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Abstract

In this thesis the objective is to optimize the control algorithms for the manual
pulsed Gas Metal Arc Welding (GMAW) process, with the aim of enhanciag th
quality of welded joints. To be able to develop controllers for the GMAW pssce

and also for enabling process simulation, a mathematical model describing the
GMAW process is developed. The mathematical model includes a description o
the electrical circuit, the drop dynamics, and the melting rate, and also, thé mode
includes criteria for drop detachments. Basically, the electrical circugistsof

the welding machine, the wires, the electrode, and the electrical arc. ©he dr

is modelled as a mass-spring-damper system influenced by a number oBéxter
forces. Of these external forces the electromagnetic force is the mostcsigt.

Due to the importance of the electromagnetic force, a thorough derivatithre of
electromagnetic force is included in the thesis. The melting rate of the consumable
electrode is modelled both from a statically (steady-state) point of view,rand f

a dynamically point of view. The static model is a simple equation describing the
melting rate, while the dynamic model is more complex.

The structure of GMAW control is discussed, and based on this discuagjen-

eral control structure is presented. This structure includes an arihleogtroller

and a metal transfer controller, and also, an inner loop controlling the vgeldin
current. The current is assumed to be controlled by a traditional Pleatiemir
and therefore, this inner control loop is not considered in the thesiarE¢ength
control, a nonlinear controller based on feedback linearization is peopeasd ro-
bustness and performance are considered. For metal transfer @anéoproach
based on obtaining a uniform drop size prior to pulse initiation is proposeid. T

is carried out by calculating the amount of melted electrode between thecurre
pulses during the welding process. The purpose of the uniform drepagiz
proach is to enhance the robustness of the drop detachment procaddition to

the arc length controller and the metal transfer controller, an arc length minimiza
tion algorithm is proposed for enhancing the ability to focus the arc, andtalso
minimize the heat input into the workpiece. Simulation programs for testing the
controllers and algorithms have been developed, and successful destbden
carried out.






Synopsis

Denne afhandling omhandler udvikling og optimering af reguleringsalgoritiner
regulering af manuel pulseret MIG/MAG svejsning (GMAW). Det ovedrade
formal er i den forbindelse at opna en bedre svejsekvalitet. For a vatand

til at udvikle regulatorer til MIG/IMAG processen, og endvidere for atrevde
stand til at simulere processen, er der blevet opstillet en matematisk model af
processen. Den matematiske model inkluderer en beskrivelse af datsiek
kredslgb, som processen udger, og endvidere inkluderer modedleadymamik,
smelterate, og kriterier for drabeafrivning. Grundleeggende besta@eldriske
kredslgb af svejsemaskinen, kabler, elektroden samt lysbuen. Deilbrand-
elleret som en masse-fieder-daemper system, som er pavirket af pelftekrAf
disse kraefter er den elektromagnetiske kraft dominerende, og af ded gr der

i afhandlingen inkluderet en grundig udledning af modellen for den elpidg-
netiske kraft. Smelteraten for elektroden er modelleret udfra bade erk sigtis
en dynamisk betragtning. Disse betragtninger resulterer i en simpel statikk,mo
samt en mere kompleks dynamisk model.

Strukturen af den samlede regulator til MIG/IMAG processen er undereggd
den forbindelse er der foreslaet en generel regultorstruktur. D&rleom en
kaskadekoblet struktur, som inkluderer en regulator til reguleringshiugleeng-
den, en regulator til handtering af drabeafrivning, samt en indre stgartator.
Den indre stramregulering kan handteres med en ordinaer Pl-regulatoforh
denne regulator ikke undersgges yderligere i athandlingen. Tileggg af lys-
buelzengden er der i afhandlingen foreslaet en ulineaer regulataebaselin-
earisering ved tilbagekobling, og endvidere er robusthed og ydeewterssgt
for denne regulator. Til regulering af drabeafrivning er der fidetser algoritme,
som baserer sig pa at opna en ensartet drabestgrrelse fer initiegimgaf. Dette
geres ved lgbende at beregne maengden af afsmeltet elektrode. Fonedlen
ensartet drabestgrrelse er at opna robusthed i afrivningspestesldover disse
regulatorer er der udviklet en algoritme til minimering af lysbuelsengden, idet e
sadan minimering giver god fokus af lysbuen samt minimerer den tilfarte varme til
svejseemnet. Til test af de forskellige regulatorer og algoritmer er deklatien
reekke simuleringsprogrammer, hvormed succesfulde efterprgvnirigeetaget.
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Introduction

Gas Metal Arc Welding (GMAW) is a process used for joining pieces of metal,
and probably, it is the most successful and widely used welding method istigdu
today. The quality of a weld is a key issue in welding, and in many cases a
weld must fulfill some specific quality requirements. However, it is very diffic

to handle or control the GMAW process for the welder (human operaaog,
therefore, it might not be possible to achieve the desired weld quality. Skothe

task of the welder, the internal machine control of the process can lzesdh
Such enhanced control of the process is the topic of this thesis.

1.1 Background and Motivation

Migatronic A/S is a company which develops and produces welding machines.
The company was established in 1970, and during the first year foumgetth-
chines were produced. Today the company produces and manusaatorend
25,000 welding machines each year. Many different types of welding imesh

are produced, and in general, high quality machines are produced areishited

for industry. In year 2000, Migatronic was developing a new inverterimacfor
GMAW welding (also called MIG/MAG welding). This machine was a major
leap forward for the company with respect to welding machine technolsdaa
sically, every part of the machine was based on new technology. Forpdeathe
machine included a completely new and faster inverter module. Also, a relative
powerful computer system was included in the machine, which was suppmse
control the welding process through the inverter module. Even thoughténve
technology and computers were used in older machines, the computaticn capa
bility was limited in those machines, and the control algorithms were based on
emulation of traditional transformer welding machines. To take advantage of th
powerful computational capability and the new inverter module, better daitro
gorithms were needed, but Migatronic did not know how to solve this problem.
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Therefore, in September 2000 a cooperation between Migatronic A/S epar®
ment of Control Engineering at Aalborg University was initiated. The eoafion
was initiated by the start of an Industrial Ph.D. project sponsored byd¢hdemy
of Technical Science (ATV, Akademiet for tekniske videnskaber) imark.
The results of this Ph.D. project are presented in this thesis.

1.2 Objective and Focus

Initially, it was decided that the project should aim on developing new and im-
proved control algorithms for the GMAW process, and during the prdjieetaim

and the focus of the work were specified in greater detail. It was detidedhe
focus should be on

e Manual (hand-held) welding.
e Pulsed GMAW.
e The process excluding the weld pool.

Manual welding was preferred over automated (robotic) welding, Bectwe
market for manual welding machines is much bigger than the market for welding
machines used for automated processes. Thus, Migatronic, as a machime ma
facturer, is much more interested in manual welding. However, this do@esasot

that the ideas presented in this thesis can only be applied to the manual welding
process, but rather, it means that certain control problems or spéoifisavill be
derived from that process. Also, it means that there is a limited numbensbse
available for controlling the process. Typically, when using an advaneatlal
GMAW machine, either pulsed GMAW or short arc GMAW are used. Howeve
to limit and specify the research area, it was chosen to focus on pulsé\GM
Pulsed GMAW was chosen over short arc welding, as it was considesgdes-
pecially, the pulsed GMAW process could be improved. Control of the wgldin
process can be split up into an inner loop in which the arc length and théetrans
of metal to the weld pool are controlled, and an outer loop in which the welld poo
is controlled. Normally, in manual welding the machine does only control the
inner system, while the welder (human operator) controls the outer loopisin th
work, focus is on the inner control loop, and thus, the weld pool is nasidered

in this thesis.

Based on the focus areas and the goal of improving welded joints, aallover
objective for the Ph.D. project can be formulated. The objective is stateein th
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following.

Objective: The objective is to optimize the control algorithms for the manual
pulsed GMAW welding process, with the aim of enhancing the quality of welded
joints.

In Chapter 5 the objective is discussed in further detail, and moreovemaer
of additional, but more specific, objectives are presented.

1.3 Overview of Previous and Related Work

Researching the GMAW process involves a large number of topics. Togiss

can be divided into control of the process, and investigation and modellitig of
physics characterizing the process. Yet again, the control areaeddinited into
control of the weld pool, and control of the arc and the electrode. Tirado

is concerned about the quality of the weld, which can be related to topics like
weld pool geometry, such as penetration, and also, the heating and cofolirey
workpiece plays a significant role for quality of the weld. A deep penefratio
means a large joining area of the metal edges to be joined, and the heating and
cooling rate is associated by the grain size in metal. Control of the arc and the
electrode can also be related to the quality of the weld, but more indirectly. This
area of research is concerned with control algorithms for electrode matiiog
detachment, and stabilization of arc length. In the area of analysis and mgdellin
of the GMAW process a variety of topics exists. Some topics are the electrode
melting rate, the electrical arc, the forces acting on the drop, and thesfactiag

in the weld pool. Also, research concerning the use of different welgasgps

has been carried out. The research is an ongoing process, and iretiss tret
another contribution is given.

Control of the total GMAW process can be separated into weld pool darib
drop and arc control. Weld pool control can be considered as an comgrol

loop, while drop and arc control can be considered as the inner loofs iSh
illustrated in Figure 1.1. In manual welding the outer loop handled by the welder
but for both automatic and manual welding the inner loop must be considered.
To achieve an overall high performance control system, able to prodatus

of high quality, both loops must be handled by high performance controliers
manual welding, the outer loop is the welder, and a high performance controlle
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can be considered as a skilled welder. In the literature, in spite of the impertan
of both loops, far most attention are devoted to the outer loop. Probablysthis
because most people working with welding have a manufacturing bacidréu
this thesis only the inner loop will be considered, and thus, control of thd we
pool will not be considered. In the rest of the thesis the inner loop wileberred

to as GMAW control, unless stated otherwise.

Outer Inner
con.trol control
settings settings
Outer Inner
control control
Outer Control | signals | nner Control | ignals GMAW
(weld pool) (arc and P
electrode) rocess

Measurements for
inner control

Measurements for
outer control

Figure 1.1: GMAW control can be divided into an inner control and

an outer control in a cascade coupled system. The outer control ad-
dresses the weld pool, while the inner control addresses the electrode
and the arc.

Typically, the GMAW process is divided into three modes of operation dipen
ing on the current. These modes are the short arc mode, the globular amode,
the spray mode, where pulsed GMAW can be considered as specialfcasay
mode. A more detailed division of the modes of operation can be found in [28,
Chapter 7]. For example, for even stronger currents, the process ¢éme stream-

ing mode. In this thesis focus is on the pulsed GMAW, and basically, two tasks
should, or must, be handled in pulsed GMAW. These are arc length cdatrol
alternatively, arc voltage control) and metal transfer control, where ttex Eso
applies to the ordinary spray mode GMAW. The most simple way to approach the
arc length control problem is to apply a constant voltage potential to thegsoc
Because of the relatively low voltage drop over the electrode compared &rd¢h
voltage, disturbances in the distance from the welding pistol to the workmpidice

not have a large effect on the arc length. In [8] and in several otbeksithis is re-
ferred to as a "self-regulating” behavior. For high performance angtlecontrol,

the constant voltage potential approach is not sufficient, and insteatergth
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feedback control is used. Such arc length control is presented isbexgks. In
[22] and in [45] the welding process is considered as a MIMO (multi-inpdtimu
output) system, which is controlled using two decoupled Pl-controllersfized
operating point. This approach is refined in [1] and [20] where linetizand
decoupling are handled using a feedback approach. The same epBased
in [13], but sliding mode control is included in the control system. In [48] an
in [10, Chapter 5] an adaptive control scheme is presented. In [3B]% a
robust linear arc controller is proposed in which system uncertainty ig take
account. Furthermore, in [30] arc length control is performed usinagyflagic
control. The second task which must be handled in pulsed GMAW is metat trans
fer control. Advanced methods for metal transfer control can be fouf2] and

in [56]. Weld pool control and other aspects of the GMAW process argioreed

in the survey paper [9], and also, in the book [10] in which a large nurober
references can found.

The control algorithms presented in this thesis are based on knowledge of th
process, that is, a model of the process. Important topics involves the grralt@)

the arc, the drop, the forces acting on the drop, drop detachment, thiecelec
circuit of the process, and the shielding gas used.

In GMAW the electrode is melted at some melting rate, and new electrode are
continuously supplied to the process. The melting rate of the process is nabdelle
in [29], [41], [38], [37], and [57]. In [35] heat transfer in thealr is considered,
which is important for a precise model of the melting rate. During welding an
electrical arc exists between the anode and the cathode, and a mod&idgscr
the arc voltage and the arc length is a important part of a total GMAW model. Typ
ically, a simple model describing the arc voltage as a function of the arc length
and the welding current is used, see for example [28, Chapter 6] pCHépter

2]. The simple model is not exact, and in fact, deriving a precise model @irthe

is very difficult. A description and investigation of the arc physics can bado

in [28, Chapter 5], [46], [40], [6], and [44]. As stated above arotimportant
topic is the liquid drop of melted metal at the tip of the electrode. During welding
the drop grows as melted metal are added to the drop, and at some poihtdetac
from the electrode. The shape and the growth of the drop are corsiidefs0],

[14], [41], [55], and [33]. In [32] and in [36], drop parametersdedrop detach-
ment are considered for pulsed GMAW. The drop is attached to the tip afadec

by the surface tension. It has been shown that such system can b#endge
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a mass-spring-damper system, see [2]. During welding a number of factes

on the drop, and among these forces the electromagnetic force is the most impo
tant. A model describing the electromagnetic force is derived in [5] and7j [2
and also, the electromagnetic force is considered in [25] and in [34].efvaw

and description of all significant forces can be found in [10, Chagdteartl the
forces in overhead welding are discussed in [47]. Another importg@casvith
respect to the drop is drop detachment. Drop detachment occurs wheurfidiee
tension is no longer able to keep the drop attached to the electrode. Basioally,
models exists for predicting drop detachments. The first model is baseaon th
surface tension and the axial forces acting on the drop, see [1]1],d86 [16].

The second model is based on instability of a liquid cylinder, see [3], 4] [28,
Chapter 3 and 7]. After a drop is detached from the electrode it is traedfeo

the weld pool, and the velocity of the drop affects the weld and the final quulity
the weld. The drop velocity is considered in [28, Chapter 7], [17], @34.[The

total metal transfer process, that is, drop growth and detachment, iglemts

in several of the papers already mentioned, but typically, the papars &otone
particular aspect. Another contribution to with respect to the total metal &ansf
process can be found in [51], in which metal transfer is evaluated usingnd
sional analysis. With respect to control and simulation it is important to have a
complete model, which includes all the different aspects of the processoRe

trol, at least, important topics like the the electrical circuit (current dynartiie)
melting rate, and the arc must be considered. The total model is considered in
[21], [11], [58], [23], [24], [42], and [59], where the instabilityith respect to

the "self-regulating” mechanism is investigated in [58]. Moreover, a mddel
scribing the electrical circuit can be found in these papers. Also, withertgo

the complete model data collection is important, see [15]. Other experiments and
modelling topics are presented in [51].

1.4 Contributions

The thesis contains a number of contributions which are summarized belon: Ma
ly, the contributions are in the area of GMAW control.

Dynamic Melting Rate Model : In general, for control of the GMAW process a
steady state melting rate model is used. In pulsed GMAW the melting rate changes
with the current pulses, but because of the melting rate dynamics, the meténg ra
goes through a transient phase for each change in current. Thisascminted
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for in the steady state model, and therefore, a dynamic melting rate model suitable
for control is derived. In spite of this, the model is hot used for GMAWitoal in

this thesis. Rather, it is considered as a stand-alone result, able to imprave c
algorithms relying on a melting rate model. Such improvement could be carried
out in future work.

Nonlinear Arc Length Controller : An arc length controller is an important
component in a control system for the GMAW process. In this thesis al nove
nonlinear feedback linearization arc length controller is presented.

Metal Transfer Controller : In pulsed GMAW current pulses are use for provid-
ing drop detachments. Thus, a pulse generation algorithm is needed aisl this
referred to as a metal transfer controller. In this thesis a novel agpfoametal
transfer control is presented. The approach is based on obtainiritperudrop
size prior to detachment.

Arc Length Minimization : In most GMAW applications it important to have

a small arc length. Normally, a small arc length is obtained by adjusting the
arc length reference off-line. In this thesis an on-line arc length minimization
algorithm is proposed.

Electromagnetic Force Derivations : An important aspect of the GMAW pro-
cess is the forces acting on the drop at the tip of the electrode. Normally, the
electromagnetic force is the most significant of these forces. An expnefes

the electromagnetic force can easily be retrieved from the literature. Howev

has been difficult to identify under which conditions the expression is vaifid,
moreover, it has not been possible to retrieve a detailed presentatiores azlth
culations in the literature. Therefore, the expression for the electroriadoree

has been recalculated in this thesis, with the aim of providing a full and detailed
presentation of the derivations.

1.5 Thesis Outline

Part I: Modelling the Gas M etal Arc Welding Process

Chapter 2: The GasMetal Arc Welding Process
A short overview over the various manual electrical arc welding psEseare
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given, which includes the stick welding process, the gas tungsten aréngeld
(GTAW) process, and the gas metal arc welding (GMAW) process. THAW
process is described in greatest detail, and also, an overview of tthedrarar-
chitecture of a modern GMAW machine is given.

Chapter 3: The GasMetal Arc Welding M odel

A mathematical model describing the GMAW process is presented. A simulation
program based on the GMAW model is developed, and the simulation pragram
used to illustrating the behavior of the GMAW process.

Chapter 4. Dynamic Melting Rate M odel

The electrode is divided into three sections, which are the drop, the meliiniy po
and the solid electrode. Furthermore, the solid electrode is divided into aanumb
of small elements. Based on these divisions, a melting rate model is derivisd. T
model is referred to as thHall dynamic melting rate modeTo reduce the number

of calculations the model order is reduced by introducing an alternatititiqra

of the solid electrode. This leads to an alternative melting rate model, denoted as
thereduced dynamic melting rate model

Part I1: Controlling the Gas Metal Arc Welding Process

Chapter 5: Objectives and Control Topology

A number of specific objectives based on the objective stated in Section 1.2 is
derived. These are direct objectives for the control system for M&® process,

that is, the inner control system, see Section 1.3. Also, the structure,alogyp

of the control system for the GMAW process is discussed.

Chapter 6: Nonlinear Arc Length Control

Based on the control structure presented in Chapter 5 a model suited fength
control is derived. This model is a single input single output (SISO) Byst&
feedback linearization method is used for transforming the nonlinear system

a linear system, and a controller for the resulting linear system is develaged b
on a number of performance criteria. Also, robustness is addressethbiglering
system perturbations. Stability is proved using the Small Gain Theorem &ir a s
of realistic perturbations. Moreover, a simulation program is developedised

for testing the nonlinear arc length controller.
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Chapter 7: Model Based Metal Transfer Control

Metal transfer control is discussed, and various pulse shapesesenped. A
novel metal transfer control approach based on obtaining a unifoom size
prior to pulse initiation is proposed, and two methods based on this principle is
presented. A simulation program is developed and used for testing the rmethod

Chapter 8: Arc Length Minimization

An algorithm for minimizing the arc length in GMAW is presented. The arc
length is minimized by measuring the time between short circuits. For testing the
algorithm a simulation program is developed.

Part I11;: Conclusions and Future Work

Chapter 9: Conclusionsand Future Work

The conclusions for each chapter are summarized and discussed, savenpa
number of suggestions for the future work on GMAW control related topies
presented.

Part 1V: Appendices

Appendix A: Maxwell Stresses

This appendix is part of the derivation of the electromagnetic force ptedén
Chapter 3. Maxwell stresses on the drop are considered, and it isghawthe
stresses results in an rotational force component, and moreover,eacfompo-
nent acting both inward and axial.

Appendix B: The Electromagnetic Force
Based on the result of Appendix A, the expression for the electromadgnstie
is derived. Also, the appendix includes a list of the assumptions used.

Appendix C: The Pinch Effect
Based on the pinch effect theory, a criterium for drop detachmenteaeitived.
The calculations can be found in this appendix.
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1.6 Important Remarks

During the work on this Ph.D. project a real experimental welding facility suited
for the task has not been available. Mainly, it has not been possible tiracq

a high speed camera, which must be considered as en essential panacfia

cal welding test facility when working with the model based control algorithms
presented in this thesis. Therefore, all experiments has been perforreefi-

ware simulation programs. The simulation programs have been based on models
which have been validated in literature. However, when using simulation only,
one should be extra cautious or careful when drawing conclusionspite of

the fact that all tests have been performed using simulation programs, tke wo
presented in this thesis has a practical dimension as well. The practical dimen-
sion comes from the close cooperation with the engineers at Migatronicgdurin
the project, and also, during the work the author have been involved iretted-d
opment of the control algorithms for Migatronic’s Flex 4000 welding machine.
This is one of the most advanced GMAW machines at the market today.

With respect to the simulation programs developed, miscellaneous paranmeters a
constants are needed to facilitate numerical calculations. For this purpcse{
eters and constants for stainless steel have been used. Moreowanbarnof
parameters have been retrieved from [20], and other parameterasae tn Mi-
gatronic’s Flex 4000 welding machine. All constants and parameters dani

in the Nomenclature.

10
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The Gas Metal Arc
Welding Process

In this chapter a number of methods for electrical arc welding is preseftes.
basic principles in each of the methods are explained, and in particulatVth&\G
process is considered.

2.1 Electrical Arc Welding in General

Several types of electrical arc welding processes exists. For maeldihg these
are stick welding, gas tungsten arc welding (GTAW), and gas metal aréngeld
(GMAW). Stick welding is also called MMA, GTAW is also called tungsten inert
gas (TIG), and GMAW is also called 'metal inert gas’ (MIG) or 'metal agtjas’
(MAG), depending on the type of gas used. Depending on the weldingdamsk
carried out, each of these processes have some advantages.

In stick welding, a consumable electrode, having a dry flux coating and d meta
core, is used. In Figure 2.1 the stick welding process is illustrated. An iekctr
arc is established between the electrode and workpiece, and the gredygced

in this way, melts the workpiece, the solid metal core of the electrode, and the
flux coating. As the flux coating burns away, gas is released which psates
welding process from the ambient air. Primarily, the gas generated frobuthe

ing flux coating is carbon dioxide, GQand in the hot arc the carbon dioxide
molecules are ionized to carbon ions and oxygen ions. These ions, @euiadly

the oxygen, react in the arc, and thus, the gas becomes an active armjpoihe

stick welding process. In addition to the gas, a layer of slag, coveringranelct-

ing the welded area, is produced from the burning flux coating. Diffddens of
electrodes and flux coating exist, designed to meet different kind of wetdin-
ditions and requirements. The electrode material, for example, must match the
workpiece material used. Stick welding can be characterized as a simpkspro
that can be carried out using some inexpensive equipment, but contpaitesl
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Section 2.1: Electrical Arc Welding in General

other arc welding methods, the weld quality is normally not as good.

Solid metal core

— Flux coating
Anode (+)
Workpi e
toogepJvZﬁzsed / '\ Gas and electric arc

\/ Cathode (-)

Figure 2.1: The stick welding process.

In GTAW an electrode consisting of pure tungsten, or some alloy that inelude
tungsten is used. Such electrode is used to give the electrode a high meitityg po
as the electrode in GTAW is not supposed to melt. Thus, in the GTAW process
only the workpiece is melted. Similar to the stick welding process, a gas is used
to protect the weld area from contamination, but unlike in stick welding, thesgas
externally supplied to the process. Moreover, in GTAW only inert gasasyally
argon, are used. Using GTAW, welds of high quality can be producddtiihe

back side, GTAW is a slow process, and thus, it is not suited for manytimalus

applications requiring high welding speed. In Figure 2.2 the GTAW proisess
illustrated.

Gas cup

Tungsten
electrode,
Gas // cathode (-)
Workpieces / \The electric arc
to be welded

\/ Anode (+) ‘

Figure 2.2: The gas tungsten arc welding (GTAW) process, also
called the TIG welding process. The electrical arc exists between
the electrode and work pieces. Shielding gas, emitted from the gas
cup, protects the process from contamination.
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Chapter 2: The Gas Metal Arc Welding Process

In GMAW a consumable electrode is used. The electrical arc is establighed b
tween the consumable electrode, usually the anode, and the workpietecthe
ing as the cathode. The energy produced in the arc melts the electrodaymed
drop growth and drop detachment from the tip of the electrode. The elegtro
consumed in this way, is replaced by new electrode material, often retereex
the wire, as new electrode material is pushed forward by a wire feedsyAiso,

like in GTAW, the process is protected from the ambient air using a shielding ga
Typically, pure argon or a mixed gas of argon and-G®used. In Figure 2.3
the part of the GMAW process involving the electrical arc is illustrated. In the
following section, the GMAW process will be described in further detail.

Gas cup
Consumable
electrode,
Gas // anode (+)
Workpieces / \The electric arc
to be welded

\/ Cathode (-) ‘

Figure 2.3: The gas metal arc welding (GMAW) process, also called
the MIG/MAG welding process.

2.2 The GMAW process

In Figure 2.4 the overall welding process setup is illustrated. The spesiitip de-
scribed here corresponds to Migatronic’s Flex 4000 welding machinshé&sn

in the figure, the cathode wire is connected to the workpiece. The anoédeaswir
fed from the power supply into the wire feed box, and further, througtctble
connected to the welding pistol. In the pistol, the anode wire is connected to the
electrode wire in the contact tube. Thus, current only flows in the elextna

very close to the electrical arc. In addition to the current carrying anaceand

the electrode wire, the shielding gas is fed along the anode wire, and alt®, w

is circulated for the purpose of cooling the welding pistol.

The welding pistol can be operated either manually or automatically by a welding
robot or some other automated setup. However, only manual welding (reddd-
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Section 2.2: The GMAW process

Wire feed
system
ﬂf Anode wire, gas, water, and
electrode wire
Pistol
Power supply
Gas and control
[}

‘ ‘ Workpiece
Water cooling unit

@\ ‘ Wire to cathode
©

Figure 2.4: lllustration of Migatronic’s Flex 4000 welding machine,
the overall process setup.

welding) is of concern in this thesis. Normally, in manual welding, the operator
adjusts the welding machine to some desired settings, and then, the operator pe
forms the actual weld. First, the electrical arc is ignited as the electrodegsuch
the workpiece. After ignition has occurred, the task for the operator isntra

the position of the welding pistol to achieve a good quality weld, while moving
the electrode along the seam to be welded. This is a very difficult task which
requires much skill to master.

In Figure 2.5, the GMAW process is illustrated again. However, in this fighee
whole electrical circuit is shown in greater detail when compared to Figdrdr2
Figure 2.5, the connection between the conducting anode wire and thedé&ectr
is shown, and as illustrated, the connection is established in the contact tube.

Former welding machines were based on transformer technology, suctatha
high voltage and low current were transformed into a low voltage and agstron
current. Such transformation is also performed in modern inverter basleéhgy
based, but a traditional transformer is not used. Instead, a hardwarigecture

as shown in Figure 2.6 is used. This particular architecture is used in Miga$ro
Flex 4000 welding machine. First, a three phase power supply is conriedtesl
machine from the available supply net. These phases are rectified to ®them
smoothed by a low pass filter. The DC voltage is modulated by the switch circuit,
which is driven by the control software of the welding machine. The outpilte
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Chapter 2: The Gas Metal Arc Welding Process

Electrode speed l H

Contact
tube

Anode

wire

+
Power supply Anode terminal Current
and control Cathode terminal carring

- electrode

Cathode
wire

Arc
length

The arc / \
Welding current
[~ 7]

Workpiece
Figure 2.5: The electrical circuit of the GMAW process.

switch circuit is either full positive voltage, zero voltage, or full negatioiage.
Thus, the signal can be considered as an asynchronous signalwdatfisy this
signal is transformed by the transformer into a lower output voltage. Also, th
transformer provides galvanic isolation between the supply net and thingeld
process. In the Flex 4000 welding machine, the voltage is reduced bipadight

by the transformer. Next, the asynchronous output voltage from theforamer

is rectified and smoothed by the output inductance and capacitor.

50 Hz DC 50 kHz
o ] ] ] ] .
S pH 4 - e T E
- | T ] I — T,
Supply Filter Terminal
Net Rectifier Filter Switch Circuit  Transfomer Rectifier Output

Figure 2.6: Power supply architecture of Migatronic’'s Flex 4000
welding machine. Input is a three phase power supply (net power
supply). Output is the terminal voltage.

GMAW can be divided into, at least, 3 modes of operation depending ornuthe ¢
rent. These modes are the short arc mode, the globular mode, and thenspiea
In short arc mode, the tip of the electrode with the pendant drop is perilydica
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Section 2.2: The GMAW process

short circuited with the workpiece, causing a sudden increase in twwgoh
detaches the drop. In spray mode the electrode is, ideally, never stooitex!

with the workpiece. A strong current of causes melting and drop detactiroem

the electrode. The globular mode exists between the short arc mode andahe sp
mode, and normally produces a poor weld. Thus, in general, the globulize mo
must be avoided. In this thesis, focus is on pulsed GMAW. This type of weld-
ing falls within the spray mode, as drops in pulsed welding are detached by the
strong current as in the spray mode. However, opposite the spray thedsyr-

rent is shifted between a low level and a high level. The advantage of psisgd
GMAW, when compared to the spray mode, is the heat input into the weld pool,
and also, the pulses used make it possible to control the drop detachimezgsr
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The Gas Metal Arc
Welding Model

In this chapter different parts of the GMAW process are modelled, ambirn

ing these parts a total model of the GMAW process is obtained. To illustrate the
behavior of the model, a simulation program is developed and the model is simu-
lated.

3.1 System Overview

The overall objective of the work documented in this thesis is to improve weld
quality by developing an advanced control scheme for the GMAW procass

way to find such a control scheme is to develop a mathematical model describing
the process, and then, based on that model, design a controller forottesgr
Such approach will be taken in this thesis, and therefore, in this chaptextha
ematical model describing the GMAW process will be derived. Moreadver,
mathematical model derived in this chapter can be used for simulating the pro-
cess. This is very important as all experiments and tests of controllersefor th
process will be carried out in a simulation program, and not in a real welding
setup.

In Figure 3.1 the GMAW process is illustrated. The welding machines comsider
in this thesis are digital machines, and thus, control of the process is based
some sample timel, for example, a sample time of 50 kHz as used in Miga-
tronic’s Flex 4000 welding machine. Basically, at each sampling time, the ¢ontro
system of the welding machine calculates a PWM (Pulse Width Modulation) sig-
nal, up,m, to the inverter. This signal corresponds to some control voltége,
from the inverter, see Figure 3.1. To protect the inverter and smoothemuthe c
rent a small coil, described by some inductance condtgntis placed after the
inverter. The machine terminals are placed after the coil, and here, the machin
terminal voltage[/;, can be measured.
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Section 3.1: System Overview

Traditionally, in GMAW the machine terminals are connected to the process as

shown in Figure 3.1, that is, the anode is connected to the consumableadectro
and the cathode is connected to the workpiece. Strong current flowsgthtbe
wires connecting the terminals with the electrode and the workpiece, anddgeca
of the strong current, the voltage drop over the wires must be taken inboiicc
As shown in Figure 3.1, the wires are modelled as a total wire inductdnge,
and a total wire resistanc®&,,.

The electrode moves through a cylindrical piece of metal connected to the an

ode terminal wire, and thereby, contact is established. The currers floough

the electrode and through the electrical arc, thus, completing the circuit to the

workpiece connected to the cathode terminal wire. In steady state, thevdogvn
electrode speed,., equals the melting speed,,, of the electrode, and thus, in
steady state, the arc length, is constant.

Ve
Wire Model
Contact
L ] Tube
Anode Lw Rw
Terminal /
U Contact

Welding Point
Machine Lm

Inverter Electrode Is

+
upwm’—' - [— _UC Meltil’lg Point le
Drop Q
Control
Algorithms +
/ Ut (') la U
Cathode a
Terminal I )
-
Workpiece

Figure 3.1: lllustration of the GMAW system.

In the following sections different aspects of the GMAW process will be mod

elled. In Section 3.2 the GMAW process will be modelled as an electrical circuit,
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Chapter 3: The Gas Metal Arc Welding Model

using elementary laws from the theory of electrical systems. A descriptitiveof
electrical arc and a function describing the arc voltage are presentestiinis

3.3. Afterwards, in Section 3.4, the dynamics of the pendant drop asidzwad.

Next, in Section 3.5, drop detachment from the electrode is considerddnan
Section 3.6 a melting rate model is presented. In Section 3.7, all the models for
the different parts of the process are compiled into a set of differemfigteons
describing the total GMAW process. Afterwards, in Section 3.8, a number o
plots, illustrating the behavior of the process, are shown. The plots taimeb

from a simulation program based on the total model presented in Sectiorh@7. T
simulation program has been developed and implemented in Simulink.

3.2 The Electrical System

The GMAW process can be considered as an electrical circuit. Suchtdscu
shown in Figure 3.1. If the the control voltagé,, is regarded as the input, the
circuit consists of the machine inductandsg,, the anode and cathode wires, the
contact tube, the electrode, the electrical arc, and the workpiece. ®oentrol
voltageU.. is applied to the process a currehtdevelops in the circuit, as shown
in the figure.

The electrical wires from the welding machine to the process need to b&leons
ered and included in the model for several reasons. One reason ikdlsitong
current used in welding gives a voltage drop over the wires, which migéd n
to be considered when developing controllers for the process. Anathson is
the current dynamics, which, basically, is determined by the wires. At lgust,

is true for modern inverter machines, for which, the machine inductangeis
very small. In several works, see for example [21], [11], and [¢id,wires are
modelled as a resistanck,,, and an inductancd,,,. In Figure 3.1,R,, are L,,

are shown modelling both the anode wire and the cathode wire.

Within the contact tube, which is connected to the anode wire, the electrode
touches the tube one or more places, and thus, establishes the contaléathe
trode. Normally, a small voltage drop will be present from the contact tubieeto
electrode, which can be modelled by a resistance. Such resistancedlasthe
contact resistancey,, is for example included in the circuit model used in [41].
However, in this work the contact resistance will be excluded, as it isreex$tio

be small compared to other resistances in the circuit, and also, it can bdereds
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Section 3.2: The Electrical System

as being part of the wire resistande,,.

From the contact point to the beginning of the arc, the current flows gtrau
piece of electrode. The length of this piece of electrode is very small camipar
to the length of the wires, but because the electrode is rather thin, thenmesista
is high, and thus, the voltage drop over the electrode should be included in th
model. The resistance of the electrode is denotedwfyyand the length of the
electrode, that is, the stick-out is denoted iy

The most significant voltage drop in the circuit is the arc voltdge, For small
currents, the control voltagé/., is almost equal to the arc voltage. However,
for stronger currents the control voltage must be somewhat largenibeof the
wire and electrode resistances, and also, because of the inductareesfnging
current. Now, a model of the electrical circuit can be derived.

Ue.= Lyl + Lyl + Ryl + RI + U, (3.1)

If the terminal voltagel/;, is considered as the input to the process, the electrical
circuit is by given by

Ui = Lyl + RyI + R.I + U, (3.2)

The electrode resistanc&,, can be modelled as the resistivity of the electrode
times the total length of the electrode, including the drop. The length of the drop
can be modelled as the average between the drop positjprelative to the tip

of the electrode, and the drop radiug, Such model is used in [21].

Ro=pr (zs it rd>) (3.3)

However, bothr; andr; are rather small compared to the stick-dytand there-
fore, these terms will not be included in the final model. So, we have

Re = pils (3.4)

As illustrated in Figure 3.1, the stick-ou, is the distance from the contact point
to the melting point of the electrode. The dynamicé.aé given by the electrode
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Chapter 3: The Gas Metal Arc Welding Model

speedv, and the melting speed,,, and also, on the speed of the vertical velocity
of the contact tube (also called contact tip). The contact tip to workpietandis

is given byl., and the contact tip to workpiece velocity is givendfy So, the
stick-out dynamics is given by

ls = Ve — Um + Ve (3.5)

When designing controllers from the welding process it is the arc lehgttather
than the stick-out, which is of interest. From Figure 3.1 we have the following
equation by ignoring the length of the drop.

lo=1s+1, (3.6)

Now, from this equation and from the stick-out dynamics, the arc lengtardigs
can be derived. We have

ia = Uy, — Ve — Vg (3.7)

3.3 The Electrical Arc

Normally, in GMAW, the consumable electrode is connected to the machine ter-
minal plus, and the workpiece is connected to the machine terminal minus. Thus,
when considering the electrical arc, the tip of the consumable electrodeda-the

ode and the workpiece (the other electrode) is the cathode. During weldding

arc exists between the anode and the cathode, where an arc can tieedeas

a discharge of electricity between the electrodes, characterized by atrigmt
density and a low voltage drop between the electrodes. In an arc eleat®ns
released from the cathode and moves towards the anode, and at the same time
ions moves towards the cathode. In the following an arc is also referrexldn a
electrical arc.

The physics of the electrical arc with respect to welding have been inatedig

during the past half century. In [28] two chapters are devoted to theiekdarc,
and here, mechanisms in different parts of the arc are described, ardvena
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Section 3.3: The Electrical Arc

number of physical characteristics of the arc are studied. Thesectfwstcs in-
clude the arc temperature, the arc pressure, the electrical field, tleacdensity,
vapor, gases, and the electrode materials used.

The purpose in this section is not to give a detailed description of evepctsp
regarding electrical arcs as in [28, Chapter 5 and 6], but rather, tifgend
describe a model of the electrical arc, which can be used for simulatingahe p
cess, and also, for developing controllers. When controlling the GMAY¢gss,

it is important to obtain a steady arc length, and also, it is important not to short
circuit the electrodes, but on the other hand, it is important to have a small ar
length (this will be discussed and explained in Chapter 5). It turns outhtbatrc
voltage,U,, among others factors, depends on the arc length, and therefore it is
important to consider the arc, with the aim of identifying the relationship between
the arc voltagel/,,, and the arc lengthi,.

The arc can be divided into three regions or layers [28, Chapter §]trease
are, the anode region, the arc column, and the cathode region. The térikjéh
anode region and the cathode region (measured in the direction betwasds an
and cathode) are very small, but both regions, and especially the catgnde,
have a significant influence on the arc voltage drop.

The three regions and the associated voltage drops are shown in Figuiehg

figure shows how the voltage gradient differs in each region, thoughoitld be

noted that the figure is only a sketch. For a real arc, the anode andleattgions

are much smaller, than shown in the figure, and the voltage gradients are much
steeper. In the following, each region is considered.

3.3.1 The Cathode Region

The basic mechanisms for maintaining the discharge in the arc are located in the
cathode region, and moreover, the most significant voltage drop of tHeatota
voltage exists in this region. For GTAW a typical voltage drop lies between 10
to 20 V [28, Chapter 6], which typically, are much larger than both the anode
voltage drop and the voltage drop across the arc column. A similar voltadsecan
expected for GMAW. The cathode region can be divided into three Z6hehe
cathode surface, the space charge zone, and the ionization zo28, [DHapter

5], the ionization zone is referred to as the contraction zone.
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Electrode (anode)
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Figure 3.2: The arc is divided into three regions, that is, the anode
region, the arc column, and the cathode region.

The three zones are shown in Figure 3.3. The cathode surface iediarglec-
trons. The negative charged electrons accelerates through the tba derge
zone of positive ions, which is a layer so thin, that statistically no collisions oc-
cur between the electrons and the other entities located in the zone. Hpinever
the ionization zone collisions do occur. Some collisions occur between heutra
entities (molecules, atoms) and electrons at high velocity. These collisians fre
new electrons and ionize the neutral entities. The free electrons adeslgrghe
electrical field towards the anode, while the ions normally accelerates tetard
cathode. However, some large and slower moving ions moves againstite sp
charge zone, and in equilibrium, replacing the ions lost in the space change

to the cathode surface. In Figure 3.3, the magnified region in the ionizatien zo
illustrates a collision. An electror,”, collides with a neutral entity, which is
ionized.

3.3.2 The Anode Region

Like the cathode region, the anode region can be divided into three,zanes
anode surface zone, a space charge zone, and a contractiofM herentraction
zone is a transition layer between the space charge zone and the arc.column
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Figure 3.3: The cathode region is divided into three zones, that is,
the cathode surface, the space charge zone, and the ionization zone.
A small section is magnified in the ionization zore. is an electron,
a is a neutral entity, andis a ion.

At the cathode surface current may be carried both by positive ions gowin
wards the cathode and electrons moving towards the anode, but this ig casth
at the anode surface. At the anode surface current is carriedgbijrelectrons,
because no ions are emitted from the anode.

Similar to the cathode region, a very thin space charge zone exists next to the
surface of the electrode. Typically, for GTAW, the total anode voltage @& in

the range 1 to 10 V [28, Chapter 6], which is lower than the voltage dragsacr

the cathode region. A similar voltage can be expected for GMAW. The neaso

the anode voltage being smaller than the cathode voltage is the anode sgrgee ch
zone. The anode space charge zone is smaller than the cathode spgeezohe,
which results in a smaller voltage drop. As stated before, no ions are emdtad fr
the anode, but atoms are emitted from the anode material due to vaporization.
These atoms are ionized by the electrons, and the magnitude of anode doltage
depends on the ionization energy required, i.e. a high ionization enengpases

the space charge zone, and thus, rises the anode voltage drop.
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Chapter 3: The Gas Metal Arc Welding Model

3.3.3 The Arc Column

The arc column is a plasma composed of neutral particles, such as atoms and
molecules, and charged patrticles, such as electrons and ions. Taetdsrcar-

ried by the free electrons and ions, and the column is characterized lsicelec
neutrality, i.e. in any small volume, an equal amount of positive chargeéd par
cles and negative charged particles exist. The electrical neutral fietthpes a
uniform electrical field in the arc column.

The electrical field gradient in the arc column is in the order3fV/m, and thus,
much lower than the electrical field gradients in the cathode region and tde ano
region. This is illustrated in Figure 3.2. Also, the figure illustrates a constant
electrical field by the straight line voltage characteristic.

3.3.4 A Mathematical Model of the Electrical Arc

By considering each of the three regions in the arc, a mathematical model de-
scribing the behavior of the arc can be derived. In [28, Chapter @]af6], a
model describing the cathode region is presented, and in [28, Chapterdg]ls
describing the anode region and the arc column are presented. Hpwess
models depend on variables, such as the temperature at different Isdatite

arc, which are difficult to measure or estimate. Moreover, a complex aadete
model of the arc process is not necessary for controlling the GMAWesHC

Instead of having a model describing the different mechanisms in the three r
gions, the arc can be modelled as some relationship between the total are voltag
U,, the welding current], and the arc length,,. Here, a linear model as shown
below is used. Such model is used in numerous works for GMAW modelling and
control, see for example, [11], [21], and in [20].

U, = Uy + Rol + Eal, (3.8)

Considering the description given in the former three sections, the diffemens

in this equation can be explained. The constantould represent the two space
charge zones, the latter two terms could represent the voltage drop evaircth

column, as this region must depend both on the current and the lengthrdvay s

currents, more collisions occur in the arc column than for low currentspand
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Section 3.4: Drop Dynamics

collisions give a larger voltage drop. Such dependence of the cuaariie mod-
elled by a resistancd?,. The dependence of the arc length can also be explained,
as the longer the arc is, the longer do the electrons and ions have to traiel. T
affects the arc voltage, as more collisions occur for a long arc length tram f
small arc length, and more collisions give an increased voltage drop.\C kisar
model presented in equation 3.8 is not accurate, as the arc is very coriplex.
example, in [28, Chapter 6] it can be seen, that the arc voltage is ratbelinear
function with respect to the welding current and the arc length.

3.4 Drop Dynamics

In GMAW, the electrode is melted by Ohmic heating and anode heating. Ohmic
heating is the energy developed by the current and the ohmic resistanae in th
electrode, and anode heating is the energy from the arc which melts the.anod
So, during welding, liquid metal is continuously added to the drop at the tip of
the electrode, and at some point the pendant metal drop is detached &retedh
trode. Some metal is left at the tip of the electrode, and a new drop starts §prmin
Basically, drop detachment occurs when the surface tension, whipk Kezdrop
attached to the electrode, is exceeded by other forces affecting theodper-
wise, can not stop a downward movement of the drop. Thus, to model tHfNGM
process, the forces affecting the drop, and also, the drop dynami¢dmtaken

into account.

In [2], the pendant drop at the tip of the electrode was described by s spaisg-
damper system, and normally, this model will be encountered in the literature.
However, in [26], the mass-spring-damper system was refined, adhdpe of

the drop was taken into account. No matter which model is used for describing
the system, a high degree of inaccuracy will exist in the model due to the almost
chaotic behavior of the pendant drop system. Therefore, the moddbgdeden

[26], being somewhat more complex, will not be used in this thesis.

The mass-spring-damper model describing the pendant drop systenedszta
low, and moreover, illustrated in Figure 3.4, is the mass of the drop, which
varies in time,Fr is the total force affecting the drop,; is the drop positioni,

is the damper constant, akg is the spring constant.
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mglq = Fpr — bgtg — kqxg (39)
Solid
Electrode
xXoaxis Free Body
Diagram
dxa
ka ba kaxa ba i
Tx=0
Fr

Figure 3.4: A) The pendant drop modelled as a mass-spring-damper
system. B) A free body diagram of the mass-spring-damper system.

The change of mass of the drop depends on the melting rate. This carrbssdg
as given belowMp, is the melting rate, angl. is the density of the liquid electrode
material.

g = MRpe (3.10)

The forces that affect the drop, and which are included in (3.4), &meca due

to gravity, a force caused by electromagnetic induction, a force caysadrb-
dynamic drag, and a momentum force accounting for the change of mass in the
drop, and also, accounting for the speed of the material added to the@itiogr
forces also affect the drop but the four forces, suggested herepasidered as

the most significant forces in the system. Also, this set of forces is us&djn [
and [11]. So, the total forcé; can be described by the following expression.

Fp=Fy+ Fom + Fy+ Fp, (3.11)

F, is the gravitational forcef~,, is the electromagnetic force;; is the drag
force, andF,,, is the momentum force. In the following sections an expression for
each force will be derived. In general, it is assumed that the electrquigrisng
directly downwards (90to the water surface) towards a workpiece lying flat in a
horizontal position.
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Section 3.4: Drop Dynamics

3.4.1 Gravity

The drop has a mass, and thus, is affected by gravity. The gravitatancalf,
is given by equation (3.12).

Fy =mgg (3.12)

3.4.2 Electromagnetic Force

The electromagnetic force acting on the drop is a result of current flowirwith
the electrode, including the drop. The current flow within the electrodergtes

a magnetic field circling the current path. The current path does nossetly
follow a straight line parallel to the electrode, but rather, the currentteatis to
diverge or converge in the drop. If the current flow either divexesonverges,

an axial force acting on the drop will be generated by the current arniddlbeed
magnetic field. This axial electromagnetic force is also referred to as ttentzor
force. In Figure 3.5 the electromagnetic force acting on a small element in the
drop is shown. The figure shows the electromagnetic force for a digeend a
converging current path.

1 1
B B
Downward Upward force
force component component

Figure 3.5: The electromagnetic force acting on a small element in
the drop, respectively, for a diverging and a converging curratit.p

The total electromagnetic force acting on the drop can be calculated byatitegr

the electromagnetic force acting on all elements within the drop. The electromag-
netic forcef ,,, for each small element can be expressed as below. Notice, that in
this section, and also, in Appendix A and in Appendix B, boldface lettengrep
sent vectors, but in general, throughout the thesis, the boldface motationot

be used.
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f.. =JxB (3.13)

J is the current density, anfB is the magnetic field. In [28, Chapter 3], the
electromagnetic forc¢,,, is referred to as a Maxwell stress, and moreover, in
[28, Chapter 3], it is rewritten as shown below.

fem—JxB:%(VxB)xB = (3.14)
1 1

=—-—V(B>)+=(B-V)B 3.15

Sfem 2u< )+u( ) (3.15)

One of Maxwell’s equations and some technical calculations are usedt&ine
ing this result. Equation (3.15) contains two terms. If the current path follows
straight line parallel to the electrode, the first term gives rise to a radiarohw
acting force, acting on elements within the drop. However, if the currehtgia
ther diverges or converges, the electromagnetic force will either hdeeraward

or an upward component (as shown in Figure 3.5). The second ternuatieq
(3.15) expresses the rotational force, also acting within the drop. lrerAgir A,
the force contributions from, respectively, the first and the secondadegroalcu-
lated for a small element within the drop. From the results of these calculations
one can see that the second term is purely rotational, both for a parallehtu
path and for a diverging or converging current path, while the firat gives rise

to an axial force for a diverging or converging current path.

For a rigid and symmetrical body, every rotational force acting on a smatiezie

is cancelled out by a force acting on the opposite element in the rigid and fixed
body. Thus, this results in a net force equal to zero. However, the liqutia arep

is not rigid, and the forces do no cancel out, but rather, the drop stéating. In

spite of that, the contribution from the rotational part of the electromagnetie fo

is, in general, neglected in the literature when deriving the total electroriagne
force acting on the drop. The reason why the rotational part can Heated is

the relative slow time constant for the rotation in comparison with the rate of drop
detachments, and moreover, as shown in [27], that the magnetic diffusioags

is much faster than the fluid convection within the drop.

Now, by neglecting the second term in equation (3.15), the total electroti@gne

31



Section 3.4: Drop Dynamics

force acting on the drop can be found by integrating all contributions frerfirtt
term.

2

F., = FemndV = —/ B—ndS (3.16)

Va Sq 2H

In [5], a similar expression for the total electromagnetic acting on the drap wa
used for deriving a number of, more suitable, expressions for the tetat@mag-
netic force. The expressions for the total electromagnetic force wéselaged
for spherical drops with a radius of, respectively, greater than theeltdctrode
radius, equal to the electrode radius, and less than the electrode fddieaver,
in [27], the electromagnetic force was calculated for drop shapesvaaséom
experimental images. Drops were modelled as truncated ellipsoids, bugtevin
polynomial description of the neck of the drop.

Normally, in the literature, one will find only one formula expressing the elec-
tromagnetic force acting on the drop. This is the formula derived in [5] for a
drop radius greater than the radius of the electrode. That formula willkeso
adopted as the sole expression, used in this thesis, for the electromagrastic f
The reason for adopting this expression as well, is because of the samauvh
predictable shape of the drop in practical welding. For example, oftemdtumas

not necessarily follow a straight line directly to the workpiece, but ratbads to

be curved, and thereby, affecting the direction and size of electrorniadgmees
acting within the drop, and causing the drop to deform. In general, theesifap
the drop is a result of the surface tension and all other forces or etrassing
within the drop. So, it is difficult to model the shape of the drop, and also, it
is difficult to model the current path within the drop. Therefore, with respe

the shape of the drop, a reasonable compromise seems to be a sphepeal sh
Moreover, drops in pulsed GMAW, which is one of topics of this thesis,g¢ad
have a diameter equal to or slightly larger than the electrode, and thene$org

an expression based on a drop radius larger or equal to the radiwsealéttrode
also seems to be reasonable.

The derivation of the final expression is rather technical, and in [5] Soanis
are left out. To provide a better understanding of the expression it igeden
Appendix B. From [5] and Appendix B we have the following expressuntlie
electromagnetic force acting on the drop.
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pol? rqsinf 1 1 2 2
Fepp = ——11 - = = 1
4 [n( Te > 4 1—C089+(1—C089)2 n<1+c059>}
(3.17)

The parameters are the current,the electrode radius,., the drop radiusry,
and moreover the angle which is used for describing the size of the conducting

zone, see Figure 3.6.

Solid
Electrode 1
\

Drop
\
rd
\; 0
Conducting
Zone

Figure 3.6: Current flows through the conduction zone, but not
through the rest of the drop surface. The conduction zone is de-
scribed by the angle.

k.

In Figure 3.7, equation (3.17) is plotted as a function the current, and riee th
differentd. For all plots the electrode radius,, is equal to 0.005 m, and the
drop radius,ry, is equal to 0.006 m. As it can be seen, the magnitude of the
electromagnetic force increases for increasing current. In fact, gasess with

the square of the current. A conducting zone described by ditbgual to 90 or

f equal to 67.5, results in a positive force, while a conducting zone given By 45
So, af equal to 90 or 67.5 corresponds to a diverging current, and equal to

45° corresponds to a converging current. Moreover, in Figure 3.8 it easebn
how the electromagnetic force depends on the drop ragljus,
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Figure 3.7: The electromagnetic force plotted for three differént
The angle) characterizes the area of the conducting zone.

-3

x 10

o N

Electromagnetic Force, F

0 1
5 6 7
Drop radius, Ty [m]

x10™

Figure 3.8: The electromagnetic force as a function of the drop ra-
dius. @ is set to 90, and the current is set to 300 A.

3.4.3 Aerodynamic Drag

As explained in Chapter 2, a shielding gas envelops the arc region aedtsrthe
arc and the workpiece from contamination. In GMAW, the shielding gas is pro
vided from a gas cup covering the electrode. The shielding gas, havielgéity

vp, passes around the drop and affects the drop with a force causestduya
namic drag. In GMAW, the contribution from aerodynamic drag on the desp ¢
be approximated by a force acting on a spherical object immersed in a flegarstr

[2].

1
Fd = §CdAdpp7)2 (318)
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C, characterizes the shape of the drop, in this case a spHgris, the area of
the drop seen from above, and not covered by the electrode cemsgars the
density of the plasma (ionized shielding gas), apt the velocity of the plasma.

3.4.4 Momentum Force

In GMAW, the mass of the drop changes continuously with the metal melted from
solid part of electrode. To account for this change of mass and the spelee
material added to the drop, a fordg, is introduced. This force is called the
momentum force. In [2] and [21] such a force is also used to accourthé
change in mass. The force can be derived by considering the chamgeiantum

of the pendant drop system. In Figure 3.9 the system is shown.

v{ v{

Time: ¢ Time: t+At

Ama y

L l L l
md Yz ¥Yxq ma+Ama Vz ¥Yxq

Figure 3.9: Change in momentum.

From Figure 3.9 we have that

z =20+ x4 (3.19)
2 =20+ 4 (3.20)

Figure 3.9 shows that the electrode moves towards the drop with a velgcity
This means that every small piece of solid electrode moves with this velocity.
This includesAm, at timet. In steady state the melting speed equals the electrode
speedv., and thus, the variablg, is a constant, ané, will be equal to zero. For
deriving an expression far,,, it is assumed that; is a constant.
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Now, using Figure 3.9, the momentum of the shaded material atttiamel the
momentum at time + At can be derived, that ig(¢) andp(t + At).

p(t) = Amgve + mgtq , because z = iy (3.21)

At time ¢t 4+ At, the velocity of the dropg,, can be expressed ag(t + At) =
iq+ Azg. SO, we have

p(t + At) = (mg + Amyg)(2q + Azyg)
= mglq + maAzqg + Amgig + AmgAzy
~ Mgy + mgAzg + Amgiy (3.22)

The change in momentum is given by
p(t + At) — p(t) = mgAig + Amgig — Amgve (3.23)

By dividing by At and taking the limit, an expression for the derivative of the
momentum is obtained. Also, the derivative of the momendiprhit equals the
sum of all external forcest..:. The external forces are the gravitational force,
F,, the electromagnetic forcé,,,, and the aerodynamic drag forde;.

pt+A) —p(t) _ Ay Amg  Amg
At SMaTNy TTTA T VA T
d—lt) = md-;I}d + .’tdmd — UBT;’Ld - Fea:t (324)

Now, it is assumed that the speed of the electrode is much faster than tlde spee
of the drop, such that, > 4, even though, this might not always be true. By
introducing this assumption the same expressiorFfpras used in [2] and [21] is
obtained. So, the momentum forde,,, is given by

F = vernyg (3.25)
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3.5 Drop Detachment

During the welding process liquid metal is continuously added to the drop at the
tip of the electrode, and at some point, the drop is detached from the ekctrod
Detachment happens when the surface tension of the drop is no lorigeonab
support the drop attached to the electrode. Typically, drop detachmeticlea
modelled by two different models: The static force balance model (SFBM) [2
and a model based on the pinch instability theory (PIT) [28, Chapter 3¢ Th
SFBM predicts drop detachment by comparing the surface tension of dipe dr
with the external forces exerted on the drop. Thus, in the SFBM the dyrsarhic
the drop is not taken into account when predicting the occurrence pfdéri@ach-
ment. However, in [16], dynamics are taken into account by including thiéane
force in the SFBM. This results in a dynamic model, which in [16] is called the
dynamic force balance model (DFBM). Both the SFBM and the DFBM predicts
drop detachment by evaluating forces affecting the drop against tfecsuen-
sion supporting the drop. However, the pinch instability theory (PIT)ltesua
different detachment criterion. Based on the pinch instability theory, aloietant
criterion can be derived that does not rely on balance of axial folngsather
relies on radial forces.

The surface tension forcdy, is in, for example, [11] expressed as the surface
tension force in the zone in which the neck of the drop starts to form. THe nec
starts to form close to the electrode, and thus, the radius of the electiode,
used to derive the expression for the surface tension feristhe surface tension
coefficient for the electrode material.

Fs =2mrey (3.26)
The SFBM does not include any dynamics of the pendant drop. Heptaghd

ment occurs if the maximal surface tension forég, is exceeded by the total
force, Frp, affecting the drop.

SFBM, detachment if Frr > Fj (3.27)

In the DFBM, described in [16], the inertia force is included in the detachmen
criterion. So, the following criterion is obtained.
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DFBM, detachment if Fp + mgig > Fs (3.28)

In [28, Chapter 3], the detachment criterion, based on the pinch instabiity th
ory, is derived. Detachment occurs if critical drop radiug, is exceeded. In
Appendix C the derivations resulting in the pinch instability criterion are shown

PIT, detachment if r4 > rq. (3.29)
where
(ra+re) 3ma \ *
m(r Te m
Tde = d ) T Td— <4Trpd) (3.30)
Tq+r I 2 e
1.25 (Adrd d) (1 + 271'2";L(O7“d+re))

In GMAW, the current interacts with the induced magnetic field, and thusrgen
ating forces acting inward and radially within the drop, and hence, sqadbe
drop from the electrode. It is this phenomenon, called the pinch effedtjsha
modelled in equation (3.30). The SFBM and the DFBM do not take the pinch
effect into account, and therefore, at strong currents, where tloh gffect is
especially strong, the PIT model is the best drop detachment model. Howeve
at low currents both the SFBM and the DFBM provides better estimates of drop
detachment, see SFBM versus PIT in [24]. Therefore, the best sqlutsimgy

the models described above, is some combination between the models. However
when considering pulsed welding, the PIT model could be used as thersple d
detachment estimator, as drops tend to detach at the strong current pulses

At detachment, some part of the liquid metal forms an isolated drop which tra-
verses towards the weld pool, while the rest of the liquid metal is left on the tip
of the electrode. In [11], an equation is presented for the volume of thilliqu
material left on the electrode.

1
After detachment, Y= 1d ———— +1), k=100s/m (3.31)
20, \1+ e 52
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3.6 Melting Rate

Current flows through the electrode and the arc. At the tip of the electesde
sumed to be the anode, the surface is bombarded by electrons travellingtthro

an electrical field having a very steep gradient. This accelerates theoakeeind

the high energy of the accelerated electrons is absorbed at the anodmgcthe
anode to melt. Moreover, the electrode is heated by the current flowingginro

it. This heat, called Ohmic heating, is caused by the ohmic resistance of the elec-
trode.

In [29], an extensive study of both the anode and the cathode melting e is
sented. However, only the anode melting rate is considered in this theskf]n [

it is found that two heat sources affect the anode melting rate. Thesecan-

ode heatingH,, and the Ohmic heating. The anode heating is expressed by the
following equation.

H, = can(Van + o)1 (3.32)

V.n is the anode voltage drop (not to be confused with the arc voltage) the
anode thermionic work functior, is the welding current, and,,, is a constant.

The first term,c,,, Vo I, expresses the kinetic energy of electrons bombarding
the anode. The kinetic energy is developed in the electrical field close to the
anode. The second term,, ¢, I, expresses the energy of condensation. This is
the energy released when electrons are absorbed into the lattice of ttiedsec
material.

In [29], an expression for the melting rate caused by anode heatingsisriesl.
Also, the expression is stated belaw.is a constant.

MR,a =cil (333)

If the stick-out,l,, is different from zero, which is the case in GMAW, energy loss
due to electrical resistance heats the electrode, and thus, contributeatelting
rate. In [29], this component is expressed as betgvis a constant.

Mp; = calsI? (3.34)
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Section 3.7: The GMAW model

Equation (3.33) and equation (3.34) describe the steady state melting rate for
spectively, the anode heating and the Ohmic heating. By adding the two atpjatio
an expression for the total steady state melting kg, is obtained.

Mg = MR,a + MR,J' =cl+ CQZSIQ (3.35)

The constant, can be calculated using the parameters describing the electrode,
basically, the electrode resistivity and the electrode diameter. The oth&taogn

c1, also depends on the electrode parameters. Here, the components otthe ele
trode material and the anode diameter play a significant role. Equation (3.35)
can also be expressed as a melting spged k1 and k, are the melting speed
constants.

Om = kil + kol I? (3.36)

It is interesting to notice that the melting rate does not depend on the type of gas
used, even though, the arc temperature depends on the gas useddiibitoishe

fact that arc radiation is insignificant as a heat source affecting thecdec This
factis reported in [29] and in [31]. Instead, the type of gas used is ifapbwhen

it comes to shielding the arc and the weld pool against the ambient atmosphere,
and moreover, the shielding gas is important for arc ignition and arc stability [3

3.7 The GMAW model

In the former sections, equations describing different parts of the GNAWess
were presented. Using these equations, a total model describing the GivtAW
cess is derived in this section. This model is similar to the model found in [21].
The total model presented in this section will later be used for simulating the
process, and also, for developing algorithms for control of the GMAG¢ gss.

First, let us define a number of inputs, outputs, and states for the modede The
are given below.

States:

e 11 = I : welding current.
e x5 =1, : arclength.

40



Chapter 3: The Gas Metal Arc Welding Model

x3 = x4 . drop displacement.

x4 = vg . droplet velocity.

5 = mg . drop mass.

x¢ = l. : contact tip to workpiece distance.

Outputs:

e y; = [ : welding current.
e 1o = I, : arc length.

Inputs:

e u; = U, : control voltage.
e uy = v, . electrode speed.
e u3 = v, : contact tip to workpiece velocity.

Now, the welding process can be described by the following nonlineterays

= f(z)+ g(x)u (3.37)
y = h(z) (3.38)
x=m(x), if L(z,u) >0 (3.39)

Equation (3.37) describes the system dynamics, equation (3.38) dedtetmut-
puts of the system, and equation (3.39) contains a reset conditieny), and
also, (3.39) how to reset the states. We have

. 1

. (u1 — (Rw + Ra + pr(z6 — 22)) 21 — Uy — Eqz2)  (3.40)

To = Upy — Uy — U3 (3.41)

T3 = T4 (3.42)
1

T4 = p (—kgrs — bgxa + F1 + Mppeus) (3.43)
5

@5 = Mppe (3.44)

T = us (3.45)

Y1 =1 (3.46)

Yo = o (3.47)
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The current dynamics, stated in equation (3.40), are derived fro (3.4) and
(3.8). The dynamics describing the arc length, that is equation (3.41)ivede
from (3.7). The derivative of the drop positions, is drop velocity,z4. This is
stated in equation (3.42). The dynamics of the drop velocity is stated in equation
(3.43), which is derived from (3.9) and (3.11). Equation (3.44), dieisg the

drop mass dynamics, is given by (3.10). The derivative of the contatct tymrk-

piece distanceyg, equals the the contact tip to workpiece velocity. This is stated
in (3.45).

Functions used in equations above are stated below. Notice, that the meking ra
Mpr [m?/s], has been expressed as a melting spegdm/s].

Fy=Fon+Fy+ Fy (3.48)
2 .
Hox] rgsin 6 1 1 2 2
F.,, = | - = = |
47 {n( Te > 4 1—COS€+(1—C089)2 "\ 1+ cost
(3.49)
F,=gxs, g=9.82m/3 (3.50)
1
Fd = §CdAdppv§ (351)
Mp = c1z1 + CQpTx%(u;g — x3) (3.52)
Vm = k121 + krgprzz‘%(u;), — x9) (3.53)
1
rg = ( 325 ) ’ (3.54)
AT pe

The reset values are shown below. This correspond (te) in equation (3.39).
The value forz; is obtained from (3.31). The reset conditib(z, u) is given by
either SFBM, DFBM, PIT, or a combination thereof, see Section 3.5.

Reset conditions:

IF: detachment criterion fulfilled

THEN:

T =21 (3.55)
To i= 9 (3.56)
x3:=0 (3.57)
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24 =0 (3.58)
xIs 1
Te : = Tg (360)

3.8 Simulations

A simulation program for simulating the GMAW process has been developed.
The program has been developed in Simulink, and it is based on the model of
the GMAW process described in the former section. To illustrate the behavior
the simulation program, an experiment has been performed on the simulation pro
gram, and for this experiment, series of data have been collected. Thersapt

and the data are presented in this section. The simulation program whickdras b
developed in Simulink is illustrated in Figure 3.10.

The GMAW Model
ur= Uk ¢ Current dynamics
¢ Arc length dynamics yi=1
_ ¢ Drop position dynamics E—
M2=Ve ' Drop velocity dynamics
¢ Drop mass dynamics 2=l >
U3 = Ve + Contact tip to workpiece dynamics
T e Drop detachment condition
+ Reset values

\—b States ( x1, x2, X3, X4, X5, X6 )

—— » Forces (Fg, Fem, Fd, Fm )
> Other variables ( vm, 74, ... )

Figure 3.10: lllustration of the simulation program.

In the experiment, a input control voltage, of 21 V, plus pulses of additional 7

V, starting a timef = 0.1 s, are applied to the simulated process. The pulses are
uses to provide drop detachment. Moreover, an additional 300 Hz sigiahn
amplitude of 1 V is added to the input control signal to simulate voltage ripple
from the welding machine. The wire feed speegl,which is the second input, is

set to 10 m/min. To simulate disturbances in the contact tip workpiece distance,
l., bandlimited Gaussian noise is added to the mean distance set to 0.015 m. The
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bandlimited Gaussian noise has a mean equal to zero, a variance eq0akto

and moreover, the Gaussian noise is bandlimited at 20 Hz, but ensurirthehat
energy in the noise signal is maintained. The derivative of the gendiatedsed
athe third inputus. The three inputs are illustrated in Figure 3.11. For simulating
drop detachments, only the PIT model is used. The total length of the simulation
is setto 0.5 s, and moreover, the value of all constants and parametgia tise
model can be found in the Nomenclature.

Pulses 7V
21 V ; ur= Uc
The

10m/min _®2= VY ) GMAW

Gaussian Lowpass d| us=ve Model

noise filter dt

Figure 3.11: lllustration of the inputs used in the experiment.

The control voltagey, is shown in the first plot in Figure 3.12. The second plot
in Figure 3.12 shows the drop detachment events generated by the Rifirdets
model. As it can be seen, not all pulses result in a drop detachment.

In Figure 3.13 the welding current;; = I, the arc lengthgzs = [,, and the
contact tip to workpiece distance; = I. are shown. From the first plot in Figure
3.13 it can be seen that when the sequence of pulses are initiated tha cigere
and fall with the pulses as it can be expected. From the second plot ireR3dLB

it can be seen that the average arc length is increased after initiation afles.p
This increase in arc length is caused by the increased average voltisge the

arc length is affected by the noise and disturbance included in the systeen. Th
last plot in Figure 3.13 shows the contact tip to workpiece distance, whiatsva
according to bandlimited Gaussian noise.

In Figure 3.14 the drop position;s = x4, the drop velocityxy, = v4, and the
mass of the dropys = mg are shown. From the third plot in Figure 3.14 it can
be seen that the mass of the drop grows untd 0.1 s, where the first pulse is
initiated, and at drop detachment the states are reset. From the first aed dmnel
plot, the oscillations of the drop can be seen.
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Figure 3.12: The control voltage used in the experiment. Pulses
are used to provide drop detachment, and supply ripple (noise) is
included.

In Figure 3.15, the electromagnetic fordg,,,, the gravitational forcef, the
momentum forceF,,,, and the drag forcekl,;, are shown. Notice that the scale
on theF,,,-plot is 5 times larger, and the scale on thgplot is 5 times smaller
than the scale on the plots féf, and F},,. The electromagnetic force depends
on the current, and thus, the peaks occur for strong currents. Bagsturrents,
the electromagnetic force is much larger than the other forces, especialtyzdp
force and the gravitational force.

In Figure 3.16, the drop radiusy, and the melting speed,,,, are shown. As it

can be seen from the first plot, the drop becomes rather large befor&onitid

the pulses at = 0.1 s. From the second plot, it can be seen that the melting speed
is increased during the pulses. This is the case, as the melting speedslepend
the welding current.

3.9 Discussion and Conclusion
A mathematical model describing the GMAW process has been describéd, an

moreover, a simulation program based on the model has been developed. T
model is based on mathematical descriptions of different parts of the totzd s
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Figure 3.13: Pulses are applied to the control voltage at tireed.1

s. The plots show the welding current, the arc length, and the contact
tip to workpiece distance.

excluding the weld pool. These parts are the electrical circuit, the arcrtpe d
dynamics, the drop detachment process, and the melting rate. The mad@ietes
the overall behavior of the process, but it is not assumed that modditatma
precise description of the process. In fact, several parts of the naoglehther
imprecise as explained in the following.

e The current dynamics, derived from the mathematical description of thiiele
cal circuit, depends on the wire inductance which varies with the type of wire
used and the length of the wire.

e The behavior of the arc process is very complex, and the model usedvoitkis
does only describe some basic voltage characteristic of the processotied
can only be considered to be valid for some region (current and arthleagd
also, the parameters used in the model must be considered as rather ieaprecis
For example, the parameters depend on the exact gas mixture and the exact
components in the electrode material.

e The drop dynamics is based on a lumped model describing the process as a
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Figure 3.14: Pulses are applied to the control voltage at tirred.1

s. The plots show the drop position, the drop velocity, and the mass
of the drop.

simple mass-spring-damper system, and thus, some discrepancy between the
real process and the model must be expected. Also, the equation desthid
electromagnetic force, which is the most significant force, can not becteg
to be precise due to the assumptions made. For example, is it assumed that drop
is always spherical.

e Three drop detachment models are presented, and non of these geese p
description of the complex drop detachment process.

e The melting rate model is a steady state model, and thus, in a transient phase
the model is not precise.

However, in spite of these discrepancies the model should not be rejbated-
stead one should be cautious when using the model for simulation and canttol,
likewise, one should be cautious when drawing conclusions based on tied.mo
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Figure 3.15: Pulses are applied to the control voltage at tireed.1

s. The plots show the electromagnetic force, the gravitational force,
the momentum force, and the drag force. Notice the scale on the
plots.
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Dynamic Melting Rate
Model

In this chapter the electrode melting rate is considered. Two models are jgedelo

for calculating the melting rate. The first model is referred as the full dynamic
melting rate model, and the second model is referred to as the reduced dynamic
melting rate model. The second model is suited for control algorithms, while the
first model is best suited for simulation due to the computations required.

4.1 Melting Rate

In GMAW, current flows through the electrode and the arc. At the tip of the
electrode, assumed to be the anode, the surface is bombarded by slé@tven
elling through an electrical field having a very steep gradient. This aeteter
the electrons and the high energy of the accelerated electrons arbetbabthe
anode, causing the anode to melt. Also, Ohmic heating, caused by thet@mnden
the ohmic resistance, provides energy to the electrode. Thus, contriboiting
melting of the electrode.

In Chapter 3 a steady state melting rate model was presented. For chamging c
rent, as in pulsed welding, such a model might prove to be inadequate, @it d
not take melting rate dynamics into account. Therefore, in this chapter anityna
melting rate model is derived. Moreover, derivation of a dynamic melting rate
model also illuminates the actual behavior of the process, and thus, céedrtbu
the overall understanding of the process.

In [41] a theoretical model of the GMAW process including prediction of the
anode temperature profile and the melting rate is presented. Also, in [41] the
anode temperature profile and the melting rate were simulated by using ag energ
conservation equation for describing the electrode, and moreoverntidehtine
moving electrode, electrode elements were added to the electrode at each time
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Section 4.2: A Dynamic Melting Rate Model

step, and molten elements were removed. The model in [41] does not inc&ude th
drop, but in [37], the drop is included in a similar melting rate model. In [35] the
heat flux from the drop to the electrode is considered and theoreticallgiesd

by the thermocapillary force, also called the Marangoni effect. Basidzilij
temperature gradients exist within the drop causing movement of the liquid. For
this reason, the heat flux from drop to electrode cannot be explainétehbyal
conduction. Instead, thermal convection describes this, significaritfloran

the thermal system. In [36] the melting rate is modelled for pulsed GMAW, and
results from [37] and [35] were used for developing this model.

In this chapter a dynamic melting rate model, similar to the thermal model to be
found in [37], will be derived. In [37], and in similar works, the movingode

is handled by removing discrete pieces of the electrode above the melting point.
This is not the case for the model derived in this chapter, because didieeof
coordinate system. Here, the coordinate system is fixed at the electrodegmeltin
point interfacing the drop. Moreover, compared to [35], the contaicit peating

and the effect of a changing mass are included in the model presentdlher
Section 4.2, the full dynamic model describing the temperature profile and the
melting rate is derived. Control of the welding process is the overall olgecti

in this thesis, and therefore, control must be taken into account whetogéwy

a dynamic melting rate model. The full dynamic melting rate model, derived
in Section 4.2, contains many states and numerous calculations, and thus, is no
suitable to be included in a welding control algorithm. Therefore, in Sectign 4.3
the full dynamic melting rate model is recalculated and rewritten in a reduced
form which is more suitable for control. In Section 4.4, the full model and the
reduced model are compared, and moreover, the melting rates for botlsracale
compared with experimental data.

4.2 A Dynamic Melting Rate Model

In this section a dynamic melting rate model is derived. This model will be re-
ferred to as théull dynamic melting rate model to distinguish this model from the

reduced model, derived in Section 4.3. The model presented in this seagon h
been developed in connection with a student project at Aalborg Uitiv§ré
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Chapter 4: Dynamic Melting Rate Model

4.2.1 System Overview

In Figure 4.1 the system including the drop, the meltihgs the temperaturd,,,

is the melting point{} is the drop temperaturé, is the stick-out/. is the length

of the contact regiony is a distance measured from the melting point, aistthe

time. To develop a detailed model of the melting rate, the system shown in this
figure must be considered. Thus, the system is divided into three partdrdp,

the melting point, and the electrode above the melting point. Moreover, the latter
is divided into a number of sections to characterize the temperature profile of
electrode. The three parts will be considered in the following.

4 x-axis
T(Is+4Ax,t) Is + 4Ax
Contact Tube Ie
T(Is,t) Is
e —
Electrode
T(3Ax,t) 3Ax
T(Ax,t) AX
Melting point—» T(0,t) = Tm 0

Drop Ta(t)

Figure 4.1: The system considered for deriving a model describing
the melting rate. The drop, the melting point, the solid electrode, and
the contact point are included.

4.2.2 The Drop

During welding the solid electrode is melted and liquid metal is added to drop. At
some point the drop detaches and the process starts all over. Totehaeathe
drop, conservation of mass and energy is considered.

From drop beginning to drop detachment, the mass of the drop can bé&descr
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Section 4.2: A Dynamic Melting Rate Model

by an equation describing the conservation of mass.

— 2 —ypA 4.1
o = UmP (4.1)
mg is the mass of dropy,,, is the melting speeg, (= p.) is the metal density, and
A (= A.) is the cross section area of the electrode.

Let hy be the specific inner energy (heat per mass)/lgtbe the melting point
temperature, lek,, the heat of fusion, let be the specific heat capacity below
the melting point, and let,, be the specific heat capacity above the melting point,
see Figure 4.2. LeP, be the anode heat flow, primarily originating from electron
kinetic energy and electron absorption, and furthermoreP’}ete the drop heat
flow, expressing the heat flux between the drop and solid electrodeg theise
terms conservation of energy for the drop can be expressed as

d('mdhd) dmyg dhq
—h Qi p 4 pA(cTy + hay) — P
dt g Mg + vmp (T + fim) = Fa
=

dT,
[CTm + h + Cm(Td - Tm)] UmpA + mdcmd—td
= Py + vmpA(cTy, + hin) — Py
=

dT,
Cm(Td - Tm)vmpA + mdcmd—td =P, - Py (42)

According to [29] the heat supplied to the tip of the electrode comes from, re-
spectively, kinetic energy of the electrons and the energy of contiensA high
anode temperature causes electrons to be emitted from the anode, arslithus,
rounding the anode. This cloud of electrons generates a thin, but trengs
electrical field. Electrons are accelerated and collects considerabti&lénergy

in the electrical field, and next, when colliding with the anode surface thggise
released. Colliding electrons are absorbed into the lattice of the metal amgyy ene
is released in this process. The energy released corresponds torthiimaiion

ow, Which is the minimum energy needed to remove an electron from the surface.
In [29] the following equation for the anode heat fla, is presentedV,,, is the
anode voltage.
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Specific inner
energy, / [J/kg]

Coefficient, cm

hm

Coefficient, ¢

Solid metal region Melted metal region

| »

Tn Temp., T[C]
Figure 4.2: The specific inner energy, as a function of the tem-
peratureT,, is the melting temperature.

P, = Can(van + d)w)l (43)

Some energy is lost to ionization of gas molecules and metal vapors, and a minor
fraction of the energy is lost to radiation. The constajt accounts for these
losses.

P, expresses the heat flow between the drop and the solid electrode, kdif-t is
ficult to find an equation describing this flow. Close to the arc the temperature is
very high, but at the solid electrode boundary, the temperature equatsettieg

point temperature. This gives, as described in [35], a thermocapillacg that
causes rotation within the drop from the bottom to top. This phenomenon is called
the Marangoni effect. The Lorentz force from the welding curredttae induced
magnetic field also produces rotation within the drop, although, this rotation is di-
rected around a center vertical axis. Rotation within the drop moves hiatlpar
close to the solid boundary surface, and thus, heat flow is best degdyhther-

mal convection and not thermal conduction, see [35]. Also, in [35] ex@nts

and calculations show that thermal convection compared to thermal condisctio
10 to 20 times as significant in this liquid to solid interface layer. In [35] an-equa
tion describing the heat flow is derived, and in [37] some dependenaede the
Peclet Number (Pe) and the heat flow is reported, and moreover somedigce
between the Peclet Number and the drop temperature. Thus, a depeiatknc
exists between the drop temperature and the heat flow. This leads to the simple
expression, used in this thesis, for the heat flgw
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Pi=K.(T;—Tn) (4.4)

K. is a constant and should be chosen, such that, the convection is 10 to 20 times
as significant as thermal conduction [35].

4.2.3 The Electrode and The Contact Point

The solid part of the electrode is divided into a number of small elements asmsho
in Figure 4.1. The temperature of each of these elements can be calculatgd us
the principle of conservation of energy, and thus, all elements constitytesarnic
temperature profile of the electrode. Equations describing the conserdtio
energy must take into account the electrode movement, and therefostemsyf
particles is considered as described in [39].

The inner energyly,,, for a system of particles (see Figure 4.1) at time instast
given below.T is the temperature; is the element location, amiz is the length
of the elements.

Ey(z,t) = ApcT (z,t)Ax (4.5)
The inner energy for the system of particles at time instantAt¢ is expressed
below.
Ep(z,t+ At) = ApcT (x,t + At) Az + Apvy, T (v — Az, t + At)At
— Apv T (x,t + At)At (4.6)
The total heat fluxP;, originating from heat conduction at the element boundaries

can be expressed as belowis the thermal conductivity.

-Pl(x) t) - .Pl’in(l', t) - Pl,out(xu t)

_ A)\T(ac —Axt) —T(z,t) A/\T(w,t) —T(x+ Az, t)
Az Az
_ A)\T(:E — Az, t) — 2T (z,t) + T(x + Ax, t) 4.7)

Az
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=
(r — Az, t) — 2T (z,t) + T(x + Ax, t)
Az

Also, an element is subject to an incremental change in energy due to Ohmic
heating.y) (= p,) is the resistivity of the electrode.

AFE(x,t) = A)\T

At (4.8)

Pj(z,t) = s9vAAx = (4.9)
AFEj(z,t) = I;i/JA:cAt (4.10)

Now, the principle of conservation of energy gives the following result.

E,(z,t+ At) — Ep(z,t) = AE(z,t) + AE;(x,t) (4.11)

=
ApcT (z,t + At) Az + Apvp T (x — Az, t + At)At — Apvy,cT'(z,t + At)At
— ApcT (z,t)Ax = AE)(x,t) + AE (x,t) (4.12)

Dividing by Az, andAt, and lettingAx — 0 andAt¢ — 0.

2
ApcTy(z,t) = Apvy Ty (x,t) + ANT (2, 1) + %1/1 (4.13)

where the following notation is used

r, = @Y (4.14)
ox
82T (z,1)
Tao = =55 (4.15)
 OT(x,1)
T = — (4.16)

Equation (4.13) characterizes the temperature of a chosen elementiadavelt-
ing point, and thus, equation (4.13) can be used for simulation of the temeratu
profile along the electrode. However, at the contact point, the modesnedz
reconsidered. At the contact point the contact tube touches the movaigpdie,
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and current flows from the tube to the electrode. A small voltage drop ean b
expected at the contact point, and thus, a contact resist&acean be used as

a model. If is assumed that contact is established in some intdivalk, then

the contact point can be modelled by modifying the resistivityNotice thaty

is a function of the temperature, and see Figure 4:lis the resistivity of the
electrode material, angs is the resistivity in the contact point region.

¢(va) = ¢1(T) , L < ls
Y(x, T) =9a(T) , Is < x < ls + NeAx
Y(x,T)=0, x>1ls+ N, (4.17)

4.2.4 The Melting Point and The Melting Speed

In this section the melting point is considered. By doing this it is possible toaleriv
an equation expressing the melting spaggl,or melting rate M r.

The inner energyiz,, of the melting point element at time instans given below.

E,(0,t) = ApcT, Az (4.18)

The inner energyly,,, of the melting point element at time instant At is given
below. See Figure 4.3 showing the system of particles at time inssamt at time
instantt + At.

E,(0,t + At) = ApcTy, Az + Apvyha At — Apvp, Ty, At (4.19)

The melting point element is subject to change in energy due to thermal eonvec
tion from the drop, thermal conduction from the upper solid electrode elemen
and moreover, Ohmic heating. These energy contributions can be sxgras

AE, = PyAt = K (Ty — Ty) At (4.20)
AE, = pAt = A LAT ) = T0,8) 4, (4.21)
Ax
2
AE, = PyAL = %wmm (4.22)
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a) Time t b) Time t+At
A A
T(2Ax,t) 2Ax T(2Ax,t+At) 2Ax

. T(Ax,t) Ax T(0,t4+A8) = Tm T(Ax, t+At) Ax
Particle I
system — > _
at time t o = Tm 0 Particle system is 0

at time t+At
Drop Tda(t) Drop Ta(t)

Figure 4.3: At time ¢t the particle system has the melting tempera-
ture, but is still a part of the solid electrode. At time- At some
part of the particle system is part of the liquid drop.

Now, it is assumed that = ¢,,,, see Figure 4.2. Then the conservation of energy
gives the following result.

Ep((), t 4+ At) — Ep(O, t) =AE;+ AE + AEy
=
Apvphm At = AEg+ AE; + AFE; (4.23)

Dividing by At, and lettingAx — 0 results in an equation expressing the melting
speedy,,.

. P+ B Kc(Td — Tm) + A/\Tx(O, t)

= = 4.24
v Aphy, Aph, ( )
Also, this can be expressed as a melting rafe,
P, + P
Mp = v, A = 241 (4.25)
phm,

4.2.5 Model Summary

The model is illustrated in Figure 4.4, and below, the equations used are summa-
rized.
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——>To
1 Electr.ode T
equations .
> Tm
Tx(0,2) t
A
Melting vm_
speed "
Tua
Pa [
—~%———» Thedrop

Figure 4.4: lllustration of the full dynamic melting speed model.

Dynamic equation for the mass of the drop:

Dynamic equation for the drop energy:

dr,
cM%—Ewmﬂ+wwgf=&—&@rﬂw (4.27)

Partial differential equation describing the dynamics of the electrode,dimgu
the contact point:

I2
ApcTi(x,t) = ApvpcTy(z,t) + ANT (2, t) + Zw (4.28)

Description of the contact point:

¢:¢17$<l8
=19, ls <z <ls+ NAw
=0, z>1ls+ N (4.29)

Differential equation describing the melting speed, or alternatively, the melting
rate, see equation (4.25):

60



Chapter 4: Dynamic Melting Rate Model

K Ty —T,) + ANT,(0,1)
Aphp,

(4.30)

Um —

4.2.6 Steady State Model Behavior

In the former sections a model describing the dynamic electrode melting system
has been derived. In this section a steady state temperature profile afithe s
electrode will be presented, simulated at different current levels. THisev
done to illustrate the steady state behavior of the process which, in Sectjon 4.3
will be used for developing a reduced order model.

The model describing the dynamic electrode melting system has been imple-
mented in Simulink. The electrode is chosen to be a 1 mm stainless steel elec-
trode, and thus, the physical parameters describing such electraglbd@v used

in the simulations, see the Nomenclature. Three plots in Figure 4.5 shows the
steady state temperature profile of the electrode for different curr@espec-
tively, plots for 80 A, 130 A, and 180 A are shown. 100 elements are tesed
characterize the electrode, where each element has a length ef 0.0002 m.
Moreover, a contact point resistance is distributed from element 51 to el&de
From Figure 4.5 it can be seen that different temperature gradientaasedby

the different currents used. However, in spite of different gradientdifferent
currents, the temperature profile can be characterized by a high grpditand

a flat part.

4.3 A Reduced Melting Rate Model

In Section 3.6 a simple steady state melting rate model was presented. Unlike
the model derived in Section 4.2, which is computational intensive, this model

is a simple model suitable for control. However, the steady state melting rate
model does not capture the melting rate dynamics. Therefore, the aim in this
section is to develop a dynamic melting rate model suitable for control. From the

temperature profile shown in Figure 4.5 some conclusions can be dravat, Fir

in the solid electrode close to the melting point, the temperature gradient is very
steep. Second, near the contact tube the temperature gradient is ratthientfl

the temperature is somewhat above the ambient temperdiurelherefore, it
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Distance, x [m]

Figure 4.5: Electrode temperature profiles at different welding cur-

rents, respectively, 80 A, 130 A, and 180 A. The lower curve cor-
responds to 80 A, the middle curve to 130 A, and the upper to 180
A.

might be possible to simulate the electrode temperature profile using only a few
elements.

4.3.1 Reduction of the Model

The solid electrode is divided into a number of small elements close to the melting
point to account for the steep gradient, and then, the rest of the electiectrode

is divided into a number of larger elements. Here, the "electrode” refeifseto
piece of metal from the drop to the contact point, plus a piece of electrode wir
behind the contact point. In Figure 4.6 this distribution of small and large elismen
are shown, and as illustrated, the large elements consists of the three elaments
distanceM, N, andP, respectively. The contact point is located in elem¥&nt

In general the derivation of the reduced model is similar to the derivatiamsifin
Section 4.2. However, the elements at distabhemd ! need to be considered, as
these elements are the interface between the small and the large elements. Befo
considering the two elements, lets us introduce the following notation.

Ty, = T(L,t) (4.31)
Ty = T(M, 1) (4.32)
Ty = T(N,t) (4.33)
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To
4 X-axis
Te = T(P,t) x=P
D
Tn = T(N,t) x=N
D
D M = T(M,t) x=M
H
o T = T(L,t) x=L
Electrode
T(Ax,t) X=AX
T(0,t) = Tm x=0
Drop

Figure 4.6: For the reduced model, the electrode is divided into
small elements close to the drop, but otherwise, it is divided into
larger elements.

Tp =T(P,t) (4.34)

First, the elemend/ will be considered. The inner energy,, of the element at
x = M, and at time instantis given below. Notice, that in the following

E,(M,t) = ApcTy D (4.35)

The inner energyk,, of the element at = M, and at time instarntt+ At is given
below.

E,(M,t+ At) = ApcT (M, t + At)D + Apvp, T At — Apvy,cTn At (4.36)

The incremental change in energy due to thermal conduction can be wigtten a
below. D is the length between elemeitand M, and H is the length between
elementM andL, see Figure 4.6.

-PZ(M)t) = -Pl,in(Mv t) - ]Dl,out(Ma t)
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TL — TM TM - TN
= A\ — A\
H D
AN
= —— (DT}, — DTy — HTy; + HTy) (4.37)
DH
=
AN

AE(M,t) = 57 (DT, = DTy — HTy; + HTy) At (4.38)

The incremental change in energy due to Ohmic heating can be written as

2
AE,(M,t) = %wm (4.39)

Now, balance of energy gives a discrete time equation describing the teidid e
trode temperature. A discrete time representation is used to avoid simulation be-
tween sample times, representeddgtime intervals.

E,(M,t+ At) — E,(M,t) = AE|(M,t) + AE;(M,t) (4.40)
=
ApcT (Mt + At)D + Apvyc(TL — Tn)At — ApcTy D
A I?

- = (DTL — DTy — HTy + HTN> At+ YDAt (4.41)

Now, an equation describing the temperature in the element at disidncas
been found. The equation describing the element at distaram be found in a
similar way. The result is

ApcT (L, t + At)H + Apvpe(T(L — Az, t) — Ta) At — ApcT H

_ A (HT(L—A t) — HTy, — AxTy, + AxT )At+l—21/zHAt
~ HAr z, L TLp, Tipm A

(4.42)

The equations describing the drop dynamics, the melting rate, and the uniform
elements in the solid part of the electrode are similar to the equations found in
Section 4.2. However, the contact resistance is accounted for in the ¢lamen
distanceN.
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4.4 Simulations

A simulation program for testing the dynamic melting speed models has been
developed. The program has been developed in Simulink, and consitteef

parts: A part calculating the melting speed based on the full dynamic melting
speed model, a part calculating the melting speed based on the reducetdayna
melting speed model, and a part calculating the melting speed based on the steady
state model stated in equation (3.36). In Figure 4.7 the structure of the simulation
program for a dynamic melting speed model is shown. Same structure isansed f
both models.

—— 10
1 N Electr.ode : T
equations .

.
2 Tm

Tx(0,1) r

Melting Vm
speed

4

v

Ta

Power from | Pa
¥ > Drop A

the arc .
dynamics —
reset oy
md Detachment
«

criterion

Figure 4.7: The structure of the simulation program for the dynamic
melting speed algorithms.

In the simulation program, drop detachment events are generated in a singple wa
as the mass of the dropyq, is reset when the mass exceeds a given fixed level.
If one of the melting speed models was to be implemented in a simulation pro-
gram simulating the whole GMAW process, drop detachment events would be
generated from one of the criteria found in Section 3.5.

For calculating the melting speed using the full dynamic melting speed model,
the electrode is partitioned into 100 elements of len§yth = 0.2 mm. Current
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is flowing through half of the elements, as the rest of the elements are behind th
contact point. For calculating the temperature of each of those elements tit mus
be considered hoW (z,t), T,.(z,t), andT;(z,t) are calculated, see equation
(4.13). The following approximations are usesl: is the length of each element,
andAt is the time between each sample, that is, the sampleZfime

_OT(x,t) _ T(x+ Az,t) — T(z,1)

T, = . A (4.43)
O?T(x,t)  T(x+ Ax,t) + 2T (x,t) — T(x — Az, 1)
Tpw = ~ 4.44
Ox? (Az)? (4.44)
T (xz,t)  T(x,t+ At) —T(x,t)
T = ~ 4.4
! ot At (4.45)

So, we have the following expression for the temperatufg(at ¢t + At). Thus,
using this expression, it is possible to calculate the temperature of all elements
one time step into the future.

T(xz,t + At) =T(x,t) + At (va(x - Ax’At) - T(z,1)

X
A T(x+ Az, t) + 2T (x,t) — T(x — Az, t) . 2 w)
pc (Az)? pcAZ

For calculating the melting speed using the reduced order dynamic melting speed
model, the electrode is partitioned into 4 small elements close to the melting point,
and the rest of the electrode is partitioned into 3 large elements. The small ele-
ments are similar to the elements used for the full dynamic melting speed model,
and thus, 4 elements of lengthiz = 0.2 mm are used. The 3 large elements each
have a length of 4.2 mm, and are centered around the distanees/, x = N,

andxz = P, respectively, see Figure 4.6. Tlizelement is behind the contact
point, and theV-element includes the contact point resistance.

(4.46)

The temperature of each element in the reduced order dynamic melting speed
model are calculated in a similar way as the elements in the full dynamic melting
speed model, except for the two elements in the interface between the small and
the large elements. These elements are elerheantd elementl/, see Figure

4.6. The temperature of these interface elements are calculated using rquatio
(4.41) and equation (4.42). SO(M,t + At) is isolated in equation (4.41), and
T(L,t+ At) is isolated in equation (4.42).
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Five experiments with, respectively, the full dynamic melting speed model, the
reduced dynamic melting speed model, and the steady state model havetbeen ca
ried out using the simulation program. For each experiment a step in the input
current,/, is applied. The shape of each input current signal is given below.

Experiment 1: The current is changed from 100 A to 50 A at tire.02 s.
Experiment 2: The current is changed from 100 A to 200 A at timé.02 s.
Experiment 3: The current is changed from 100 A to 350 A at time.02 s.
Experiment 4: The current is changed from 100 A to 200 A at timeD.02 s.
Moreover, a 300 Hz sinusoidal signal with an amplitude of 10 A is added to the
input current.

e Experiment 5: The current is changed from 100 A to 200 A at tirwe0.02

s. Moreover, a Gaussian noise signal with a mean equal to zero aniacear
equal to 100 is added to the input current.

The 300 Hz sinusoidal signal in experiment 4 is applied for simulating theteffe
of the voltage ripple from the welding machine.

In all experiments, the values for the different constants and paranuseiscan
found in the Nomenclature, except for the parametersfpm equation (4.3).

For P,, the anode voltagdy,,,, is set to 5.5 V, and the anode constagt,, is set

to 0.5. However, to be able to adjust the steady state level of the dynamic melting
models, the work functionyp,,, is made a function of the current, Thus,¢,, =

o (). Also, in all experiments a sample tirfig = At = 0.1 ms is used.

In Figure 4.8, the three melting speeds are shown for experiment 1. Tike wo
function ¢,,(I) has been adjusted, such that, the steady state value generated by
the full dynamic melting speed model equals the melting speed value generated
by the steady state model. The same valuefg(l) is used in the reduced model.

In Figure 4.9, the three melting speeds are shown for experiment 2. Like ex

periment 1, the work function has been adjusted. As it can be seen, thegmeltin

speed calculated by the reduced dynamic melting speed model has a differen
steady state value when compared to the value from the full dynamic melting
speed model.

In Figure 4.10, the three melting speeds are shown for experiment 3. kike e
periment 2, the melting speed calculated by the reduced dynamic melting speed
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Figure 4.8: Experiment 1: The melting speed calculated by the three
models given a step in welding current from 100 A to 50 A.

model has a different steady state value when compared to the value &dull th
dynamic melting speed model.

To investigate the transients of the melting speed models, the transient phase of
experiment 3 is plotted in Figure 4.11. Here, it can be seen that the respons
generated by the reduced model is almost equal to the response of timeddl.

Both have a time constant of around 0.6 ms, corresponding to a bandwidth of
around 1.7 kHz. Also, notice the jump in the melting speed around 0.0225 s
which is caused by a drop detachment. The drop detachment results in asmalle
drop, and less energy is needed for increasing the temperature of alsopall

So, in the transient phase, the reduced model calculates a melting speetl almos
identical to the full model, but in steady state there are some differencesdietw

the melting speed calculated by the reduced model and the dynamic model. This
can be explained in the following way. In the transient phase, the resp®de-
termined by a few elements close to the melting point, and close to the melting
point the same type of elements are used for both the reduced model and the f
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Figure 4.9: Experiment 2: The melting speed calculated by the three
models given a step in welding current from 100 A to 200 A.

model. However, the same type of elements are not used for the othef et o
electrode. For the full model small elements are used, but for the redoodel
large elements are used. The large elements do only give a crude reéatieseof
the temperature profile, and this results in the discrepancy. Howeveiistre
ancy between the reduced model and the full model in steady state doasaiot
that the reduced cannot be used. Rather, it means that the reducddhmstbe
tuned. However, this will not be pursued further in this work.

In Figure 4.12 the input current signal used for, respectively, xeat 4 and
experiment 5 are shown. For experiment 4, the melting speeds calculatkd by
three models are shown in Figure 4.13. In the full model and the reducedl mod
the current signal is filtered by the dynamical system, and thus, the amplitude o
the oscillations is dampened. However, no dynamics are included in the steady
state melting rate model, and thus, for this model the 300 Hz signal is not damp-
ened. For experiment 5, the melting speeds calculated by the three models are
shown in Figure 4.14. Likewise, the melting speeds calculated by the full and
the reduced model are dampened, and again, unfiltered noise caneabisethe
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Figure 4.10: Experiment 3: The melting speed calculated by the
three models given a step in welding current from 100 A to 350 A.

melting speed calculated by the steady state model.

4.5 Discussion and Conclusion

To develop a model describing the melting rate of the electrode, the electiede h
been partitioned into three subsystems, which are the the drop, the melting point,
and the solid electrode. Moreover, the solid part of the electrode wadediv

into a number of small elements to describe the temperature profile of the elec-
trode. Using this approach a melting rate model was developed, and the model
was referred to as the full dynamic melting rate model. To reduce the order of
the melting rate model, and thus, the to reduce the number of calculations needed
the model was reduced considerably by using an alternative partition ebtide
electrode. The model obtained in this way was referred to as the redvcachit
melting rate model, which, because of the relative low model order, is beited su

for control. Alternatively, both dynamic melting rate models were formulated as
melting speed models.
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Figure 4.12: The input current signals used for, respectively, exper-
iment 4 and 5.

Simulations showed good agreement between the full dynamic melting rate model
and the reduced melting rate model in the transient phase of a step redpanse

in steady state a discrepancy between the two models was present. However
this was considered as matter of tuning the reduced model, and thus, it vas no
considered as problem for the reduced model. It should be mentionethéhat
dynamic melting rate models presented in this chapter will not be used in the rest
of the thesis. Instead the steady state melting rate model will be used betause o
the simplicity of this model. However, using the more exact melting rate models
presented in this chapter can be considered as a way to improve the methods o
algorithms utilizing the simple steady state melting rate model.
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Objectives and Control
Topology

In this chapter control of the GMAW process is considered. Differentrol con-
figurations are discussed, and also, the different tasks which sheaddressed
with respect GMAW control are considered. Moreover, a numberifspebjec-
tives for the control system are presented.

5.1 Control and Objectives in GMAW

In Chapter 1, the overall objective of this thesis is stated. The overalttblge

is to optimize the control algorithms controlling the manual (hand-held) pulsed
GMAW welding process, with the aim of enhancing the quality of welded joints.
However, it is rather unclear what is meant by an optimization of the control
algorithms, and also, is it not clear, what is meant by the quality of a weldidn th
section, these unclear point will be addressed, and as a result, a nurapecific
objectives will be defined. Notice, that in this thesis, pulsed GMAW is constte

as a special case of spray GMAW, and also, short arc GMAW is carside

First, let us consider quality. Normally, the quality of a weld is characterized
by parameters such as penetration and grain size in the welded areaehalge
quality is characterized with respect to characteristics of the welded veaekp
However, in this thesis, focus is not on the workpiece, but rather orati®pthe
process involving the electrical circuit, the electrode melting, and the faatew)

on the drop. Therefore, instead of relating quality to workpiece charistits, it
would be preferable to find a number of derived characteristics, wiuialdde
linked to the process under consideration. To be able to arrive at sanwedle
quality characteristics a specific welding material is considered. The sklecte
material is stainless steel. However, in spite of the specific material corgjdere
the derived objectives can be considered as general objectivés/faw control.
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Section 5.1: Control and Objectives in GMAW

Stainless steel is a steel alloy, that contains some alloy elements, which gives th
metal some desired properties. These properties must, still, be preserd afte
weld. However, during a weld, if the steel becomes too hot, it might loose the
alloy properties. To prevent this loss of properties, the temperature in titiegne
pool must be kept low, and thus, the welding process must be perforsiregl al
relative low amount of energy. Also, a low amount of energy usedespaonds to

a low heat input into the workpiece, and in general, the heat input shewd low

as possible. Therefore, one objective is to minimize the energy used in lithiagve
process. Actually, when compared with ordinary spray GMAW, pulsed®@&Ns

a way to obtain a process in which less energy is transferred into the weld po
However, to minimize the energy the pulsed GMAW process must be considered
with energy minimization, and a way to obtain such energy minimization is to
ensure a small arc length during welding.

A small arc length, or minimal arc length, is preferred for another red3aring
welding the operator needs to control the path of the arc between the dk&ctro
and the workpiece, and this path is less difficult to control having a small arc
length. For example, when welding along a gap between two pieces, ortalong
orthogonal workpieces, a long arc can be difficult to focus. A smaikagasier to
focus during welding, that is, a small arc has less tendency to jump frorepmie

to another on the workpieces. So, to achieve the optimal condition for actidin
control, we want to minimize the arc length. However, if the arc length becomes
too small, short circuits between the electrode and the workpiece will obatur.
general, the number of short circuits should be minimized, as, otherwismra p
weld might be the result.

Normally, in pulsed welding, the current pulses are used for detachapg @it the
tip of the electrode, such that, one drop is detached for every one fussk .of
drop detachment or multiple drop detachments for each pulse will have tiMeega
effect on the quality of the weld. Probably, the negative effect on tladitgus
caused by the irregularly characteristics of the detaching drops, &nge, an
irregularly drop size and drop velocity. Therefore, one drop perep(GDPP)
must be maintained during the pulsed welding process.

Now, based on the preceding discussion a number of specific objectinvelse
stated.

e The welding process must be performed using a minimal amount of energy.
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e A minimal arc length must be obtained.
e Short circuits must be avoided.
¢ In pulsed GMAW, one drop must be detached for every pulse (ODPP).

In the following section the control system needed to control the pulsed\@MA
will be considered. First, in Section 5.2, the general control systenitactlre

is considered. Next, in Section 5.2.1, metal transfer control is considbtetl
transfer control, basically, is the mechanism which ensures drop detathife
terwards, in Section 5.2.2, arc length control is addressed, and, in 158c2i@3,
supervision in the control system is discussed.

5.2 Control Configurations

In this section the architecture, or configuration, of the control systemrisid-
ered. First, let us consider the GMAW process, and define the inputotiion
the process, and also, the outputs from the process used for control.

The terminal voltagel/;, can be considered as an input to the GMAW process.
The terminal voltage is the voltage between the machine terminals, see Figure
3.1. The electrode is fed from the welding machine, and thus, the electredd s

can also be considered as an input to the process. However, in lg@maranual
welding systems the electrode speed is set to some fixed value before the star
of a weld. Therefore, in this thesis the electrode speed is not considsrad
input. Rather electrode speed becomes a fixed parameter in the systenut-The o
puts are measurements, which are also normally used in manual welding systems
The outputs are the measured terminal voltdgg,, and the measured welding
current,l,,,. So, for control, the following inputs and outputs can be used.

e Input: The terminal voltagd/;.
e Output: The measured terminal volta@g,, .
e Output: The measured welding curreht,,.

Now, let us consider ordinary spray GMAW (not pulsed), and suppas want

to control the arc length. In fact, being able to the control the arc lengtlols pr
ably the single most important thing in GMAW control. Using the input and the
outputs, it is possible to develop a controller able to control the arc lengtth Su

a controller could be based on a model of the GMAW process. Howewethd
modern type of welding machines, considered in this thesis, a terminal voltage
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cannot be applied directly to the process. Instead, from the point of Vi¢iaeo
internal controller, a signal to the inverter can be applied. This is a PulsthWid
Modulation signalz,..,, or an equivalent signal, which sets the 'on-time’ of the
inverter switches. So, an arc length controller, directly based on the nobdel
the process and the input and outputs, could be implemented as shown ia Figur
5.1.(A). 1, is the arc length reference, and the task of the controller is to move
the real arc length,, towards the reference. Notice, that the arc length is not
measured directly in the system. Instead, it must be derived from the twotsutp

that is,Uy,,, and .

Arc Inverter
L’ length upem | | U | GMAW
control process

A

T Iwm l]fm

Arc Inverter
lar length Ur Voltage upm )| U GMAW
control + & control process
T Lom| | Um

Arc Inverter
Lar length Ir Current | upwm | | U | GMAW
control + control process
T I IWm l]fm

Inverter

Arc Metal
1”4’, length Ire > transfer Ir Current Upwm | Ui GMAW
+ control process
control control -
Y

1 i L) | U

Figure 5.1: Different configurations for GMAW control.

The inverter, however, is in general not linear, and therefore, agr inoltage
controller could be included in the system, such that, the arc length controller
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interfaces a controlled voltage source. Thus, the controller outputs a términa
voltage referencd/;,.. This is shown in Figure 5.1.(B).

It is difficult, if not impossible, to avoid short circuits during welding, and wiae
short circuit occurs, the welding machine must be able to handle the efftu
short circuit. The effect is a rapid rise in current, which uncontrolledldouin

the weld. In old type transformer welding machines, a large coil in the welding
machine limits the rate of which the current is able to rise. However, such large
coil is not present in modern inverter based welding machines, as thentaen

be controlled by software. In the system shown in Figure 5.1.(B), thecurs

not controlled, but rather the voltage is controlled by the inner voltage atartr
However, instead of using an inner voltage controller, an inner cucaanttoller

can be used. Such system is shown in Figure 5.1.(C). Now, the arc lemgth ¢
troller outputs a reference curreit, to the inner control.

Compared to the system in (B), it can be argued that the system in (C) bas-a n
ber of advantages. The first advantage concerns the short ciisigteort circuit
can more easily be handled, as the current can be shaped by shapougrére
reference signall,.. The second advantage concerns robustness. In general, it is
very difficult to develop a precise model describing the current dynaimiegld-

ing process, as the current dynamics depends on the wires usekaraple, in
one particular welding setup, 10 meters of electrical wire could be usedjran
another welding setup, 20 meters of electrical wire. An arc length contréler
which an inner voltage controller is used, must rely on the imprecise modet of th
current dynamics. However, if an inner current controller is usedatbéength
controller does not need to be based on the current dynamics of thesprdmit
rather on the current dynamics of the closed loop including the curretritatier.

The third advantage concerns metal transfer. Metal transfer reféne fwrocess

of drop detachment and transfer to the weld pool. In pulsed GMAW, it isthe ¢
rent pulses which cause drop detachment, and thus, it must be possibigrtd co
the current. A configuration including metal transfer control is shown inifeig
5.1.(D). Now, the arc length controller outputs some control variahlewhich

is used as input to the metal transfer controller. Notice, that the contiiallay
I.., does not have to be a reference current, as indicated by the symbol.

The configuration in Figure 5.1.(C) can be redrawn in a more general agay
shown in Figure 5.2. In this figure, the inverter is left out, and it will not be
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considered further in this thesis. Also, the sum symbols have been rertmved
make the system more general, and moreover, it is assumed, that arc kemgth c
measured in the process. This means, that, an arc length estimator mustdie part
the process. In the same way, Figure 5.1.(D) can be redrawn as sh&iguie

5.3.

Lur 1§1rcth I | Current | U | GMAW
> conﬁol control process

Lm l am

Figure 5.2: The welding current is controlled by the inner current
controller. The arc length is controlled by adjusting the current ref-
erence signall,..

Arc Metal
lar length Ire » transfer I N Current U: N GMAW
control control control process
A A
Lom Lam

Figure 5.3: The welding current is controlled by the inner current
controller. The arc length is controlled by adjusting the sighal
The metal transfer controller handles drop detachment.

The two figures, that is, Figure 5.2 and Figure 5.3, can be regardeshasadjcon-

trol configurations for, respectively, ordinary GMAW and pulsed GMAvhen
using an inner current controller. These general control configmsatidgll be
used as frameworks when developing an arc length controller and a raetsfktr
controller in Chapter 6 and in Chapter 7. However, before starting dawngjo
those controllers, metal transfer control and arc length control will beudssed

in the following two sections, that is, Section 5.2.1 and Section 5.2.2. Moreover
in Section 5.2.3, supervision in GMAW will be discussed.

5.2.1 Metal Transfer Control

The task for metal transfer control algorithm is to control the drop detanhme
process. Basically, the metal transfer controller forces current pulst the
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process, using either a fixed or a variable pulse frequency. Thespygserated
by the metal transfer controller can have different shapes. For exampligure
5.4, the welding current is sketched for some chosen pulse shape.articsifar
pulse shape, is, in this thesis, denoted as the 'chair shape’. Using sudbea
shape, the drop is supposed to detach around the transient phaserbitevkigh
current level and the low current level. Normally, to achieve this goal, hlape
of the current in the pulse period is adjusted off-line. For example, thedétiee
high current pulse can be increased or decreased, or the time pettwat plilse
can be increased or decreased. The off-line adjustments must benpedffor all
different kinds of wire materials, wires diameters, and so on. Thus, thistsan
a series of welding programs to be developed.

Iw
high level

low level

y

pa S S
<

base period mpulse periodﬂ

pa S
<

a full period -
Figure 5.4: A full period is divided into a base period and a pulse
period. The pulse is 'chair shaped'.

—>
time

One disadvantage of using an off-line adjusted current shape in theegrried is

the handling of disturbances and perturbations. For example, a peituragses,
when a slightly different wire material, than adjusted for, is used in the welding
process. Disturbances could be variations in the length between the taoitiac
and the workpiecd,. If disturbances and perturbations are not taken into account
when adjusting the pulse shape, one drop might not be detached fgrpeise.

To introduce robustness, and thus, to ensure drop detachment apelss, the
pulse current needs to be increased somewhat. This means that theuprése c
needs to be somewhat stronger than required for detaching the adeogg@v-
erage characteristics). However, this gives another problem, asapenilght not
detach at the desired location on the pulse shape.

Instead of using only an off-line adjustment approach, it might be poskible
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introduce some on-line adjustment or adaptation into the metal transfer control
algorithm. However, such approach will not be investigated in this thesis, as
seems to be rather difficult to derive an optimal pulse shape based oneklyzwv

of the process. Instead, in this thesis, the effect on disturbances isdathpy
ensuring a uniform drop size prior to the initiation of a pulse. This apprésach
described in Chapter 7.

No matter which kind of metal transfer control is used, some overall camfigu
tion needs to be considered. The inputs and outputs need to be deternnided, a
moreover, the scheduling of pulse periods need to be consideredjivaleqtly,
deciding on which kind of events that initiates a pulse period. A fast inner cu
rent controller needs a current referenge,as input, and thus, the output from
the metal transfer control must be such a reference signal. AccordiRigtioe

5.3, the input to the metal transfer algorithm is the output from the arc length
controller. However, as the arc length controller is not directly connectéioe
inner current controller, this signal does not necessarily have tesept a cur-
rent. Instead, for example, it could be an event signal, telling the metafdrans
controller when to initiate a pulse period. In this way, a varying controlreffo
from the arc length controller gives a varying pulse frequency. Trauditg, in
pulsed GMAW, a constant pulse frequency is used during the weldingepso
Using such approach, the input to the metal transfer controller could ipmal s
representing the reference current. Then, in the base period, age bi¢, the
metal transfer algorithm must forward the ingut to the outputr,.

5.2.2 Arc Length Control

The purpose of the arc length controller is to stabilize the process by maigtainin
a steady arc length. During one period the arc length changes acctodingp
growth and drop detachment, and therefore, more precisely, the puptie arc
length controller is to keep a steady arc length averaged over one fidddéne
base period plus the pulse period).

As shown in Figure 5.2 arc length control for ordinary GMAW can be acde
by controlling the reference currerd,, based on the available measurements. In
Figure 5.3, however, the control signal,, is fed to the metal transfer controller.
Traditionally, to ensure arc length control, the arc length control signairis f
warded to the current reference in the base period. In this way, agthleontrol

is carried out in the base period, and drop detachment is carried out e
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period. However, as explained in Chapter 7 this scheme does not haseiteth
for providing arc length control.

As stated in the former section, the output signal does not have to rapeese
reference current. However, it is advantageous to use such olgpat,sas for

such signal, it is possible to use the same arc length controller for both pulsed
GMAW and ordinary GMAW. Therefore, the arc length controller, présd in
Chapter 6, uses an output signal representing the referencetcurren

5.2.3 Supervision Layer

In this section supervision in GMAW will be discussed. Supervision refees to
number of algorithms, which obtain measurements from both the welding groces
and the control algorithms. Based on the those measurements, it possithle for
supervision algorithms to interact with the control system. With respect to the
software architecture of the total control system, the collection of all sigien
algorithms can be grouped into a supervision layer. This layer, and thadtiters

with the system, are illustrated in Figure 5.5.

A A

Supervision Layer

A A A

A A A

Arc Metal

lar length L » transfer I Current ‘ U: N GMAW
control control control process
4 41 4 Lom| | lam

Figure 5.5: The supervision layer observes the total system by avail-
able measurement, and interacts if needed.

In general, the supervision layer could include many different tasksveMer,
here, only two will be discussed. These tasks are listed below.

e Short circuit detection and handling.
e Drop detachment detection.
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The supervision layer needs to handle short circuits. If a short ciocuitrs, the
tip of the electrode must be moved away from the workpiece, and the ardoeust
reignited to avoid a complete stop of the welding process. This can be hdndled
increasing the current in a controlled way. So, first, the supervisiom fayst be
able to recognize that a short circuit has occurred, and afterwtaedsypervision
layer must seize control of arc length reference sighalto remedy the effect of
the short circuit. The recognition is based on the measurements obtaineth&o
process.

Information about drop detachments can be used by the metal transteslieon

and this is why drop detachment detection is mentioned here. Without congiderin
the exact use of information about drop detachments, one can easilpwieazd

that such information is useful for the metal transfer controller. For el@rdpr-

ing welding, it can be tested whether the one drop per pulse (ODPP) objexcti
fulfilled, and if it is not, the pulse current can be increased. Unlike stiortit
detection, it is not trivial to detect drop detachments, when only measurimgy te
nal voltage in the process. In this thesis, however, drop detachmentideteill

not be investigated. Instead, it will be left for future work.

5.3 Discussion and Conclusion

In this chapter four specific objectives are derived. These como@rimal en-
ergy, minimal arc length, avoiding short circuits, and one drop per pGB&e).
Moreover, different control configurations are discussed. Thisimedinder the
constraint that the terminal voltag¥&,, is used as an input to the process, and
moreover, the measured terminal voltagg,,, and the measured welding cur-
rent, I,,,, are used as outputs. In particular one configuration seems to be a good
choice. In this configuration the process and the inverter are contrgllad imner
current controller. This configuration is desirable for several reasOne reason

is that the inner current controller is able to linearize the inverter, and #iso,
current dynamics become less dependent on uncertain terms in the model. Mo
over, an inner current controller provides a direct interface for thianr@ansfer
controller to adjust the current to provide drop detachment.

Metal transfer control, arc length control, and supervision is discugsesically,

the task of the metal transfer controller is to provide drop detachments, and in
pulsed GMAW this is done by forcing a current pulses into the processetsar,

86



Chapter 5: Objectives and Control Topology

the shape of the pulses and the pulse frequency must be determinesbdked

four specific objectives. The arc length controller must be able to keegadys

arc length, and again, the four objectives must be taken into accourgnsipn

is also considered, even though it not a topic of this thesis. It is statedhtbidt s
circuit detection and handling (remedy) is a necessary mechanism, osgtitea

is a necessary mechanism in modern inverter based welding machines dee to th
low output inductance. Also, it is mentioned that it could be advantageow@é h

a drop detachment detection mechanism included in the supervision layer.

In the following chapters arc length control, metal transfer control, anteagth

minimization will be considered. However, the inner current controller wilklie
out as it will be assumed that this is just a traditional Pl-controller.
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Nonlinear Arc Length
Control

In this chapter a nonlinear feedback linearization based controller isogeekfor
controlling the arc length. Uncertainties and performance are consjdarédhe
controller is tested in a simulation program.

6.1 Arc Length Control

In Chapter 5 it is stated that arc length control is an important part of the total
control GMAW control system, and thus, arc length control will be adsirdsn

this chapter. In Figure 5.2, the overall GMAW control configuration witiibe
metal transfer controller is shown. This configuration will used for thdeargth
controller presented in this chapter. Thus, as the metal transfer contsofiet
included in the configuration, pulsed GMAW will not be considered diredtly.

fact, the drop will not be considered as a part of the arc length prackih
should be controlled. So, basically, it is assumed that metal continuously is re-
moved from the electrode during welding. The metal is removed with a melting
rate which depends on the control effort, and thus, for controlling tbdeaigth

the electrode melting rate must be controlled. The melting rate constitute a nonlin-
ear process, a therefore, an arc length controller able to handle solhearities

will be developed.

Arc length control can be performed by a PI controller, which does,elvew
have the disadvantage that it is not able to cope with the nonlinearities. In [1]
and in [20] the GMAW process is considered as a MIMO system, and nonlin-
earities are cancelled using an additional feedback signal for eatfoimput.
Same approach is used in [13], but in this work sliding mode control is apjplied
the purpose of robustness. However, in most welding machines usethfaral
welding only the machine output voltage can be used for controlling the gsoce
Thus, the MIMO approach of [1], [20] and [13] is less suitable for menveld-
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Section 6.2: Dynamic Arc Length Model

ing. In [54] arc length control is also addressed in a control schenwatized
for pulsed GMAW. However, in this work linear control is used.

In general, linear control methods have the disadvantage that a numben-of
trollers must be tuned to cover a range of operating points, and also, sotme s
of gain scheduling must be implemented. This is not the case for the controller
developed in this chapter. In this chapter a feedback linearization beskeshgth
controller is developed. This nonlinear control method has the advantaigeth

ear system theory can be applied when considering stabilization andrparice,

as nonlinearities are compensated for. Moreover, as stated beforenancon-
troller for all operating points needs to be designed and tuned.

In Section 6.2 a model describing the arc length process will be presamigdh
Section 6.3 the model used for developing the structure of the nonlinetaolben

In Section 6.4 stabilization and control will considered, and uncertaintiewill
considered in Section 6.5. Performance of the closed loop system is emtsid

in Section 6.6, and the developed controller is tested in a simulation program.
In Section 6.7 the arc length reference signal is considered to acamuditdp
detachments, and Section 6.8 is the conclusion of the chapter.

6.2 Dynamic Arc Length Model

Controlling the arc length using feedback linearization requires an ard¢hleng
model. Therefore, such a model will be developed in this section. In Ghapte
3, different parts of the GMAW process already have been modelledihane-
fore, the model derived in this section will be based on Chapter 3.

The GMAW process constitutes an electrical circuit. This circuit is modelled in
Section 3.2, and also, restated below in equation (6.1) where the fugtioh, )

is an expression for the arc voltage. The functid, ,) indicates, as described

in Section 3.3, that some relation between the arc voltage and the arc lendgh exis

Uy = Ryl + Lyl + Reed + lspe I + h(I,1,) (6.1)

Uy is the machine terminal voltag&,, is wire resistancel.,, is wire inductance,
R.. is the sum of all contact resistancésis the electrode length,. is the elec-
trode resistivity, and is the welding current.
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Chapter 6: Nonlinear Arc Length Control

The arc length],, changes with the electrode speed, the melting speed;,,,,

and moreover, movement of the welding pistol, where the latter means theschang
in the contact tip to workpiece distanég, However, for now, let us assume thiat

is a constant, or at least that changek ere slow compared to the electrode speed
and the melting speed. Using the steady state melting rate model, described in
Section 3.6, an expression for the change of arc length is reachedXphnession

is stated below, in equation (6.3), and notice, that the melting rate is descsbed a
a melting speed. Therefore, constalt@indks are used instead ef andcs.

O = kil + koI? (1. — 1) (6.2)

and then

lo = vm — ve = ki T + koI?(le — 1) — ve (6.3)

Now, we have two equations. One equation, equation (6.3), describirgyt¢he
length dynamics as a function of some parameters, the welding current,rthe co
tact tip to workpiece distance, the arc length, and the electrode speedis In th
equation the current], and the arc length,,, can be regarded as variables or
states, while the contact tip to workpiece distanice,and the electrode speed
can be regarded as parameters. The other equation, equation (6ctibeke the
dynamics of the current in the process, having having a control voltages in-

put signal, wherd/. almost equals the terminal voltagg. Thus, the arc length
might be controlled using this control signal. However, the arc length psoalso
includes the inner current control loop, described in Chapter 5, arakcin this
inner current control loop determines the current dynamics. Thexe&mother
expression than equation (6.1), describing the current dynamics, rmusidal.
The expression used in this work, is a first order transfer functionoxppating

all current dynamics. As input to this transfer function, a currentresfee signal,

L., is used as shown in Figure 5.2. Now, the following expression for theigur
dynamics is obtained.

L1 1
[=-=I+~1, (6.4)
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Section 6.2: Dynamic Arc Length Model

As it can be seen from the transfer function, the steady state gain isrmhéhe
dynamics is characterized by the time constaniNow, let us use equation (6.4)
and (6.3) for setting up a state space description of the arc length systest). Fir
let us introduce the following definitions.

x1 =1 (6.5)
To =1, (6.6)
u=1I (6.7)
y=la (6.8)

The nonlinear dynamic system is given by

y = hie) (6.10)
where
_ |h@)] _ ~ Ly,
flz) = [fZ(IE)] N [kzlxl + k2gg%(lc —29) — Ve (6.11)
a(x)] %
(=) = [92(96)] - [0} (6.12)
M) =2 (6.13)

Now, a nonlinear model describing the arc length dynamics has been pesgelo

As a remark to this model, the arc length dynamics is determined by a steady state
melting rate model and an approximation of the current dynamics. Building on a
steady state model constitutes a problem if the bandwidth of the controlledsyste

is as high as the bandwidth of the melting rate. Thus, when tuning the nonlinear
controller, it must be required that the closed loop bandwidth is somewtsat les
than the melting rate bandwidth. Moreover, the first order approximatiotiéor
current dynamics might be too crude. Though, from knowledge ofipalyseld-

ing machines and the GMAW process in general, it is believed that a first ord
approximation is sufficient.
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6.3 Feedback Linearization

The idea in feedback linearization is to use some transformatien’(x), and
apply some feedback control law, that transforms the nonlinear system into a
linear system. Then, having obtained a linear system, usual linear coasigihd
methods can be applied for stabilization.

In [19, Chapter 13] one can find a definition of feedback linearizabétesys.
This definition is restated in the following.

A nonlinear system

&= f(z)+ G(z)u (6.14)

wheref : D — R™andG : D — R"*P are sufficiently smooth on a domain
D C R", is said to be feedback linearizable (or input-state linearizable) if there
exists a diffeomorphisti : D — R™ such thatD, = T'(D) contains the origin
and the change of variables= T'(z) transforms the system,= f(z) + G(x)u,

into the form

2= Az + By(x)[u — a(x)] (6.15)

with (A,B) controllable andy(x) nonsingular for allx € D.

Thus, if a nonlinear system, on the form given in equation (6.14), is sedb
linearizable, it is possible to transform the original nonlinear system intstasy

on a form, given in equation (6.15). Note, that the nonlinear model dezelwp
Section 6.2 has a structure similar to the structure given in equation (6.1d). Th
advantage of the representation in (6.15) is the ability to choose a feediaofiic
law that cancels out the nonlinearities of the system. That s, the controldéeds

in the following.

1
u=az)+p(z)v, Blz)= @) (6.16)

Inserting this control law into equation (6.15) gives a linear system cordrbije
input .

93



Section 6.3: Feedback Linearization

2= Az+ Bv (6.17)

In general, itis not trivial, or if possible at all, to find a transfoffi{x), that trans-
forms the nonlinear system into the form given in equation (6.15). Howéser
some nonlinear systems this transform is quite simple, and in fact, for the dynamic
arc length model, developed in Section 6.2, it is possible to use a standaed pro
dure. In the following short overview of the input-output linearizationgedure,
found in [28, Chapter 13], is presented.

1. The relative degree, of the system is calculated. A relative degree equal to
the order of the system means that the system is fully feedback linearizable.
Otherwise, only a part of the system is feedback linearizable, and gaft is
as internal dynamics, also referred to as the zero-dynamics.

2. The functionsy(z) anda(x) are calculated.

3. Atransformz = T'(z) is found.

4. The original system is reformulated in the, so called, normal form. In this
form the linear part of the system is given in a specific fdi, B, C.).

The matriceg A., B.) are in control canonical form.

Referring to the dynamic arc length model stated in equation (6.9) and (6120),
relative degree can be calculated. The relative degreequals the number of
derivatives ofh(z) before dependence on the input is obtained.

h(x) = &, , Not dependent on the input. (6.19)
B(a:) = Zo , Depends o, which depends on the input. (6.20)

Thus, this means that the relative degree is equal to 2, and moreovezragié
two states in the system, the system is fully feedback linearizable.

Next, we need to calculate the functiong) anda(z). These functions are given
by

V&) = LyLf ™ h(x) (6.21)
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1
alz) = ———LAh(x 6.22
wherep is the relative degreel.; and L, are lie derivatives with respect #{x)
andg(x), respectively. For exampld,;h(x) = (Oh(x)/0x)f(x). Thus, using
p = 2 and the model developed in Section 6.2, the functipfs anda(z) are
given by

3(w) = (b + 2w () - (6.23)
a(z) = —ﬁ(vmmﬁ ~ ko) (6.24)

Next, the transformation; = T'(z), is given by the output equatioh(z), and its
first derivative.

21 Tl(x)] [ h(z) ] [ 9 }
== 2] = [20) = L) = Lt (6:29)
Now, having calculated the functiongz) and«(z), and moreover, introduced
the transformation above, the transformed system is given by

2= Acz+ Bey(x)[u — a(z)] (6.26)
y=Cecz (6.27)

The matricesA., B. andC. are on the following form

0 1 0
A, = [0 0] , B, = M , Ce=[1 0] (6.28)

So, the original nonlinear arc length model, developed in Section 6.2, leas be
transformed into the, so called, normal form given by equation (6.26¢qudtion
(6.27). In this representation the first statg,constitutes the outpuk,(z), which

in this case is the arc length,. The second stateyp, is the derivative of the
output, thus, the derivative of the arc length or change in arc length véfrece

to time,l,.
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Section 6.4: Control and Tracking

6.4 Control and Tracking

In this section control and tracking are considered. The objective isrityato

the arc length. This means, that the arc length controller must be able to drive
the arc length], = z-, towards some reference arc lengtly, = r. This raises
some issues concerning stabilization and performance. However, antyusal
properties of the controller will be addressed in this section. This mearist tha
will be considered how it is possible to stabilize the system, but tuning issues will
not be considered. Eliminating steady state errors requires some integtailc
which introduces additional dynamics to the system, and therefore, as adtition
dynamics extends the system it will be considered in this section. Later, fio®ec
6.6, tuning issues will be considered.

The dynamic system to be controlled is stated by equation (6.26) and equation
(6.27) where, respectivelyy and o are given by equation (6.23) and equation
(6.24). Now, the idea is to develop a state feedback controller that is abliw¢o d

the two states towards some setting. The first stateis the arc length which
must be driven towards some referenceand, as the second state, equals the
derivative of the first state, thess must be driven towards the derivative of the
reference. Therefore, the error dynamics must be considered, I€irgs define

the error,e, and furthermore, obtaining an expression for the derivative of the
error.

e:R—z,R:[ﬂ (6.29)
é:Rz,R:[ﬂ (6.30)

Now, using equation (6.26) describing the system dynamics, the erramigs
can be derived.

¢ =—A(R—e) — Bey(z)[u —a(z)] + R
=
¢ = Ace — Boy(2)[u — a(z)] + B.7 (6.31)
The error dynamics can be feedback linearized by using a control ash@wvn

in equation (6.16), that cancels the nonlinear terms and leaves a linedhatart
can be stabilized by the state feedbdcle. The control law is given by
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u=a(z) + fa)[Kee + ], Blz) = —— (6.32)

where

Ke=lket kea) (6.33)

If the control law, equation (6.32), is inserted in the error dynamics thexdollp
result is obtained.

¢ = (A, — B.K,)e (6.34)

So, using equation (6.32) for the control law, the error dynamics becbneess,

and moreover, is stable if the mat(id. — B.K.) is stable (Hurwitz). This means,
that the real part of the eigenvalues of this particular matrix must be negativ
and asA. and B, are given, it becomes a matter of choosing a veéfprthat
satisfy the stability property. In Figure 6.1 the arc length controller is shown.
Both the first and the second derivative of the referencare used in the control
law (equation (6.32)). Such signals can be obtained from a secondtradsfer
function, filtering an original reference signél,, as shown in the figure.

v

L | 2nd order TR e Arc Length | u Current GMAW
o Z Control Law Control | Process
system | | .
A
X1 X2
T(x) Y@ || o)

Figure 6.1: The structure of the arc length controller.

In GMAW it is important to keep the arc length at some desired set pointdegar
less of the disturbances, the uncertainties and the noise present. Tihu®nt-
mon to include some kind of integrator in the arc length controller. Therefore,
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in the following, an integrator will be added to control law presented in equatio
(6.32). First, let us introduce the variaktethat is the integral of the arc length
error,e;.

o =e (635)

This dynamics can be added to the dynamics describing the arc length.arhus,
augmented system is obtained. First, let us define a new state vgctor,

€1
Y= {62] (6.36)

Now, the augmented system is given by

¥ = Ayt — Boy(a)[u — a(z)] + By (6.37)
where
010 0
A,=10 0 0| ,Ba=|1| ,Co=[1 0 0 (6.38)
1 00 0
Again, a control law can be found which linearizes the system.

u=ca(x)+ [B(x)| Ky +7|, Bla) = — 6.39
() + B [Kath + 71, Bla) = = (6.39)
where

K, = [k:al kqo ka3] (6.40)
The following closed loop dynamics is obtained.

W = (Aa — BaF, )9 (6.41)
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Like before, the matriX 4, — B, K,) must be stable for theé-dynamics to be
stable, and this is a matter of choosing the veéfgr

In Figure 6.2 the effect of having included integral control is illustratelde @rc
length reference is set to 3 mm. In simulation, a 5% gain error is applied to the
current sensor at time= 0.5 s. For the control law with no integrator included,
the result is an offset in the arc length. However, if the integrator is indiutthe

arc length approach the reference arc length after the error hasedcu

x 10

3.2 =

w
1

Arc length (m)

0.48 0.49 0.5 0.51 0.52 0.53 0.54

Arc length (m)

28 ! ! ! ! !
0.48 0.49 0.5 0.51 0.52 0.53 0.54

time (s)
Figure 6.2: First plot: Control law with no integrator included. Sec-
ond plot: Control law with integral control.

The control laws, equation (6.32) and equation (6.39), are state fdedbatrol

laws. Thus, it is assumed that both statas= 7 (z) andzy = T>(z), in the
system can be measured. Both statesand z», depends on the states and

x9, that is, the current and the arc length. The current is measured dinectly
the system by a current sensor (hall element), but the arc length is netirada
directly. The only measurements available are the current and the volttye at
welding machine terminals (welding machine output). Again, let us denote that
voltage byU;. Instead of direct measurement, the arc length can be estimated
using some arc length modél, = h(1,[,). Here, a linear arc length model as
stated below is used.
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U, = Uy + Ral + Ealg (6.42)

U, is the arc voltage which cannot be measured in a practical welding system.
Instead, the terminal voltage is measured. This voltage includes voltage drop
over the wires, the contact points, the electrode, and the arc. Letais) the fast

dynamics, ignore wire inductance and only consider the resistance in the loo
thenU; can be expressed as

Uy=RI+U, , Ri=Ry+ Ree+prlso (6.43)

R, is the wire resistance?.. is sum of all contact resistances,is the resistivity
of the electrode material, and the constapis some expected or average length

of the electrode. Now, using equation (6.42) and equation (6.43), deragth
estimate can be found.

Uy~ Ril — Uy — Ryl

la
Eq

(6.44)

In Figure 6.3, the closed loop system is shown. Instead of a direct agthlen
measurement (requires a camera), the arc length estimator has beendnclude

A

I 2nd order R ¥ e Arc Length | u Current GMAW
— e a Control Law "| Control Process
system L] or z ‘ ‘ ‘
tt » U,
T(x) Y(x) | | a®

A A A A A A

x2 Arc Length
Estimator

A

A

Figure 6.3: The structure of the arc length controller with an arc
length estimator included.
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6.5 Uncertainty Analysis

In Section 6.4 a nonlinear control law was developed. This control lanbassd

on a model describing the arc length dynamics, and it was assumed that tak mod
constituted a precise description of the system. However, for the welding s,

like any practical systems, the model is just an approximation of the reahsyste
The model describing the arc length dynamics can be characterized asedlump
model, describing only the most significant dynamics, and moreover, sanexde
of uncertainty can be identified for the variables and parameters incluged.
example, the melting speed parametgrandk; are included in the model. These
parameters can be found experimentally for different types of eledybdéeven
then, discrepancies, probably, will exist. For example, slight diffexsric the
electrode material will give discrepancieskinandk,. In fact, all variables and
parameters in the models have some degree uncertainty.

As variable and parameters are uncertain, it is important to have a comtraibla
to cope with such uncertainty. Therefore, in the following, system stabilizatio
the presence of uncertainty is considered.

6.5.1 Stabilization under uncertainties

Equation (6.32) and equation (6.39) are the derived control laws,aitimdrthe
arc length dynamics. The difference between these control laws ardelesitor
included in the second control law, equation (6.39). In this section, forligityp
only the first control law is considered, that is, equation (6.32).

The model describing the arc length dynamics is given by equation (6. @arad
tion (6.10). In Section 6.3, this model is transformed into a system on the normal
form using the functions(z) and~(z). In Section 6.4, a model describing the
error dynamics is presented in equation (6.31). Also, this model is exurbss
the functionsx(z) andvy(z). a(x) and~y(x) are functions expressed by variables
and parameters of the system, and as these are uncertain, the fun¢tiorasd
~(x) also become uncertain. Also, the transformatib(y), that transforms the
original model, equation (6.9) and equation (6.10), into the normal formssda
on variables and parameters, and thli§;) becomes uncertain. Now, let us as-
sume that equation (6.31) is the correct physical model for the errcandigs,
but because of uncertainty, a control law based:.or), 4(2) and7'(x) are used.
That is
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U= &+ B(K.e+7) (6.45)

Notice, that the measurement of the error is uncertaifi(ag is uncertain. Thus,

the measurement of the error is writtenéasTo be able to analyze uncertainties

in the system the error dynamics is considered. First, let us use the following
definitions.

Ac=e—¢ (6.46)

Ay =a—d (6.47)

A, =v—7% (6.48)

Ag=06-0 (6.49)

B = 1 (6.50)
3

To calculate the closed loop dynamics, the control law, equation (6.45)eiteéds
into the error dynamics, equation (6.31).

¢ = Ace — Beyld + BKoé + i — o — 7] =
¢ = Ace — Beyld — a + BKé + 37 — BF + BK e — BK e + fKee — fKce] =

é= (Ac - BcKc)e - BCV[(@ - a) + BKc(é - e) + (B - ﬁ)Kce + (B - 6)7‘}
(6.51)

Using equation (6.46), (6.47), (6.48) and (6.49), the closed loop dysaraitbe
expressed as

¢ = (A. — B.K.)e + B.d(e) (6.52)
5(e) = v(Aa + BK A + AgKee + Agi) (6.53)

Now, having found the closed loop dynamics, stabilization can be condiditre
is assumed thal(e) can be written as

5(e) = b + or(e) (6.54)
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dp is a constant, and thus, does not contribute to instability. However, the equi-
librium point will be changed. Thus, we want to investigate stability under the
uncertaintydy (e).

The uncertainty functiody (e) is an unknown function, in the sense, that no model
describingdx (e) can be identified. However, it can be assumed, that some bound
on the magnitude af (e) exists. For instance, there is limit on parameter discrep-
ancies, measurement errors and so on. Therefore, let us introcutmlthving

limit on the magnitude of(e). ks; andks, are positive constants.

0(e)] < ksiler] + ksz|ez] (6.55)

Now, in the following, a condition for stability based on (6.55) is derivede Th
stability condition will be based on the Small Gain Theorem.

Small Gain Stability Condition

In this section condition for stability based on the Small Gain Theorem [1§)-Cha
ter 9] is presented. The closed loop system stated in (6.52) can be cedside

a loop consisting of the of the uncertainty functiéfe), and some transfer func-
tion. Again, itis assumed, that the uncertainty functiife,, can be split into two
terms as stated in (6.54). Only the second term dependsamd thus, only this
term is included in the loop. Also, itis assumed thgie) is bounded as described
in (6.55).

In the following, the two systems included in the loop are described. The un-
certainty functiondy(e), is expressed as a function of the variablesuch that

1 = ksier ando = kses.

v1 = 0k(9) (6.56)
0%()| < [d1] + [2] (6.57)

The second component is a transfer functibfys), representing the closed loop
error dynamics and having outpgit M (s) is described below in state space form.

¢ = (A, — B:K.)e + B.vy (6.58)
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6=Ke, K= [’“gl ng (6.59)

Vg = (50 + 1 (660)

Also, in Figure 6.4 the loop consisting of the uncertainty functin¢), and the
transfer function are illustrated. The Small Gain Theorem states that ttesrgys

in Figure 6.4, is stable if the maximum and total gain around the loop is less
than one. For investigating the total gain, the maximum gain for each component
included in the loop must be evaluated.

A

6( ¢) Vi do

¢ V2

M(s)

Figure 6.4: The loop describing the error dynamics when uncertain-
ties are taken into account.

The maximum gain for the transfer functial(s), is given by

1M (5)]loo = Onr (6.61)

For some fixed¢| and from (6.57) we have that the maximal g&da(¢)| is
obtained forp; = ¢2. Now, if |¢| = 1 we have that

ol =y/et+d3 =1 =

b1 = dy = % (6.62)

So, the maximal gaifvx(¢)| is given by

max (|0x(9)])jg)=1 = =V2 (6.63)

-

1
— +
V2 2
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Now, according to the Small Gain Theorem the closed loop system, shown in
Figure 6.4, is stable if

OV2 < 1 (6.64)

So, using this condition, stability can evaluated for the arc length process, ¢
trolled by the arc nonlinear arc length controller, if the constdgtsand k-,
using in (6.55), are known. Therefore, to obtain these constants tiealeer-
tainties for the process are considered in the following section.

6.5.2 System Uncertainty

In this section, uncertainty in the dynamic arc length model will be analyzead. Fo
the purpose of guaranteeing stability, a condition for stability has beewederi
based on the assumption, that the uncertainty funéiencan be expressed as a
sum of some constant, not depending on the err@nd a termJ;(e), depend-

ing one, that is, equation (6.54). Also, it is assumed that the magnidu e

is bounded as described in (6.55). However, it is not known befockhaw the
magnitude of the uncertainty function depends on the conditions of the system,
i.e. states and parameters. Though, it can be expected that the uncevithingy

a function of the error, and also, be a function of the size of the signals. There-
fore, the uncertainty function must be evaluated for different equilibpamts,

or operating points, and also for different errarsAn equilibrium point, being a
point wheree = 0, that is, the arc length errary, equal to zero, and the derivative
of the arc length errog,, equals to zero. Different operating points are obtained
from different steady state arc lengths combined with different steatly ctia-
rents, where different current levels correspond to differentrelde speeds.

To investigate all possible perturbations, all possible equilibrium points neust b
evaluated with respect to uncertainty, and uncertainty must be evaluated fo
possible errors with respect to each equilibrium point. Naturally, this is not a
practical approach. Instead a set of equilibrium points are chosdrfoaeach
equilibrium point a set of errors is chosen. For each equilibrium poingngi

by e = 0 andx = z, we seek a function that bounds the uncertainty function
0r(e). Using inequality (6.55), we want to formulate an upper bounddgfe)|,
given some equilibrium point, as stated in the following. Indekdicates the
dependence of the arc length and current steady state settings.
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|0k(e, Z)| < ksiz|e1z| + ksoz|e2z| (6.65)

Equilibrium points and error points are chosen, such that, a practiqg &frdif-
ferent settings are covered. Nine equilibrium points are chosen. Bneshown

in Figure 6.5.a. Thus, a low, medium and high arc length have been ctaowkn,
for the welding current, a low, medium and high current have been nhdse
Figure 6.5.b, the melting speed,, is shown instead of the current as the melt-
ing speed correspond to different set points in the transformed cabedirfz-
coordinates). In the z-coordinates the arc length is the first stgtand the arc
length derivative is the second state,
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Figure 6.5: Equilibrium points.

For each of the equilibrium points shown in Figure 6.5, the worst possible un
certainty,é(z), must be found. Moreover, for each equilibrium point, the worst
possible uncertainties for different errors must be identified. Thus, firset of
errors must be chosen. Like for the equilibrium points, all possible ecamaot

be chosen. Instead a set of errors are chosen that represeertsrdiérror levels.
Furthermore, to identifys; andkss in inequality (6.65) let us choose errors such
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Chapter 6: Nonlinear Arc Length Control

that either(e; = 0,e2 # 0) or (e # 0,e2 = 0). Now, the statesz; and z,
are chosen as shown in the following, and errors can be obtained ugiatjan
(6.29).

1) 21 =2Zimn, 2=2z2=0

2) =72 —(Z1— XA min)p, 2=2=0
3) mi=Z1+ (Zimax—Z1)p, 22=%2=0
4) 21 =Zimax, 2=2=0

5) z1=721, %2 =Z2mn

6) z1=21, 2 =2 —(Z2— 22min)D

7)) z1=2z1, 2z =2+ (22,max — 22)P

8) Zl =21, 22 = Z2max

p is some factor depending on the desired error set point between the gquilib
point and, either, the maximum or the minimum valug.is set to 30%, that
is, p = 0.3. To further illustrate the approach, errors for equilibrium point 1
(z2 = 0.003, z1 = 100) and equilibrium point 54, = 0.005, ;1 = 200) are
shown in Figure 6.6.

Now, a set of equilibrium points have been chosen, and moreoveradbrequi-
librium point a set of errors has been chosen. For each of those i ple
worst possible perturbation, i.e. uncertainty, for each point must bé&fieen The
model describing the arc length dynamics is given by equation (6.9) aradieqgu
(6.10), and using this model, model uncertainty can be identified for differe
variables and parameters as explained in the following.

Current, z; : Using Migatronic’s Flex 4000 welding machine as an example, a
number of uncertainties can be identified with respect to welding current mea
surements. The total measuring setup consists of an open loop hall element,
an analog low pass filter, and an analog to digital converter. The open loop
hall device measure the current, and then, outputs a voltage to the analog low
pass filter. Afterwards, the filtered signal is sampled by the analog to digital
converter. The open loop hall element has a possible gain errari®n. The
analog filter has a possible gain error #0.2%, and moreover, a possible
offset error ont 1 A. The analog to digital converter has a 12 bit resolution,
and uses an interval of 0-1000 A. This equals a resolution on 0.25 As,Thu
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Figure 6.6: a) Errors for equilibrium point one;s = 0.003, 1 =
100. b) Errors for equilibrium point fivers = 0.005, z; = 200.

the worst possible positive and negative perturbation can be exgrasse

positive :z; = 1.01-1.002 - z; +1 4 0.25 (6.66)
negative :z; = 0.99-0.998 - 1 — 1 — 0.25 (6.67)

ArcLength, 25 : The arc length cannot be measured directly, but only indirectly
using current and voltage measurements and an arc length model. The model
used is the linear model stated in equation (6.44). Uncertainty can be iden-
tified for both the parameters and variables, and also, for the structtine of
model. However, let us assume, that all uncertainty can be modelled by a
factor (1 + a,2), equivalent to some gain error. A 5% gain error is assumed,
thus,a,2 = 0.05. Positive and negative perturbations are given below.

positive 2o = (1 + az2)z2 (6.68)
negative o = (1 — az2)z2 (6.69)

Contact tip to workpiece distance, . : In hand held welding the contact tip to
workpiece distancel., is unknown. However, it can be assumed that the
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actual distance lies between some boundaries. Say, 15% of the expaoeed v
le, then,q;. = 0.15. Positive and negative perturbations are given below.

positive :l. = (1 4 a.)l, (6.70)
negative I, = (1 — a;.)l, (6.71)

Electrode speed, v. : Again, let us use Migatronic’s Flex 4000 welding machine
as an example. In this system the resolution in the measuring system results
in an uncertainty of around 0.5%. In addition, the quality of the encoder con
tribute to the uncertainty of the measured electrode speed. So, let us assume
total uncertainty of 1%. Thus,,. = 0.01. Positive and negative perturbations
are given below.

positive (0. = (1 + aye)ve (6.72)
negative . = (1 — aye)ve (6.73)

Current dynamics, 7; : It is assumed that all current dynamics can be modelled
as a first order low pass filter having a time constant, This is only an
approximation, and therefore, let us expect some uncertainty on thk brea
point frequency. Say, an uncertainty of 5%, thus, = 0.05. Positive and
negative perturbations are given below.

positive :7; = (1 + a7 (6.74)
negative :7; = (1 — ar)7 (6.75)

Mélting speed constants, ky and ks : The melting speed constants can be iden-
tified through experiments. However, these constants will vary with elextrod
discrepancies. For example, uncertainty as a result of electrode coatamin
tion. Moreover,k; and ko and parameters in a steady state melting speed
model, and as the melting speed, in fact, is a dynamic process, some uncer-
tainty is introduced. Let us assume an uncertainty of 5%, anddhuss 0.05
andaxe = 0.05. Positive and negative perturbations are given below.

positive :k1 = (1 + ag1)k: (6.76)
positive :ky = (1 4 ag)ks (6.77)
negative k; = (1 — ag1)k1 (6.78)
negative ko = (1 — ags)ka (6.79)
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Section 6.5: Uncertainty Analysis

Now, having defined worst case uncertainties, it is possible to calculateoist
casej(e), equation (6.53), for all of the 72 different settings. The worst dgsg

for each setting is found for all possible combinations of worst caseriaicies

for all variables and parameters, thatis, xo, I, ve,7;, k1 andks. Worst case
uncertainties for variation in arc length, only, are shown in Figure 6.7 vahes

are obtained using the parameter settings found in the and Nomenclature, and
moreover, controller gaing;,.; = 252650 andk., = 871 (see equation (6.33)).
These state feedback control gains are obtained for a closed loomdyaténg a

break point a 80 Hz, see Section 6.6.
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Figure 6.7: Worst case uncertainties for variation in the arc length.

Likewise, worst case uncertainties for variationei) the derivative of the arc
length error, have been calculated. These uncertainties are showmie Bi§.

Looking at the uncertainties shown in Figure 6.7 and in Figure 6.8, it is dessib
to identify an upper bound, ond(e) for each equilibrium points, and also, it is
possible to calculate the constaits andks, for each equilibrium point. Esti-
mates, for each equilibrium point, &f; andks, are calculated as stated in the
following.
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Figure 6.8: Worst case uncertainties for variation in the arc length
derivative.

ks1 = max ('max(“?@'lm —¢l (6.80)
e1

ks = max ('max(‘é(ez)‘) —el (6.81)
lea|

Using these expressions it is assumed that the valid estimatks fand ks, can
be derived from the maximum value of the uncertainty funcéitr) for different
equilibrium points and different errors. However, this might not be thse cs

larger values fotks; and ks, might be obtained for less uncertainty. In spite of

this (6.80) and (6.81) are used for estimating the constants.

Now, stability is evaluated using the condition stated in (6.64), and bélpw?2

is calculated for each equilibrium point. As it can be seen, all of the ninesate
less than one, and thus, the controlled arc length process is stable und&téd
uncertainties. A conclusion that can be drawn only if the qualitative appnesed

for investigating uncertainties is valid for the system, and also, if the maximal
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Section 6.5: Uncertainty Analysis

values for the uncertainties can be used for deriving the worst cgsesglg and
kso.

Data : Loop gains for each equilibrium point:

. 5150
3136
3732
7887
6632
3938
8631
. 8296
. 7185

cooooooco0

If the uncertainties are larger than specified the maximal loop gain increasks
similar, if the uncertainties are less than defined the maximal loop gain desrease
Thus, if the uncertainties become too large the loop gain will be larger than one
which means that the stability cannot be guaranteed. However, it doeseaot

that the system is unstable. In fact, simulations suggest that the contratled ar
length process is stable for large uncertainties. In Figure 6.9 the statewx,

for an arc length reference step from 3 mm to 4 mm are shown for both themab

arc length model, and also, for an arc length model having a large pédrturioa

the arc length estimator.

In the perturbed system, a 50% error has been added to the arc lengthi@stima
such that, the arc length estimation is 50% too high. As it can be seen, the sys-
tem is stable under such uncertainty, but as expected, the steady stateamiu
changed, and also, the transients are changed to some extent.

Also, in Figure 6.10 the states; andx, for an arc length reference step from

3 mm to 4 mm are shown for the nominal arc length model and an arc length
model in which uncertainty is included. Here, a 100% error has beerdadde
both melting speed constants, such that, both melting speed constants are 100%
too high. Again, the system is stable, and also, the steady state values and, to
some extend, the transients are changed.

From this analysis, presented in this section, it can be concluded that stability
of the arc length process controlled by the feedback linearization baséaiber

can be guaranteed for the given assumptions and for a set of realisticainties.

Also, simulations suggest that the nonlinear controller is able to cope with large
uncertainties with respect to stability. Note, that integral control is not irecl il
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Figure 6.9: Step responses. The estimated arc length is 50% too
high.

the controller analyzed in this section, and thus, when including such ¢ahto
steady state error on the arc length as a result parameter perturbatioektexl

to the arc length estimate will be removed. Now, having considered stability,
performance is considered in the following section.

6.6 Performance

In the former section stability for system uncertainties was consideredhatnd
urally, stability of the closed loop system must be fulfilled. However, the real
objective of control is to improve performance. Basically, the feedbaokraller

must be designed, such that, a set of defined performance criterialfited:
Normally, in the time domain, performance criteria are stated by characteristics,
such as, rise time, settling time, overshoot, decay ratio, and steady state offs
The first two of these criteria refer to the speed of the response, asthe last
three refer to the quality of the response. Alternatively, it is possible to seate
formance criteria in the frequency domain. In this case characteristitsasuc
bandwidth, phase margin (PM), and gain margin (GM) are considerezbdind-
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Figure 6.10: Step responses. The melting speed constants are both
100% larger than specified for the nominal system.

width can be seen as the frequency rajagews| in which the control is effective,

or alternatively, the bandwidth can refer to the closed loop breakpoiret |atter
characteristics, PM and GM, relate to stability and robustness. Morewsken
designing the controller, it is normally not enough to specify the performanc
criteria, also, the structure of the controller and the control parametershaus

found.

Now, let us consider the arc length process. For this system a numbgeofices
or criteria regarding performance can be identified.

Disturbanceregjection : The controller must ensure a constant arc length in spite
disturbances. In particular, disturbances in the contact tip to workpisee d
tance,l., should be considered. In hand held welding, the operator might
introduce disturbances by moving the welding pistol. The maximal frequency
range for these disturbances is considered to be around 20 Hz, andhéu
controller must be effective in that frequency range, that is, the clussd
system must have a bandwidth of, at least, 20 Hz.

Noise: A considerable amount of noise is present in the system. The control
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voltage applied to the GMAW process, and supplied from the welding ma-
chine, is a switched signal due to the inverter technology used. Normally, the
switch frequency is rather high (50 kHz in Migatronic’s Flex 4000 machine)
and therefore, it will not affect the arc length controller. Howeveisads

also generated from the power supply net. In Denmark, the welding machine
is supplied with three phase 230 Volt at 50 Hz. The three phases are recti-
fied and low pass filtered, and in spite of the low pass filter, the resulting DC
supply voltage will be not be a "pure” DC signal, but rather a rippled signa
having a frequency of 300 Hz (8 50 Hz). To avoid effects of this kind of
noise let us require a closed loop bandwidth somewhat less than 300 Hz.

Steady stateerror : It is important that the controller is able to keep the arc
length constant, but also, it is important that this constant is the reference
arc length. Thus, the steady state errersand e, must be zero.e; be-
ing the arc length error, ang being the arc length error derivative, i.e. the
error velocity. The reason why zero steady state errors is important is the
following. A non-zero equilibrium point arise in the presence of persisting
disturbances and uncertainties. These factors are not known bafaland
probably change in time, and therefore, different equilibrium points coeld
obtain. For example, an equilibrium point having an arc length close to the
workpiece causes many short circuits, and thus, such equilibrium postt mu
be avoided.

Command tracking : As stated before it must be possible to control the arc
length, such that some desired arc length setting or reference is achieved
However, it has not been considered how fast the arc length refestould
be reached (speed of response), and also, how the shape ofttieseshould
look like (quality of the response). For ordinary GMAW machines the elec-
trode speed and a welding voltage set point is adjusted on the welding machine
display prior to the start of the process. Actually, the voltage setting corre-
sponds to the arc length reference, and thus, the arc length refésesee
prior to the start of the process. Anyway, reference changes mige pise-
ful in an advanced control strategy, and therefore, command trackmgds
be possible, but for now, no particular requirements are defined. V&swe
small or no overshoot seems to be preferable, in fact, both with respect to
command tracking and, in particular, with respect to disturbances. For-exa
ple, if the electrode passes an edge, the result is a step In this case a
large overshoot might cause a short circuit to occur.

Before designing the controller let us look at the arc length processsttegua-
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tion (6.9) and equation (6.10). In Figure 6.11, bode plots for 6 diffecantent
settings are shown. Current settings of 50 A, 100 A, 150 A, 200 A, 258rd
300 A are used. For 50 A, the system has a breakpoint (-3 dB) ohdrdwad/s
or 0.3 Hz, and for 300 A, the system has a breakpoint (-3 dB) of at@0rrad/s
or 10 Hz.
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Figure 6.11: Bode plots for six different current settings.

Now, how should the control problem be approached? A classical mettoab
shaping where the open loop systés) K (s) is shaped.G(s) is the process,
and K (s) is the controller. Thusk (s) is shaped to fulfill the control objectives.
Typical this approach is used when the procéss;), and the controllerk (s),
has an input-output structure. However, as stated in Section 6.4 theltrisa
state feedback controller. Using such control method, it is, in principlssipte
to place the closed loop poles as desired. Though, in expense of largelco
signals if the closed loop dynamics should be considerable differenttfremro-
cess dynamics, however, this is not the case for the arc length pradesgole
placement design method [12, Chapter 7] will be used in this work, as it figbynic
with the state feedback control approached described in Section 6.4.
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Before deciding on the closed loop dynamics, i.e. the poles, the proces®enus
considered, and let us define that the real control problem is disttelvajection.
Thus, a satisfying closed loop behavior in the presence of disturbamestsbe
reached, and as stated in the control objectives above, disturbanitestip to
workpiece distancd,, is of concern. From equation (6.23) and equation (6.24)
it can be seen that both(x) anda(x) depends ori.. Thus, disturbances i
results in some perturbation, see equation (6.52) and equation (6.53). Hence,
we have the following system, where the arc length eergris the output.

¢ = (A, — BoKo)e + Bed (6.82)
y=Cee (6.83)

In this system no integral control is included as explained in Section 6.4hasd

a non-zero steady state errey, can be expected. However, first, let us consider
a controller having no integral control. According to the previously stavedirol
objectives, the closed loop bandwidth must be higher than 20 Hz, but 3€16w
Hz. Therefore, for instance, let us choose a closed loop bandwi@ldf or 500
rad/s. Having decided on a closed loop bandwidth, the correspondiseddaop
poles must be identified. These pole locations depends on how "sharfiltehe
should be. Here, the requirement is small or no overshoot. The actiesl e
chosen from a prototype design, and a Bessel filter seems to fulfil theeawent

of, at least, small overshoot. Using a Bessel filter having a breakp@otidz the
poles are given by (-435.38 251.33i). Now, the control gain vectdk,., can be
obtained using some pole placement algorithm. In Matlab, the algorithms 'acker’
or 'place’ can be used to obtain the result, and thatds,= [k.; k.2 where

k. = 252651 andk.o = 871. In Figure 6.12 the closed loop for this control is
illustrated by a bode plot.

In Figure 6.12 it can be seen that the breakpoint lies approximately asispec
Also, it can be seen, that in steady state the error is different from keFigure
6.13 the step response of the system, that is, equation (6.82) and eq6a&@n (
is shown. It can be seen that practically no overshoot appears fepa s

A zero steady state arc length error can be achieved by including integraol.
How such control is included in the control structure is explained in Sectian 6
but first, let us calculate the effect of not having integral control, dsal, &aving
integral in the system. Let us assume that some perturbétiens is present,
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Bode Diagram
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Figure 6.12: Bode plot of the closed loop system without integral
control.

5

then, from equation (6.82) the steady state error can be calculated. Nbétm
steady staté = 0.

e1 =0=¢e (684)
éa =0 = —kaer — kepeg + 6 (6.85)
=
1 _
1= —35 (6.86)
kcl

Now, if an integrator is used in the closed loop dynamics, see equation,(6d1)
following is obtained. notice, that in steady state 0 ands = 0.

é1 =0= €9 (687)
éa =0 = —kge1 — kq2ea — kq3p + 5 (688)
G=0=¢ (6.89)
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~4 Step Response
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Figure 6.13: Step response for the closed loop system without inte-
gral control.

=

1 -
oc=—90 (6.90)
ka3
Thus, in steady state, using integral control, the integrator stateecomes non-
zero, in the presence of a perturbation, but, lzetAnde, are zero. When integral
control is included the system given below is considered.

b = (Ag — BoKo)¥ + Bad (6.91)
y = Cot) (6.92)

Like before, the pole placement approach is used, and also, let uBessa filter
prototype, and again, let us choose a closed loop bandwidth of 80 HiDaBa8/s.
This approach gives the poles (-473.50,-374.73 + 357.49i,-374.734% R 7and

the gain vector, = (ka1 ka2 ka3], Wherek,; = 6.23-10°, k,o = 1.22-10%, and

k.3 = 1.27 - 10%. In Figure 6.14 a bode plot of the closed loop system is shown.
It can be seen that the breakpoint is located at 80 Hz, and also, atdquefncies
the errore; vanishes. Of course, at high frequencies the error also disajjear,
for another reason. Here, the closed loop dynamics are too slow tcoreaqiuts

of those frequencies.

In Figure 6.15 the step response of the closed loop error dynamics isisiA®v

it can be seen the system reacts fast on inputs, but also, the integrats foe
error towards zero.
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Figure 6.14: Bode plot of the closed loop system including integral
control.

Now, the closed loop has been designed, such that, noise does rbtladfeys-
tem, and also, such that disturbanceg.iare rejected. However, command track-
ing also need to be considered. From equation 6.41 the complementarygnsiti
function can be derived, that is, the transfer function from the retere, to the
output,y = z1.

21 0 1 0 21 0 0 O] (r
Zo| = | —ka1 —kao ka3 29| + ka1 kao 1 T (693)
o -1 0 0 o 1 0 O r

y=Cu (6.94)

r is the reference signait,is the derivative, and is the double derivative of the
reference signal. These signals all act as inputs to the system. In Fig6érgr6
Figure 6.17, and in Figure 6.18 the complementary sensitivity functions f@rans
function from reference to output) are shown. All plots have a similandpemt
frequency, and moreover, for low frequencies the effect of thvatares ¢ and

#') vanishes. Thus, according to Figure 6.16, the output (the arc lergyth)sthe
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Figure 6.15: Step response for the closed loop system including
integral control.

inputr for low frequencies.
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Figure 6.16: Bode plot of the first complementary sensitivity func-
tion. Plot for inputr and outputy = 2.

In Figure 6.19 the sensitivity functio)(s), for r is shown. If the complementary
sensitivity function is for- given byT'(s), thenS(s) = T'(s) — 1. The sensitivity
function is the transfer function from a disturbance at the outpug the output,
and thus, the sensitivity function shows the ability of the controller to handle
disturbances directly at the output. In this case the arc lengthAs it can be
seen, the controller dampens disturbances at frequencies below tigdirg,

but on the other hand, at frequencies above the breakpoint the lbemkras no
effect. Similar conclusions can be obtained for the sensitivity functions &rd
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Figure 6.17: Bode plot of the second complementary sensitivity
function. Plot for input: and outputy = z;.

#, though, this will not shown here.

It should be noted that, if different command tracking dynamics is prefethe
reference signal can be filtered to obtain the desired response, typiaatsr or
slower response. Filtering the reference signal in this way is in [49, €h&p
referred to as a 'two degree of freedom control configuration’. el@w, here, the
reference is filtered for another reason. In the control law of equ&i@d) both

7 andi are needed as continuous signals. This can be provided by a seclend or
reference filter expressed in the state space form as shown in the falowin

& =6 (6.95)
€2 = —a1&1 — azéy + arr (6.96)
rr=6 (6.97)
rp =& (6.98)
Pr=—a1&1 — a2é1 +arr (6.99)

a; anday are constants, ang, 7, andi‘; are used instead of, respectively;’,
andf in equation (6.39).
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Bode Diagram
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Figure 6.18: Bode plot of the third complementary sensitivity func-
tion. Plot for inputi and outputy = 2.

6.6.1 Simulations

The control structure shown in Figure 6.1 has been implemented in Simulink. Us-
ing this implementation, it is possible to simulate the controlled arc length process,
and thus, a number of simulations, under different conditions, has beeadout

to test the system. Six experiments have been carried out using the implementation
in Simulink. These experiments are explained and commented in the following.

Experiment 1: In this experiment integral control is not included, and thus, the
control vectorK. is used for the linear control part. The arc length referehge,

is set t00.003 m, the electrode speed,, is set tol6 m/min, and at time¢ = 0.5

s, the contact tip to workpiece distanég,is changed fron®.015 m t0 0.010 m.
Three states are shown in Figure 6.20, that is, the cuiretite arc length,,

and the contact tip to workpiece distarige As is can be seen, when no integral
control is included, a persistent changé.from the nominal value gives a steady
state arc length different from the reference arc length, whiétDi@3 m.

Experiment 2: In this experiment integral control has been included, and now,
the control vectork, is used for the linear control part. Again, the arc length
referencel,,, is set t00.003 m, the electrode speed,, is set tol6 m/min, and at
timet = 0.5 s, the contact tip to workpiece distanég,is changed fron.015 m
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Figure 6.19: Bode plot of the first sensitivity function. Plot for input
r and outputy = z1.

t0 0.010 m. The three statef [,, andi. are shown in Figure 6.21. Here, because
of the integrator, the steady state arc length equals the arc length referenc

Experiment 3: This experiment is similar to experiment 2 except for the noise
added in experiment 3. Bandlimited Gaussian noise having a mean equadto zer
and a variance equal 0002 is added to the contact tip to workpiece distarige,

The Gaussian noise is bandlimited at 20 Hz to simulate disturbances from manual
movement of the welding pistol. The three stakek,, andi. are shown in Figure
6.22. As it can be seen, the controller is able to keep the arc length close to the
reference in spite of significant disturbances.

Experiment 4. This experiment is similar to experiment 3 except for the follow-
ing. No step inl. is applied, but instead, the arc length refererige,is changed
from 0.003 m t00.004 m attimet = 0.5 s. The three statds [, and. are shown

in Figure 6.23. As it can be seen, the controller tracks the arc lengtrensier
signal. The reason for the long transient phase, compared to the titapiséese

for changes iri., is reference filter which only allows for relative slow arc length
reference changes. In faéi, has a shape, except for the noise, similar to the arc
length,l,, shown in Figure 6.23.
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Figure 6.20: Test 1: Step iri., and no integral control included.

Experiment 5. This experiment is similar to experiment 4 except for the noise. A
300 Hz sinusoidal signal having a amplitude0a001 is added to the measured

arc length, that is, the measured, see Figure 6.1. This sinusoidal signal is
applied to simulate the effect of the three phase supply voltage which is réctifie
and filtered in the welding machine. Rectification and filtering gives a 300 Hz
ripple on the DC supply voltage to the inverter, and as the arc length mainly is
measured as a function of the terminal voltage, the effect of the 300 He dpp

be simulated by a applying a 300 Hz signal at the arc length measurement. The
three stateg, [,, andl. are shown in Figure 6.24.

Experiment 6: In this experiment integral control is included, as in experiment

2 to 5. The electrode speed,, is set tol6 m/min, and at time = 0.45 s, the

arc length referencd,;., is changed fron®.003 m to 0.004 m, and also at time

t = 0.55 s, the contact tip to workpiece distanég,is changed fron.015 m to

0.010 m. Bandlimited noise as in experiment 3 is applied, and supply noise as in
experiment 5 is also applied. The three stateg,, andi. are shown in Figure
6.25. As it can be seen, the controller maintains the arc length at the arc length
reference in spite of the noise and disturbances.
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Figure 6.21: Test 2: Step iri., and integral control is included.

6.7 Arc Length Reference

In this chapter, drop detachment has not been considered. In faptddtach-
ments has not been included in the model describing the arc length probess.

it is assumed that electrode material continuously are removed from theodectr
during welding. However, in practical welding this is not so. As explained in
Chapter 3, melted electrode material forms a drop at the tip at the solid electrode
and at some point the drop detaches from the electrode, and then, arogw d
starts forming. For an uncontrolled process (constant voltage), thpegiooth

and detachment results in an arc length which becomes smaller during th grow
period, and then, at drop detachment, jumps to a larger value. Thusctieagth

has a saw-toothed shape. When an arc length controller is applied, soch a
troller tries to compensate for the changing arc length caused by the anafhgr
and detachment. However, we want to control the arc length processadiibp

was present, and thus, the arc length controller can be improved by makiagcth
length reference signal,,-, saw-tooth shaped. This is shown in Figure 6.26. The
reference is high just after expected drop detachments, but low befpexted
detachments. The difference between the low and the high refereneemakt

be equal to the difference between the length of a drop just beforehaietat and
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Figure 6.22: Test 3: Step and bandlimited Gaussian noise applied
to /..

the length of a drop just after detachment.

6.8 Discussion and Conclusion

In this chapter a nonlinear arc length controller has been developedoritie-
ear controller is based on a nonlinear model of the part of the GMAW psoce
which is relevant for arc length control. This model included an approximatio
of the current dynamics taken the inner current controller into accowgedon
the model, the nonlinear system is transformed, into normal form usingdekdb
linearization, in which the functions(x), v(x), andT(x) are used.

Stabilization and tracking are considered. A reference vector is inteofland
using state feedback control, a condition for stability of the error dynamics is
derived. Integral control is included by augmenting the original systéim an
additional equation, and also, a condition for stability of the system excluding
integral control is derived. The nonlinear controller uses feedbaesurements

of the current and the arc length. The current can be measured diiedHg
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Figure 6.23: Test 4: Reference step, and Gaussian noise applied to
le.

welding system, but this is not the case for the arc length. The arc length is
estimated based on the current and the terminal voltage.

Uncertainty is considered, and based on a general description oftaintes,

the control system dynamics is reformulated with respect to uncertaintiéesr- Af
wards, a set of realistic uncertainties are introduced, and stability ismpfove
controller with no integral control included.

A number of performance criteria are presented, and based on thiesacand
using a prototype design approach, a set of controller constantsiard. fd@ he
performance criteria used includes disturbance rejection, noise, stiedelgrrors,
and command tracking. Especially, disturbance rejection is taken into @ccoun
and thus, to avoid disturbances with respect to manual movement of the gveldin
pistol a closed loop bandwidth of 20 Hz is chosen.

To test the arc length controller a simulation program has been develamd, a
using the program six experiments were carried out. From the experiments it
can be derived that integral control is needed to remove the effecpefsistent
disturbance or perturbation in the system when compared to the model. Also, it
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Figure 6.24: Test 5: Reference step, and a 300 Hz sinusoidal signal
applied to the measured arc length.

can be seen that the controller is able to handle disturbances and noisecatic
be expected in practical welding, and moreover, the controller is able wéhan
command tracking.

The main conclusions of this chapter is stated in the following.

e The arc length process is nonlinear, and to account for this nonlinearitn-
linear controller has been developed.

e No operation points for the controller need to be selected, and therefdye,
one linear controller need to be tuned for all possible arc lengths arehtjor
electrode speed) settings.

¢ It has been shown how stability can be analyzed given a set of undisain

e Based on a set of performance criteria it has been shown how to tunecthe a
length controller.
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Model Based Metal
Transfer Control

In this chapter metal transfer control for pulsed GMAW is considered hgth-
ods for metal transfer control are presented. Both methods are basédaining
a uniform drop size prior to pulse initiation.

7.1 Objectives and Strategies in Pulsed GMAW

In Chapter 5 it is explained that, basically, two tasks must be taken into accoun
when developing a control system for pulsed GMAW. These tasks aferagth
control and metal transfer control. In Chapter 6 an arc length contraltethé
GMAW process was developed, and in this chapter metal transfer camtdt
dressed. In Chapter 5, configuration of the GMAW control system vgasisised,

and the arc length controller and the metal transfer controller were put cds-a
cade coupled structure. This structure is shown in Figure 7.1.

e . Meal L | Cument | U GMAW
ength » transfer > >
control process
control control
A A A A 4
Lom Lam

Figure 7.1: The pulsed GMAW control structure.

In pulsed GMAW, current pulses are used for detaching drops at thod &fec-

trode. As stated in Chapter 5, one pulse should detach one drop, that@D®#P

(One Drop Per Pulse) objective. To detach a drop for every pulsputbes used,
must be strong enough to detach a drop, but on the other hand, nobisg stat
more than one drop is detached. Moreover, as stated and explaineddteCha
the drops should be detached using a minimal amount of energy.
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The ability of a pulse to detach a drop depends on the shape of the pudsas an
stated in Chapter 5, a pulse does not necessarily need to have a réatahgpe.
Though, this shape was originally used in pulsed GMAW, the rectanguigresh
is in general not used in modern advanced pulsed GMAW. Rather, in moder
advanced pulsed GMAW, the chair shape shown in Figure 7.2 is typicalty use
Pulse shapes are discussed in Section 7.1.2.

I Chair shaped pulse

|
T T
to t %) time
L
L
L
L

v

The base period The pulse period
i

A full period

Figure 7.2: The current during pulsed GMAW. A period is divided
into a base period and a pulse period. Here, a chair shaped pulse is
used.

In Section 3.5, a number of criteria for drop detachment are presentecke T
models are presented for drop detachment. These are a static foroeehaledel
(SFBM), a dynamic force balance model (DFBM), and a model basecdegirtich
instability theory (PIT). In both the SFBM and the DFBM, drop detachment de
pends on the total forcéy, which, in this thesis is described by the gravitational
force, Fy, the electromagnetic forcér,,, the drag forceFy, and the momentum
force, F,,. Of these forces the electromagnetic force is far most significant, and
F.,, depends on the size of the drop (drop radius), see equation (3. DF}.BM,

the drop detachment criterium also depends on the acceleration of theadibp

a large acceleration is caused by large changes in the total fByceAt strong
currents, that is, in the pulse interval, the electromagnetic force dominates in th
total force, and thus, akB.,, also depends on the magnitude of the current, the
DFBM becomes dependent of the change in current, thalljs/dt. However,

the acceleration does not only depend on the change of force, buagkia, on

the size of the drop, as small drops, for some applied force, obtain artagbel-
eration than large drops. In the detachment model based on the PITit¢nizior
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for detachment depends on the drop radiyson the position of the drop;;, and

on the magnitude of the current. The positignboth depends on the magnitude
of the total force, and also, it depends on the change in the total foroh&oge

in current), as a sudden change in force gives rise to drop oscillatodsthus,
change in;. The conclusion is that, no matter which drop detachment criteria is
considered, drop detachment depends on the drop size.

Let us assume that the pulses are given by some fixed shape, sucl thdses

are identical, or at least, all pulses have an identical sequence of Icaigtrals,

I.. Also, suppose that the size of the drop, or radius, immediately before initiatio
of the pulse period differ from period to period. Then, conservatiisgshapes
must be used for the pulses to ensure drop detachment for all possiplsizies.
For example, if the drop is relatively small, then, some given pulse shape might
not be able to detach the drop. Therefore, to ensure drop detachrsenfpa
the small drop, the pulse height or duration must be increased. Howexey,
for a large drop, the given pulse shape might be over-sized, in the,sbas the
drop is detached in the beginning of the pulse, and thus, the rest of treejpsis
contributes to excess melting and a large heat input into the workpiece, thieus
objective of minimal energy used for drop detachment is not fulfilled.

To ensure drop detachment using a minimal amount of energy can be abtaine
by adjusting each pulse to the state of the drop, especially the drop size, immedi-
ately before the pulse period initiation. However, drop detachment with a minimal
amount of energy, but using some fixed pulse shape, can be achidghedlifop

size is the same immediately before initiation of every pulse period. In practice,
it is difficult to derive the shape of a pulse based on the drop detachmeaht mo
els, as these models are not precise. Thus, the specific pulse measstd®mu
determined based on practical experiments. So, in this approach a filsed pu
shape used, and it must be ensured that the drop radius (size) isntdreftare
detachment. From a practical point of view, the latter approach seems te be th
best solution, and therefore, this 'uniform drop size approach’ isemoSo, the
uniform drop size approach becomes the basic idea in the metal transfettaiy
presented in this chapter.

In the following section, arc length control in pulsed GMAW is addressed ja

this context, the drop size is also addressed. Afterwards, the shapesmflses
are discussed.
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7.1.1 Arc Length Control in Pulsed GMAW

In the following, arc length control for pulsed GMAW is considered. Foeth-

ods of arc length control for pulsed GMAW will be discussed. The firsi tw
methods (method 1 and method 2) are used in industry today, and especglly, th
first method. The last two methods (method 3 and method 4), are modifications
of the first two methods, but the uniform drop size objective is taken intowadc

The latter two methods are novel with respect to pulsed GMAW.

Method 1 (Fixed Frequency Method): Traditionally, in pulsed GMAW, a fixed
pulse frequency is used, and during the base period, see Figureerad¢ctiength
controller is active, and thus, the arc length is adjusted during the baieel.per
So, no arc length control is carried out in the pulse period, and thus, tks la
of arc length control results in a decrease in performance (the ability ¢b oea

arc length changes). However, in general, the average curreniteoragively,

the average melting rate, is much higher during the pulse period. This means,
that the arc length control performance is decreased for an increasitgngth,

but on the other hand, the performance is maintained for a decreasilengtic.
From a practical point of view, it is important to maintain the performance for
a decreasing arc length arc, as short circuits must be avoided, buoteade in
performance for an increasing arc length is in most applications of leggan
However, if one wants to minimize the energy developed in the arc during one
period, E, (see below), the arc length (corresponding to the arc voltagemust

be low, but a small arc length might be difficult to maintain if the performance for
an increasing arc length is decreased.

E, = / (L)t (7.1)

to

As stated before, the arc length controller is active during the base pditoc,
during this period, the arc length controller outputs a control signal, teearete
current/,... This results in some electrode melting in the base period. The piece
of melted electrode material is expressed in the followiryg, [m] is the piece of
melted electrode in the base period. Titgendt; are shown in Figure 7.3.

t1
xmb:/ VUi (Lre, ls)dt (7.2)

to
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Fixed pulse
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Figure 7.3: The fixed frequency method. Arc length control is car-
ried out by direct adjustment of the current reference during the base
period.

There is no guarantee that,;, does not vary from period to period due to the con-
trol effort for arc length control, and therefore, using this fixed fiexicy method,
a uniform drop size at detachment cannot be obtained.

Method 2 (Pulse-by-pulse Method): Instead of using a fixed frequency (fixed
period), a variable period can also be used in pulsed GMAW. Here, tgehle
the base period is used for controlling the arc length, and thereforeschbixse
current is used. The control is carried out on a pulse-by-pulse, sagik that, the
base period length is calculated based on the information from the formedper
that is, the average arc length and the average melting effort. This is illustnate
Figure 7.4.

4
I The length of the base period for

Ly In this period, data is saved the next period is calculated

N

t()(k) t1‘(k) tz(k),‘m(kﬂ ) t 1(‘k+1 ) tz(k‘Jr] ) timey
Figure 7.4: During every period welding measurements are ob-
tained and saved. Just before initiation of a new period, the length of

the base period is calculated based on the saved measurements.
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A large base period equals a small control effort, and on the other hasrdall
base period equals a large control effort. Such approach is useduimiaen of
advanced and modern welding machines. It seems, that the reason fpsusin
control approach, is the ability to control the arc length also for low arctkeng
references. The average energy developed in the process beadomesion of
the time period between the pulses and not, as for the fixed frequency mithod
base current level. The base current can only be lowered to some aoitiie
arc must be maintained, but for the variable frequency method, the baisatds
fixed, and thus, the arc can be maintained for a low arc length reference.

Like the fixed frequency method, the varying pulse period method also hess a d
creased performance with respect to arc length control. This deciregose-
formance is caused by the pulse-by-pulse control approach, as a tlmeisle
introduced into the control system. Such time delay has a great influenog at lo
pulse frequencies. For example, in some welding applications, the avmuksge
frequency can be as low as 5 Hz, and thus, the time between each updaiteis r
long.

Method 3 (Compensation Control Method): In the third method, like the sec-
ond method, a variable base period is used, and also, the fixed baset@ap¥
proach is used. However, the pulse-by-pulse approach is avoidad, tNe arc
length controller, in the base period, controls the process as if no metsidran
controller was present (see Figure 7.1), but instead of applying theragth con-
trol signal, the fixed base current is applied to the process. In the eedeof
base period, additional electrode material is added to the drop to obtairoaninif
drop size prior to detachment. In Section 7.2 this is described in greater detail.

Method 4 (Direct Control Method): In the first method, the arc length is con-
trolled by adjusting the current during the base period, and in the secahdadne

the arc length is controlled by adjusting the base period time given some fixed
base current. However, in this method, both principles are used at theligaene
that is, both base period current control and base period time contral.ihgiead

of defining the current settings during a whole period, and prior to tHeghehe
current is adjusted during the base period, as in the first method. Hqweger
frequency is not fixed, as in the first method, as a pulse is initiated when a ce
tain length of a electrode has been melted. This means, that a uniform deop siz
prior to the pulse period is obtained. Like method 3, this method is described and
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analyzed in greater detail in Section 7.2.

7.1.2 Pulse Shapes

In this section, different pulse shapes are discussed. In the pulséih\Givbcess,
current pulses are used for drop detachment. Basically, stronghthekps drop
detachment because of the strong downward acting force, and mgreegause
of the pinch effect. A strong current results in a strong electromagnetie fo
F.,,, see equation (3.17), and if this force exceeds the surface tensaan fvop
detachment occurs. Also, a strong force pinches the neck of the aindgthus,
helps drop detachment, see Appendix C. However, drop detachmenoloenly
depend on the level of the current. Some important characteristics arg istate
the list below, where static characteristics are left out, as, for examplsytfece
tension constanty,;.

e The size of the drop.
e The magnitude of the pulse current.
e The current derivativeil,, /dt.

The effect of these characteristics have already been discussedérdstail, ex-
cept for the current derivative, which has only been shortly dismisSo, with re-
spect to the current derivative, a sudden change in currentsawsalden change

in the electromagnetic force acting the drop, and thus, the drop starts totescilla
The drop, attached to the tip of the electrode, either moves towards or sovay f
the electrode. When the drop is close to the tip of the electrode, drop detaichme
is difficult, but on the other hand, when the drop is stretched out, drophaent
becomes easier. This is included in the PIT drop detachment model, sé®equa
(3.30), by the drop positiomn;,.

The ability of strong currents to provide drop detachments, suggest thataam-
gular pulse should be used for drop detachments in the welding processyver,

in industry and in the literature, other pulse shapes are also used orsteajge
Such shapes are illustrated in Figure 7.5 and discussed in the following.

Four different pulse shapes are shown in Figure 7.5. The first pbbges in

Figure (A), is the rectangular pulse. Such pulse shape was traditionatlyiuse
pulsed GMAW, but today, modern welding machines rather use the pulpesha
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Pulse Shape (A) Pulse Shape (B)

41 4) 41 4)
> >
Pulse period tls] Pulse period tls]
a Pulse Shape (C) a Pulse Shape (D)
Lv[A] Iv[A]
Pulse period tlsi Pulse period tls]

Figure 7.5: The figures shows welding current during the pulse pe-
riod. (A) A rectangular pulse shape. (B) A chair formed pulse shape.
(C). A chair form with exponential current decrease. (D) A double
pulse.

illustrated in Figure (B) and (C). The chair shape of Figure (B) startsrbina
crease of current up to the top pulse current level. By using some sidyeh
can be provided by the welding machine, rather than an instantaneousimarea
current, which cannot be provided, the real current slope becomepéndent of
uncertainties and discrepancies in the welding machine and the processs Th
important, as the pulse shape is not tuned for every machine and eveespro

Clearly, the purpose of the top pulse is drop detachment, but in Figurex(B\3,

the current slopes down toward some lower current level. In practiegyulse
shapes in Figure (B) and (C) provides good results, but presemi&dge of the
welding process does not seem to give a precise answer. This i9prdesause
of the complexity of the drop detachment process. However, if consglémiz
electromagnetic force one can speculate on the reasons. Experimentetyji
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observed that, for good weld quality, drops should be detached justiladtéop
pulse. However, it is difficult to ensure that drops always detachekeodown-

ward slope from the top pulse. Thus, this suggest a lower level cuiokowed

by top pulse. Moreover, as stated before, if the change of currergtisthe drop
starts oscillating. Such oscillation, or drop movement, either helps or dampens
the drop detachment process, and thus, for robustness, it mighttte besid a

rapid fall in current, as illustrated in Figure (C).

In the last figure, Figure (D), two pulses are shown. Such pulse s&apeposed

in [52] and in [56], but has, to my knowledge, not yet been adopted digding
machine producers. The idea by having two pulses is the following. The firs
pulse should not detach the drop, but rather, the first pulse showdprdrop
excitation, that is, drop oscillations. Next, the second pulse should be @pplie
when the drop moves downward, and thus, for drop detachment, taketage

of the drop momentum. Potentially, such approach could provide drop detsth

at the expense of less energy when compared to other pulse shapes.

7.2 Uniform Drop Size

In this section, the third and the fourth method mentioned in Section 7.1.1 will be
described in greater detail. In both methods, the aim is to ensure a fixedideop
prior to the pulse period. In Figure 7.2, the base period and the pulsal@@go
shown, and using tim#&), ¢t1, andt, from the figure, the total melting of electrode
during the whole period is given below. The total melting; is expressed as
length of electrode.

to t1 to
xmt:/ vm(Iw,ls)dt:/ vm(Iw,ls)dt+/ om(Insl)dt (7.3)

to to t1

whereuv,, could be expressed by

O (T, L) = ki Ly + koI2 14 (7.4)

k1 andks are constantd,, is the welding current, ang is the electrode stick-out.

Now, as stated above, the aim in both methods is to ensure a uniform or fixed
drop size immediately prior to the pulse period. If one drop is detached éoy ev
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pulse, it can be expected that the drop detaches during the pulse periogiyven

a uniform drop size at the beginning of the pulse period, it can also lbenask

that the drops detaches approximately at the same point in time during the pulse
period. Thus, considering that the melting speed, mainly depends on the
current, which is fixed to some shape during the pulse interval, the melting prior
to detachment can be expected to be constant. Therefore, to ensuferenun
drop size prior to detachment, only the base period melting length, need to

be considered. In the base period, the length of melted electigde,can be
expressed as in the following.

t1

Tonb = / VUi (L, Us)dt (7.5)
to

In general, for some fixed pulse frequency, the melting length will not be

uniform, as this variable depends on the control effort during the basedoto

maintain the arc length reference. For a large control effort, that isge éarerage

I.. during the base period, the melting length, will be large, but on the other

hand, for a small control effort, the melting length,, will be small. Thusz,,;

is not uniform. However, a uniform melting length can be obtained by adjusting

the length of the base pulse period during welding. This is explained in the two

proposed methods in the following. The first method, that is, Method 3 in $ectio

7.1.1, is called the 'compensation control method’. The second method, that is

method 4 in Section 7.1.1, is called the 'direct control method'.

7.2.1 Compensation Control Method

In this method, the arc length is controlled by adjusting the length of the base
period, as the current, in this period, is fixed at some base currentigyehlso,

the shape of the pulse in the pulse period is fixed. The length of the baed per
depends on the control effort from the arc length controller, and tinestotal
length of melted electrode during the base period is not uniform. Therdfore
obtain a uniform drop size, additional melting is done by the end of the base
period to compensate for the drop size. Electrode material are added tghe d
and thus, only small drops can be compensated to obtain the desired drop siz
Already melted material cannot be removed. However, as a rather loentusr
used during the base period, the drop size will normally be too small.

As stated above, arc length control is carried out by adjusting the lendtireof
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base period. To make such adjustments, any arc length controller, withrtkatcu
reference as the control signél., can be used. No special controller needs to be
designed for arc length control in pulsed GMAW, see Figure 7.1. TheHherfy
the base period is determined from the control effort as stated belowcorttol
effort can be expressed as a melting speed control sighal,.,[s), which is
integrated to give the melting length. The melting spegds given by equation
(7.4), and for simplicity/ is assumed to be constant. Now, when the integral
exceeds some constamt,,,q (melting length condition), a pulse is initiated.

t1
Pulse if : U (Lrey ls)dt > Zeond (7.6)
to

During the base period, the current referenge see Figure 7.1, is not given by
the arc length control signd}.., but rather, the current reference is given by some
fixed base current.,. The length of melted electrode in the base period is given
by the welding current, which depends on the referehgeand the stick-out
during this period. Thus, we have

t1

Tonb :/ U (L, s)dt (7.7)
to

If z,.- IS the desired base period melting length, that is, the reference melting

length, a melting length erroe,,.;, can be defined.

Emb = Tmbr — Tmb (78)

The melting lengthe,,,;, depends om.,,,4, as the base period length depends on
this constant. Therefore;.,,q should not be too large, as a largg,,qs might
result in a negative,,,;,, which means that the drop is too large. In general, as
a low base current/,;, is used, the control signal,., will be larger than the
welding current, and therefore, to ensure some drop compensation, thegmeltin
length condition .4, IS chosen such that

Lcond = Tmbr (79)

Now, the melting length erroe,,,;,, must be compensated for. This is done during
a short compensation interval, see Figure 7.6. In a time intéxvalthe current
I, is applied to the process to compensatesfey.
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€mb
= Um Iwc Atc Atc = —F 7.10
ms = vn(Tuc) Mt = T (7.10)

Ate(k) Ate(k+1)

Fixed pulse
shape

Lve
Melting length
compensation

\ pulse T

»

to(k) ti(k) t2(k), to(k+1) ti(k) time

f Tl SE——
The base period The pulse period
Figure 7.6: The compensation control method. Immediately after
the base period, additional melting is done to obtain a uniform drop
size prior to the pulse period.

7.2.2 Direct Control Method

In the direct control method, that is, Method 4 in Section 7.1.1, the length of the
base period is adjusted like in the compensation control method. Howevieig du

the base period the arc length is controlled directly by the arc length controller
Thus, no compensation like in Method 3 is required. Like for the compensation
control method, a pulse is initiated when some specified length of electrode has
been melted. As no compensation is included, the specified length of electrode
must be the reference melting length,;.. So, the following condition is ob-
tained.

t1
Pulse if : U (Lo Ls)dt > Ty (7.112)
to
Notice, that the measured welding current is used instead of the contnall,sig
as used in condition (7.6). This is possiblelasand I, are almost equall(, is
controlled by the fast inner current controller, see Figure 7.1), aneéawer, as in
the base period,. = I,.. In Figure 7.7 the direct control method is illustrated.
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] w

Fixed pulse
shape

Xmb = Xmbr

Xmb = Xmbr

I I I I I »

T T Ld
to t 12,t0 t t,t0  time

The base period The pulse period

Figure 7.7: The direct control method. During the base period the
arc length controller, directly, controls the arc length. A pulse is
initiated, att = ¢1, for z,,, = Topr-

7.3 Simulations

In this section, the two methods described in the previous section are implemented
and tested in a simulation program developed in Simulink. Also, the two methods
are compared to Method 1 in Section 7.1.1, that is, the fixed frequency method
Method 2 is not implemented and compared to the other methods, as this method
requires a different arc length controller, and thus, the value of sutiparison is
limited. In Figure 7.8, the developed simulation program is illustrated, and in the
following, five different experiments are carried out using the simulatiogam.

The results from these experiments are presented below, but first, thiatsimu
program and the settings are explained.

In Figure 7.8, the simulation program is illustrated. The arc length referisnce
filtered by the second order filter and the states, and# are provided to the
arc length controller, see Chapter 6. Also, the measured current, that jshe
estimated arc length,,,,, and the electrode speed,, are fed to the arc length
controller. The arc length controller outputs the reference controeoyrf, ..,
which is fed to the metal transfer controller. In this controller, either the fired
guency method, the compensation control method, or the direct control aristho
implemented, but for all methods the chair pulse shape, shown in Figure)7.5.(B
is used. The output from the metal transfer controller is the referententu
which becomes the input to the inner current controller and the GMAW psoce
The model of the GMAW process includes the melting rate model, and the equa-
tions describing the drop dynamics. The model based on the pinch eféerith
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Drop detachment |, states
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Figure 7.8: An illustration of the simulation program developed in
Simulink.

(PIT) is used for evaluating when drop detachments occurs, as the Ri&l iso
well suited for describing drop detachment for strong currents. Artrelde speed

ve = 6 m/min is used for all experiments presented in the following, and if not
stated otherwise, an arc length reference of 0.003 m is used. Othargiara can

be found in the Nomenclature.

Experiment 1. In this experiment no disturbances or noise are included, and also,
nominal parameters and settings are used. During the pulse period thdgep pu
level is set to 340 A. In Figure 7.9 the welding current from titne- 0.1 s to

t = 0.5 s are shown for, respectively, the fixed pulse method (M1), the compen-
sation control method (M3), and the direct control method (M4). The gtars
the upper part of the plots shows the drop detachment locations during the time
interval. For the fixed frequency method, drop detachment does not farcall
pulses, which means, that the ODPP obijective is not reached. Ho@viagth

the compensation control method (M3) and the direct control method (M), d
detachments occur for all pulses. This indicates that the ability of M3 and M4 to
adjust the base period, to obtain the some preferred drop size, hatiaepitect

with respect to drop detachment and the ODPP objective. A zoom on Hdlie
shown in Figure 7.10. In this figure, the welding current during the putsiogs

and the base periods can be seen. For M1 and M4, in the start of thpdrasd

the welding current is very low, as the control outplyt,saturates to some spec-
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ified lower limit. This is because a drop has just been detached, and thascthe
length has become too long. Later during the base period, the arc lengkiesea
the reference arc length, and more power must be put into the processtoie

arc length at the reference. Notice, that the saw-tooth shaped arc tefeynce
proposed in Section 6.7 has not been implemented in the simulation program. If it
was, the base current in M1 and M4 would rather have a shape likexdonpde,

in Figure 7.7.
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Figure 7.9: Experiment 1. The welding current for the three meth-
ods, M1, M3, and M4. The stars on the plots shows the drop detach-
ment locations.

Experiment 2: This experiment is similar to experiment 1 except for one param-
eter. In experiment 2 a pulse top current of 380 A is used. The resuilowsrsin
Figure 7.11 for M1, only. Now, as it can be seen, drop detachment®atao for
ML1. So, by increasing the top current level, and thus, the energy @teddry the
pulses, the ODPP objective is reached for M1, but on the other handrdps

are not detached using a minimal effort (energy), as less energyssdgar drop
detachment for M3 and M4 in experiment 1. This can be seen by compagng F
ure 7.11 with M3 and M4 in Figure 7.9. Compared to M3 and M4 in Figure 7.11,
M1 in Figure 7.11 has more and stronger pulses, and thus, more energgdis u
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Figure 7.10: Experiment 1. A short time interval. The welding
current for the three methods, M1, M3, and M4 are shown.

So, experiment 1 and 2 suggests that, using the two proposed methods, tthet
compensation control method (M3) and the direct control (M4), less kietawt
effort is required.
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Figure 7.11: Experiment 2. The welding current for the fixed fre-

guency method, M1. The stars on the plot shows the drop detachment

locations.

Experiment 3: This experiment is similar to experiment 1 except for the follow-
ing. The contact tip to workpiece distanég,is changed during simulation, such
thatl, = 0.015 + 0.003 sin(10xt). Thus,l. is moved in a 5 Hz sinusoid around
the nominal value. In Figure 7.12, the current for the three methods avensh
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As is can be seen for M3 and M4 , the frequency is affected by the sdalsbs-
turbance, and also, the ODPP objective is maintained in spite of the distaghanc
This is not the case for M1.
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Figure 7.12: Experiment 3. The welding current for the three meth-

ods, M1, M3, and M4. The stars on the plots shows the drop detach-

ment locations.

In Figure 7.13, the length of melted electrode is shown for the three methods. F
the fixed frequency method, which does not provide detachment foy putse,

the drop grows rather large and detaches after a number of pulsetherather
methods, it can be seen, that the sinusoidal disturbance results in mifflzog
sizes both at detachment and prior to the detachment pulse. Thus, arudifuw
size prior to the pulse period is not obtained. The reason for this is thelmhisice

in [, as the melting speed estimate (equation (6.2)) is based on the parameter
However, in spite of the changirig, drop detachment still occurs, and apparently
the two methods, M3 and M4, have some robustness. In Figure 7.14, itecan b
seen, for M3, how the drop oscillates during a short period of tirges the drop
position, using a downward pointing axis. So, each peak correspondsdinta
where a large force is applied to the drop, and that is, in the pulse period.
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Figure 7.13: Experiment 3. The length of melted electrode between
drop detachments for the methods M1, M3, and M4.

Experiment 4. This experiment is similar to experiment 1 except for the follow-
ing. Att = 0.25 s the contact tip to workpiece distanég, is changed from the
nominal valued.015 m to 0.012 m, and also, bandlimited noise is applied/{o
The noise has a mean equal(toa variance equal t0.0022, and is bandlimited

at 20 Hz, such that, the energy in the signal is maintained. Under such-distur
bance, currents and detachments are shown for the fixed frequetioyd{#1),

the compensation control method (M3), and the direct control method (M4) in
Figure 7.15. Now, as it can be seen, the ODPP objective is not reashbdth

M1 and M4. So, it appears that M4 is less robust when compared to M&:- Ho
ever, with respect to the ODPP objective this could be expected, as fothiel3
compensation pulse helps detachment. On the other hand, M3 has a diagdyan
compared to M4, which has not yet been mentioned. During the base preeiod
direct control method is able to react instantaneous on arc length dsubrihis

is not the case for M3, as the base current is fixed. Thus, M3 is lesd suiteact

on short circuits or near short circuits (very low arc voltage) with thekpigce.

Experiment 5: This experiment is similar to experiment 4 except for the follow-
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Figure 7.14: Experiment 3. The position of the drop during welding
for the third method, M3.

M3: X [m]

ing. No step inl. occurs, but instead, the arc length reference is changed from
0.003 m to the 0.005 m dt = 0.25 s. Notice, that as the reference is filtered
by a low pass filter, the actual arc length reference signal changas)f@03 m

to 0.005 m during some time interval. The arc length for M3 is shown in Fig-
ure 7.16. This experiment indicates that, in spite of the metal transfer controlle
inserted between the arc length controller and the current controlleF{geee

7.1), the arc length can still be controlled.

7.4 Discussion and Conclusion

In this chapter metal transfer algorithms are presented. The first of etheds

is the fixed frequency pulse scheme, which can be considered as thieald
scheme used in pulsed GMAW. In this method arc length control is perforeed b
tween the pulses. In the second method a variable frequency is useppogite

the first method, arc length control is not performed between the pulsgheR

the arc length control action is performed for each period, that is, theegersod

plus the pulse period. Such method is used in Migatronic’'s Flex 4000 welding
machine. Both the third method and the forth method are based on obtaining a
uniform drop size prior to pulse initiation. The goal of such approach isito e
hance robustness and be able to lower the pulse energy. The third medtsal is
called the compensation control method, referring to the melting length compen-
sation performed before pulse initiation. The forth method is also called thet dire
control method, referring to the direct control of the arc length duringotiee
period.

Different pulse shapes are discussed, and four shapes are idesmifieliscussed.
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Figure 7.15: Experiment 4. The welding current for the three meth-

ods, M1, M3, and M4. The stars on the plots shows the drop detach-
ment locations.

These includes the rectangular shape, the chair form, the chair form xpith e
nential decrease, and the double pulse shape. Of these shapesitishapea is
used in the simulations.

To test the metal transfer methods a simulation program has been develoged,
using the program five experiments were carried out. Basically, the iexgrais
suggest that drop detachments can be performed in spite of disturbawice-a
erence changes, without introducing robustness by increasing the gnasgy.
Also, it appears that with respect to drop detachment, the compensatitsolcon
method is superior when compared to the direct control method. However, the
direct control method is able to react directly on arc length disturbance®in th
base period, and thus, with respect to short circuits this method seems t® be th
preferred choice.

The main conclusions of this chapter is stated in the following.

¢ A novel metal transfer control method referred to as the compensatidgroton
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Figure 7.16: Experiment 5. The arc length reference is changed
from 0.003 m to 0.005 m during welding using M3, the compensa-
tion control method. Detachments also occur during the change of

reference.

method has been proposed. The method is based on obtaining a unifggm dro
size prior to pulse initiation.

¢ A novel metal transfer control method referred to as the direct contrtiiode
has been proposed. Like the compensation method, the method is based on
obtaining a uniform drop size prior to pulse initiation.

e Simulations shows that drop detachments can be performed in spite of distur-
bances and reference changes. Also, robustness is introducedtiitbi@as-

ing the pulse energy.
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Arc Length Minimization

In this chapter an arc length minimization algorithm is presented. Arc length
minimization is carried out to minimize the heat input and improve the focus
ability.

8.1 Optimization by Arc Length Minimization

In Chapter 5, a number of objectives for control of the GMAW processtated.

One objective is to use a minimal amount of the energy in the process, as low
energy results in a low heat input into the workpiece. Another objectivetiate

a minimal arc length during welding.

The average energy developed in the process, basically, depeititis welding
current and the arc voltage. In pulsed GMAW, in the base period, threrdur
depends on the control effort from the arc length controller, and, inpthge
period, the current depends on pulse shape. Thus, it is not posseufui the
current directly to minimize the energy developed in the process. Hovtbeaarc
voltage, and thereby the energy, can be decreased by decreasarg tkegth in
the process. Moreover, as described in Chapter 5, a small arc lerggénbther
advantage, that is, a small arc is easier to focus during welding. So, tiloeens
a minimal amount of energy developed in the process, and also, to entha&nce
ability to focus the arc, a small arc length is needed. However, if the arthleng
becomes too small, short circuits can be expected. In general, shoitcirust
be avoided in the process. This is also stated as an objective in Chapter 5.

In Section 8.2 an arc length minimization method, or algorithm, is proposed. In
this method the arc length is minimized during welding, towards some lower limit,
by adjusting the arc length referendég,, to the arc length controller. The lower
limit of the arc length depends on the number of short circuits. In gendraidt s
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circuits should be avoided, but actually, a few short circuits per time uait ar
acceptable during welding. Short circuits are detected by the superiagienin

the welding machine, see Chapter 5, by evaluating the terminal voltagk this
voltage is below some threshold, the supervisory layer draws the cornrcthsioa
short circuit has occurred, and activates some kind of anti shoditinechanism.
For example, the current is increased until the short circuit is no longsenpt.

8.2 Method for Arc Length Minimization

In this section the arc length minimization method is explained. The aim is to
minimize the arc length referenck,., fed to the arc length controller, towards
some lower limit. We will accept some short circuits per time unit during welding,
and thus, the lower limit on the arc length reference will depend on this taxtep
number of short circuits per time unit.

The number of short circuit per time corresponds to some specifieddnefe)
average time interval between short circuits. Let us denote this retetane
interval asT,.r. As stated in the former section, the supervisory layer in the
welding machine detects and handles short circuits that occurs duringhgield
Thus, from the supervisory layer the short circuit events can be @otaamd the

time between such events can be measured. Let us denote the time between sho
circuits asT..

Now, we want to develop a mechanism which adjust the time between short cir-
cuits, T,.., towards the time between short circuits refereffGer. To solve this
problem a PI-controller can be used, see Figure 8.1. The two time int&ryals
andT,. are subtracted, and the error in timeg,, between the short circuits is
obtained. Then this error is fed to the controller which outputs the referarwc
length, /... The Pl-controller contains a proportional term to allow for instant
control based on the error, but most importantly, the controller has arrahteg
term. The integral term is important, as it is this term which is able to adjust the
arc length towards the lower limit. If no short circuits occur in the process,

will be negative, and the integrator will integrate the negative error, andan-
tinue lowering the arc length until the right number of short circuits per time unit
occurs.

The controller is driven by some fixed sample tirfig¢, However, the time be-
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PI-Controller ——»

Figure 8.1: The actual time between short circuits and the reference
time are compared, and the error is fed to the controller. Output is
the arc length reference.

tween thel,. measurements are variable, s, in principle, is updated for each
short circuit, and the time between short circuits must be expected to be rathe
irregular. Therefore, thé,. measurement must be considered.

Instead of using the last obtained time between short circliifswe rather want
to use some kind of averagé.. To obtain such valu€l. is filtered, using the
discrete filter stated below. The filter&d. is denoted,..

xsc(k + ]—) = ascl‘sc(k) + bscTsc (81)
ysc(k) = msc(k) (82)

In steady state, that means, whép is fixed andys.(k) = ys.(k + 1), then

T,. must be equal tg,.(k). Otherwise,y,. would not be an average. So, the
relationship between the constants mustfe= 1 — b,.. The input to the filter is

the timeTy., which is generated for every short circuit event, and let us denote a
short circuit event byF,.. So,T. can be expressed as belaw, is the 'running’

time variable which is reset at every short circuit.

if Es.,then update witl, = 5. (8.3)

Thus, the filter is updated for every short circuit. However, suppcatenit short
circuit occurs, then the filter is never updated. So, for example,. (&) is less
thanT.r(k), but afterwards, no short circuits occurs. Then, the integral term of
the Pl-controller will continue integrating a negative erry. (= ysc(k) — Tscr),

in spite of the fact that,. (the running’ time variable) could be much higher than
ysc(k). To avoid such situation, the filter is updated at some frequgpayhen

tsc exceeds the referen@.g. Thus, in addition to (8.3), the filter is updated as
stated below. In Figure 8.2, configuration of the arc length minimization algorithm
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is shown together with the process and the control systems. Note, thdtdmase
terminal voltage measurements, and current measurements, the sugdayisor
generates the short circuit events used in the algorithm.

if tsc > Ts. ,then updatdy. with frequencyfy : Ts. = tsc (8.4)

' v Ee ‘
Tse Time Time - <
T filter |« integrator -~ Supervision Layer
Arc Metal
. 1;1_11 lar length Ire o transfer I N Curtrrerit Ui N GMAW
ontroller control control contro process
A

I | | Lam

Figure 8.2: The GMAW control system including arc length mini-
mization.

Notice, that to limit the number of short circuits in the process, a large value fo
Ts.r should be chosen, but on the other hafigyr should not be chosen too large,
as this would limit the performance of the arc minimization algorithm. Another
approach is to sef,.z equal to time between the pulses. In this way, a short
circuit would occur for every pulse, and probably at drop detachn@nth short
circuits do not have any significant negative effect on the weld quaétabse the
time between the start of the short circuit to the end of the short circuit ierath
small.

8.3 Simulations

The arc length minimization algorithm described in the former section has been
implemented and tested in a simulation program developed in Simulink. The algo-
rithm has been implemented as illustrated in Figure 8.2. In this section, a number
of plots are presented, illustrating the behavior of the arc length minimization
algorithm.
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The developed simulation program does not include a model describingethe b
havior of a short circuit, but such model is not necessary for testingrthiength
minimization algorithm. In the simulation program, to test the behavior of the al-
gorithm, negative (artificial) pulses added to the arc length measuremeith, wh
is low pass filtered to remove the ripple because of drop oscillations. Aftdswa
the result is forwarded to the supervision layer instead;ofsee Figure 8.2. In
the supervision layer, a short circuit event is generated if the signalsttibe arc
length measurement plus the pulses, is less than some lower boundaryul$eo p
trains are used, both fixed in amplitude and frequency. See Figure 8.3.

e The lower boundary (short circuit boundary): 0.002 m.

e Pulse train A data: Period = 0.4 s, Amplitude = -0.0008, Pulse width = 5%,
Phase delay = 0.3 s, Bias = 0.

e Pulse train B data: Period = 0.6 s, Amplitude = -0.0004, Pulse width = 5%,
Phase delay = 0.5 s, Bias = 0.

Pulse Train A
Pulse Train B
* S isi E.
) + uEzl;]velrswn s
—“—» Low Pass Filter >+

Figure 8.3: Generation of short circuit events for the simulation
program.

Initially, the arc length referencé,,, is set to 0.003 m, and moreovéi,.g, the
time between short circuits reference, is setto 0.5 s. Using the pulsesatiaiey
it can be expected that the arc length referefge,is adjusted by the arc length
minimization algorithm towards some value between 0.0024 m and 0.0028 m.

In the first plot of Figure 8.4, the internal 'running’ time variallg in the time
integrator block is shown, see Figure 8.2. At each short circuit, the timesketw
short circuit measuremerif., is updated and the time varialslg is reset to zero.
Also, in Figure 8.4, the filtered time variabjg. is shown. As illustrated in Figure
8.2, this value is subtracted from the referefitg;, and the result is input to the
controller. The filter, generatings., is updated for every short circuit, but also,
by some frequencys, if t;. becomes greater than.z. In Figure 8.4, this can be
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seen at the second plot. For example, from around 1.1 s to 2.3 s, na@Bboit
takes place, but at,. = 0.5 s, and untit,. is reset, the filter becomes updated at
some frequency. In the simulation program the frequefadg chosen to 5 Hz.

15

t. [s]

05F : , .

15

Y, I8l
2

0.5

time [s]

Figure 8.4: First plot: The internal time variable,. in the time
integrator. Second plot: the filtered time between short circuits.

In the first plot of Figure 8.5, the short circuit events are shown, atiteisecond
plot all events are shown. This means, the short circuit events and ¢émsev
generated whety. becomes greater thdn.g, to ensure that the filter is updated.

In Figure 8.6, the arc length referenég,, which is calculated by the Pl-controller

is shown. The initial arc length reference is 0.003 m, but no short cirappéns

at that value. The controller reacts by decreasing the arc length untilcifoaits
starts to appear. From thg. plot in Figure 8.4, it can be seen that the filtered,
or average, time between short circuits approach the refefBpge= 0.5 s. As
predicted, using the pulses as explained before, the arc length minimizatimn alg
rithm adjust the arc length referendg,, to some value between 0.0024 m and
0.0028 m. The arc length reference should lie between these values,simthe
circuit is set to 0.002 m, and amplitude of the two pulse trains are 0.0004 m and
0.0008 m, respectively.
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Figure 8.5: First plot: The short circuit events. Second plot: The
filter is updated at the rising edges.

x10°

)

251

time [s]
Figure 8.6: The arc length reference which is forwarded to the arc
length controller.

8.4 Discussion and Conclusion

In this chapter a method for arc length minimization is proposed. In this method
a given number of short circuits per time unit are accepted. This numbéahw

is expressed as a time between short circuits, becomes a referencéoiripeit

arc length minimization algorithm. The reference input and the measured time
between short circuits are subtracted, and a Pl-controller adjustsahenath
reference which is input to the arc length controller.

To test the arc length minimization algorithm a simulation program was devel-
oped. Results from simulation suggested that the arc length minimization algo-
rithm was able to minimize the are length as desired.
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Conclusions and Future
Work

In this chapter the final conclusions of the thesis are presented, anvagneos-
sible future work are considered.

9.1 Conclusion

In this thesis control of the gas metal arc welding (GMAW) process is addde

The GMAW process is explained in Chapter 2, and in Chapter 3 a model of the
GMAW process is presented. Based on the model, presented in Chagter 3,
number of simulation programs have been developed for testing and illustrating
the algorithms developed in this thesis. Simulations play a significant role in the
thesis, as a real experimental welding facility has not been available dineng
work. Thus, tests and validations have to rely on simulations.

In Chapter 3 a steady state model of the electrode melting rate is presented and
included in the overall model. However, such steady state model doekadh&a
transient phase for melting rate changes into account, and thereforgtain a
better melting rate model, a dynamic melting rate model is developed in Chapter
4. In fact, two models are developed. In the first model, referred to dalthay-

namic melting rate model, the electrode is partitioned into many small elements
to describe the temperature of the electrode. This approach results iteensys
having a rather high order, that is, a large nhumber of differential equatido
reduce the number of calculations needed to calculate a value for the meléing ra
the order of the full dynamic melting rate model is reduced. The results in the se
ond dynamic melting rate model, referred to as the reduced dynamic melting rate
model. Especially, in the transient phase of a step response, simulatiansdsho
good agreement between the full dynamic melting rate model and the reduced
melting rate model.
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In Chapter 1 the overall objective of the thesis is to optimize the control algo-
rithms for the manual pulsed GMAW welding process, with the aim of enhancing
the quality of welded joints. To approach this problem four specific objestve
derived in Chapter 5, and also, different configurations for contigptlie GMAW
process are considered. The specific objectives concerns mininglyeneni-

mal arc length, avoiding short circuits, and obtaining one drop per pOIB&P).

The control structure, or control topology, which is chosen is a cascadpled
system. In this cascade coupled system an inner current controllepisottie
current dynamic of the process. The reference input to the innegrdwgontroller

is a reference current from a metal transfer controller, which straityus driven

by an input from an arc length controller.

In Chapter 6 a nonlinear arc length controller is derived. Arc length obigr
considered as it is important to be able to keep a steady arc length in spite of dis
turbances. In manual welding a potentially significant disturbance arizestie
operator which moves the welding pistol along the welding path. The nonlinear
controller is a feedback linearization based controller, and for developoh¢he
controller the inner current controller is considered as a part of thiemgth pro-
cess. Also, equations relating to the drop dynamics, which is describecpt€zh

3, is left out as such equations are not relevant for arc length cor8tabiliza-

tion, tracking, uncertainties, and performance are considered for¢hieragth
controller, and also, to test the controller a number of experiments aiecatrt
using a developed simulation program. The experiments show that the cantrolle
is able to control the arc length in spite of a set of disturbances which can be
expected in a real welding application. With respect to the specific objective
presented in Chapter 5, the arc nonlinear arc length controller doesrectid
address any of those objectives. However, to avoid too many sharitsiecgood
performing arc length controller must be preferred, and moreovelemagth con-

trol must be considered as a fundamental part of any GMAW controller.

In Chapter 7 metal transfer control is considered, and a novel agpiiegore-
sented. The approach is based on obtaining a uniform drop size prioide p
initiation. The goal of this approach is to enhance robustness and be &lesto

the pulse energy. Two methods using this is presented. One of these methods
is called the compensation control method, referring to the melting length com-
pensation performed before pulse initiation. The other method is called the di-
rect control method, referring to the direct control of the arc lengtlindguthe
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base period. Simulations suggested that drop detachments could bengetior
spite of disturbances and reference changes, and without introdwtiogtness

by increasing the pulse energy. Two of the objectives referred to ipt€h&

are considered, and these are the minimal energy objective and theognpedlr
pulse objective. Minimal energy is obtained as robustness is obtainedthtiogi
uniform drop size, and not through a high pulse energy. Moreosgheaenergy

is minimal for drop detachment, several drop detachment per pulse is unlikely
Thus, the one drop per pulse objective is fulfilled.

In Chapter 8 a method for arc length minimization is proposed. Thus, this method
addresses the specific objective state in Chapter 5 about having a minanal ar
length. In arc length minimization method a PI-controller outputs an arc length
reference which is used as input to the arc length controller. Basicallyittimal

arc length is found by lowering the arc length reference until a desiredbauof

short circuits per time unit are present. Thus, in spite of the specific olgecti
about avoiding short circuits, a given number of short circuits are atiow this
approach. Simulation suggested that the arc length minimization algorithm was
able to minimize the arc length as desired.

In the following the main conclusions and contributions of this thesis are stated.

e A GMAW model is presented which can be used for simulation and develop-
ment of control algorithms.

e An expression for the electromagnetic force can be found in the literakhee.
calculations leading to this expression are included in the thesis.

e A dynamic melting rate model suited for simulation has been developed. The
model is referred to as the full dynamic melting rate model.

e A dynamic melting rate model suited for control has been developed. The
model is referred to as the reduced dynamic melting rate model.

e A general GMAW control system is presented in the thesis. The contst@isy
is structured as a cascade coupled system having inner currentlieonfod-
lowed by an outer metal transfer controller, and afterwards, an owtéerzgth
controller.

¢ A nonlinear controller has been developed. For this controller no operatio
point needs to be selected, and also, the controller is able to handle the nonlin
earities of the process.

e Itis shown how stability of the arc length controller can be analyzed givest a
of uncertainties.
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e Itis shown how the arc length controller can be tuned given a set afipeahce
criteria.

¢ A novel metal transfer method referred to as the compensation control dnetho
has been proposed. The method is based on obtaining a uniform drqisize
to pulse initiation.

¢ A novel metal transfer method referred to as the direct control methoboldeas
proposed. Like the compensation method, the method is based on obtaining a
uniform drop size prior to pulse initiation.

e A method for arc length minimization has been proposed.

9.2 Future Work

In this thesis arc length control, metal transfer control, and arc length minimiza-
tion has been considered. Also, two dynamic melting rate models have been pro
posed. However, the work has only been tested in simulation programs. The
mathematical model presented in this thesis of the GMAW process is not precise
and thus, the simulation programs are not precise as these are basedwoddhe
Therefore, implementation and validation in a real welding test system ischeede
and such test system must include a high speed camera to be able to dlgserve
havior of the drop during welding. If such test system is available the fallgw
could be investigated.

e Data from the GMAW model could be compared with data obtained from a real
welding process. In this way it is possible to investigate model uncertainty.

e The melting rate calculated by the full dynamic melting rate model should be
compared with the measured melting rate in a real welding system. This means
that transients in the real application must be measured, which is possible with
a camera. Comparison of the real melting rate and the calculated melting rate
makes validation of the full dynamic melting rate model possible. Afterwards,
the reduced model can be tuned to give a similar output as the full dynamic
melting rate model.

e The nonlinear arc length controller should be implemented and tested in a real
welding system. For example performance of the GMAW process controlled
by the controller could be investigated.

e Both metal transfer control methods should be implemented and tested in a real
welding system. It must be verified in practice that a uniform drop sizeigeev
robustness with respect to drop detachment.
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e The arc length minimization algorithm should be implemented and tested in a
real welding system. It must be investigated if the proposed approadcsiblie
in practice. Also, the method might be improved by a categorization of the short
circuits. Short circuits which have a relative small duration are tolerable, b
long duration short circuits must be completely avoided.

e Several of the control algorithms developed in this thesis rely on an argeolta
model. However, the model used in this thesis is not accurate. For example,
for low currents the arc voltage increases, and this is not accountea toe
model. Thus, the effect of having an inaccurate model should be inviestioe
greater detail, and also, a more accurate model could be developed.

On a longer perspective a lot could be done with respect to GMAW coroal.

day, to achieve a high quality weld, the machine settings have to be adjusted by
an experienced operator, and also, the task of performing the weldyisiifr

cult. The adjustment of the machine could be performed by the machine itself if
more "intelligence” are included on the machine. Also, more machine "intelli-
gence” could improve the quality and ease the task of performing a welch Suc
improved "intelligence” much be based on further research, and efipetiia
author believes that a model based approach to the problem is usefehdnag)

this is also the approach used in this thesis. Below some further reseaicshdop
suggestions are mentioned.

e Drop detachment detection using current measurements and terminal voltage
measurements. Drop detachments can be detected if an voltage close the arc is
measured. Otherwise, it is difficult. However, if it is possible the metal teansf
control algorithms can be improved, as it the melting length can measure from
the actual drop detachment event.

e Automatic tuning or estimation of parameters. For example, the melting rate
parameters can be estimated during welding. A melting rate model is used for
both arc length control and for metal transfer control, and thus, thesgtalgs
can be improved.

e The general control structure used in this thesis should be extendeckitttie
trode speed is considered as a controllable input to the process. Arusbvio
choice would be to extend the cascade coupled structure with another outer
controller. The electrode speed corresponds to the average cuamnenthus,
the energy or heat input into the workpiece can be controlled.
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Maxwell Stresses

In [28, Chapter 3], the electromagnetic force (or Maxwell stress) acting vol-
ume element in the drop is expressed as

Fem:JxB:l(VxB)xB = (A1)
il
1 1
F.,=—-—V(B*) +-(BeV)B A2
2u( ) u( ) (A.2)

Equation (A.2) contains two terms. The first term is given by the

Q = —ivw?) (A3)

The second term is given by

Q,— ;(B «V)B (A4)
For a current parallel to the electrode the first term generates an iragtird)
force, while the second term generates a rotational force within the diapa
converging or a diverging current the first term also contains a agaponent,
however, this is not the case for the second term. This will be illustrated in the
following.

A downward current induces a magnetic field (B-field) around the pattmeofur-
rent. In any point within the drop, at any given time, the B-field can berdwst
by a B-vector,B. The normal,l,,, to the current path, the B-vector in a small
element, and the position of the small element are shown in Figure A.1.
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k small
B-field
volume
/_% N/ element
Jj i

In A 4

Current path

Figure A.1: The current normal and the B-field vector for a small
element within the drop.

The location of the small element is given hyand the following definitions and
formulas are used

_ M (A.5)
2rr
_uL
B = 27W(In x h) (A.6)
A= w (A.7)
2T
I=1,1 (A.8)
r? = 2% + %I, =(1,0,0) (A.9)
h =(0,0,-1) (A.10)
(A.11)
Now, let us look at the second teri@;.
1
Q; = ;(B eV)B (A.12)
1, . 1. o. 0. 0 . 1.
= p((Oz — A;g +0k) e (%z + a—yg + @k))(oz - A;g +0k) (A.13)
1 10 1.
1,10 1.
_MA Tay(T)J (A.15)

This force acts parallel to the B-field. One can see that a divergingmvecging
current path will not change the orientation of the vector. Thus, it will sgll b
rotational, even though it will change in magnitude along the z-axis.

172



Appendix A: Maxwell Stresses

Now, let us look at the first termy);, still using the formulas and definitions
above.

Q, = —EV(BQ) (A.16)
1 1
= fﬂszﬁ (A.17)
1 5, -2z, 2y,
= 2MA ( i+ 3 7) (A.18)

This vector points inward, thus, being an inward component to the fortasgac
on the element. However, for a diverging or a converging currenttpatB-field
will also be dependent of the z-direction, thus, causing an axial force.
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The Electromagnetic
Force

In [5], in [28, Chapter 3], and in [27] a function expressing the totattete
magnetic force acting on a drop in GMAW was presented. In [5] and intf#g]
function was rewritten, given a number of assumptions, into a much simpiar for
A form that can be used for direct calculation of the electromagnetic fdrhe
derivations in the following can viewed as a supplement to the derivatiamsifo
in [5] and in [27].

The expression for the total electromagnetic force vector, present2d,i€hap-
ter 3], is a surface integral of all Maxwell stresses acting on the drop.

2

B
Friota= [ fpdv= / 2—(—nds) (B.1)
Vy Sy “H
f., is the electromagnetic stress vector (or Maxwell stress vedtpmepresents
the volume of the dropS,; represents the surface of the dr@pis the magnitude
of the B-field, andn is the normal vector to the surface.

As current flows through the drop a magnetic field is established. The itytens
H of this field can be expressed by Ampere’s Law.

I(r,2)
H _ B-
o (B2)

whereI(r, z) is the current bounded by a hoop which passes through the point
(r, z). ug is a unit vector on the hoop, amds the radius.

Let us define the vectar form equation (B.1). In [27] this vector is referred to as
a traction vector. The traction vector and the magnitude of the traction vector is
given by
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1B2 1
= - = Z,H*- :
T=5 0 =k (—n) (B.3)
B2 H?
r=lr|=>— ="t (B.4)
2u 2

Using equation (B.2) the magnitude of the traction vector can be written as

_opn I(n2)?
C 8m2 2
The z-directed component of traction vectormust be integrated on the drop sur-

face to obtain an expression for the total electromagnetic force in the @idive
denotedf.,.

(B.5)

sz/QTzda—l—/PTzda (B.6)

The z-direction and the surfacésand P, from equation (B.6), are all shown in
Figure B.1.

The z-directed component of the traction vector for the surfaég given by the
expression below. Also, see Figure B.2.

_dr
duT

The differential elemenia can be expressed as a circle that has a thickness of
and a radius of (u).

T, =

(B.7)

da = 27r(u)du (B.8)

The z-directed component of the traction vector for the surfaég given by the
expression below. Also, see Figure B.2.

_dr

TZ_ET

(B.9)
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Figure B.1: A typical drop in GMAW. Variables and vectors used in
the derivations are shown.

The differential elemenia can be expressed as a circle that has a thicknegs of
and a radius of(s).

da = 27tr(s)ds (B.10)

Figure B.1 suggest two different currents. A current flowing in the sskdtrode
and a current flowing through the drop. If some current flows directynfthe
solid electrode, thei,, > I;. Otherwise, the two currents will be equal. In the
following it is assumed that, = I; = I. Now, f, can be written as

fz:/QTzda+/P7'zda (B.11)
Uoodr S dr
fo= [ g + [ (GEnenrss) (B.12)
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Figure B.2: The figure shows the traction vectors for surfézand
P, respectively. Moreover the z-directed components are shown.

U odr p I(u)? S dr o I(s)?
fZ_/U (—@@T(U)Q)(Qﬂr(u)du)—i—/o (ES?T(S)Q)(27TT(S)dS)
(B.13)
U T(u)\2dr du S I(s)\2dr ds
fe= —W/O (%) du () +W/O (%) ds(s) (8.14)
Above, the(r, z) dependence has been substituted by dependenceant s,
respectively. Moreovel/ andS denote the end points of the curves representing

the cross section shape of, respectively, the Q-surface and thdaesu See
Figure B.1.

The currentd (u) and(s) can be expressed as stated below whéredenotes
the density of the current.

I(u) = /A L d0da= /0 )2 (o) du (B.15)
I(s) = /Area(s)j(a)da = /0 j(s")2mr(s")ds (B.16)

Using these expressions we have the following equation for the total etearro
netic force in the z-direction.

fom e [ ([ o
+ T /OS (/Osj(s')r(s')ds'>2%% (B.17)
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B.1 The drop and solid electrode surface

It is assumed that the liquid drop has a form as illustrated in Figure B.1. We
observe that the upper surfa€g,is almost cone shaped, and therefore, the surface
is modelled as such. Moreover, in the following, it is is assumed that thenturre
density is uniform, such thgiu) = j.

Let us make the following definitions

T(u) = COS(¢cone)U = ku (818)
driw) _ k (B.19)
du

From this it is possible to express the total curréntthrough the cone by

7r2(U)
k

Now, an expression for the Q-component of the electromagnetic fgrcan be
derived.

I= jAcone: jTrT(U)U = ] (820)

v v 2dr(u) du
_ oy / /
fr0 = 7T,u/0 (/0 Jjlu )r(u)du) g —r(u) =
U u 2 du
_ g au
foo= ”“/0 (/0 jkudu> b =
U
1
_ 2,2( L1, nayuw), AU
f2@ = w/o 7k (2[(U) o) ko
U g0l 4
z - - ] —utk—
fua = | SR

RS |
fz 0= —7r,u/ ijQZuSdu =
0

21l U

440:>

fz,Q = —7r,uj2/~c
1
foq =T U =

2LT(U)4
16 k4

fz,Q = _WMij
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fro0=—"— (B.21)

B.2 The drop and gas surface

Now, let us look at the surfacB. Supposeg(s) is defined over the interval, ST
such thatj(s) = 0 for s; < s < sy and is arbitrary elsewhere. Moreovey, s
are such thab < s; < s < S, but otherwise arbitrary, then the contribution to
the electromagnetic force from the outer surface is given by

fep =it /0 . ( /O Sj(s’)r(s')ds'f%%

S1 S1

+ 7 /S (/81 J(sr(s)ds' + /SQj(s’)r(s’)ds’

S2 0 S1
SN, N\2dr ds
+ /52 j(sHr(s )ds) E@ (B.22)
(B.23)

As defined;j = 01in [s1, s2], and therefore, the terms originating from this interval
vanishes in the above expression. Thus, the electromagnetic force ekt
of the surface profile of the region where the surface current deagitgls zero.
This is also stated in [5].

For = [ ([ trshas) G
+7T,u/ : (/0 1j(s’)r(s’)ds’>2%%

+ 7 /: (/051 J(sr(s")ds + /S:j(s’)r(s')ds’y%% (B.24)

The second term (the non-conducting part) can be written as

52 51 2dr ds
J=,P,non-conducting= 77#/ </0 J(S/)T(Sl)dsl) E@

S1

180



Appendix B: The Electromagnetic Force

_ 7m</081j(5/)r(5’)d5/)2/:2 %%

1

1 2 [%2dr ds
= iy ar as.
FM(QW 1) /51 dsr(s)

r(s2) 1 d d
H 7o r(s) t
=7 — h = - 5
s /T(SI) tdt , wWheret=r(s) and 1 T
1% r(s2)
= Elfl[lnﬂﬂr(;)
_ MK r(s2)
= s (B.25)
where
S1
Isl—/ j(a)da—/ j(s2mr(s')ds' (B.26)
Area(sl) 0

Now, assume that the outer surfaBecan be divided into, only, two parts. A
conducting lower part and a non-conducting upper part. At the lowdrtpa
current density is different from zero while it equals zero for the ujpaet. This
gives a lower forcef, p1 and an upper forcg, po.

The upper part is given by

s ‘ - ‘
L py = = Iz1 B.27
J.p2 45t . asin(P) ( )

wherer. is the radius of the electrode afds the angle describing the size of the
conducting area. See Figure B.3.

Next, the lower part can be calculated. First, from Figure B.3, we see that

r(s) =asin(¢) , s=ad (B.28)

dr(s)  d¢dsin(p)
7 =07 @b cos(¢) (B.29)

and we see that

I= jAtruncated-sphere_— jAS
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Figure B.3: Surfaces and the conducting area.

S S S
= j/ 27r(s)ds :j/ 2masin(—)ds
0 0 a
= j2ma| — acos(Z)]g = j27ra2(1 — coS g) (B.30)

Now, we have

S1
fz,Pl 71—/"/ /
0
fm= [ ([ sz ()as') L I
&PL= TR 0 0 2ma? 1—cos(§))r oas ds r(s)
S1 I .8 N2 S 1
M/o /0 - 1_COS(§>)a51n(g)ds> COS(E)—asin(g)d8:>
I 2 : / / 2COS(¢)
“/0 /0 2ra@(1 —cos(@))* @ )i sn() 7
/ s

fep1 = / in(¢o d¢l>2Md¢ -
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fap1 = K/OCD ([ - cos(¢')}§>2:?jgg dp =

2c0s(¢)
sin(¢) d

D
fep1 = K/o (1 — cos(¢))

where

pl®
K —
'u47r(1 — cos(P))?

The following substitution is used

x=1-—cos(¢p) , Z_j;)
sin?(¢) = 1 — cos?(¢)

—1-(1—-2)??=1-(1+2>-22)=2(2-2)

— sin(¢)

We get

1—cos(®) 1—2
=K 2 dr =
fzp1 /0 T ™

1—cos(®) ,. _ .2
fz,Pl = K/ R dx
0 2—x

and we use the following substitution
dy
dr
r=2-y , 22=02-y?=9>—4dy+4

y=2—zx , -1

and we get

1+cos(®) 9 _ —(y2 —4 +4
Jep1 = K/ 2=y - Y )(—dy) =
2

)

1+cos(®) _ ,2 +3y—2
fom =K [ 2y

(B.31)

(B.32)

(B.33)

(B.34)

(B.35)

(B.36)
(B.37)
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1+cos(®P) 2
fz,P1=K/ (y—3+§)dy =
2

]— COs COS COSs
Forr = K (G157 =3[y o[yl P) =

fap1 = K(%(l + cos?(®) + 2 cos(®)) — %22 — 3(cos(®) — 1)

+2In (H%’S@))) (B.38)

and we see that

%(1 + cos?(®) + 2 cos(P)) — %22 — 3(cos(®) — 1)

= %(1 + cos?(®) + 2 cos(®) + 2 cos(P) — 2cos(P)) — 2 — 3cos(P) + 3

= %(1 + cos?(®) — 2 cos(®)) + 2 cos(®) — 3cos(P) + 1

= 2 (1~ cos(®)” + (1 cos(®)) (®.39)

Finally, the following result is obtained.

fzp1 = K(%(l - COS(QJ))2 + (1 = cos(®)) + 2In (H—cfos(cb))) =
fap1 = Z_f (% 1= (i)s(q)) s cjs((I)))Q n (= CSS@))) (B.40)
B.3 The total electromagnetic force
The total electromagnetic force is given by
fr=Ffo+fap2+fop1 =
2 2
e L (o) Li(5+ 1;@)

2 1+ cos(®)
T @ M ) =
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,ulg [ 1 < Tw ) 1 1
S R P (L AT T T S
2 4 4 i asin(P) + 2 * 1 — cos(®)

2 1 + cos(®)
* (1 — cos(®))? n 2 )} =

pul?rl asin(®) 1
fz:ﬂ—éf[z_ln( Tw ) 1 — cos(®)
2 2
T @2 ™y cos(@))} (B41)

If the axial electromagnetic forcé,,, is defined positive downwards the final
result is obtained.

Fem

ul? [ 1 rqsin(P) 1
S el TN I _
w4 4 +1n ( Te ) 1 — cos(®)

+ (B.42)

2 2
(1= cos(@)2 (T Cos(@))}

A result that has been derived with respect to the assumptions stated bidew
tice, that in Chapter 3, the symb#lis used instead ob for describing the con-
ducting zone.

e The rotational part the electromagnetic forces acting within the drop is ne-
glected. For a discussion of this assumption, see Chapter 3.

e The drop is symmetrical, sphere formed, and has a radius larger tharithe so
electrode.

e The current is always uniformly distributed.

e The upper surface), is modelled as a cone.

e No currentis emitted from the solid part of the electrode, suchitkatl,, = 1.
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The Pinch Effect

In GMAW, metal is melted from the tip of the electrode and the melted material
forms a fluid cylinder as an extension to the solid electrode. For such a liquid
system there exists a criterion for which the system becomes unstablehand w
this happens, the liquid metal column breaks up into drops. This kind of instability
can also be observed when water, running from a water facet, bupaks drops.

In welding the current, mainly, flows axially in the metal cylinder. This gives a
forceJ x B acting inwards on the cylinder. If the current densify,s increased
sufficiently it may overcome the stabilizing effect of other forces acting en th
liquid cylinder, and this causes the cylinder to collapse inwards. In weldisg th
phenomenon is known as the pinch effect [28, Chapter 3].

From the law of Biot and Savart one get a formula for the relationship lestwe
the magnetic field integrated around a conducting wire and the surfacealnégr
the enclosed current.

jI{Bodl:uo/Jods (C.1)
L S

In welding, the current mainly flows axially and symmetrically along the elec-
trode. This means that the field lines lies uniformly distributed around the elec-
trode, and therefore, the equation (C.1) can be rewritten as below.

2mrB = poJrr? < (C.2)
B— “0; il (C.3)

The B-field, B, and the current density], are shown in Figure C.1. The cur-
rent and the self-induced B-field generates a radially electromagnete, o5,
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acting on a small piece of electrode.

B poJ?mr

femr =1|J x B| =JB 5

(C.4)

Figure C.1: The current flows axially along the electrode and drop
and causes the B-field.

In steady state the electromagnetic for¢g,,, is balanced by a radial pressure
within the liquid electrode. This means that

) J?

8—f+’“‘°2T:0 = (C.5)
J2 2

p:—%ﬂc (C.6)

p is the radial pressure, is the radial distance from the center of the electrode
(or drop), andk is a constant. The constarit, can be found by considering the
boundary conditions. At the surface, at the radial distaneeR, the electromag-
netic force vanishes, and leaves the pressure to be a sum of the armbs=nirp,

po, and the pressure due to surface tension of the liquid cylinder. Theypeedue

to surface tension for a cylinder i, where is the surface tension coefficient,
and R is the radius of the liquid cylinder. Now, the total pressure can be written
as

J2
p=po+ 5+ (B =) (.7

To determine the condition under which the pinch effect occurs instabilitg for
liquid cylinder is considered. Initially, it is assumed that no current is floving
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the cylinder, however, the cylinder can be described by a frequesteyrdined
by the wavelengti\. The radius in such a system can be expressed as

r = R+ ecos <277rz> (C.8)

The parameter is the amplitude of the sinusoidal-formed liquid surface, amnl
the distance in the longitudinal direction. See Figure C.2.

4 z-axis

e z=)/2

R+¢

Figure C.2: The cylinder.
The pressure due to surface tension inside a liquid is equal to

11
Y C.9
Py 7(31 + R2> (C.9)

whereR; and R, are principal radii of curvature for the surface. For a distributed
cylinder the pressure in the outward bulge can be expressed as

1 1
= — C.10
po=1 (s 70 (.10)
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whereRy is the longitudinal radius of curvature at the bulge, &hde is the prin-
cipal radius of curvature with the circular form, and thus, equals the sadiat
the bulge. The radius of curvature can be calculated from a geomettionslaip
between radius and curvature.

1 0%r o 2

= = = = c.11

RO 9z° z=0 ( A ) : ( )

This gives the following pressure caused by surface tension in thetbdg@®n.
1 or\ 2

=y = — C.12

Pryb 7(R+€+<)\>5> (C.12)

Similarly, the pressure caused by surface tension in the pinched regitre of
cylinder can be derived. This pressupe, can be expressed as

1 1
— C.13
Pp ’Y(R_ngRW) (C.13)
where
1 0%r (271')2
— = =—(£) ¢ C.14
Ry 022 2=)/2 A ( )

Now, this gives the following expression for the pressure due to sutéatsion in

the pinched region.
1 27\ 2
Dyp =7 (R . <7> 8) (C.15)

If the pressure in the bulged region is greater than the pressure in theeginc
region, the liquid metal tends to flow from the bulged region to the pinchedrregio
This means that the system is stable. On the other hand, if the pressurates gre
in the pinched region, the liquid metal tends to flow from the pinched region to
the bulged region, and thus, the system is unstable, and the liquid colunks brea
into drops. Stability can be expressed as
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Stable if p.

—Pyp >0

(C.16)

Also, stability can be expressed by the derivative of the pressure irothadary
region between the bulged region and the pinched region. If the degyatith
respect te, of the pressure at = 0 is greater than zero, liquid metal flows from
the bulged region to the pinched region, and thus, the system is stablevétpwe
if the derivative is less than zero the system is unstable.

Stability if
d
d (p'\fb p,-}/p) O ’ € — O
=
(N (o
(R+e)? —l— £)? A (R—¢)?
=

2 27\ 2
4o =
= (Q 0

=
A< 21R

(C.18)

(C.19)

(C.20)

Now, a criterion have been derived for a liquid cylinder, deformed byntaee-

length, A, but not influenced by radially electromagnetic forces.

electromagnetic forces gives the following

Including the
expression for stability. Asreef

constants, such as the ambient pressure, are left out.

Stability if

d

d_s(pvb_p7p)>0 ;, €—0

=

d ol 272 pol?
d5[<R+5+7(A)€ (R+g)>

(C.21)
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v 27\ 2 pol?
_< n (7)5_747r2(3+e)2>]>0’ e 0

27\ 2 /1,0[2
(_ (R+¢)? +’Y(T) B 27r2(R+5)3>
2_77-)2 /J/OIZ

(e ")+ amp—ap) =00 =0

(C.22)

(C.23)

(C.24)

(C.25)

(C.26)

Now, a criterion have been derived for the liquid cylinder, deformed byntave-
length, \, and influenced by radially electromagnetic forces. From the criterion

above a critical wavelength,., can be formulated.

2TR

Ae=—"————7
pol? )2
(1+ 27r%7R>

(C.27)

Some assumptions are needed to transform the criterion for instability int@a dro
detachment criterion for GMAW. In [28, Chapter 7] the following assumgtion

are made

lg = 0.8\

_ Te+Tq
r= 2
lg =nry
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l4 is the drop lengthy. is the electrode radius, is the drop radius, and is a
constantn is set to(z4 + r4)/r4 @s in [21], wherex, is the axial drop extension.
Inserting these assumptions into equation (C.27) gives a new criteriomdpr d
detachment, now based on a critical radiyg, of the drop. ForA = A, the
following final criterion is obtained.

Fie = m(re + 7a) : (C.31)
Tg+T pol? 2
() (14 i)
Drop detachment if r4 > r4. (C.32)
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Nomenclature

Symbols

A list of variables, parameters, and constants are given below. Some lsymbo
are assigned a value, and some are not. In general, parameters atathtoare
assigned a value.

Thedectrical circuit exclusivethearc

Symbol | Value Unit Description

U. Y Control voltage.

U \% Terminal voltage.

I, I, A Welding current.

L, 10e-6 H Welding machine output inductance.

Ry 0.004 Q Total welding wire resistance.

Ly 15e-6 H Total welding wire inductance.

R. Q Electrode resistance.

Pr 0.2821 Q/m Resistivity of the electrode.
Thearc

Symbol | Value Unit Description

la m Arc length.

U, \% Arc voltage.

Uy 15.7 \Y Arc voltage constant.

R, 0.022 Q Arc current coefficient.

E, 636 V/m Arc length coefficient.
Theelectrode

Symbol | Value Unit Description

Te 0.00050 m Electrode radius.

Ac A m Electrode cross section area.

ls m Electrode stick out.

Per P 7860 kg/m®* | Electrode density.
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Thedrop states

Symbol | Value Unit Description
Td m Drop displacement.
Vd m Drop velocity.
mq kg Drop mass.
The forces acting on the drop
Symbol | Value Unit Description
Fer, N Force due to electromagnetic induction.
F, N Force due to gravity.
Fr, N Force due to momentum.
Fy N Force due to aerodynamic drag.
F, N Surface tension force.

Other symbolsrelated to the drop

Symbol | Value Unit Description

rd m Drop radius.

ka 35 N/m Drop spring constant.

ba 0.0008 kagls Drop damping constant.

Lo 1.25664e-6 | (kg m)/(A* s*) | Permeability of free space.
Vst 2 N/m? Surface tension of liquid steel.
Vst /2 rad Conducting area.

Ag m? Drop area not covered by the electrode.
Cy 0.44 - Drag coefficient.

Vp 10 m/s Relative fluid to drop velocity.
Op 1.6 kg/m? Plasma density.

Static electrode melting

Symbol | Value Unit Description

Mg m/s Melting rate.

U m/s Melting speed.

c1 2.885e-10 | m3/(As) Melting rate constant.
2 5.22e-10 m2/(A?% s) Melting rate constant.
k1 m/(A's) Melting speed constant.
ka (A% s)7? Melting speed constant.
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Dynamic electrode melting

Symbol | Value Unit Description

T °C Temperature.

To 20 K Ambient temperature.

Tm 1427 K Melting temperature.

Ta K Drop temperature.

hm 2.5e+5 J/kg The heat of fusion.

h Jlkg Specific inner energy.

ha J/kg Specific inner energy of the drop.
c 510 J/(kg K) Specific heat capacity, belo#,, .
Cm 510 J/(kg K) Specific heat capacity, abo¥s,.
P, JIs The anode heat flow (flux).

Py JIs The drop heat flow (flux).

P, JIs Thermal conduction heat flow (flux).
Py JIs Ohmic heat flow (flux).

Can - Anode heat constant.

Van \ Anode voltage.

bw \% The work function.

K. 0.267 JIK Drop convection constant.

E, J Inner energy.

A 17 W/(m K) Thermal conductivity.

P 0.2821 Q/m Resistivity of the electrode.

The Control architecture

Symbol | Value Unit Description

I A Measured welding current.

Utm \% Measured terminal voltage.

lam m Estimated arc length.

lar m Arc length reference.

Irc - Output from the arc length controller.

I A Reference input to the current controller.
Other symbols

Symbol | Value Unit Description

Ti 1/15000 S Approximated current dynamics time constant.

le m Contact tip (or tube) to workpiece distance.

Ve m/s Wire feed speed.
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Abbreviations

GMAW Gas Metal Arc Welding.

GTAW Gas Tungsten Arc Welding.
MMA Manual Metal Arc (stick welding).
MIG Metal inert Gas.

MAG Metal Active Gas.

TIG Tungsten Inactive Gas.

PIT Pinch Instability Theory.

SFBM Static Force Balance Model.
SFBM Dynamic Force Balance Model.

198



Bibliography

[1] M. AbdelRahman. Feedback linearization control of current acdeargth
in gmaw systemProc. of the American Control Conferende98.

[2] J.A. Johnson A.D. Watkins, H.B. Smartt. A dynamic model of droplet
growth and detachment in gmaw. Recent Trends in Welding Science and
TechnologyASM, 1992.

[3] C.J. Allum. Metal transfer in arc welding as a varicose instability: |. \@se
instabilities in a current-carrying liquid cylinder with surface chady®&hys.

D: Appl. Phys, (18):1431-1446, 1985.

[4] C.J. Allum. Metal transfer in arc welding as a varicose instability: li. deve
opment of model for arc weldingl. Phys. D: Appl. Phys(18):1447-1468,
1985.

[5] J.C. Amson. Lorentz force in the molten tip of an arc electrdté. J. Appl.
Phys, 16:1169-1179, 1965.

[6] T. Klein G. Simon B. Rethfeld, J. Wendelstorf. A self-consistent mddel
the cathode fall region of an electric ait.Phys. D: Appl. Phys(29):121-
128, 1996.

[7] Henrik Vie Christensen.Student project: Control of Melting Velocity for
MIG Welding Device Department of Control Engineering, Aalborg Univer-
sity, 2002.

[8] G.E. Cook. Keynote address - decoupling of weld variables for ingmo
automatic control. pages 1007-1015, 1998.

[9] K.L. Moore D.S. Naidu. Automatic control strategies for gas metal aldwe
ing: A status survey. Iiirends in Welding Research: Proc. 5th International
Conferencepages 1027-1032, 1998.

[10] K.L. Moore D.S. Naidu, S. OzcelikModeling, Sensing and Control of Gas
Metal Arc Welding Elsevier, 2003.

[11] J.A. Johnson H.B. Smartt T. Harmer K.L. Moore E.W. Reutzel, C.J.rfEine
son. Derivation and calibration of a gas metal arc welding (gmaw) dynamic
droplet model. InTrends in Welding Researcpages 377-384. Proc. of the
4th International Conference, 1995.

[12] Abbas Emami-Naeini Gene F. Franklin, J. David PowE#edback Control
of Dynamic System#\ddison-Wesley, third edition, 1994.

199



BIBLIOGRAPHY

[13] H. Ebrahimirad A.E. Ashari H. Jalili-Kharaajoo, V. Gholampour. Bsib
nonlinear control of current and arc length in gmaw systelRtec. Confer-
ence on Control Application®:1313-1316, 2003.

[14] J. Haidar. An analysis of the formation of metal droplets in arc weldihg.
Phys. D: Appl. Phys(31):1233-1244, 1998.

[15] N.M. Carlson M. Waddoups J.A. Johnson, H.B. Smartt. Dynamicsayldt
detachment in gmaw. [frends in Welding Research: Proc. 3th International
Conferencepages 987-991.

[16] C.D. Yoo J.H. Choi, J. Lee. Dynamic force balance model for metabstex
analysis in arc weldingJ. Phys. D: Appl. Phys(34):2658-2664, 2001.

[17] M.J. Piena J.H. Waszink. Experimantal investigation of drop detachmen
and drop velocity in gmaw/elding Research Supplemeibvember 1986.

[18] K. Glover K. Zhou, J.C. Doyle.Robust Optimal Control Prentice-Hall,
1996.

[19] Hassan K. Khalil.Nonlinear Systemdrentice-Hall, third edition, 2002.

[20] D.S. Naidu K.L. Moore, M.A. Abdelrahman. Gas metal arc welding aantr
Part 2 — control strategyonlinear Analysis(35):85-93, 1999.

[21] R. Yender J. Tyler K.L. Moore, D.S. Naidu. Gas metal arc welding-co
trol: Part 1 — modeling and analysis. Nonlinear Analysis, Methods and
Applications volume 30, pages 3101-3111. Proc. 2nd World Congress of
Nonlinear Analysts, 1997.

[22] R. Yender J. Tyler K.L. Moore, D.S. Naidu. Modeling, calibratiomda
control-theoretic analysis of the gmaw process\émlinear Analysis, Meth-
ods and Applicationsvolume 3, pages 1747-1751. Proc. American Control
Conference (ACC), 1998.

[23] R.F. Yender J. Tyler S. Ozcelik K.L. Moore, D.S. Naidu. Experimbcai-
bration of an automated gmaw model.Tirends in Welding Research: Proc.
5th International Conferen¢gages 314-319, 1998.

[24] D. Weiss T.W. Eagar L.A. Jones, P. Mendez. Dynamic behavioasihgetal
arc welding. In9th Conf. on Iron and Steel Technolod®97.

[25] J.H. Lang L.A. Jones, T.W. Eagar. The temporal nature of foacéiag on
metal drops in gas metal arc welding. Trends in Welding Research: Proc.
4th International Conferen¢@ages 365-370, 1995.

[26] J.H.Lang L.A. Jones, T.W. Eagar. A dynamic model of drops détgdinom
a gas metal arc welding electrodé. Phys. D: Appl. Phys(31):107-123,
1998.

200



BIBLIOGRAPHY

[27] J.H. Lang L.A. Jones, T.W. Eagar. Magnetic forces acting on moktepsd
in gas metal arc weldingl. Phys. D: Appl. Phys(31):93—-106, 1998.

[28] J.F. LancastefThe Physics of Weldindg®?ergamon Press, 1984.

[29] A. Lesnewich. Control of the melting rate and metal transfer in gasdgde
metal arc welding, part i.Welding Research Supplemepages 343—-353,
August 1958.

[30] A. Puklavec B. Torvornik M. Golob, A. Koves. Modelling, simulationca
fuzzy control of the gmaw welding proces. 1bth Triennial World Congr.
Int. Fed. of Automatic ContrpP002.

[31] J. Tusek M. Suban. Dependence of melting rate in mig/mag welding on the
type of shielding gas usedJournal of Materials Processing Technology
(119):185-192, 2001.

[32] P.E. Murry. Stability of a pendant droplet in gas metal arc weldingrémds
in Welding Research: Proc. 5th International Conferengages 308—-313,
1998.

[33] V.A. Nemchinsky. Size and shape of the liquid droplet at the molten tip of
an arc electrodel. Phys. D: Appl. Phys(27):1433-1442, 1994.

[34] V.A. Nemchinsky. The effect of the type of plasma gas on currenstric-
tion at the molten tip of an arc electrodke Phys. D: Appl. Phys(29):1202—
1208, 1996.

[35] V.A. Nemchinsky. Heat transfer in a liquid droplet hanging at the tip of
an electrode during arc weldingl. Phys. D: Appl. Phys(30):1120-1124,
1997.

[36] V.A. Nemchinsky. Electrode melting during arc welding with pulsed auttre
J. Phys. D: Appl. Phys(31):2797-2802, 1998.

[37] V.A. Nemchinsky. Heat transfer in an electrode during arc weldiith &
consumable electrodd. Phys. D: Appl. Phys(31):730-736, 1998.

[38] V.A. Nemchinsky. The rate of melting of the electrode during arc weld-
ing. the influence of discrete removal of the melt.Phys. D: Appl. Phys.
(31):1565-1569, 1998.

[39] S. Taffner-Clausen P. Andersen, T.S. Peder&mamiske modeller af ter-
miske systemer Department of Control Engineering, Aalborg University,
1996.

[40] J. Dowden P. Solana, P. Kapadia. A mathematical model for the stibcha
behaviour of species near the cathode in arc weldinghys. D: Appl. Phys.
(30):871-878, 1997.

201



BIBLIOGRAPHY

[41] S.W. Simpson P. Zhu. Theoretical study of a consumable anode is a ga
metal welding arc. IArends in Welding Research, Proc. 4th Int. Cdtrioc.
4th International Conference, 1995.

[42] S.W. Simpson P. Zhu, M. Rados. A theoretical study of a gas metal arc
welding systemPlasma Sources Sci. Tecf4):495-500, 1995.

[43] S.W. Simpson Q. Lin, X. Li. Metal transfer measurements in gas metal arc
welding. J. Phys. D: Appl. Phys(34):347-353, 2001.

[44] J. Dowden M. Thornton I. Richardson R. Ducharme, P. Kapaélimathe-
matical model of the arc in electric arc welding including shielding gas flow
and cathode spot locatiod. Phys. D: Appl. Phys(28):1840-1850, 1995.

[45] S.D. Naidu J. Tyler S. Ozcelik, K.L. Moore. Classical control o$ gaetal
arc welding. InTrends in Welding Research: Proc. 5th International Con-
ference pages 1033-1038, 1998.

[46] B. Nuon S. Ramakrishnan. Prediction of properties of free bgmielding
arc columnsJ. Phys. D: Appl. Phys(13):1845-1853, 1980.

[47] D.R. White S. Subramaniam. Study of droplet surface tension anthalas
forces in overhead position pgmaw. Trends in Welding Research: Proc.
5th International Conferenc@ages 320-325, 1998.

[48] Subbaram D. Naidu Selahattin Ozcelik, Kevin L. Moore. Application of
mimo direct adaptive control to gas metal arc weldiRgpc. of the American
Control Conferencgl998.

[49] lan Postletwaite Sigurd Skogestaiflultivariable Feedback ControlJohn
Wiley & Sons, 1996.

[50] V.S. Kim S.K. Choi, C.D. Yoo. The dynamic analysis of metal transfer in
pulsed current gas metal arc weldidgPhys. D: Appl. Phys(31):207-215,
1998.

[51] Y.S. Kim S.K. Choi, C.D. Yoo. Dimensional analysis of metal transfer in
gma welding.J. Phys. D: Appl. Phys(32):326—-334, 1999.

[52] B.L. Walcott Y.M. Zhang, Liguo E. Active metal transfer control by mto
toring excited droplet oscillationiMelding Research Supplemgaéptember
1998.

[53] B.L. Walcott Y.M. Zhang, Liguo E. Interval model based controlgafs
metal arc weldingProc. of the American Control Conferende98.

[54] B.L. Walcott Y.M. Zhang, Liguo E. Robust control of pulsed gas rheta
arc welding. Journal of Dynamic Systems, Measurement and Cantrol
124(2):281-289, 2002.

202



BIBLIOGRAPHY

[65] E. Liguo Y.M. Zhang. Numerical analysis of the dynamic growth ofpiiets
in gas metal arc welding. IRroc. Instn Mech Engtssolume 214, 2000.

[56] P.J. Li Y.M. Zhang. Modified active metal transfer control and pdlgmaw
of titanium. Welding Research Supplemgr¢bruary 2001.

[57] G.E. Cook Z. Bingul. Dynamic modeling of gmaw processirin Conf. on
Robotics Automatiqrii999.

[58] R.J. Barnett A.M. Strauss B.S. Wells Z. Bingul, G.E. Cook. An investiga
tion of constant potential gmaw instability behavior. Trends in Welding
Research: Proc. 5th International Conferenpages 289—-294, 1998.

[59] P. Zhu. Keynote address - computer simulation of gas metal weldirsg arc
In Trends in Welding Research: Proc. 5th International Conferepages
283-288, 1998.

203






