speed of the braiding
subsystem.

Another investigation topic rises from the fact that, once the operation of the braiding machine is
automated, then the optimization of the sequence of the carrier change can be researched in
order to assure that is made on a minimal set of movements, or a minimal carrier change time is
achieved.

So, the automation of the system can be achieved by developing the following systems:

e Mechanical design of a gripper system that allows the manipulation of the carriers.

e The design and development of a rotational system that allows handle the spare
carriers for change.

¢ An identification system that allows controlling the specific carriers in order to get the
proper carrier each time.

e A user interface that allows choosing which pattern has to be introduced in the
machine.

Once a functional prototype is developed, due to the networking and interaction capabilities
previously explained, the next step to think about is the creation of a network of machines that
can provide more flexibility to a production system without sacrificing or in the best scenario also
improving the processing times plus the possibility to increase the quality of the processes and
therefore products because of the opportunity to monitor almost in real time the situation of
every tool employed, allowing with this preventive maintenance for the machine tools or in case
of accidents faster and more accurate responses.
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Chapter IV: Development and selection of the solution

The methodological approach to the development of principles and solutions has already been
set out in section 2.3 then is necessary to look for solution variants, evaluate and compare them
in order to find the best feasible solution. In this chapter the results of the second phase of the
VDI 2206 methodology, the analysis and synthesis, are presented.

4.1 Determination of the functional structure

Along the last chapter 3 the present situation was identified and the wanted goals were settled
according to the possible scope of the combination of those two different technologies. The next
step in the development is the creation of solution variants to be evaluated.

As a basis for the design of the following steps a black-box concept is presented in figure 4.1
where the requirements of the wanted solution are clearly and synthetically visible in order to be
able to understand the input and output variables. This diagram helps to decompose the main
goal in smaller targets within different disciplines that have to be achieved in order to accomplish
a well-functioning product.

Desired thread (in stock

Desired thread

. in the machine

Automatic : (e e

Replaceable braiding . . . ata of material
Material (in the machine}——) braiding materials |:> (in stock)

Supporting energy C hange r |:> Status
|:> Confirmation signal

electronically transmitted
material specification

Figure 4.1: Product function structure in a black-box principle.

It can be observed that the main input variables are: the desired thread from the stock that has
to be mounted for the following procedure and the replaceable braiding material which is already
mounted on the machine and has to be removed. Also the main output variables are given which
are the quantities of the used threads that had been incorporated to the stock again.

Based on the known input and output variables, the detailed functional structure can be then
designed by downgrading each subset of requirements into the needed steps to obtain it and
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then joining them together into a functional set-up. The following figure 4.2 gives an overview of
smaller and single tasks which depend on each other and are necessary for achieving the
wanted goals.

Providing new Changed

i ) Carrier Change Mechanism Cutting of old Add to the f e
carrier Larrier Change C.
g material stock ™ a:’:"ng

Desired Briad

N->‘ Carrier ‘-) Carrier -} Carrier ‘
elease Positioning L» Clamping
> T > %

sl iobe Desired Braid
changed Carrier Position > Carrier :
: | Detechon | 1 Positioning » Braldmg of new ]

Figure 4.2: Detailed functional structure scheme of the upgraded braiding machine

In the lower part of figure 4.2 the braiding machine is presented as an input variable represented
by the braiding thread to be replaced whose procedure to be changed can be followed through
the path with the red arrows, which starts with the position detection of the desired carrier in
order to move the machine to the right spot where the carrier can be removed and thus later the
positioning of a new carrier can take place in order to produce the wanted pattern. This last
statement makes noticeable the fact that the detection of the carrier position, as well as the
positioning of it, is the first crucial fact for ensuring the proper functionality of the complete
system. At the same time in a parallel function an order can be set with the pattern wanted which
therefore will include a set of carriers that have to be placed on the machine in a particular
configuration in order to produce the order. The exchange process itself consists of three sub-
functions: first the carriers are taken from the braiding machine and disposed in to the magazine
and for the exchange, afterwards both bobbins are guided to their new place and positioned and
finally both bobbins are attached to their new locations before starting the braiding procedure.
The way all this changes will take place according to the algorithm derived from the order placed
by the customer itself is defined in this chapter after comparing the solutions variants found
through research, so a final set-up will be presented at the end of the chapter.
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4.2 Determination and systematic development of partial solutions

Within the framework for this thesis all three presented methods were used to find partial
solutions for singular problematics. However, the way a classical literature and patent searches
was proved as less productive, maybe because of the fact that one of the most important
problems to be solved in this project, the automatic change of the bobbins on a braiding
machine, is unexplored or at least not documented so far. Some similar patented systems were
found but they focus merely on the automatic and continuous bobbin changing and not precisely
on the flexibility of changing the needed parts for the wanted procedures. Some suggestions for
the supply of the material and the material changing were found in the area of automated tool
changing methods on machine tools such as CNC milling, which will be applicable to some of
the present problems in a modified way.

4.2.1 Detailed consideration of the partial solutions
It is important to remark that not all the found solutions are going to be shown and explained.
Only the solutions variants that at the particular moment were found worth to be developed and
actually demanded some extra analysis are going to be presented in the following parts of this
work due to the importance they presented during the development of this project.

On the following page, the table 4.1 some of the technologies for specific problems that were
taken into account are shown, followed by a detailed explanation in order to give an overview of
the way they were analyzed and either accepted or rejected respectively.

Also, the solution variants presented do not include the control and electronic parts of the project
due to the way it was planned. The first focus point was to find a viable kinematic solution in
terms of functionality and costs. Nevertheless, it doesn’t mean that the possibility to interconnect
the elements was not beard on mind during the evaluation and selection processes.
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'the changing carriers
procedure in a brading machine
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arm
sChain
magazines
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Table 4.1: Morphological box for the partial solutions
4.2.1.1 Carrier position detection

The first part of the system to be determined had to be the identification of the position of the
carrier that is pretended to be changed afterwards due to the pattern wanted in order to let the
following procedures i.e. gripping, removing, positioning, etc. take place as planned. In the
following table 4.2 a brief comparison of the solution variants for this isolated problematic is
shown.

Function 1 2 3 4 5 6

m
= W Y)g mm R

Carrier
position
detection
Number of Camera RFID Barcode Mechanical Photocell
Revolutions Vision systems reader button

Table 3 Carrier position detection solution variants
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The first solution shown on the table 4.1 for the carrier position detection is what was called the
Number of revolutions because the position of the carrier can be determined by the number of
revolutions done by the braiding machine and thus the distance traveled by each single carrier
can be calculated. In this case, however, an additional encoder to the currently existing
asynchronous motor must be mounted in order to measure the number of revolutions at all. The
disadvantage here is that it is only possible to rely on the signals of this sensor and minimal
errors during the sensors teaching would be adding up. The information that is mounted i.e.
color at each position, length of the threads, etc. could only be managed by a well maintained
database in which every change of carriers would have to be recorded continuously, rather than
be determined by a direct verification of the carrier. That also demands the usage of a lot of
memory for this single step, which has to be added to the memory demanded by the other
processes which can result to be a big quantity of memory needed and can have severe
repercussions on the processing speed of the system.

Another solution proposed is the use of Camera vision, where a camera with a proper image
processing algorithm is planned to be fixed on the machine which will be able to detect the
carriers and identify them by colors. Once the carrier is identified, a simple function related to the
cameras position can provide the carriers position to the system. The main disadvantage found
was the possibility of errors during the recognition of the threads derived from a bad lighting or
also the confusion between carriers of the same color.

The following two solutions are pretty similar to each other because of the placement of
information on the carriers in one hand and on the other hand the employment of a system able
to read that information. In the first of these two technologies, the “RFID” is done by
electromagnetic field produced by a reading device, causing a within range transponder to
transmit a response signal with the information. The information can be managed as wanted in
this kind of tags, so it has the advantage of being able to be read and written during the process.
The other technology shown is the barcode reading, which can also have up to 32kb [WwWWw04]
of stored data, this one has the disadvantage of not being able to rewrite information on the
labels due to the printed form on which they are handled locally.

The Mechanical pushbutton and the Photocell sensor are well suited to determine the position of
the moving carriers in a very precise way. However, in addition, an identification of the carrier
and the thread color are only possible with the aid of additional solutions.

4.2.1.2 Carrier positioning

Once the proper carrier has been identified for the upcoming exchange, its exact positioning for
the exchange is required. So the next solution to be found is the placing of the carriers in to the
exact spot where it can be exchanged and for this the following table 4.3 gives an overview of
the analyzed variants.

30



o CiDES{" MGEMINI

UNIVERSITY OF APPLIED SCIENCES e Business Solutions

Function 1 2 3
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brake

Table 4: Carrier positioning solution variants

The “Manual positioning on the trail” should work and could be possible but due to the fully
automated process wanted, it doesn’t fit with the requirements and makes it unelectable for this
partial solution.

As the next solution a stepper motor is proposed to be set on the place of the handrail and
encroached on the existing hub for connecting directly to the positioning of the carrier. Because
of the given machine, this results to be easy to implement since the handrail is executed
separately from the drive and thus it could be directly replaced. Current braiding technologies of
leading manufacturers integrate the handrails into the drive motor, so the transferability of this
solution for current machines becomes problematic. The variant of the mechanical brake can be
accurate and also when blocking the machine, the friction clutch is spinning in view of the
drastically increased load. When the outer pneumatic pin acts against a carrier base, an exact
positioning of it will be obtained and can be hold for long periods allowing the changing
procedure to take place until the pin is retracted back and frees the way of the machine.
Nevertheless, this should not be done at full speed of the braiding machine. So the braiding
speed has to be reduced, being this a procedural disadvantage.

Among the partial solutions for this particular part of the system still remain the subsequently
mounted encoder and the complete replacement of the induction motor by a controllable
servomotor. By the employment of the encoder, it is possible to know the number of revolutions
done by the motor and with that data and some simple mathematical functions the exact location
of every single element that is rotating with that movement at any given time. This technology
combined with the existing induction motor and the friction clutch has unfortunately not worked
properly in a practical test due to a presence of a variable and difficult to predict lag behavior
when stopping. These mentioned problems wouldn’'t take place in the case of using the
servomotor. This type of motors are considered as standard for such positioning tasks nowadays
in the industry and are also being used in braiding machines. Even when it seems to be a costly
solution, it seems to be the most promising solution from the technical point of view.
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4.2.1.3 Carrier deploy from stock

After the not needed carriers are taken away from the machine, it is now necessary to introduce
the new braiding elements into the system. The stored carriers have to be taken from the stock
and deployed into the right braiding position in the machine. Many solution for storing and
providing the carriers were taken into account but only those which resulted more relevant for
analysis will be presented. The following table 4.4 shows the analyzed technologies that were
taken into account for this task.

Function 1 2 3 4 5 6
Ty
@?ﬁw E @ a (@ h ' ERRC Ry
g o0 ) of ® % - - scse
g g . G PRRRG
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Carrier @'QQ@@@'- %‘J@ % , alsle X D
o8 ot e <t
deploy m o g
from stock ~ Rounded Rounded Movable Rigid stock  Conveyor belt m
stock stock for storage tray XYZ Gripper arm

Table 5: Carrier deploy from stock solution variants

The first two proposed solutions involve the employment of a rounded stock for the carriers. In
these variants the carriers will be placed in the circumference of a rotary ring and stored there till
they are needed in the process so they can be rotationally moved to a pick-up position. The
difference between them both, is that in the first variant the whole 24 planned carriers will be
placed on a ring and by the employment of a controllable motor they will be located on the pick-
up position when demanded, which result easy to control and so as effective, the disadvantage
found in this variant is the lack of scalability in the number of carriers. The other similar solution
works technically speaking faster because all different colors can be waiting in a pick-up position
so the step of finding the proper carrier can be eliminated but as a disadvantage it demands the
employment of other motors, extra controlling effort and more money so it was discarded.

The following two solutions show a strong commonality, both are based on stock trays. The
solution 4 is moved linearly. Variant 3, however, relies on a completely rigid assembly. For each
thread color a private compartment is provided, so that the colors have to be always associated
with their subject. Therein the clapper is successively lined up and only the front clapper of each
compartment can be removed. The clappers are urged by a spring toward the front so that the
front receiving position is always stocked. This is a simple but solid technology that can be
operated without actuators i.e. goods shelves of some supermarkets / drugstores, vending
machines, thus it can move up for withdrawn products directly from the supply. A disadvantage
of the solution 4 is that due to the rigid nature of the magazines there is not only one defined
point for picking the carriers, a different movement should be planned for each option. Option 3
eliminates this drawback by all subjects juxtaposed are linearly as a unit and thus the tray
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currently required to be moved to the central receiving point. This active component, this solution
is somewhat more complicated, but provides for the selection of the transport mechanism more
flexibility.

A random stock principle would be possible with the use of a multi-axis robot arm (6), the entirely
arbitrary remote clapper simply can pick out from the camp. For this purpose, a more complex
management of individual storage spaces would be needed, but the main drawback is especially
the high cost of such a robot arm point, which would exceed the fixed price part of this project.

The conveyor belt which is the solution variant 6 is an example of a classic application of a
conveyor system. The question that arises here is about the issue of secure fixation of the
carrier to the conveyor belt as well as the horizontal lying position, which makes also needed an
additional change in position to the vertical.

4.2.1.4 Carrier Transportation

This part of the setup correspond to the way the carriers are going to be taken in and out of the
braiding machine and so as in the magazine and the transportation to their destination according
to the production algorithms. As long as this part of the solution depends directly on the previous
and following steps, special care has to be taken in order to ensure the well-functioning of all of
the parts when joining them together. In the following table 4.4 an scheme of the solution
variants that where analyzed and compared at the final stage of this part of the project are
presented and explained in the next table.

Function 1 2 3
E @
¥ @
N @ @ > 4‘ “)
Carrier > |@ l@\):::
Transportation i b ) g SI "f/ @
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Linear slide-out Robotic gripper arm

Rotational double gripper magazine

Table 6: Carrier transportation solution variants

The first solution proposed in the table is the implementation of a rotating dual gripper, which
can be found in principle in a similar form as the so-called pick-up tool changer on common
machine tools. The movement here is performed by a rotating plate on which to opposite to each
other grippers are mounted in order to be able to grab the tools from the machine and at the
same time tools from the magazine so both grippers grab a tool at the same time then retrieve
followed by the 180° rotation of the plate and the grippers move again to the grabbing position in
order to be able to make the exchange of tools. As the taking off of the tool from the braiding
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machine and the picking of another tool from the magazine occurs simultaneously, this solutions
represents a time saving variant for this task.

For the next solution a linear slide right in front of the magazine is proposed. For this variant the
slide should be very close to the braiding process in such a way that the gripper can reach the
two spaces, the magazine position space and the braiding machine for locating the carriers in
and taking them out of the machine. For this solution it is necessary to leave free spaces on the
slide at all times so the gripper can get in the machine by passing through the slide and grab a
carrier from the machine to deploy it on the slide on its way back, then it should again go back to
let the magazine move to the position of the following carrier that has to be set in the machine
and the procedure is repeated once more but in reverse. Here the removal and mounting
movements are separated as compared to the previous solution which doubles the required time
for this. Anyway this variant is less complex to construct than the one with two grippers and also
has the advantage of being possible to set the magazine closer to the braiding machine.

The last analyzed option was the implementation of a robotic arm, which is always fulfills these
kind of complex movement tasks, but unfortunately it has a big disadvantage, the high cost of it.
Being that the reason why it couldn’t had been taken into account furthermore.

4.2.1.5 Carrier fix and release

According to the demand that no changes should be done to the basic components of the
braiding machine such as: the impellers or the carrier feet, a solution is sought which allows an
easy detaching and re-attaching of a carrier on its base.

The following solutions have in common that they have an intermediate element that is screwed
to the base of the carriers and thus take over the task of fixing solution without additional
adjustments to the existing components. In table 4.6, an overview of the variants that were taken
into account is given where it can also be seen that the variants are either solved vertically by
pressing the carriers down and attaching them by different means, or they are pulled laterally in
a horizontal direction from the fixing mechanism and reassembled by a lateral slot. Most
solutions with vertical mounting direction are the concerns in common that they need a strong
locking in normal braiding processes by the largely upward-acting withdrawal forces of the
threads, so that the connection cannot come loose by the forces of the current braiding
movements.
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Table 7: Carrier release/fix solution variants

This is exactly what occurs especially in the first solution, the self-locking clamps, negatively
apparent. Here a pin is located below the clapper which is supposed to be inserted into an
opening in the base, where it is laterally clamped by spring clips and fixes. A quite simple
solution, but a deduction of carriers upward through the withdrawal forces of the yarn cannot be
excluded.

This lack of lock is fixed by the lock with pins in solution 2. Here is a located pin below the
clapper also introduced into the foot while going through this walk a pin which is guided through
slots in the base when it is plugged in and then acts through a short rotational movement of the
clapper of a secure locking against vertical slipping. Manually assembled this is an excellent
solution, however, is by plugging the subsequent rotational movement so the automation results
significantly more complex. In addition to the gripping function to accommodate and transport
the clapper, the gripper can still make an additional rotational movement, not to the axle on
which the gripper is mounted (which would still be realized), but about the axis of the clapper,
that is located between the two jaws.

The third solution belongs to the group in which the bobbin is pushed horizontally onto the foot
of the carrier. Here, the clapper or a pin located there below of sprung brackets should be
enclosed in the foot and fixed there. These movable and spring-mounted clamps must of course
be designed so stable that they have no signs of fatigue or loss of holding force even after
prolonged use. At the same time an adequate assurance of the clapper to be given not only in
the horizontal plane but also along the vertical should be ensured, this represents a perfectly
workable solution.

The so-called "Bal Seal Canted Coil Springs" from the company Bal Seal Engineering Europe
BV, Stuttgart, are the starting point of the solution 4. These coil springs are connected to form a
ring, obliquely wound springs that exist in various versions for all sealing and connecting tasks
(see. Fig. 4.8). Such a spring ring to be inserted into a hub under the clapper and so ensure the
fixation when it is attached to a pin on the base of the carrier. The precise centering pin of the
clapper would be set on the foot and the spring ring ensures a secure connection since it
expands after being plugged in due to the engagement of the inserted pin with the groove (see.
Schematic diagram in Fig. 4.3).
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Figure 4.3: Bal Seal Connector [BAL13]

The same principle can be achieved by changing the means of the connecting force, instead of
using a snapper for a positive connection, a magnetic force can also fulfill the positive
connecting forces as the solution 6 suggests. The principle is the same as in the previous
variable but here a set of connector components under the clapper and on the carrier base
through the employment of embedded magnets allow the connection of them almost
automatically as soon as the bobbin is placed just close enough to the foot. By elements such as
a centrally located pins on the foot ensure simultaneous centering of the connection. Only the
holding force of the magnets must be adequately dimensioned here in order to withstand the
withdrawal of forces of the braiding machine at any time.

Last not least, a purely mechanical form-fitting groove connection is proposed as solution variant
5. Similar to a popular among carpenters in timber Schwal-benschwanz connection is a wedge-
shaped spring on the foot. The clapper is pushed sideways with the matching V-shaped groove,
ensuring with this that the vertically acting withdrawal forces are countered by the positive
connection. This is a simple solution without additional moving parts and provides a degree of
accurate positioning and a firm connection.

4.2.2 Controller system selection

After analyzing the solution variants the options, it was possible to think about the controlling
systems that could fulfill the tasks and were also available on the market without overpassing the
budget.

The controlling devices that were compared by means of the previously mentioned terms at the
final stage were: Raspberry Pi, Siemens PLC and Arduino. The three devices can be seen on
figure 4.4. 1t was well known from the very beginning that a PLC can easily fulfill all the
requirements of the project in an industrially safe and standardized manner, but presence of a
budget limits the list of options, the goal was to reduce costs as much as possible without
compromising functionality. Being that the reason of taking into account the implementation of
microcontrollers.
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Arduino Raspberry Pi

Figure 4.4: Project Controller options

As explained before, the first aim was to find if the implementation of a microcontroller was
suitable for the proper functionality of the system without forgetting the willingness to give the
project the possibility to be upgradable in terms for functionally. This means that the capacity of
the controlling system has to be bigger than needed in order to be able to add either hardware or
software to the machine in the future without having to change the controllers.

The analyzed model for the embedded solution using a multipurpose microcontroller was the
single board Raspberry Pi 2 Computer. With expandable SD card as data storage and a 1 GB as
RAM memory, it also has an Ethernet connector that can be used a wired network that can be
used to convey the data via OPC server or other Ethernet protocols. It is important to remark
that this device works under Linux which is open source, so it allows the users to modify the
source code as wanted among other good characteristics like the built in connection for a
monitor and USB connectivity.

A board with these characteristics results enough for managing the controlling of a project like
this, one of the disadvantages is the development time since the solutions have to be custom
made for each project and there isn’'t a standard platform to make automation projects.

The Arduino UNO is based on an ATMega 328 8-bit microcontroller and according to the
datasheet provided by the fabricant, the input level is 0-5V so an interface card has to be
developed, also, the implementation of an Ethernet port communication requires the use of an
extension shield, thus, the Arduino UNO doesn’t represent a good choice on the standardization
needed inside the industry.

Once the Arduino microcontroller was discarded it was the time to analyze and visualize an
automatic system with the employment of a Raspberry Pi and a PLC and take decision based on
the advantages that any case would bring to the set-up.
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The picked PLC model for the project was from Siemens, the S7-1200 1214C which is a
modular compact controller for relatively speaking automation tasks.

When compared to the selected Raspberry Pi, the board has more memory, processor speed
and visualization capabilities (HDMI port), however the PLC has 0-24V embedded inputs, 0-10V
analog inputs, expandable interfaces such as IO-Link, RS232-485, RFID-Antennas, etc.

When comparing the prices of the last two options taken into account, it was important to bear in
mind the costs of the extra items that are going to be needed besides the main controller. This
comes after thinking that the selected PLC is around 6 times more expensive than the
Raspberry Pi but when thinking about the other extra devices needed to make the Raspberry Pi
have similar characteristics as the PLC in terms of inputs, outputs, connectivity, safety, etc. The
difference in price is reduced so significantly that spending that much difference in order to gain
roughness, speed and durability is definitely a good call to invest a little bit more and get the
PLC.

4.2.3 Reduction of the solution variants
After the whole functioning of the project was divided into smaller tasks and the main solution
variants were found for each of the tasks and subtasks, a great number of possible combinations
came as a result and it was time now to start eliminating variants until the best combination
among all the possibilities was found. The criteria that was elected to either discard or accept a
combination is summarized on the following points:

e Within the reach of the firma.
e Scalable for other equipment/applications
e Economically viable

In the previous parts a general overview of each component’'s weaknesses has been given,
therefore, all the components that have not been found viable for the specific task were directly
discarded and not analyzed anymore.

4.3 Selection and evaluation of principle combinations

The selection of the partial solutions was divided into 2 main groups as the previous pages of
this work suggest, because of the two main disciplines involved in this project. mechanics and
electronics.

4.3.1 Presentation of the chosen alternative for the mechanical part

Among the mechanical functionality of the project, electronically working components were also
analyzed on the basis of the type of movements that they were supposed to develop. However,
as explained before the controlling method was simultaneously evaluated in order to be sure that
its functionality was not going to be compromised.
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For the partial function “carrier position detection” the RFID technology was chosen, compared
to the traditional barcode. Although both solutions fulfill the task, the fact that with the RFID
technology the clapper and its position can be identified wirelessly without direct visual contact,
the possibility to rewrite data on the tags, and also the greater amount of available memory,
made the choice easier.

Likewise, the positioning of the clapper was preferred to be done by the employment of a servo
motor, which would replace the existing induction motor. Even when this represents a more
expensive solution than the additional encoder or the blocking pin, it outweighs the advantage
that always an exact positioning is given regardless of the tracking behavior of the current
engine. The braider used is also brought up to date with modern braiding machines, which are
also equipped with servo motors as a drive unit.

About the carrier deploy from stock, due to manufacturing costs, material quantity and planned
number of different carriers to be shown in this kind of exposition, the choice was the single
rounded stock, which fulfills the task’s demands and represent less impact to the budget.
Besides the space is better used compared to the option of the carrier provider made from a
couple of grippers which are mounted on a circular plate that rotates for doing the exchange due
to the unused space in the center between the exchanger and the magazine.

After all the subtasks were partially solved, then a concept of the set-up was made to analyze
and evaluate its functionality. The obtained model is presented on figure 4.5.

Figure 4.5: Braiding machine with added automation concepts
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All the elements previously mentioned are shown on figure 4.5 i.e. RFID Antennas, Grippers,
Ring magazine, Linear guides and Carrier holders. It can be seen that all the elements can be
joined in the given space without any problem regarding the kinematics of the moving parts.

4.3.2 Presentation of the chosen alternative for the electronic part

After setting a solution for the mechanical part of the project, it was now time to find the best way
possible to interconnect these elements in a safe way that can also represent a robust and
stable solution for the controlling part.

As explained before, the implementation of a PLC as a central controller of the set-up represents
a more robust and stable solution than the other two analyzed options: Arduino and Raspberry
Pi. A crucial characteristic that influenced the selection was the possibility to interconnect
different levels of automation, like the 10-Link, a new industrial low level network mostly used for
sensors and actuators. It allows the employment of different brands or systems in the same
controller which can also be expanded to many more elements as needed. Furthermore talking
about costs the difference is not very sensitive for the budget and the advantages obtained i.e.
uniform wiring and far fewer interfaces at the sensors/actors, continuous communication and
diagnostic between sensors/actors, automatic reassignment of parameters when devices are
replaced during operation, etc. are worth that extra expense.

As a PLC was decided to be employed as the main controlling device of the project, the whole
control cabinet was needed to be designed in order to distribute the power, controlling and
inputs and outputs stages. The following figure 4.6 gives a rough idea of the way the things were
planned to be mounted in the control cabinet. The electrical diagrams will be given at the end of
this work in the appendix.

Figure 4.6: Control cabinet distribution
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The distribution of the controlling elements was planned to be done in three levels: The power
stage (1% level), controlling stage (2™ level) and on the last level the 1/O stage. It can be seen in
the figure above 4.6.

The first level, the power stage will work with a couple of security switches and fuses for the
security of the system which allow the 230V AC get into the power source that will convert that
energy into 24V DC for the PLC and 10-Link which will also feed the actuators and/or sensors
accordingly. There is also another transformer that gives as output 24V AC, which is needed to
feed the motor controllers of the grippers’ stepper motors.

On the controlling stage, the PLC, IO-Link, stepper motor controllers and a couple of relays will
be set. The PLC as the main controlling device, which will be managing the execution and
working of the other controlling devices, the 10-Link at the moment only for the RFID antennas
which use this platform for their communication but also as a future expansion option for the
project because of the possibility to add a wide range of components that work under this
platform. The stepper motor controllers as its name suggests are intended for the controlling of
the stepper motors, they are initiated and stopped by the PLC but the motion control is done by
them in a smooth and accurate manner. And finally the relays are only intended to work as a
switch between inputs that will never be used in parallel due to its nature or the working
principles of the elements that they will be controlling in order to save some inputs on the PLC
and leave free room for future expansion possibilities.

The lowest level is reserved for all the inputs and outputs of the system. It is noteworthy that all
the cables will be labeled with the same number as in the electric diagrams. This way and by
separating the levels of the control cabinet, it becomes easier to identify any wanted cable due
to problems, wrong functioning or by any other mean.
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Chapter V: Project Development

The construction of the automatic braiding machine has different subsystems that can be
designed in a relatively separated way, those subsystems are:

Electrical construction.

Control scheme design.

Host, client and automation applications.
Thread change algorithm.

P wonNPRE

However, those subsystems will be working altogether to make the braiding machine work as
stated on the system requirements.

5.1 Electrical construction.

Given the selected geometry for the braiding machine, the conditions of operation, place of
installation and the safety measures, the design of the electrical system has to take in account
the following restrictions:

Input: 230VAC, max 25 Amp

At least 2 emergency stop buttons have to be installed.

Manual and remote start and stop.

Two modes of operation Run and Diagnostics.

OPC connectivity for metrics and further development options.

The electrical installation has to be easily maintainable and repeatable for further
developments.

A safety switch has to be installed to prevent the user get inside the machine when is in
operation.
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5.1.1 Inputs and outputs of the system.

Accordingly with the given specifications the following inputs and outputs of the system are
enumerated in the Table 5.1.

Component Electrical Specification. Type
Stop Digital 24V Input
Start Button Digital 24V Input
RFID Left Antenna |0-Link Input
RFID Right Antenna |0-Link Input
Laser distance sensor right Analog 0-10V Input
Laser distance sensor left Analog 0-10V Input
Open chassis safety switch Digital 24V Input
Stepper motor fault Digital 24V Input
OPC Server Ethernet port. Ethernet Input
Right Gripper open/close switch Digital 24V Output
Left Gripper open/close switch Digital 24V Output
Left gripper linear guide Pulse Train / Direction Output
Right gripper linear guide Pulse Train / Direction Output
Carrier ring motor Pulse Train / Direction Output
Braiding servomotor Modbus TCP Output
ON-OFF Indicator Digital 24V Output
Fault indicator Digital 24V Output

Table 8: Inputs/outputs of the system

With this I/0O map The installation of the sensors and actuators can be prepared.

5.1.2 Stepper motor installation.
For the sectioning the motors, the plausible control mode has to be taken in account, since the
movement of the grippers and the ring has to have enough speed, torque and precision in order
to be viable to change the carriers in an acceptable time and without errors.

In order to get 5 second cycles either for retrieving or placing a carrier using the gripper, the
minimal speed of the lineal guide has to be 20mm/s, simultaneously the resolution for the
placement for the motor has to be at least 1 mm in order to guarantee the well-functioning of this
device. With this requirements , the selected linear guide for the gripper is the “Schunk 100mm
guide with stepper motor model : GRW-0630-A-80-110-17-L-S-000” that has the possibility to
move up to 35 mm/s and a resolution of 0.1 mm, the specifications of the motor are shown in the

following table 5.2:
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Torque: 0.28 N.m. Full step angle: 1.8°
Bipolar phase current: 0.7 A Phase resistance: 6.3 Q
Phase inductance: 8.9 mH. Total weight: 0.24 Kg.

Table 9: Specifications of the stepper motor

Accordingly to the electrical and control specifications of the device, a stepper motor driver is
proposed to handle the operation, the selected driver is a “DS1041A” from LAM-Technologies,
this stepper motor driver allows micro-stepping, this control technique consist in exciting the coils
of the motor with a fraction of the current during time which improves the resolution and ease of
the movement the functioning principle is shown in the figure 5.1.

Phase Diagram Timing Diagram
lj la 0% —
1 100%
O /) ! ! ! time
50% la=-100% S
l lelo|lo|le|o|o|
| 100
0 I,
1 10p% T T T time
50% 1 100
G — 9

Timing Diagram

Figure 5.1: Micro-stepping operation

Other of the advantages of using a stepper motor driver is that it works as a power interface
simplifying the installation and maintenance of the system. The operation of the driver works
with two outputs of the controller, one for pulse and other for direction, the feedback of the
controller is a digital fault signal, with these devices the installation should be done as shown in
the figure 5.2.
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Figure 5.2: Gripper installation
The detailed schematics for the electrical installation can be found on the appendix.

Similarly to the gripper installation, the motor selected for the carrier ring is also a stepper motor;
however, more power is needed for it, so a NEMA 34 motor has been selected to be installed in
that position. The electrical specifications of the motor are shown in the following table 5.3:

Torque: 4.4 N.m. Full step angle: 1.8°
Bipolar phase current: 5.6 A Phase resistance: 0.26 Q
Phase inductance: 1.5 mH. Total weight: 2.1 Kg.

Table 10: Electrical specifications of the carrier ring motor

In contrast to the gripper, the carrier ring has a pulley attached, so the transmission ratio has to
be taken in consideration for its setup and operation, the diameter of the carrier ring is 442mm.
and the pulley attached to the motor is 62mm with this data the next transmission ratio is given:

442mm

=713
62mm

Equation 1

This ratio means that 7.13 revolutions of the motor are needed to get 1 revolution on the carrier
ring, and 200 pulses are needed for one revolution of the motor, so with the transmission, the
number of pulses per revolution for the carrier ring is:

7.13 * 200— = 1425—
ev rev

Equation 2

(EC 5.2)
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With the direct driving of the motor a resolution of 0.25° per pulse is given. This resolution can
be improved with the micro-stepping feature of the driver. Nonetheless the accuracy of the motor
has a detrimental effect on the angular speed since the maximum pulse frequency is 10 Khz with
this limitation the maximum rotary speed for the motor are described on table 5.4.
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Resolution carrier ring Micro stepper setting. Max. Motor speed. Max. ring speed
0.25° 200 p. / rev. 314 rad/s. 44 rad/s
0.125° 400 p. / rev. 157 rad/s 22 rad/s
0.0625° 800 p. / rev. 76 rad/s 11 rad/s
0.0312° 1600 p. / rev. 35 rad/s 5.5 rad/s

Table 11: Ring properties

With this dynamic data for the ring can the configuration that allows getting the best speed and a
permissible uncertainty can be choose, given that the closing distance of the gripper is 5 mm,
the maximal uncertainty for the system should be 2.5 mm.

Carrier ring

CARRIER RING
ANGLE
RESOLUTION

RING
POSITION
UNCERTAINTY

Figure 5.3 Carrier Ring resolution

Gripping tolerance = (carrier resolution angle * ring radius.* 18 0)

Equation 3

Carrier ring resolution

Gripping tolerance.

0.25°

0.96 mm

0.125° 0.46 mm
0.0625° 0.23 mm
0.0312° 0.11 mm

Table 12: Ring position uncertainty

From this data, is assured that the uncertainty of the carrier ring positioning system will not
interfere with the gripping, the configuration of 200 p./rev. will be selected, since the overall
speed of the process is the highest priority. With this configuration, maximum speed for the
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carrier ring can be reached, however, the dynamic speed control has to be regulated for a
smooth operation, this controller will has to be implemented in the PLC.

5.1.3 RFID Antennas and analog distance sensors.
The selected RFID antennas, were the “Balluff BIS L-409-045-002-07-S4” which are connected
via 10-Link with the controller, the technical specifications for this devices are enumerated in the
following table 5.6-

Current: 150mA Sensing rage: 24 mm.
Device interface: 10-Link Rev 2.0 Typical read tag time: 10ms.
Operating voltage: 24 V
Table 13: RFID specifications.

This antennas work together with RFID tags that have up to 32 bytes storage, with this capacity
the following data can be stored inside each carrier tag as in the following table 5.7.

Unique carrier ID: 2 - 4 bytes. Estimated thread left: 2 bytes.
Thread color: 1 byte User data: 20 bytes.

Last used timestamp: 4 bytes.
Table 14: tag memory organization.

According to the design the antennas are installed on top of each gripper in order to read the
data on the tag placed on the carrier. Figure 5.4 gives an overview of the antennas and the tags
placed on the carriers.

Figure 5.4: RFID reader installation

One of the possible areas of improvement found on the RFID sensor placement is that for each
reading the machine has to stand still because the mechanical design of the gripper. A further
analysis of this issue will be addressed in the results chapter.

The analog distance sensor selected was the “Balluff BODOO01L” that operates with red light and
has the following specifications specified on table 5.8:
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Operating Range: 20 — 80 mm Sensing principle: Red Light
Switching: PNP Transistor Output: 1 - 10V
Resolution: 20 micrometer Input: 24VDC

Table 15: Analog distance sensor specifications

An important aspect of the installation of this sensor is the fact that a highly reflective surface is
suggested for proper working, for that reason, the placement of the sensor is above the RFID
antenna, together these two sensors provide feedback in thread identification and carrier
positioning, the sensor has to be placed as shown on the next figure 5.5.

Measuring range

Figure 5.5: Analog sensor positioning and electrical behavior

According to the specifications on the PLC, an analog digital converter (ADC) 16-bit resolution is
used to read the output signal on the sensor, providing a real resolution of:

9V

Resolution = oT6 (60mm) = 0.008 mm

Equation 4

Which is lesser than the 20 micrometer that the sensor is providing, therefore a dead-band of 12
micrometer will exist in the measures, which is ignored for the purposes of the project because
the least resolution of the actuator is 0.1 mm, then the resolution of the sensor is superior to the
resolution of the actuator, therefore, the sensor is correctly selected.
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5.2.4 Electrical installation and safety devices.

The electrical installation of the project was made using the IEC 60446:2007 standard for

installation and safety principles. Therefore the wires and conductors had proper identification,

and color. Also the entire wiring schematics were developed using AutoCAD electrical 2012
student version. A short version of the electrical schemes is shown in the following figure 5.6.
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Figure 5.6: Sample of electrical wiring diagrams

The complete version of the schematics can be found on the appendix. Lastly the installation of
the electrical circuit was designed to be mounted on an IP67 electrical case, and thus, the
distribution of the components will be the following.

Automation Production
Routines Order
Status Order
Messages Status
Sensor )
Actuator Production Order
Signals Measurement Order Status

Mabile application

) ) Mechanical
Electronic devices I:> Process

Figure 5.7: Electrical connection diagram

Once the full list of components is selected, the following electrical requirements were calculated
for the startup and steady state operation of the machine:
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e Max startup current: 12 Amp

e Steady operation current: 2.5 ~ 4 Amp
e Input voltage: 230VCA

e Output voltages: 24VDC & 24VAC

e Overcurrent DC source fuse: 3A

e Overcurrent AC transformer: 16 Amp
e General protection fuse: 16 Amp

According to the specification, two emergency stop buttons have to be installed as well as one
start button. The stop buttons are in series with the electrical sources because the operation of
the motors of the system has to be stopped and there is no element that in emergency needs to
be in a special state (i.e. a pneumatic or hydraulic valve).

The installation of the signal lights is wired directly to the controller in order to have software
control of them. Those signaling lights are 24VDC led indicators, a small portion of the electrical
diagram is shown on the figure 5.8.
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Figure 5.8 Wiring of signaling lights
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5.2 Control design

The control of the system is related to three user roles, a customer role can ask for a braided
product using a smartphone application, a personnel role is able to change threads and get
basic reporting from the system and an administrator role that has the possibility to make
maintenance tasks, the following figure 5.9 gives an overview of the different roles.
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Figure 5.9: Use case diagram

With this use case scenario for the system, the most important task is the “Braid production”
this task involves all the systems and the other tasks and roles can be extended from it,
therefore, this is the first task that is designed and then, the other tasks will be extended.
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The braid production process starts when a client enters a request for a new product, after that,
the data for the previous machine state is loaded and compared with the requested configuration
to produce the thread changing route, in this two steps, the user validation and the resources
quantification will be performed, however, those two sub processes will be developed separately
and extended to this one once the machine is fully implemented. Then, the braid production
process will have the next sequence. A block diagram of the sequence is given on figure 5.10.

L

Y

Wait for input
Target braid
Thread change Change threads Start braid Finish braid
algorithm in machine process process
Current

braid

Figure 5.10: Braid product sequence

In this high order view of the process the “change threads in machine” sub process can be
observed, this process is the critical process in the entire application because it contains the
movement of the grippers and the ring. The process of changing a thread it's completely
managed by the PLC and its inputs are the ID of the thread that will be replaced and the ID of
the replacing thread, after that, the gripper will get inside the moving ring and wait to read the ID
of the thread that will be replaced, then stop the braid motor, grip the thread, get the thread to
the ring, rotate the ring to until the target thread is found, get the thread inside the machine,
check that the distance between the gripper and the placed thread is correct, retract the gripper
and wait for the next thread change be issued by the server.

Several mechanical features of the machine have impact on how the thread change is
performed, the principal geometrical aspects that the controller has to avoid are:

e Carrier falling inside the machine.
e Error on gripping carrier.
e Carrier misplacement on the ring or inside the machine.

Those errors, are avoided by the use of the Analog sensor placed on the gripper, the method is
to place a distance range on each step of the thread change, this way if the sensor at any
moment gets outranged, the controller will send an error message to the server and will stop the
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operation; giving the user indications to check and correct the malfunction, after that, the user
will resume manually the operation of the controller.

The error handling and error solving protocols are developed in such way that the braid that is

being made at the time of the error is not scrapped.

Also, according to the expected data inside the server and knowing that the carriers can be
misplaced the algorithm to change a thread will poll the ID’s of the carriers that are inside the
machine and ring instead of moving the ring in an absolute manner, this is to avoid errors on the
placing of carriers and rely on the order of those.

However, this approach to solve the problem can be time consuming, that is why the algorithm
to know which the shortest way to change threads is important. Then, the diagram of the
implemented process is as follows on figure 5.11.

Qo

Old

|

Carrier ID
Move ring Move gripper

to available inside

New ; 2

Carrier ID
Retract gripper | Grip carrier
to ring N inside machine

Move ring to Read ID of
next carrier carrier

Move next
machine carrier Stop Braiding
to RFID reader motor
on gripper
No
is comect Read ID of "
D? Ef in machine |~
is comect Grip carrier on
ID? ring
s~
Mo ‘
—
Place carrier
on the machine

Figure 5.11: Process diagram for changing the carriers

—_

It is expected that each one of the states have a distance tolerance that will be measure by the
analog sensor at all time, this process can be interrupted in every step by triggering an error

interrupt.
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After all the threads have been changed, the controller will send a start braiding signal, that
signal will trigger a message that has to be transmitted via “Modbus —TCP” to the braiding motor.
The braiding motor supports the parameters: Start, Speed and turn.

Therefore, the start braiding parameter has to be configured whether is going to be clockwise or
counterclockwise. Also, the speed of the braiding motor has to be changed when a thread
change is made because of the reading of the carriers’ ID.

5.2.1 Gripper and ring stepper motor speed control.
The second important task for the controller is to generate the pulse train that is needed to
control the stepper motors installed on the carrier ring and each gripper. The motion control is
made via pulse train frequency control. The parameters that are controlled in each stepper motor
are given on the following table 5.9:

Pulses per revolution Maximum speed
Acceleration time. Maximum acceleration.
Last used timestamp: 4 bytes. Position limits.

Table 16: stepper motor control parameters

With these parameters an open loop speed controller can be produced, that allows absolute
positioning for the grippers and the ring, the main restriction is that the maximum output
frequency from the controller is 10 Khz, as shown on figure 5.12.
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Figure 5.12: Speed and acceleration profiles for stepper motors
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Having that in mind, a class is generated using these parameters, this way the constructor will
have the dynamic parameters of each motor, and the methods that will be implemented on the
class are given on following table 5.10.

Constructor parameters: Implemented methods.

Steps per revolution. SetParameter(ParameterlID, Value)
Maximum speed MoveAbsolute(Position)

Minimum acceleration MoveRelative(Position)

Maximum acceleration
Acceleration/deceleration time
Table 17: Stepper motor controller class implementation

Since 1 pulse represents 1.8° at full resolution (this parameter can be changed on the stepper
motor driver) this is the base of the calculations to get the frequency functions for the controller.
An example of a train pulse can be seen on figure 5.13.

U

F 9
24V

Period

Figure 5.13: Train Pulse

Since it's easier to use the period for calculations instead of frequency, the equations for period
are:

Q

kKVpax VE> a;

|74
k( ma") t, vVt > d,
de

!( k (Vrm:x> t,Vt < a;
=
l

Equation 5

Where a;,d; and k are the acceleration time, deceleration time and the proportional constant
between pulses per second and rad/s respectively, the proportional constant can be calculated
once the amount of pulses per revolution is set, for example for 200 pulses per is:

200hz

k= = 31.84
rad
ZnT

Equation 6
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Lastly, to implement the third part of the function, 2 cases arise, the first when v,,,, is not
reached and when it is, in order to know in which case the system is at, the compare of the
minimal distance to reach the max speed, and that is:

a (v v kV,...a
D.. = k(max)t:k( max) 2 _ KVmax@t
min J;) 2% a, (ay) 2

Equation 7

And if the distance is bigger than 2 * D,,;,then the estimate of the time for the complete
movement profile that will be:

kVipax(as +d;)
trotat = a¢ +d¢ + <Dtotal - <% * Vinax

Equation 8
Where D,,:4 is the user given distance, and then, the distance needed to decelerate:
de W /A kVmaxd
_ max _ max 2 _ YWmax“t
Ddecel—jo k( dt )t_k<2*dt>(dt) - 2
Equation 9

However, if the distance isn’t bigger than 2 * D,,,;, @ symmetric acceleration deceleration profile

will be calculated with a slope of % then the profile should be:
t

Vinax yields Diotar@t
Diotar = t?P——t=+ |———
total a

t Vm ax

Equation 10

56



= C{DES{" MGEMINI

UNIVERSITY OF APPLIED SCIENCES e Business Solutions

And with that, half the time the acceleration will be positive and the other half negative. This way
a method named MoveAbsolute(position) can be created as shown on figure 5.14.

Current
position
Calculate
Calculate Maore than Frequency
distance 2*'Dmin? Function
Case 2

Mew Position

Dynamic

i

Figure 5.14: Stepper motor MoveAbsolute method implementation

This kind of movement is known as spline interpolation as explained on [ERKRO03]. And the SCL
code implementation of the class can be found on the appendix.

The MoveRelative method only differs on the “Calculate distance” process, instead of being a
subtraction is an addition.
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5.3 Thread change algorithm:

In order to avoid unnecessary movements and assure a smooth operation of the system, a
thread change algorithm has to be created. That's because the geometry decided for the outer
carrier ring the change between two states can be optimized by designing a cost function and
then, finding the less amount of energy and time spent for changing the machine configuration.

The statement to design this algorithm is as follows:

“Design an algorithm to find the minimum amount of steps to change between two 8 circular sets
with 4 different kind of members”

However, some other aspects of the thread change process have to be taken in account for the
successful design of this algorithm. An approach to the braid state is 5.15.

Fig 5.15: Two different states of the machine

The first step to find the algorithm is to find the constraints for it. The amount of different colors
is 4 and the amount of carriers of each color is also four, therefore the simplest state that exist
consist of two different colors with 4 threads each.

The second step is to know how a configuration is made, for each thread set they are separated
in two cycles, one clockwise and other counter clock wise, each one of the threads has a
sequence of intersections with each one of the other cycle members, so if a configuration can be
named as, {R1,R2,R3,R4,L1 Ly,L3, L4} “this creates an equivalency class that has as members all
rotations and reflections of the configuration” [SAKA10] consequently for every configuration at
least the next number of equivalent configurations is created, as shown on the figure set 5.16.
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Fig 5.16: Rotation and reflection invariance in steps

So given the property of rotation and reflection and using the multiplicative to calculate the
amount of equivalent braids to a state “A”:

e Full state rotations 3 for each state “R”.
e Subnet rotations 3 for each state “S”.
e One axis reflections 4 for each state “T™”.
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e Two axis reflections 4 for each state “V”.

|Zs] =RxSxTxV =144
Equation 11

So there exist a set of 144 of equivalent configurations that will produce the same thread
assuming that each color is different. However the size of the set is increased if repeated colors
are part of the configuration [SAKA12].

Since the purpose of this algorithm is to minimize the amount of steps needed to change form
any starting state to another arbitrary state. A cost function has to be designed.

Let A= {a,, ai, a,, as, a4, as, as, a7} be the initial configuration of the machine and B = {by, by, by,
bs, by, bs, bg, b7} the target configuration of the system, it can be said that one thread change is
needed if, a; # b; so, the result of the operation A — B it's equal to the number of occurrences of
a; # b;, and since there is a set of all equivalent machine states of A and B named Z, and Zg
another operation called A x B can be developed that is the set of the equivalent states (A;, B;)
that produces the minimal difference index.

{AxB} := {(A;, B;) | A; — B; is min}
Equation 12

So to calculate the set {A x B}, it take the steps shown on figure 5.17.

Initial

configuration
Substract each
Generate Z;, member of Z, to
and Zg aﬂeh membar SartHesuls
Target
configuration

Figure 5.17: Minimal change set generation

Generate set
(A xB)

(AxB)

Once the set {A x B} is produced, the addition of the cost for moving the carrier can be done to
make all the movements needed to change the state, and then an estimated time of the change
of configuration can be calculated, in order to do so, it is assumed that two different sets exist, A
that is currently on the braiding machine and B that is in the outside ring.
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Figure 5.18: Usual thread arrangement

By knowing this information is possible to estimate the time that will take to change every
member of the (A x B) and thus the thread change order is calculated. As shown on the figure

5.19

one carrier

Calculate tme
time to move for each Sort execution Select minimum Generate ﬂ
one space (AxB) time vector result Trajectory
Member
time to change
Trajectory

Figure 5.19: Trajectory planning process

Finally the trajectory that is planned should be put in a sequence of commands that will be
interpreted by the Host application.
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Since not all the thread colors in any given thread are different, a penalty coefficient can be
created that conglomerate factors such as remaining thread in the carrier and have different
strategies to choose which the best trajectory is.

Lastly the selected trajectory can be stored in a data base or in an indexed file for further
program reading. The source code of the trajectory planning algorithm can be found on the
appendix 3.

5.4 Application and network development

Since the complete software solution of this project has 4 different applications, each one will be
documented separately even though the development was concurrent. Every piece of software
involved in the project will be connected via OPC UA server to exchange information and
provide further expansion capabilities. Also the OPC UA provides embedded user/password
validation that helps to the authentication and role assignment inside the desktop and mobile
application.

And since every exchange variable can be stored in the OPC server, the monitoring can be
expanded to other stations without compatibility issues as described previously, the
development of this project is oriented to Industry 4.0 type applications.

Hence, the appropriate topology for the application is clearly shown in figure 5.20.

Desktop App OPC UA Server | Smartphone App |
Braid Selection and User/Password Braid Selection and
design Autentication design.

User-role dependant Process variable Read selected process
read/write process storage variables
variables

Error monitoring

Manteinance tasks

Process variable
read/write

Task execution flags

Figure 5.20: OPC UA network
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5.4.1 Programmable logic controller.

The controller selected for the task was a “Siemens S7-1214 DC/DC/DC Ver 4.1” this controller
provides the features explained on the following table 5.11.

Programmable using SCL & FBD 14 digital inputs, 2 analog inputs.

100 KB program data 10 digital outputs (transistor) max 0.5A
Programmable interrupt subroutines. Ethernet communication (Multiple protocols)
Expandible 1/O ports. [-O Link module expansion available.

Table 18: PLC Features list

The application of the controller centers in the creation of a group of classes that allows the
information exchange and manage the thread change process. In addition to that task, the safety
and status message has to be composed by the controller and transmitted to the server, this
message is sent in a synchronous way, and therefore a cyclic execution object is added to the
program.

And lastly, because of the installation of this particular unit, the status lights will have a particular
blinking code, then the safety class is designed in a way that allows to operate those blink states
and extend them as seen fit. An overview of the actual class model on the PLC is shown on
figure 5.21.

In the selected programming language, the term class doesn’t exist as in other languages such
as C++ or JAVA, however the entity Function Block (FB) exists, and with this entity, a class
model can be abstracted.
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[ Class OPC Communication || Class Stepper motor

| Class Gripper

+ Private Members:

+ ServerURL: String
+ Username: String

+ Private Members:

+ Max Speed: double
+ Accel time: double
ime. : double

+ Private Method:
+ Public Methods: « PulsesToDi i 24 s
Eos + DistanceToPulses(double distance):uint pulses
+ SetUsername(String): bool Handled ¥
« SetPassword(String):bool Handled S ilankiouts(double) ool Handed
+ SetServerURL(String): bool Handled + Public Methods:
+ SetTimeout(uint): bool Handled
+ SetRetryTime(uint):bool Handled + SetSpeed(double Speed): bool Handled
+ SetPublishinterval(uint): bool Handled « SetAccelTiime(double time):bool Handled
» ClearltemList(void): bool Handled « SetDecelTime(double time):bool Handled
+ Additem(String Name, enum type) + SetMaxf bool Handled
+ Removeltem(String Name) + SetUnits(Enum Units):bool Handled
* WriteltemsToMemory(void) + SetPulsesRev(uint pulses):bool Handled
+ ReadMemoryToltems(void) + SetGearRatio(double ratio):bool Handled
+ MoveAb: Handled
. Vi Handled
HomeMotor(void):bool Handled
|  ClassRFID Reader + SetH e Handled
+ Private Members:
TagDetected: Byte detected
y
| Machine Status
+ Private Members:
+ Public Methods: & ket
« StopButtonState: bool state

» TagPresent(void): bool Present
+ TaglD(void): ByteArray ID

* Set/
\! !

+ Public Methods:

+ ReadAnalogValue(void): Word Value
» SetSensorAddress(uint Address): bool Handled

Figure 5.21: Class model on PLC

+ Private Members:

+ RFIDReader: RFID Reader
Stepper Motor

+ Public Methods:

(EnumF double value)
ddress(E um double value)

CloseGripper(void)
OpenGripper(void)
ReadSensorDistance(void)
ReadTagPresent(void)
fieadngID(voig) -

HomeMotor(void):bool Handled
SetHome(void):bool Handled

R S

v

Class Modbus servo.
+ Private Members:

Max Speed: double
Accel time: double
Decel. time. : double
Max Posi uble
Units: Enum Units

+ Private Methods:

+ SendTelegram(void): bool Handled
+ ReadTelegram(void): bool Handled
+ BuildTelegram(void): bool Handled

+ Public Methods:

SetSpeed(double Speed): bool Handled
SetAccelTiime(double time):bool Handled
SetDecelTime(double time):bool Handled
Handled

SetUnits(Enum Units):bool Handled
SetGearRatio(double ratio):bool Handled
SetTagAddress(enum Tag, uint Address): bool Handled
MoveAbsolute(double position):bool Handled
MoveRelative(double distance):bool Handled
HomeMotor(void):bool Handled

SetHome(void):bool Handled

TurnContinous(double Speed, enum direction): bool Handled
StopTuming(void): bool Handled

e s s s s s e s s

The way to abstract the class model is to take the member variables and methods and convert
them into constants, variables and functions inside the block, and asynchronous calling to other
blocks is also possible. This way the class model can be represented in SCL (High Level

Structured Text) as shown in figure 5.22.
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‘ Caonstructor ‘

Interfase
Data block Functions
Function Block
(Class Instance)
Hardware Q:b Public
Read/\Write Methods

- Children Private
’ l F“"':‘“""sl ‘ Function Blocks ’ 1 Method l ‘

Figure 5.22: SCL Class implementation diagram

This way for example a class such as the Gripper that contains children instances of other
classes such as stepper motor or RIFD reader can be implemented as the example given on

figure 5.23.

El//Declaration of the Function Block. EIBEGIN
L-o //Executing the grip action
FUNCTION_BLOCK GRIFFER IF (GRIPPER_GRIP_ACTION = true) THEN
VAR_INPUT I(GRIFPER GRIP ADDRESS) := ©:
GRIPPER_GRIF_ACTION: Bool := false; SLSE - -
GRIPPER_GRIF_ADDRESS: Byte := O: I (GRIPPER_GRIP_ADDRESS) i= 0:

GRTFPER_DISTANCE:Real := 0;
GRIFPPER_SPEED: Real := 0;
GRIFFER_ACCEL TIME :
GRIPPER_DECEL TIME :
GRIPPER_RFID TAG_PRESENT: Bool := false;
GRIPPER_RFID TAG_ID: ARRAY ([0..4] OF Byte;
GRIPPER_RFID ADDRESS: Int :=0;

END_IF;

GRIPPER_SENSOR_ADDRESS: Int := 0;

GRIPPER_SENSOR_READ: DWord :=0; GRIPPER_RFID_TAG_PRESENT := true;

END_VAR ELSE
GRIFFER_RFID_TAG_PRESENT := false;
END_IF:
FOR int i :=0 TO i ==¢ BY 1 DO

GRIPPER_RFID TAG_ID[i]:=()DB11.RFID VALUE)+.:

eshes sach time wicth OBl

DB11.ANALOG_READING;

END_FUNCTICN_BLOCK

Figure 5.23: Gripper function block code sample

However, implementing object oriented programming in Siemens SCL is not completely possible
since the language does not allow making symbolic instances of a Function Block, and the
addressing inside the PLC is usually direct, the Data blocks that contain the member variables of

the object are statically expressed in the code.

Finally two Organization blocks are needed in order to manage the functionality of the
automation inside the machine. One being the cyclical routine that runs all the time inside the
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controller and the communication routine that has a timed execution to refresh all the variables

Class Safety ‘ | Interfase 0BZ (Timed Execution)
A ‘ +Tasks

! + Witz data on PLC Memory
Use o Manage excufion flags

i + Decode OPC Message
+ Encode OPC Message

| Interfase OB (Cyclic Execution)

+Tasks

+ Witz data on PLC Memory
Class Gripper r(U + Manags execution fags .% Class OPC Communication

+ Change Thread routing
chid

(Class RFID Reader | \ Class Analog Sensor |

Uée

V

‘ Class Modbus servo ‘

‘ (lass Stepper motor ‘

from the server, then the structure of the program is constructed as shown on figure 5.24.

Figure 5.24: Object execution structure of the PLC program

Furthermore, the OB2 Interface is composed for the OPC data exchange, and has a latency of
50ms which provides of 20 samples per second giving a good performance for the variable
change in the project.

5.4.2 Desktop application development.
The host application development was made using the framework QT that allows multiplatform
compilation and C++ syntax, first it is develop a simple data exchange client for OPC server that
perform read and write variables and submit messages. This application has the reading of all
the data variables existing on the server that are related to the PLC.

A class structure was also made for the application that allows to make more than one instance
of the machine and has methods to submit direct orders to the PLC and read message data,
that’s why classes that manage the objects inside the PLC have been made as suggested on
the following figure 5.25.
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oPCClient 3 ChHlorRiod Gripper ModbusServo x
Class + QObjea Class Class
+ QObject + QObject + QObject
= Feldk
= Felder elder 5 Felder = Felder
# ConnectionState o OO Canediplcc S # ModoudP
P’ NodelD & ADR CamierRingExecute & ADR GripperClosed e
G s # ADR CamierRingHomed & ADR GripperExecute & ModbusSocket
73 ServerURL # ADR CarmierRingPosibon 4 ADR GripperHomed # MotorAccel
# 1
@ # ADR CarerRingReady # ADR GripperPosition # MotorAngle
#* ServerUserName g o # MotorSpeed
P ScTimer & ADR_ CamerRingSpeed # ADR GripperReady B
w |"seol‘lamsoacetrfil o ADR CarlrfingTuan #* ADR_GripperSpeed | MowrStant
." ok ¥ CameRingAcce! # GrpperClosed # MotorStop
o # CamerRingAngle PR & MotorTimer
= Methoden & GrpperHomed
e # CameRingHomed o # MotorTum
oyt st & GrpperPosition
© AddToSynchWatch & CameRingReady 9 GrioperResdh & Port
o OPCClient # CmierRingSpeed ey # TagMotorAccel
@ OPCConnect # CamerRingTum # GripperSpeed # TagMotorAngle
© OPCDusconnect ¥ PLC CamerRingAccel # PLC GripperClosed # TagMotorSpeed
¢ OPCReadVarAsyn # PLCCameRingAngle o7 ALCGrpperExacite @ TagMotorStart
¢ OPCReadVarSync # PLC_CamerRingExecute # PLC GipperHomed # TagMotorstop
v OPCWnteVarAsyn # PLC_CamerRingHomed ' PLC.?HDDC"‘OFUM & TagMotorTum
v Rmv;vevOf'jyr\ana-ch # PLC_CamerRingReady @ PLC_GnpperReady # Telegramin
¢ setSyncTimer # PLC CamerRingSpeed # PLC GnpperSpeed o Tele\-:ramOu!
= Geschachtelte Typen # PLC CamerRingTum # WordToDistanceConst A Tum%"“e
# WordToAngleConst # WordToSpeedConst ]
OPCConnError ¥ # WordToSpeedConst 8 Methoden Stk
o AOtor 1
i R, # ValMotorAngle
v close & VaMotorSpeed
= ¢ CoreRing 2 convertDoubleToWord # VaiMotorStart
OPCVariable ¥ 4% convertDoubleToWord ® tWordToDoubl # VaMotorStop
strut ¥ convertWordToDouble o cor;ve b 2 o v M % .T
v ti P, #MotorTum
v getAngle 9 os: " °
s = o getStatus ¢ gzeLSta\us = Methoden
o v home v Onpper ¢ ~ModbusServo
@ isHomed © home @ isServoConnected
¢ isReady @ isClosed ¢ ModousServo
¢ isTumingleft © isHomed v readServoBuffer
© isTumingRight ¢ i1sOpen ¢ ServoConnect
v moveMultiSpace (+ 1 Uberladung) v isReady v setServoParam
@ moveOneSpace (+ 1 Uberladung) © moveTo (+ 1 Uberdadung) v setServoSpeed
¥ moveTo (+ 2 Uberladungen) ¢ open ¢ setServoTelegram
v setlent
4 4 = Geschachtelte Typen ¢ TumServoContinous
setRight Y,
o © TumServoleft
Geschachtelte Typen gripper status ¢ TumServoRight
Enum
carrierring_status
Enum

Figure 5.25: Child members of BraidingMachine class

This classes together form the super class BraidingMachine that inherits all the methods from
those and allows an easy to use interface that can be reused by the portable application by just

eliminating the methods that the developer doesn’t want to make available.

From this, a graphical user interface was made for testing purposes, which are to get the
process time, the process sequence and detect possible failures on the application.

Other features are planned for the desktop application such as a database that stores the ID and
status for each tread inside the process, the runtime and various parameters.

Then, after the requirements of the desktop application are stated, the Braidingmachine class
can be extended to manage them, however, those extensions are not covered by this work. An

overview of the class and desktop interface is given on figure 5.26.
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 BraidingMachineITMA
Class

+ Qobject

= Felder

BraidingMotor
BraidsCarmier
LeftAnalogSensor
LeftGnpper
LeftReader
OPC_CQlient
PLC_Dewce
RefreshTime
RighReader
RightAnalogSensor
RightGripper
ethoden

v BraidClockWise

v BraidCounterClockWise
ChangeCarrier
MoveRing
SendAlarmToClient
StopBrading
TakeCamer

= Geschachtelte Typen

THRTHTHTTRTTN

=

Q9 OQ e

machine status
Enum

<«

i . ,
&7 ITMA Braiding Demo bl ). S
PLC Status Braid Ring Motor
Status: PLC Connected Status: Ring Halted
IP Address: 192.168.0.100
Current Angle: 15
[ Copoect ] [ Sacopnert ] Next Angle: 15
PLC Status: Chent is at RUN [ oot ] !
PLC Version: 6ES7 214-1AG40-0XB0 |
COM Link: DamRead/Writea([ Move Home ], i
Left Gripper Controls Right Gripper Controls |
Current Position: 10 Current Position: 10 |
Next Position: 10 Next Position: 10 |
[ Move To Position ] [ Move To Position ]
Status: Gripper Busy Status: Gripper Busy
[ pencpe || coearer | [openaerer || comearer |
Distance: 0.00 Distance: 5.25
Voltage: 0.02 Voltage: 5.93
Tag Present: 0.00 Tag Present: 0.00
Tag ID: Tag ID:

Figure 5.26: Braiding Machine class and minimal desktop interface

Currently in development is the full desktop interface with the database, the final methods for
changing carriers and the optimization algorithm. The desktop application is still in development
as the scholar period of the project ends, regardless, the current state of the development can

be seen on the following figure 5.27.

| st i
vanindon | setings | sutstcs | Dagrostes |
Tnsert New Item Machne Status.
Thread Selection On
Thread 1 Thread 2 Theead 3 Thread 4 Thread § Thread 6 Theead 7 Thread 8 .
Colkor Color Color Color Color Color Color Color . off
Red Ble Green Red Bue Green e S Red
Carrier ID Carrier ID Carmier ID Carer ID Camer 1D Carrier ID Carrier 10 Carrier 10
000001 < 000002 000003 000004 < 000005 000006 < 000007 200003 Comenand kst
Remainng Remanng Remainng Remanng Remainng Remanng Remanng Remarng Action Parameter
0% 100% a% 100% 1W00% % 100% a% 1
Propertes 2
Lenght: an. Prioeity: Descripbon: 3
[ creme [ cew | 4
Mactine Controls
Order Queve
Timestamp D Pricrty Owner Description
o4 Ric T f [
1 154305 001 1 icardo Ramirez  Test of queve [ = ‘
2 160127 002 1 Ricardo Ramirez  Test of queue
3 003 1 Ricardo Ramirez  This is a test .
—_
4 004 2 Ricardo Ramirez  Testfor the app... [ pase |
— r
[Move ftem down) [Move om0 [ oelete tem |

Status Message:

E|
| Current operaton:

MNext cperaton:

Figure 5.27:

Desktop application braiding machine
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5.4.3 Client application development

The client application was designed to run in Android devices, and the development of the
application was made simultaneously with the desktop and PLC application by the development
team. An overview of the development of the android app so far is shown in the following figure

o
)
©

username

Email address:
erik@brunnerby.com
Length: 51 cm

Start time: 12:12:21
End time: 12:13:21

EDIT

Length of bracelet: 37 cm
Add Pattern

Email Address:

erik@brunnerby.com

) Delete

Bobbin id:14
i Color: Red
Material left: 10000 cm
Position: 5
Loop: One

Figure 5.28 Android application design
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Chapter VI: Results.

In this chapter the results obtained at the end of the work are going to be compared with the
previously achievable set goals. It is important to remark that the goals were being continuously
changed through the development, due to unseen obstacles or new ideas that were found on
the way. So the summarized goal pretended is to reduce the time for changing the threads
because of the help of the automation and to be able to work with the machine on the cloud.

6.1 Thread change time and performance.

The implementation of the machine isn’t yet finished, however, with the current development
state the measure of an approximate time needed for the changing the final product can be
calculated, the braid, as long as the dynamic properties of the grippers are given and can be
even tested and the developed optimization algorithm, then, the only parameter that is missing is
the amount of braid per minute.

The dynamic parameters for the machine are given on the following table 6.1.

Gripper.

Maximum speed: 50 mm/s Acceleration time: 0.25 s
Minimum speed: 5 mm/s Deceleration time: 0.25 s
Carrier Ring.

Maximum speed: 35 °/s Acceleration time: 1.5 s
Minimum speed: 10°/s Deceleration time: 1.5 s

Table 19: Dynamic parameters of the braiding machine

With this parameters the average time to change any given carrier depends only on the carrier
ring movement since the gripper time is already fixed. Movement whose characteristics are also
known and therefore can be calculated in an approximated manner. The following table 6.2
gives an example of the approximated times needed for the changing procedures of any single
carrier.

Gripper Action. Time needed.

Check ID carrier on ring 3.5s.

Check ID carrier on machine 45s.

Grip carrier. 0.2 s. (Gripper works at full voltage)
Carrier Ring Action. Time needed.

Move to next carrier space. (18°) 1.2s.

Move to opposite carrier.(180°) 48s.

Table 20: Action performing time

The average amount of movements needed to change from one state to another is shown on
table 6.3.
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Actions. Amount.
Carrier changes. 5
Check ID carrier on ring 8
Check ID carrier on machine 16

Table 21: Average actions per change of state
Then the average time can be calculated as:
Change state time = (1.2+3.5) * 16 + 8% (1 +4.5) =97.2s
Equation 13

However, the optimization algorithm can have a strong impact on the change state time since
usual patterns only need 3 ~ 4 thread changes. Then the time will be reduced in 20% on
average.

6.2 Machine assembly and operation.

Simultaneously with the development of the applications, the installation of the electrical
components was made, only one adjustment to the original footprint was made because the
inrush current needed to magnetize the transformer was too high, then, a new smaller
transformer was installed in order to avoid the inrush current problem.

As it can be seen in the image, the electrical installation for the control cabinet has the intended
PLC, sensors and controllers.

M‘)W«

oy (i

= b
N EELRY
/7 -t fo

Figure 6.1 Control cabinet installation
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Then as is shown in the next image, the stepper motor for the ring is installed in the braiding
machine plate. Also the ring is installed in a concentric relation with the braiding machine to
allow the correct operation.

Figure 6.2 Stepper motor and carrier ring installation.

After the installation of the ring and the stepper motor, the grippers had to be installed in a
specific way to allow the correct operation to change the threads.

Figure 6.3 Parallel gripper installation.
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Each gripper has a RFID sensor on top that allows to know which thread ID is currently in front
of it.

e

A

Figure 6.4 Gripper RFID Antenna setup.

The setup allows for the whole system to be adjusted in case of being necessary, in the next
picture the gripping step is shown.

Figure 6.5 Gripping step.

After adjusting the gripper setup, the fixtures for the carriers are installed. The fixture consist in a
piece of aluminum and a POM (Polyoxymethylene), these two parts slide onto each other to
allow for the carrier to be inserted whether in the machine or the ring. The next figure 6.6 shows
the geometry of this fixture.
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Figure 6.6 Carrier fixture.

The main feature for the fixture is that it's easily modifiable and the materials offer a good
lifespan therefore, the replacement of one piece due to wear isn’t a factor to take in account
within the normal operation of the machine.

The gripping mode has shown that a new feature has to be added to the POM element since the
gripping grove allows rotation on the carrier and that can lead to operational problems. Then a
modified POM element was designed and manufactured.

Then the installation for the fixtures in the machine is made as shown in picture 6.7, the thread
state can be configured with at least 4 threads.
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Figure 6.7 Braiding machine basic setup.

There are two remaining installations that have to be made in order to complete the machine,
one being the servomotor that powers the mechanism and the pulley that takes the finished
braid from the machine.
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Chapter VII: Conclusions

The aim of modern production systems is to increase their efficiency as much as possible; that
means that it is expected to obtain the largest probable output with the minimum input possible.
Nevertheless, in recent times it is important to possess the ability to react promptly to the
needed changes in the production in order to react correctly to the market’'s launch speediness

of new products producing a continuous reduction of the products lifespan.

The capability of joining materials with different characteristics in order to obtain better adapted
products for specific tasks has been an ongoing research topic for the industrial sector. Braiding,
an ancient technology, has been gaining importance to different sectors i.e. medical, aerospace,
automotive engineering, etc. during the last decades because it provides those technological
needs. Therefore, it is essential to continuously seek for improvements to this manufacturing
technology in order to produce better quality products and avoid the slow-down process of

developing such innovations.

The idea of developing innovative products should be accompanied by the development of
innovative production systems. “Industry 4.0” is a new philosophy that gives the opportunity to
the industrial sector to transform the way things are produced with an innovative system which

makes the production more effective and flexible.

Industry 4.0’s goal is to modernize the actual production systems and to improve their
productivity and flexibility. Braiding is a manufacturing process that represents a potential
candidate for this kind of industrial revolution; it can be sensibly improved by the adding of the
new philosophy of the Industry 4.0. The optimization of the most time-consuming processes and
the increase of this type of technology connectivity with an economic approach are the main

focus of this new technology; of course without compromising the quality of the final products.

It can be concluded that it was a clever decision to follow a project development guidance; in this
case the VDI 2206 guidance was used during this project’'s improvement because of its tactics,
which are based on a structured way of developing projects that involve different disciplines and

to keep the attention focus because when a great number of possibilities is open the important
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objectives of the project can be easily lost and a lot of time can be wasted majorly on looking for
solutions that are actually not important for the project’'s means. It can now be said that this
guidance, which is related to the adaptation of mechatronic setups to already working systems,
provided a structured way of thinking and an organized working path to be followed by all the
parts implicated in the project; and at the end this made an easier linking of the different

disciplines involved.

The results represent a big step forward in the optimization of this kind of manufacturing
technology besides from the automation, which sensibly reduces the process idle times and the
need of man power in a production facility, the possibility of networking many similar machines
and even further, being able to control the network from the cloud because of the working
principle under it was designed, the Industry 4.0, the scope of this development is largely
extended. As said before, it is important to maintain an ongoing research process to find new
developments in any type of technology, especially if the aim is to stay competitive in a fast-

changing sector; therefore some space to future improvements was left.

Some improvements have already been thought as potential changes for the following steps, like
the incorporation of another RFID antenna for writing any new information wanted on either the
tools or the products, which will allow an easier handling of the tool's maintenance. Another
potential improvement is to opt for an automatic logistics system, among many others. In
addition to those improvements the idea of aggregating an extra mechatronic system for cutting
the final braids produced at the end of the setup could be useful in addition to an individual
packaging system.

It can be concluded that for the development of technology based on the integration of new
technologies it is vital to have a path to follow and stick to it at all times; it must be either
designed or adopted because the lack of it can lead to time waste and therefore extra costs for

the project.
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Appendix

Due to the nature of the appendixes, they are enclosed within a DVD on the back cover of the
thesis, and they are organized as follows:

Appendix 1: Complete electrical schematics. Within the folder “Electrical Schematics”

Appendix 2: Datasheets for the electrical components used in the project. Within the folder

“Product documentation”

Appendix 3: Detailed and full sized use case diagrams, class structure and flowcharts for the
software. Within the folder “Software planning”.

Appendix 4: Source code for the PLC as TIA portal V13 SP1 project with dependencies, server

interface and Braiding machine class. Within the folder “Software development”
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