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RESUMO

A busca pela otimização na utilização de recursos, nos métodos de processo e por alter-
nativas mais rentáveis ocasiona a necessidade de a indústria estar sempre investindo
em alternativas para soluções já presentes no mercado. Recentemente, houve um
rápido aumento no interesse pela área de manufatura aditiva. Dentro das alternati-
vas estabelecidas para esta área, encontra-se a deposição de metal por laser. Nesta
técnica, cria-se um banho de fusão no componente no qual o metal é aplicado continu-
amente e assim derretido. Este metal pode ser aplicado em forma de pó ou na forma
de arame. Devido a vantagens técnicas oferecidas pela deposição por arame, este
trabalho abordará o estudo de uma técnica para tornar este processo mais estável.
Utilizando as forças entre o arame e a camada depositada, um controle em malha
fechada é aplicado ao processo. Para isso, a posição da ferramenta de deposição é
utilizada como variável de controle. Ainda, duas formas de utilizar as forças são estu-
dadas. Além do mais, a indústria tem feitos grandes investimento na área de big data.
Devido à facilidade em aquisição e armazenamento de grandes volumes de dados, um
grande esforço para criação de grandes bancos de dados sobre processos industriais
está sendo realizado. Para isso, neste trabalho, um banco de dados não relacional
para coletar as informações durante as deposições foi gerado. Ferramentas para pré-
processamento destes dados antes de serem armazenados, visualização e análise
dos mesmo foram desenvolvidas. Por fim, utilizando estas informações, a identificação
do sistema para controle foi realizada.

Palavras-chave: Manufatura aditiva, Deposição de metais a laser, Indústria 4.0 ,Sis-
temas de controle



ABSTRACT

The industry is always investing in research to find alternatives for optimizing the use
of its resources, process methods and reach more profitable products. Recently, there
has been a rapid increase in interest in the area of additive manufacturing. Laser metal
deposition is among the alternatives being research for this area. In this technique, a
melt pool is created by a laser in the component in which the metal is continuously
applied and melted. This metal can be added in powder or wire form. Due to the
technical advantages offered by wire deposition (LMD-W), this work will approach the
study of a technique to make LMD-W a more stable process. By using the measured
force as the controlled variable, a position control is performed during the deposition.
For that, the control action is applied to the height of the deposition tool. Also, two
methods of using the force to regulate this process are studied. Furthermore, the
industry has made great investments in the area of big data. Due to the current capacity
of acquisition and storage of large volumes of data, a great effort is being made to create
large databases on industrial processes. A non relational database was developed in
this project for storing the information acquired during the deposition. Tools to process,
visualize and analyze these data were developed during this work. In addition, this data
is used for identifying the system model for controlling the process.

Keywords: Additive manufacturing, Laser metal deposition, Industry 4.0, Feedback
control systems
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1 INTRODUCTION

In this chapter, the concepts used during this project are presented. The first

section presents an introduction to the area of additive manufacturing. Afterwards, the

institute where this work was developed is presented. In the end, the methodology and

goals to achieve during the project and its correlation with the Control and Automation

Engineering Course are presented.

1.1 ADDITIVE MANUFACTURING

Additive Manufacturing processes, also known as generative manufacturing, are

all manufacturing processes that joins materials, preferably in a layer by layer method,

for creating a piece, while being supervised by a computer as defined by Gebhardt

(2013).

Comparing to traditional manufacturing technology, Lu, Li, and Tian (2015) define

Additive Manufacturing (AM) as the process which the mass change of the part is posi-

tive ∆m > 0 . In contrast, the part mass decreases during the subtractive manufacturing

process.

3D Printing, another term for this process, resembles biological processes by

creating products layer-by-layer. This method offers an advantage from traditional sub-

tractive methods for producing less waste of material. Besides the economical benefit of

decreasing the volume of material spent, Gebler, Schoot Uiterkamp, and Visser (2014)

also indicates AM as a more sustainable option as it can reduce the environment impact

of the business.

This is one of the reasons that inventions and creations in 3D printing are be-

coming more and more prevalent. Despite the fact that this process is relatively new,

the first prototype of a stereolithography machine was developed in 1986 by Chuck Hull

as described by Printing)" (2014). Lu, Li, and Tian (2015) says its potential is already

impacting traditional processes as the machining, that emerged more than 300 years

ago.

One year later from its first prototype, 3D Systems, a company also owned by

Chuck Hull, developed the first commercially available AM machine in the world. Using

a laser, Stereolithography (SL) solidified thin layers of ultraviolet (UV) light-sensitive

liquid polymer.

In 1992, Selective Laser Sintering (SLS) 3D Printing were made available by the

company DTM. This technology was developed during the same time as SL as outlined

by Wong and Hernandez (2012). SLS also uses laser as the Power source, yet, it uses

powdered material for creating the solid structure by sinterization. This company was

later acquired by 3D Systems.

These two are examples of the first AM technologies developed during the 1980s.
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This project is developed in the group of laser materials processing. Under the

leadership of Dipl.-Ing. Jan Riepe, different industrial solutions using laser as the energy

source are studied by this team. For example, the solutions can be focused on treating

surfaces, looking to attend the today’s market requirement of designing components

with sufficiently stress-resistant subsurface areas, through laser hardening.

Other technique studied in this division is the laser structuring of geometrically

complex components with short-pulse and ultra-short pulse lasers. Known as Laser

Ablation, one of its advantage is the highly flexible functionalization of surfaces with

nano- and microstructures.

Also, with the supervision of Dipl. -Ing. Jan Riepe, one of the group applications

is Laser Metal Deposition. As covered on the next chapter, this process has many uses

as for different tools modification and repair, and also for building complex and structural

components.

One of the products of the laser materials processing is the LMD-W-20-L. This

module for wire deposition welding was projected for easily integrated within existing

process chains, handling systems or machine tools. Also using wire as material for the

laser deposition, Alzmetall is the machine used during this project. By integrating an

optical laser spindle into a 5-axis milling machine, this setup offers also an alternative

for laser surface treatment.

1.3 GOALS AND METHODOLOGY

The main goal of this project is the development of a first framework for creating a

force control for Laser Metal Deposition with Wire (LMD-W). By developing a framework

for this system, all the tools necessary for acquiring information, visualizing it and

regulating the force during the deposition are developed.

Using a Single Input - Single Output (SISO) control, two variables are directly

used in this project. The Force between the wire and the bead is the controlled variable.

This variable should follow a certain reference defined by the user. The distance be-

tween the laser beam and the substrate in the Z-direction is manipulated for reaching

this goal. This closed loop is reached by implementing several sub-projects.

First, a database is implemented where all the interest parameters involved

in the process are stored. This database will be populated using data of sensors,

actuators and user preferences. These values are acquired by open loop tests initially.

For processing and storing this data, a software is developed.

After evaluating these open loop values, a first control approach is defined for

creating a closed loop Proportional integral (PI) control. In this PI, the position of the

processing head to the substrate material will be defined as the controller output. For

calculating the control action and communicating to the CNC, another program is de-

veloped. Also, the G-Code necessary for reading the input to the deposition tool is
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developed. For evaluating this method in real time, live dashboards will be created for

displaying the current process state.

The methodology established to reach the project goal consists of the following

main steps:

1. Development of a middleware that acquires signals from sensors and actuators

and saves to a database:

a) Acquiring Signals from sensors, processing and converting them to the

database format using C#;

b) Define communication with a MongoDB server.

2. Development of real time dashboards for real time process monitoring:

a) Communication with MongoDB to extract data;

b) Development and deployment of web dashboards using HTML, JS and CSS.

3. Programs for closing the loop with the CNC

a) Labview program for selecting how the input to the CNC is defined;

b) G-code for reading and inserting the LabVIEW input into the process

4. Open loop tests to populate the database:

a) Defining interest parameters to execute step tests;

b) Generating G code for executing the process.

c) Studying the effects of the parameters of the process in the measured force

5. Development and testing of a first force control method:

a) Cleaning the data in Jupyter notebook to identify the system

b) Using Matlab toolbox for proposing four models to the system based in two

variables: Resultant Force or Z-Force

c) Tuning the control parameters.

d) Applying the control in the G-Code

6. Result Analysis:

a) Comparing the performance of both variable studied.

b) Evaluating the benefit on process by comparing process results with and

without force control applied.
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1.4 CORRELATION WITH THE CONTROL AND AUTOMATION ENGINEERING COURSE

The control and automation course is focused in three major areas: Process Con-

trol; Industry Computing; Manufacturing Automation. Despite this work being focused

on the development of a control, therefore, its major focus will be on this area, the other

fields are also going to impact during at least one phase of the project.

The first area used will be industrial computing. During the five-year-long course,

the control and automation student develops a strong background in different program-

ming languages. This also will be used for implementing a digital controller, presented

in different semesters of the formal curriculum of this undergraduate course. Moreover,

all the data acquired during the process will be dealt using a database and it is expected

to be the source of algorithms to identify this system’s dynamic.

Also, the CNC coding knowledge provided by disciplines in Manufacturing Au-

tomation will be necessary as the current machine is controlled by G-Code. Additionally,

the current problem requires an operator to manipulate the desired position of the laser

in the process. This solution will replace this need, making the operator able to focus

other tasks that influence in the final piece quality.

Ultimately, as mentioned this project main focused is to offer a control solution

to this process. Thus, many topics of this field will be indispensable on the progress of

this work. In special, the need for identifying the system dynamics, a required step to

develop a model based control.
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2 TOOLS AND METHODS

In this chapter, the area of production where this project is being developed is

presented. First, the LMD process is introduced. A comparison between the process

using wire and using powder as material is made by exposing in which area they are

more applicable, their advantages and limitations. Also, big data terms used by this

project are presented. At the end, the control and tools used during this project are

discussed.

2.1 LASER METAL DEPOSITION

Stefan Kaierle et al. (2012) describes powder and wire as the most common

technologies used for laser deposition. As this project works with LMD-W, only a brief

description for Laser Metal Deposition with Powder (LMD-P) and its differences for the

process made by wire will be presented before moving the focus to the main process.

2.1.1 Laser Metal Deposition with Powder

Using the same energy source, the difference in the production of the part during

this process is the material. By selecting a powdered material for manufacturing, it also

creates the possibility of a different machine design.

While the LMD-W only can be achieved through a lateral nozzle feeding the wire,

the LMD-P can be achieved using this construction, but also, the powder deposition

can use a coaxial powder nozzle, as observed in Figure 4. In contrast to the present

setup, that only uses powder, this process can also be combined with a wire feeder.

When using only powder, the process starts by creating a melt pool by heating

the part up using a laser beam. At the same instant, powder is introduced to the melt

pool by the nozzle combining with the base material to form a new layer. Several layers

can be combined to increase the total height of the object, as each new layer has

between 0.3mm and 2mm depending on the chosen parameters as cited by K. Löffler

(2013)

Its material high cost and the possibility of the operator developing health issues

due the powder toxicity can be one of the disadvantages that choosing this material

creates. In addition to the price of the usual used powder components, Mahamood et al.

(2013) indicates that this process does not offer a high efficiency deposition, leading to

the necessity of studies to take advantage of the unused material.

On the other hand, the powder-based LMD produces a very stable process,

creating an advantage in comparison with its wired-based alternative. Brueckner et al.

(2017) cites the absence of problem in the contact between the melt pool and the

material being fed to the produced part as one of the reasons that this option offers
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loop control.

Other relations can be obtained involving the laser power. A closed-loop control

for the width of the produced bead was already developed by Almir Heralić, Anna-Karin

Christiansson, Kjell Hurtig, et al. (2008) based on an approximately linear correlation

between this actuating variable and the width on the bead produced.

The search for making the wired-based process to reach the powder-based

stability state increases based on its advantages offered compared to its equivalent.

The use of wire offers a better efficiency of material usage, where it can reach almost

0% of material waste.

This better performance also reflects in other enhancements as in higher deposi-

tion rates, where the powder-based technologies can reach only 10g/min, while its peer

can reach 330g/min as discussed by Ding et al. (2015). This allows for the economical

production of larger geometries with moderate complexity.

Adding to a better work environment, due the decrease in health problems to

the operators, and the economic advantage offered, due the low costs of the material

and higher efficiency, there are also studies presenting the evidence of a better result

in metallography analysis.

By studying the material properties of parts produced by both wired- and powder-

based processes, Waheed Ul Haq Syed and Lin Li (2005) concludes that micro-structures

from these different materials are similar, however more porosity is found in the powder-

fed deposited parts. In the macroscopic side, wire-based techniques gives better sur-

face finish, making it also more suitable to use for large structures with moderate

complexity.

These benefits encourage the research for making LMD-W as stable as the

LMD-P, making it a more complete solution. The difficulty in developing an appropriate

instrumentation for online monitoring concomitantly with the short knowledge of the

full effect of variables in this process dynamics can be noted as reasons for the slow

advancement on that regard.

As an alternative for online measurement, Almir Heralić, Anna-Karin Christians-

son, Mattias Ottosson, et al. (2010) has used post-process evaluation for increasing

the quality of the final part. This alternative is efficient specially for the bead height, as

the monitoring of this variable during the deposition is really challenging due to the high

brightness of the molten metal.

A layer-to-layer control is applied using this technique. One method is using a

3D camera to inspect the height of the layer, while calculating the deviation on the

reference, for correcting this error on the next layer. By repeating this process for

building higher parts, Almir Heralić, Anna-Karin Christiansson, Mattias Ottosson, et al.

(2010) integrates an iterative learning control algorithm for regulating this variable.

Hagqvist, Heralić, et al. (2015) cites the definition of an optimal distance between
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the wire feeder and the bead a common problem during the LMD-W process. If the

distance is too high, there is a weak link between the material and the bead resulting in

a droplet as in the middle representation of the Figure 7.

Figure 7 – Possible cases where the distance affects the quality of the product

Source: Original

Also, as the right representation of the Figure 7 shows, if the distance is too low,

the wire can bend through the weld pool. This leads to lack-of-fusion defects in the

deposited material. On the left side of the Figure 7, an ideal case is shown, where the

ideal distance ideal is kept through the deposition resulting in good beads.

2.2 BIG DATA

Big data is a term which describes large volume of diverse, complex and fast-

changing data, derived from various sources. According to Gantz J (2011), in 2011,

the overall created and copied data volume in the world was 1.8ZB (≈ 1021B), which

increased by nearly nine times within five years.

This rapid increase in data production, powered by technological advances,

which provide transformation in many equipment as sensors, machines and IT sys-

tems. This transformation allowed the connection of all this equipment along the value

chain beyond a single enterprise. These connected system, interacting with each other,

analyzing data to predict failure and adapting to changes in the process is the goal of

the industry 4.0.

Also called fourth industry revolution, industry 4.0 is the trend towards automation

and data exchange in manufacturing technologies and processes which include cyber-

physical systems (CPS), the internet of things (IoT) and artificial intelligence. In this
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context, the collection and comprehensive evaluation of data from many sources will

become standard to support real-time decision-making.

2.2.1 Database

For organizing this vast volume of data flow, a database is used for collecting

the information and storing on a cloud or in a local computer. The management of

a database system can be divided according to the models that they support. Rela-

tional database organizes data into tables. These tables can be linked into each other,

allowing the user to create an entirely new table from data in one or more tables.

Non relational database are not constructed using tables. Instead, they are called

document-oriented. This document allows multiple categories of data to be stored in

one entry. Thus, describing an online store system, instead of constructing two tables,

one for storing all their customers and another for storing each order, this document

can store the information from a single client and respectively have a subcategory with

his orders.

MongoDB

MongoDB is a cross-platform document-oriented database program. Classified

as a NoSQL database program, MongoDB uses JSON-like documents with schema.

By using this type of document, this software allows easy integration between multiple

stages of this program. JSON allows an integration with C# used by the software devel-

oped for acquiring the data and by ASP.NET, for retrieving the data to the dashboard.

Also, python can easily manipulate this type of data.

2.2.2 Data Science

Data science is the area of study that combines programming skills, and knowl-

edge of mathematics and statistics to extract meaningful insights from large amount of

data. There are multiple steps inside a data science project until reaching a model to

apply machine learning algorithms to it. In this project, three areas of data science are

used:

• Data Collection: Using MongoDB to store the collected data in a document-

oriented platform;

• Data Processing: Using C# to pre-process the data and transform in the MongoDB

format and also by python and ASP.Net for post-processing the data for the next

step;
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the desired coefficients of the system, the gains of the controller can be defined. Finally,

the settling time Ts can be calculated by the following equation:

Ts =
4

ζωn
. (11)

2.4 SOFTWARES

In this section, some tools used during this project are described and the reason

for choosing them is also presented.

2.4.1 Jupyter Notebook

Jupyter Notebook is a web-based interactive computational environment for cre-

ating Jupyter notebook documents as presented by (TEAM, 2019). This open-source

solution born out of the IPython Project in 2014 in the direction of supporting interactive

data science and scientific computing beyond multiple programming languages.

This platform allows the user to weave together computational information (code,

data, statistics) with narrative, multimedia, and graphs. This can help to generate a

better understanding of the work flow when reviewing it on the future. The tool is

mentioned in this document when describing the stages of retrieving information from

the data base, cleaning it and preparing it to be use it in other platforms.

2.4.2 MATLAB

MATLAB numerical computing environment and proprietary programming lan-

guage developed by MathWorks. This software allows matrix manipulations, implemen-

tation of algorithms, plotting data and is largely used in the control field as discussed

by (MATHWORKS, 2017).

Providing an accessible platform for manipulating signal data and offering many

toolboxes especially for control problems, MATLAB has been used during all stages of

the control implementation. In particular, these three environments:

• System Identification: Application for building mathematical models of dynamic

systems from measured data.

• Sisotool: Application for designing single-input, single-output (SISO) controllers

for feedback systems.

• Simulink: Application for modeling, simulating and analyzing multidomain dynami-

cal systems.
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2.4.3 LabVIEW

LabVIEW is a software development environment and language created by Na-

tional Instruments. (NATIONAL INSTRUMENTS CORPORATION, 2013) defines its

main difference as offering graphs programming, in other words, it uses graphical

diagrams rather than lines of text. This solution makes LabVIEW more intuitive for

engineers and excellent for parallel programming.

The option for LabVIEW is its efficiency and integrating any measurement hard-

ware and its library specialized in data acquisition and instrument control. Also, the

FPGA offered by National Instruments (NI) provides the possibility of sending signal,

thus, the possibility of closing the loop of the system.

Each VI has 3 components: a front panel, a block diagram, and a connector

pane. The front panel is where the user can interact with the program, by setting values

or monitoring indicators of the current state. The block diagram is where the program

can connect the terminals to determine the data flow inside the program.
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4.1 DATA ACQUISITION

In this section, the necessary hardware for acquiring the data is presented. Af-

terward, the functionalities of the developed software is also presented. At the end, how

the data is saved in the constructed database and the web dashboard is described.

4.1.1 Hardware

The applied actuators on this process are presented on the next section. The

signals applied and read from the metal deposition are going to be stored in a database

for further analysis. This approach is in unison with the Industry 4.0 presented on

previous section.

By storing and analyzing data tests, the knowledge of its behavior increases. For

this project, this data will be used for identifying the force dynamics. For acquiring all

this information, two instruments are used.

First, the data is fed for two vBox. This DAQ device, seen on the left of the

Figure 21 can synchronize position data and digital and analog inputs from multiple

different sources. Disposing of four encoder inputs, it offers the possibility of acquiring

the position from the deposition tool directly from the control unit.

Figure 21 – A vBox is seen on the left while the necessary communication card is
presented on the right

Source: Original

Still, the Alzmetall is a 5-axis machine requiring one more encoder input. For that

reason, one more system is used on this implementation. Developed by Fraunhofer IPT,

this product can be connected to a computer using an ethernet cable. For completing

this setup, a communication card is installed on the used industrial PC.

The TL100 adapter, seen on Figure 21, connect the Tria-Link to the parallel

PCI bus of a PC offering the possibility of manipulating the signals by programming in

different systems. Using a ring network, this communication is closed by connecting

each device to exactly two other devices.
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the process thread.

In this part of the program, the volts read by the vBox are transformed into real

values. In Figure 22, the table shows the data before going through this process. After

the data is transformed to its units, new variables are derived from them. After this step,

the data is sent to the database.

The destiny for this processed data is a MongoDB collection. This database

organizes its information in base of documents. Thus, the data is transformed into a

JavaScript Object Notation (JSON) structure containing the information added by the

menu of the GUI. Two JSON structures are created: live data and archive data.

These structures are sent to the same database but for different collections. The

live data collection only contains one document each time, for that reason, when adding

the new JSON to it, the old document is deleted. This database is updated only each

500ms, period for updating the dashboard where this data is used. At the end, the

archive data is sent for its own collection without deleting its old content.

4.1.3 MongoDB

The database defined for this project uses a non-relational structure. From that,

the MongoDB does not need to be organized in the traditional tabular schema of rows

and columns. As discussed in the previous section, there are two collections necessary

for storing the data. These collections are defined in the Figure 24.

Besides using a UML class diagram to represent the database relationship,

the documents inside a collection must not have all the data in the same format. For

example, at the open loop studies stage of this project, setpoint was not relevant. This

was only added in the final documents.

However, this change affects only inside the data object represented in the

Figure 24. The structure from the collections is always the same. By maintaining this

format, this database has the flexibility of including more values in the documents, and

in addition, it keeps a known format helping when retrieving the data from the database.

The other collection in the Figure 24 is defined for storing the data of the usage

of the dashboard. However, this collection is not defined during this project. Also, there

is the representation for the data and the annotations documents. The last version of

the data object has twenty variables. So, only some variables used in this project are

defined in the Figure 24 for visualizing how they are stored.

4.1.4 Dashboard

Using this database, a web dashboard was developed for promptly visualization

of the data acquired. From the same configuration of the MongoDB, this dashboard can

use the data from the live collection or from the archive collection. In the Figure 25, the

page designed for the live data can be observed.
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The only difference between the open loop g code and the closed loop is during

the definition of the conditions to the tool positioning correction. For the closed loop tests,

the tool correction is defined by the value sent by the FPGA during all the deposition.

In contrast, on the open loop, the correction happens only at the middle at the bead,

assuring where the step signal will be generated. This is defined using the current

position variable AA_IW of the tool.

First, the initial conditions of the axis are defined. From this, the final size of the

bead can be determined. For having enough time for identifying where the force reading

accommodates, the length of the bead used is 100mm. After defining this values and

also defining the conditions for the tool correction, the machine is taken to its initial

place.

During the deposition, the G-code also controls the start of the laser, the gas

flow and the wire feeding. Thus, when the deposition starts, first the g code defines the

start of the gas flow, then after a small pause, the laser source is turned on and lastly

the feeding of the wire starts.

When finishing the deposition, the inverse action is necessary. So, first, the code

stops the wire feeding, in the sequence, it turns the laser off, and at the end, it closes

the gas valves. This sequence is the same for all the layers happening in the Deposition

block in the Figure 37.

After this block, the main loop continues until the maximum number of desired

layers is reached. When the current layer is smaller than this threshold, the offset of

∆zdt = 0.6mm is added to the Z-Axis and a new process starts.
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5 FORCE CONTROL

In this chapter, the steps necessary for closing the loop are presented. At the

first section, the identifying of the system is discussed. By using these models, on the

next section, the parameters of a PI control are calculated. At the end, the results are

discussed.

5.1 SYSTEM IDENTIFICATION

Two methods for identifying the system are proposed. As the only correction

applied to the tool is on the Z direction, a control using the Z-Force as a process variable

will be defined. Also, a control using the three-axis impact in the force is inspected to

see which one offers a better result.

5.1.1 Resultant Force

When starting an open loop test for the laser metal deposition, it is necessary

to define in which layer this will be done. As discussed, each layer presents a different

dynamics, suggesting the necessity for creating different transfer functions.

Nevertheless, a generalization for this dynamics will be presented as a first

study on the possibility of controlling this system. As discussed, the first layer presents

the most different dynamics from the deposition. For that reason, this is not the ideal

selection when creating a generalization for this system.

For being the first layer where the interaction of the deposition occurs in the same

material surface as the following layers, the second layer is for creating a generalization.

On the second layer, it is expected that the force does not suffer as much effect from

the deviations on the surface as the following layers.

Also, by studying the open loop responses, the third layer dynamic has similar

shapes than the following layers, despite the fact that the following layers have higher

forces. The effect of a step happening on the third layer is also considered.

By decreasing the deposition tool position value ∆zdt < 0 and registering these

readings in a database, the method used for verifying the dynamics of the system is

a black box method. As there is no phenomenological (physycal) basis to create the

model, the system will be defined using the two following models:

Fres =
Kp

τs +1
∗∆zdt (14)

and also:

Fres =
Kp

(τ1s +1)(τ2s +1)
∗∆zdt . (15)
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2ζωn = –517.85Kp +17.85. (29)

Using the equation Equation (26) and Equation (27), the natural frequency ωn

can be defined. The selected value for the proportional gain is Kp = –0.01. So, the

natural frequency is defined as following:

ωn >
–517.85∗–0.01+17.85

2
=

23
2

≈ 11.5; (30)

ωn
2 = –517.85Ki →Ki ≈ –0.25. (31)

Finally, the control equation is defined as:

Cres1(s) =
–0.01(s +25)

s
. (32)

By finding the roots from the denominator, the poles of the closed loop transfer

function are p1 = 13.25 and p2 = 9.8. The zero is not irrelevant in relation to these poles,

influencing the closed loop response. For that reason, the dynamics of this system was

investigated using the Sisotool toolbox.

5.2.2.2 Second Order

For the second order transfer function, the control was defined using the toolbox

Sisotool of Matlab. As the first control using this variable, the proportional gain Kp of

this equation also requires to have a low value. In the Figure 48, the tuning made in the

toolbox Sisotool can be observed.

By positioning the pole with a lower real value compared to the open loop poles

and defining a small K in the root locus, the closed loop have a response without

oscillation. The equation defined for this controller is:

Cres2(s) =
–0.03(s +503)

s
. (33)

This controller also guarantees a settling time inside the deposition total time.

For reaching a smaller settling time, the Kp does not follow the condition defined in

Equation (26). However, it is still under the condition Kp < 0.1, where the control does

not have an on-off behaviour.

However, this controller Cres2 has a slower reaction in following reference com-

pared to Cres1 . This can lead to deposition problems when applying the control into the

system.
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6 CONCLUSION AND OUTLOOK

This document described the activities developed as part of the final project work

for the automation and control engineering course from the University of Santa Catarina.

This activity’s goal is to provide the students an environment where they can put the

knowledge acquired along the course in more practical real scenarios.

Almost all the automation and control engineering course’s main areas have

been used to deal with this problem. In the first place, the programming background

obtained during the industrial informatics courses have been used to develop programs

in different stages of this project.

The first stage of this work was creating a database for the future tests to be

executed. For that purpose, a program was developed for acquiring, processing and

sending the data to the MongoDB. This established database helped the continuity

of this work and should be useful in next projects as a source of information in this

process.

Nonetheless, this collection of data is not useful if there is no easy access

for visualizing and studying it. Accordingly, a dashboard was developed providing the

possibility of live monitoring the process status or retrieving data from a specific time.

Also, a notebook jupyter for post processing the test data was also used along with the

database.

For closing this process loop, the instrumentation theory acquired through the

control and automation engineering course was used for communicating the FPGA with

the CNC responsible for controlling the deposition tool.

Programming and Automation theory were used respectively to develop the

labview program that sends the closing loop signal to the machine and to develop the

G Cde that process this signal into the deposition. This was the first limitation faced

during this work flow. The labview program would improve its performance if executed

inside a better platform.

All these stages were successfully developed with the main goal of implementing

a regulation in to the laser metal deposition with wire. Considering this objective, an

important step was acquiring knowledge about the technique. As discussed during this

document, a lot of factors can influence the final result of the LMD.

By studying these effects and getting familiar with the process, a better under-

standing of how to evaluate the produced beads and how to make its production more

stable. Although evaluating the quality of the piece was not included in this project

scope, this understanding helps to find a better tuning to the control.

From the obtained results in the control side of this project, the first analysis

needs to be on the identification of the system. LMD-W has a complex dynamics and

generalizing this into a single first or second order function certainly is not the ideal
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solution.

This generalization must be used for evaluating the possibility of using the re-

lationship of tool position offset and measured force to improve the performance of

this technique. By considering this objective, the selected methods for identifying the

system produced good results.

For investing in producing a model including the dynamics of more layers through

step tests a better working environment needs to be prepared. This would require a

greater control of variables outside this project for ensuring the reproducibility of the

obtained data.

For example, all the layers must have the same temperature before the depo-

sition to guarantee that this does not influence in the produced model. Nonetheless,

the obtained result must also be motivation for following other alternatives to model the

system and improve its performance.

A good control starts by reaching a good modeling of the system. Considering

the generalization method used for identifying the system, the first assumption is that

the control derived from it should produce good results but have certain limitations. The

result analysis shows that all controllers have benefits and limitations while using it.

A good control is also finding the best balance on these benefits and limitations.

As the results demonstrate, the regulations using z-force control have produced a good

outcome in the first layers. Many arguments can be used for explaining this result, for

example, the model was produced by doing tests in the first layers, so, its dynamics are

well covered.

In the following layers, where the control was not able of correcting the accumu-

lative errors, many actions can be taken. The performed analysis on the causes of the

error accumulation is a first step on mitigating this problem. By studying these causes, it

was possible to propose some alternatives to the control setup for decreasing its effect

in the final bead.

Some of these alternatives showed promising results, however, they all require

further tuning to reach their maximum effect. From the options to use as process vari-

able, the resultant force produced sufficient results, but the better control was reached

using the z-axis.

For the resultant force reaching a better result, an online identification of the

poles of the system can be applied. By correcting the values of the system in real-

time, the control can adapt for changes between layers due the different conditions, as

temperature. Also, this approach corrects the different dynamics caused by the change

in the wire feeder configuration.

For the z force, an online identification of the system also guarantees a better

performance. As this variable is also susceptible for changes between layers, this can

improve the performance in layers higher than six, where the system showed a decrease



Chapter 6. Conclusion and Outlook 73

in performance. As for this variable, the dynamics between beads showed a smaller

deviation, this approach would result in an increase of the performance, however this

improvement would not be as evident as for the resultant force.

A first step for this control is studying all the results saved in the database of

this project. Also, future studies can follow other alternatives, such as, implementing

a Multiple Input - Multiple Output (MIMO) system using all the force directions as

the process variable. Then, the correction can be done in all three directions of the

deposition tool. This can correct the problem of centrally feeding the wire into the melt

pool.

In the height control aspect, it is possible also to use different parameters to

implement a MIMO control. Studies using the laser power as control parameters have

already being developed, as this variable directly affect the amount of wire deposited.

Thus, this could be combined with the tool positioning for a future control.

In summary, this project reached a good result. The framework for acquiring,

processing data and using it to control the system was well-implemented and a suffi-

cient control was reached using it. Also, this opens the possibility of pursuing different

solutions now that the system to implement it is already tested.
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