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Abstract

Weld quality features are difficult or impossible to directly measure and control
during welding, therefore indirect methods are necessary. Penetration is the most
important geometric feature since 1n most applications it 18 the most significant factor
affecting joint strength. Observation of penetration is only possible from the back face
of the full penetration weld. In all other cases, since direct measurement of depth of
penetration 18 not possible, real time control of penetration in the Gas Metal Arc
Welding (GMAW) process by sensing conditions at the top surface ot the joint 1s

necessary. This continues to be a major area of interest tor automation of the process.

The objective of this research has been to develop an on-line intelligent process
control model for GMAW, which can monitor and control the welding process. The
model uses measurement of the temperature at a point on the surface of the workpiece
to predict the depth of penetration being achieved, and to provide feedback for
corrective adjustment of welding variables. Neural Network and Fuzzy Logic
technologies have been used to achieve a reliable Neuro—Fuzzy control model for

GMAW of a typical closed butt joint having 60° Vee edge preparation.

The neural network model predicts the surface temperature expected for a set of fixed
and adjustable welding variables when a prescribed level of penetration 1S achieved.
This predicted temperature 18 compared with the actual surtface temperature occurring
during welding, as measured by an infrared sensor. If there 1s a ditfference between the
measured temperature and the temperature predicted by the neural network, a tuzzy
logic model will recommend changes to the adjustable welding variables necessary to

achieve the desired weld penetration.

Large scale experiments to obtain data for modelling and for model validation, and
various other modelling studies are described. The results are used to establish the
relationships between the output surface temperature measurement, welding variables

and the corresponding achieved weld quality criteria. The effectiveness of the




modelling methodology in dealing with fixed or variable root gap has also been

tested.

The result shows that the Neuro-fuzzy models are capable of providing control of
penetration to an acceptable degree of accuracy, and a potential control response time,
using modestly powerful computing hardware, of the order of one hundred
milliseconds. This is more than adequate for real time control of GMAW. The
application potential for control using these models 1s significant since, unlike many
other top surface monitoring methods, it does not require sensing of the highly

transient weld pool shape or surtace.
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Chapter 1

Chapter one Introduction

1.1 Introduction

This chapter introduces the background to the development of a Neuro-Fuzzy Control
Model (NFCM) for the Gas Metal Arc Welding process. It describes the scope and

objectives of the research, and introduces the main areas of research reported in this

thesis.

1.2 The research background

Welding is the most widely used metal joining technique in the fabrication industry
today. Fusion welding by the arc welding process is the most important among the
welding processes, and may be used for joining most types of ferrous and non-ferrous
metals, including carbon, alloy and stainless steels, aluminium, and magnesium

alloys, copper, and titanium, 1n all thicknesses.

The Gas Metal Arc Welding (GMAW) process has become widely used because of
the following advantages when compared with other welding processes. As shown in

table 1.1 (1,2).
e [tis very versatile in application
e [t has potential for increasing productivity and quality.

e [t has good potential for both dedicated and flexible automation.
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Mild, low-alloy|| Yes Yes Yes Yes Yes
steel

N I I B I

o "ﬁ““

Table 1.1 Comparison of arc welding processes (adapted from (1))

Adaptable to

automation

Welding procedures and control systems used for manual welding are not easily
adapted to automatic welding. This 1s because most manual welding relies heavily
upon the action of a welder to cope with variability. To achieve good welding quality,
the welder must make difficult choices among welding variables, which are related to
cach other in non-linear modes. For example, welding current i1s nonlinearly
dependent on wire feed rate, electrode size, and stickout. Arc voltage depends

nonlinearly on welding current, electrode size, wire feed rate, shielding gas, and arc
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length. The empirical nature of these interdependent variables further complicates
system development for controlling welding variables. In addition to selecting and
controlling welding parameters, the welder may introduce varying manipulation of
the heat source in the joint, often learned only through experience in dealing with
joint and process variability. However, adaptive control of arc welding varnables such
as arc length and voltage, electrode feed rate, travel speed, and arc manipulation 1s
increasingly possible through the introduction of computers in arc welding, and the
development of a wide variety of sensors that can, to some extent, emulate those of
the human welder. For instance it is possible to measure, in process and in real time,
the geometry and condition of the unwelded joint or the finished weld bead, and to
monitor the sound or light emitted from the welding system, or the temperature
distribution in the joint material during welding. Such sensing is discussed later. The
development of Artificial Intelligence (Al) enables human knowledge and inferencing
to be incorporated into control systems, and may provide for situations where

knowledge is incomplete or where there 1s uncertainty.

The most important quality feature in welding 1s the depth of penetration, which
largely dictates the mechanical properties of the welded joint. Unlike other weld bead
features such as width, height, and toe angle which can be measured 1n process from
the top face, the depth of penetration, or rather the achievement of full penetration.
can only be measured directly from the back face. This is often difficult or
impossible. Nadew (4) monitored visible light through the root gap to measure the
penetration in an open butt joint, however, this was only applicable to the first
welding pass. Bentley (5) developed feedback control of penetration by measuring the
amount of visible and near-infrared light emitted from the backside of the weld. This
method 1s only suitable for flat plate welding. Song and Hardt (6) developed a
mathematical model to estimate the depth of penetration in real time by measuring the

temperature of the under side of the workpiece.

Several techniques for estimating depth of penetration by sensing features of the top

face have been investigated. Hardt and Katz (3) measured the penetration depth bv
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using an ultrasonic sensor, but it was difficult to couple the transducers to the
workpiece and synchronise their movement with the welding torch. Zhang et al (79)
used a high shutter speed camera to measure the topside pool width in GMAW
processes, and then estimated the backside bead width and penetration. In their
estimation they assumed a semi-circular pool shape, which does not apply to the
majority of weld joints. Also in the Gas Metal Arc Welding process, spatter and fume
occurs which can impede the application of cameras for measuring the pool width
during welding. Matteson et al. (65) used the sound pressure produced by the Gas
Metal Arc Welding process during welding, and an Artificial Neural Network to
classify acceptable or unacceptable welds. In the production environment other
sources of noise can interfere with the arc acoustic signals which may reduce the
application of the system. Boo and Cho (142) developed a system to control the
quality of welds in Gas Metal Arc Welding by monitoring the temperature on the top
surface of the workpiece but only for bead on plate welds. Bead on plate
experimentation cannot accurately represent the heat flow occurring in GMAW of

typical Vee groove joints.

To control the welding process in real time, special Artificial Intelligence ( Al )
modelling techniques may be used to identify the condition of a weld from sensed
features, and provide a corrective procedure. One possible approach to controlling
welding is to construct an intelligent process control model that learns the relationship
between top surface temperature, the welding vanables, and weld quality, predicts the
temperature for given welding variables and adjusts the appropnate welding varables
to achieve welds with acceptable quality. This is the subject of the research reported
in this thesis.

1.3 Objective of the research

Automatic control of Gas Metal Arc Welding 1s difficult because there are many

welding variables affecting the quality of welds. It 1s difficult to model their
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relationships and effect on weld quality accurately by mathematical modelling, due to

the complexity of the process.

The objective of this research has been to develop a practical control methodology,
and associated models, to alleviate the difficulties and limitation associated with
alternative methods. The following solution is proposed in this research to overcome

these difficulties:

¢ Perform on-line temperature measurement at a point in the top surface ot the

workpiece during welding;
e Model the relationship between welding variables and the measured temperature;

e Model the relationship between the weld penetration and the measured

temperature;

e Develop a model to perform on-line correction of controllable welding variables
depending on surface temperature measurement, in order to achieve welds with

acceptable penetration.

An approach integrating Neural Network and Fuzzy Logic artificial intelligence
techniques will be utilised to achieve these goals. The reason for using this integrated
approach 1s to take advantage of the strengths of each technique in order to increase
the reliability and accuracy of the proposed process control model. The research
experimentation 1s based on Gas Metal Arc Welding of a Vee groove joint to properly

represent industrial application.

1.4 Structure of thesis

There are eight remaining chapter 1n this thesis as tollows:

CHAPTER 2 discusses the principle of Gas Metal Arc Welding, including the

fixed, and controllable welding variables, and equipment. It also discusses spatter
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and fumes in GMAW, in particular the effect on satisfactory sensing. CHAPTER 3

presents a review of relevant research work in adaptive control of the Gas Metal Arc
Welding process. Approaches to sensing, mathematical modelling, statistical
modelling, and Al techniques such as expert system, neural network, and fuzzy logic

are discussed. The strengths and weaknesses of these approaches are also

summarised. CHAPTER 4 deals with the theory of heat distnibution in a
weldment. This is extended to theoretical modelling of heat distnibution in the

workpiece. CHAPTER 5 describes the experimental procedure adopted for

collecting data for the purposes of modelling. This includes the selection of inputs
and outputs, experimental design, and experimental apparatus. CHAPTER 6

considers Neural Network modelling. Different types of neural network modelling
techniques including back propagation, radial basis function, and reinforcement
networks are discussed, constructed and evaluated. This is followed by discussion of
the selection of the most appropriate neural network technique, and architecture for
the prediction of the temperature at a point on the top surface of the weldment, for a
set of welding vanables, and corresponding to achievement of acceptable penetration.
CHAPTER 7 discusses a Fuzzy Logic control model, and includes the procedure
for constructing the fuzzy model. Development of the appropriate fuzzy logic rules
for controlling the welding variables, in order to achieve a weld with acceptable
quality is discussed. This i1s extended to the development of a Neuro-Fuzzy Control

Model (NFCM). This is in turn extended to develop a software to integrate the Neural
Network model, Fuzzy Logic model, and the output of analog to digital converter of

the infrared sensor employed. CHAPTER 8 discusses the results of the evaluation

of the proposed method for controlling penetration in welding. The application scope,
advantages and limitations of the Neuro-Fuzzy Control Model are discussed. The

specific and general conclusions that can be drawn from this research are presented.

Finally CHAPTER 9 presents suggestions for the further work needed to be done

for the continuation and extension of this research.
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Chapter two  (Gas Metal Arc Welding process

2.1 Introduction

Today’s emphasis on reliability, speed and economy in assembly has led to the
development of a wide variety of joining processes and techniques. One of the

most important of these techniques 1s welding.

Although there are many welding processes currently applied in industry, arc
welding and resistance spot welding are the most common techniques and are also
the most commonly automated. Resistance welding 1s widely used 1n sheet metal
fabrication, such as in automobile body construction. For thicker materials, and
for welding with metal deposition, arc welding is the most widely used process in

industry and construction.

In arc welding the heat 1s generated by an electric arc that 1s maintained between
the electrode and the workpiece. This heat will melt the base metal and 1n most
cases a consumable electrode. There are several different welding processes
categorised as arc welding including: Shielded Metal Arc welding, Submerged
Arc welding, Gas Tungsten Arc welding, Gas Metal Arc welding, Flux Cored Arc
welding and Plasma Arc welding. Each process has particular application scope

and advantages, based on technical or economic considerations.

The demands of industry for reduced welding cost, consistent weld quality and to
remove personnel from what 1s an unpleasant and sometimes hazardous
environment, has led to development in welding automation. This includes
automated manipulation of the workpiece, or the welding arc, and automated
control of various welding parameters. Flexible automation is achieved through
application of reprogrammable robots. Gas metal arc welding 1s capable of
producing high-quality welds at high welding speed, and is widely used in
automatic robotic arc welding. In this research adaptive control of Robotic Gas

Metal Arc Welding (GMAW) will be investigated.
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2.2 Gas Metal Arc Welding

Gas metal arc welding (GMAW) is probably the most common method for arc
welding of steels. The process can be used for welding of most common metals
and alloys. However, some require special procedures, e.g., copper alloy that
contains a high percentage of zinc, cast iron, titanium and titanium alloy, and
refractory metals. Metals that cannot be welded by GMAW includes, lead, tin, and

zinc which have a low boiling temperature, for example the boiling temperature of

zinc 1s 946°C which is far below the arc temperature (7).

2.2.1 Principle of operation of GMAW

In the GMAW process electric energy is converted to a useful electric arc
between a consumable electrode and the workpiece. The electrode 1s a bare wire
which is fed into the weld area and arc, melts and is deposited into the weld pool.
The electrode, arc, weld pool, and the whole welding area of the workpiece are
protected from the atmosphere by a shielding gas, which flows through the
welding gun. The small diameter electrode wire melts rapidly and transfers across
the arc and into the weld pool. Up to about 90% of energy is transferred into the

workpiece and weld pool, giving highly efficient and productive welding.

The arc 1s struck by starting the wire feed, which causes the electrode wire to short
circuit to the workpiece and initiate the arc. This self-striking mechanism 1is a
useful feature for automated welding. The arc is then traversed along the weld
joint in order to fuse the adjoining edges and form a weld pool. The weld pool
solidifies behind the arc and completes the welding process (22). The quality of
weld produced depends to large extent on heat and mass transfer from arc and
electrode into the weld pool, and the mass of parent material in the joint, which
has to be fused. For automation of welding, various parameters affecting these

factors must be monitored and controlled.
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2.2.1.1 Metal Transfer in GMAW

In gas metal arc welding there are various modes of metal transfer from electrode
tip to weld pool, spray transfer, pulse transfer, short circuiting and globular
transfer are consider the most practical modes of transfer. These transfer modes
show different arc stability, weld pool penetration, spatter production, and level of
potential gas entrapment. Lesnwich (7) showed that the modes of metal transter
depends on many operational variables such as welding current and voltage,
electrode extension, electrode diameter, and shielding gas type. With so many
factors influencing metal transfer, much research has been done to analyse and
model this phenomenon, e.g., Kim and Eager (8) analysed the droplet size and

droplet transfer frequency both theoretically and expenmentally.

In the following sections each method of metal transfer and the significance to

automated robotic welding 1s discussed.

2.2.1.1.1 Spray transfer

In this mode metal is transferred from the end of the electrode wire to the pool in
an axial stream of fine droplets. Spray transfer occurs at relatively high voltage
and high current density. The high current used produces strong electromagnetic
fields and aerodvnamic drag force due to high arc plasma flow. These cause rapid
detachment of small droplets. The shielding gas used influences the surface
tension of the molten electrode material and the magnitude of drag forces,
therefore it has a significant affect on the value of current at which spray transfer
occurs. This mode of metal transfer is a high deposition rate technique, it is
usually recommended for thicker sections requiring heavy single or multi-pass
welds or for any filler pass application where speed is advantageous. It 1s usually
applied in the flat position or for horizontal /vertical fillets (9), in which case it is
particularly appropriate for robotic welding when used in conjunction with a
programmable work manipulator. In this mode metal transfer is very stable,
directional, and essentially spatter free. The absence of spatter makes this mode
of transfer useful for this research, as spatter could interfere with the operation of

the sensor employed and impair the accuracy of temperature measurements

recorded.
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2.2.1.1.2 Pulsed current transfer

This mode is a type of spray transfer. The welding current 1s pulsed in a square
wave form at a fixed frequency, typically between 50 and 100 HZ, from a high

value during which spray transfer occurs, and a low value.

A steady arc is produced with spray transfer at effective mean welding current
below that required for conventional spray transfer. Due to the lower heat input
this mode can be used for welding thinner plate than practical with the
conventional high current spray transfer. This method has the benefit of offering
all position welding with almost no spatter, and the regulation of droplet transfer
gives a smooth stable arc and weld pool. A solid state and an inverter power
supply, with or without a synergic controller, 1s normally used for thi_s method of

welding.
2.2.1.1.3 Globular transfer

This mode occurs at lower current densities compared with spray transfer mode. It
is characterised by the formation of a relatively large drop of molten metal at the
end of the electrode wire. The drop remains attached to the end of the wire until
the forces of gravity and shielding gas flow overcome the surface tension of the
molten drop, which then detaches and falls into the weld pool. Globular transfer
occurs with all types of shielding gas, but it cannot be used tor out-of-position
welding due to it being predominantly dependent on gravity. Globular transfer
typically produces a large amount of spatter, which comes from splashing of the
molten pool and violent droplet detachment. This mode of transfer 1s not well

suited to robotic manipulation or sensor based process control.
2.2.1.14 Short circuiting transfer

This mode of transfer, which is also called dip-transfer, occurs with relatively low
current, a low voltage which produces a short arc, and small diameter electrode
wire. In this mode the wire feed rate must just exceed the burn-off rate so that
intermittent short circuits will occur. When the wire touches the pool and short

circuits the arc there is a momentary rise of current which must be sufficient to

10
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melt the wire tip. A neck is then formed, due to magnetic pinch effect, causing
detachment of the droplet, which is sucked into the molten pool, aided by surface
tension (10). The wire short circuits to the workpiece an average of 100 times per
second. In this mode of metal transfer careful control of parameters, particularly
the rate of rise of current during short circuits, is essential to minimise spattering
(11). Because of relatively fast weld pool solidification compared with spray
transfer, this mode of transfer can be used in all positions. It is also suitable for
automatic welding. Low power short circuiting transfer is essential for welding
thin sheet. In figure 2.1 different modes of metal transfer and typical

current/voltage combinations at which they occur in GMAW are shown.

Spray

Transfer

- Va Transfer

st Dip
e Transfer
I

Current

Fig. 2.1 Metal transfer mode in GMA

2.2.2 Gas metal arc welding equipment

Equipment used in GMAW generally consists of power source, wire feed unit, gas

supply unit, and welding gun. Additional equipment such as sensors for seam
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finding, seam tracking, process control, arc on and gas flow detection, etc. can be

added for automatic robotics application.

2.2.2.1 Power sources

In gas metal arc welding alternating current is seldom used (12), direct current
electrode positive is used for all practical applications giving maximum electrode

melt-off rate and thermal efficiency of the process. Two types of power supply

commonly used in GMAW are:
. Constant voltage transformer or transformer / rectifier;
. Inverter.

The essential requirement of the power supply is constant, or virtually constant
voltage with changes in current. This characteristic provides the process with self
regulating arc length, which simplified the requirement for manipulation and
control of the arc length in automated welding, as well as reducing skill

requirement for manual welding.

In this work an inverter type power source 1s employed. Mains A.C. i1s converted
to H.F. (high frequency) A.C. and transformed, still at H.F., to a voltage suitable
for welding. It then passes through a reactor, which smoothes the current, and a
final rectifier gives D.C. for the arc. A final electronic switching arrangement
enables the welder to select D.C. or A.C. at high frequency and the resulting arc is
easy to strike, smooth, and stable (13). The wave shape generated in an inverter is
rectangular and, since the output is no longer synchronised with mains frequency,
the frequency can be varied between, typically, 50 HZ to 300 HZ. The output volt-
ampere relationship can be accurately predicted and controlled. Irving(14)
described that on changing from conventional to an inverter with rectangular
output wave form, there was an average reduction of fume measurement of 67%
in GMAW. This is significant to the good performance of optical sensors such as

the infrared thermography sensor used in this research.
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2.2.2.2 Wire feed unit

A wire feed unit consists of a wire feeder and a controller. There are two types of
wire feeder used in GMAW, pull type and push type feeders. Pull type teeders
with the drive system integral with the welding torch are used for soft electrode
wires such as aluminium wires, or for steel wires of very small diameter, where
buckling of a pushed wire would cause feeding problems. It is also used when the
wire is to be fed a greater distance. Push type feeders, in which the drive system is
typically up to five meters from the welding torch, are used for stiff steel wires,
and that allows for torches of a very small size to be constructed. The wire feeder
controller maintains a pre-set wire feed rate, and also provides control of shielding
gas flow, and the cooling water in a water cooled welding gun. The wire feed rate
is maintained constant in manual welding but can be used as a control variable 1n

automated welding.

2.2.2.3 Welding gun

The Gas Metal Arc Welding gun, or torch, must withstand the heat generated by

the welding process, and can be connected to the following supplies:

° Flexible conduit through which the electrode wire 1s fed;
. Shielding gas, and possibly cooling water input and return;
. Cable carrying the welding current, often water cooled.

The welding current from the power supply 1s transterred to the welding electrode
via the torch contact tip. Any spatter present in GMAW may accumulate around
the contact tip causing the wire feed to become erratic. Therefore the tip must be
cleaned or replaced periodically, which 1s particularly disadvantageous for
automated welding. Shielding gas passages and nozzle surrounds the wire
emerging from the contact tip and direct the shielding gas around the arc and
molten pool. It has been reported by Kirk (15) that the delivery of gas at a

reasonable flow rate through a tubular shroud 1s effective in reducing detects, but
13
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is extremely susceptible to side draughts. This is aggravated by the relative
movement of the gas shroud and contact tip over the workpiece creating a trailing
gas shield. Kirk proposed a new design of gas shroud with two gas flow paths to

overcome these problems.

Cooling is required in the welding gun to remove the heat generated within the
oun as well as the heat radiated from arc and molten pool. In the water-cooled
type torch the cooling water flows around the cable carrying the welding current,
therefore this cable can be smaller in cross sectional area. Water-cooled torches
tend to be larger and heavier and that has implications for access and
manipulation. However air cooled torches which are constantly rated for currents
up to 500 Amps are now available. This covers the majority of application 1in
GMAW including automated welding with high percentage “arc-on’ time or duty

cycle.

2.2.3 Welding parameters

The operation of gas metal arc welding, like most production processes, can be
defined by a series of qualitative or quantitative parameters. Welding parameters
affect the characteristics of welding such as penetration and fusion of the weld,
metal deposition geometry (height, width), and deposition rate. The most
important parameters that govern weld characteristics, and that have affect on the

thermal cycle during welding are:

. Welding current and voltage;
o Welding gun travel speed;
. Welding electrode feed rate, size, and extension;

o Welding shielding gas;
. Torch angle;

. Weaving frequency, amplitude and pattern.
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2.2.3.1 Welding current

The amount of welding current has a great effect on wire melit-off and deposition
rate, penetration of the weld, and the size and shape of the weld pool and weld
bead deposit. In turn, penetration in particular will influence the design of the
weld joint. In the constant voltage case as the wire-feed speed is increased the
current increases. As the current increases the deposition rate is increased. When
other welding parameters are held constant, increasing the current will increase
the depth and width of weld penetration and the size of weld bead. However,
excessive current will result in excessive spatter, instability, or an unfavourable
mode of metal transfer. The welding process may also become unstable or
ineffective at lower currents, due to inadequate heat input or to an unsuitable
mode of metal transfer. In automated welding, current is used as a controllable
variable because it is relatively easy to monitor and adjust. In this work current 1s
used as one of the welding variables because it has a strong influence on the

temperature distribution in the welded region.

2.2.3.2 Welding voltage

The distance between the tip of the electrode and the weld pool surface, the arc
length, together with the anode and cathode voltage drops in the arc determines
the welding voltage or arc voltage. The voltage required for an application
depends on the electrode material and size, type of shielding gas, position of
welding, type of joint, etc. If other welding variables are held constant and voltage
1s increased, arc length increases and the weld bead becomes flatter and wider.
The penetration will increase up to an optimum level, beyond which energy loss
from the arc column is greater than the increase in arc energy (V x I). Further
increase in the voltage and arc length results in the arc discharge being non-
sustained and intermittent arcing occurs. Lower arc voltage produces a narrower
weld bead and greater convexity, too low an arc voltage at a low current can result

in electrode stubbing. Arc voltage is one of the variables used in the empincal

work of this research.
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2.2.3.3 Welding gun travel speed

The travel speed of the gun has an effect on the distribution of the filler metal
transferred from the electrode wire, and the penetration in to the base metal. As
the travel speed i1s increased the heat transferred per unit volume of base metal is
decreased, limiting the penetration. At the same time the bead width 1s reduced.
Increasing the travel speed can result in undercutting along the edge of the weld
bead, if there is not enough filler metal to fill the groove fused by the arc. If travel
speed is reduced, greater penetration will be achieved but excess filling may

result. Travel speed has been used as a controllable variable in this work.

2.2.3.4 Electrode feed rate, size, and extension

The electrode feed rate in gas metal arc welding has a similar effect to the welding
gun speed. It effects the deposition of the filler metal and penetration in the
workpiece. These are also a function of current density, which is related to
electrode diameter. The choice of electrode wire size and its metal composition is
dependent on the metal to be welded and its thickness, the metal transfer mode,

the amount of penetration, the deposition rate, and the bead profile required.

There are two types of electrode wire used in GMAW, solid wires which are used
for welding of many high strength low-alloy steels as well as carbon steel, and
flux-cored wires of which there are two types, gas- shielded and self-shielded.
These are used for welding low carbon steel, high strength low-alloy steel, and
stainless steel. Flux-cored wires provide improved arc stability and additional
alloying elements. They are used for high current, high deposition rate welding.
Wire size, type and composition cannot of course, be changed in-process, in real

time.

The electrode extension should also be controlled in GMAW. Too long an
extension results in high I°R heating of the wire extension and excess weld metal
being deposited with low arc heat. This will cause poor weld bead shape and

reduced penetration in addition to a less stable arc.
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2.2.3.5 Shielding gas

The primary purpose of the shielding gas is to protect the molten weld metal from

oxidation, and to alleviate gas porosity.

Originally inert gases such as Argon and Helium were used as shielding gases.
Now carbon dioxide or a mixture of oxygen or CO, with an Inert gas, 1s
extensively used. Mixed gases improve the operation of GMAW, addition of CO;
gives a broader penetration bead and higher arc energy, oxygen gives good
wetting and spatter reduction. The shielding gas and flow rate affects arc
characteristics, mode of metal transfer, penetration, speed of welding, under-
cutting tendency, bead shape, weld metal mechanical properties, spattering, and
fume (27). Although monitoring and adjustment of shielding gas parameters 1s
possible, it is not usual to use these in automatic control of welding. They are kept

constant in the work reported here with sufficient flow to give good shielding.

2.2.3.6 Torch angle

Torch angle is measured as the angle between the wire and the workpiece surface
in the direction of welding , and 1s usually about 10 to 20” each side of vertical. It
has been found (16) that spatter 1s minimised and penetration increased with an
angle greater than 90° (backhand welding). On the other hand, the bead 1s flatter
with a torch angle less than 90°(forehand welding). The selection of torch angle

depends on joint type, material thickness, and edge preparation. Through
interfacing with the robot controller, this variable can readily be used to control

weld penetration in automated robotic welding. In this research torch angle has

been chosen as a welding variable.

2.2.3.7 Weaving

Weaving 1s a side to side motion of the welding torch, as it moves along the joint.
It gives better side wall fusion, and helps assure complete filling of the joint.
Weaving pattern and frequency are important factors in weld bead geometry, heat

affected zone, and heat distribution in fusion welding. However, to the author’s
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knowledge, few attempts have been made to investigate the effects of weaving.
Grong and Christensen (17) developed a mathematical model, based on
Rosenthal’s three-dimensional heat distribution equation, for GTA welding to
quantify the specific effects of weaving on the temperature distribution. They
concluded that when the peak temperature was fixed there was a difference in the
width/depth ratio of the weld when weaving was applied. In addition weaving is
also used in through the arc sensing for seam tracking as discussed in the next
chapter. Weaving was not required for the joint considered in this research. It
would add considerable complexity to the modelling and is not included as a

modelling parameter.

2.2.4 Spattering and fume

The subject of this research is to control welding parameters in real time, by
means of measuring the temperature in the metal adjacent to the weld pool with a
non-contact temperature sensor. Spatter and fume can interfere with the accurate
function of the sensor, therefore minimising spatter and fume i1s a vital
requirement of this work. Smith (19) described the mechanisms of spattering and
the means of suppressing it through proper parameter selection. He also described
developments in power source design to provide control of spattening. To
overcome the etfect of spatter on a sensor lens, Dufour (20) developed a rotating
window with a protective particle-intercepting blade placed in front of the sensor
lens. This technique was effective for dip transfer welding. Lockwood
Corporation reduced spatter by 50% when they switched from CO, shielding gas
to argon rich shielding gas(21).

Welding fume can arise from several sources. It can be caused by over heating of
the welding wire and fluxes, from the effect of the arc on the shielding gases, or
from coatings on the workpiece. Deere & Co. (14) consider that the temperature of
the torming molten droplet in solid wire, GMAW at 5400 ° C (which is well above
the vaporisation temperature of steel), was the main source of welding fume. They

suggested that using an inverter power supply will reduce fume generation by

50% to 90%.
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This research uses argon rich gas, inverter power supply and low spatter welding
parameters, which minimise the effects of fume and spatter. The sensor optics are
also purged with air, as described in chapter 5, to further alleviate any possible

adverse effects.

2.2.5 Joint geometry

In GMAW in order to achieve the required degree of penetration when welding
thicker plates, it is usually necessary to locally thin the edges or leave a gap
between them. Various types of such joint edge preparation are employed to suit
the requirements of particular applications. In principle it 1s possible, by using a
sufficient input power, to fuse through the complete section even in very thick
plate (23). However, the large weld pool, which is produced, may be difficult to
control, and will probably require use of a backing to support the weld pool. Also
the large amount of weld metal and wide heat aftfected zone (HAZ) may reduce
the mechanical properties of such a weld. Carefully designed joint preparation is
particularly required in multi-pass welds, so as to give access to the root and all
parts of the joint, thereby ensuring that each pass is properly fused to parent metal
and to the previous passes (24). If the plate is thin (typically less than 2mm). 1t is
possible to make a full penetration butt weld with closed joint edges. For metal
thicker than 2mm a gap has to be left between the edges to be welded to allow the
heat source to penetrate between and fuse the sheet edges. An open square butt
joint can be used on plate up to 6mm thickness, depending on the arc welding
process used, but there 1s a nsk that the restriction on electrode manipulation will
produce lack of side wall fusion. Therefore common practice for material
thickness greater than 3 or 4 mm is to bevel the edges of the plate. The bevelled
joint preparation may also include a root gap between the plate edges. This allows
reduction in the arc force necessary to penetrate the joint but will increase the
amount of weld metal needed to fill the joint. To avoid excessive melting of the
bevelled edge, 1t 1s usual to leave a one or two millimetre root face. With
increasing thickness of the plate the amount of weld metal required to fill the joint
becomes very large, and it may be economical to bevel both sides or machine a

more complex J shape. Figure 2.2 shows some common preparation types.
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Fig. 2.2 Common joint edge preparation.

The choice of joint preparation has the following effect in welding.

o Heat distribution and penetration control. The main purpose of a joint
preparation is to make the best use of the heat input to produce the desired weld
penetration. Much research has been done to recommend the welding input

required for different joint types and geometry (25,26, 46).

¢ Access. The joint preparation for welding must be wide enough to allow
manipulation of the welding torch, such that the arc can be directed at the joint

faces to ensure proper fusion.

o Multi-pass welding. For thick plate where multi-pass welding is required, joint
preparation 1s essential. The single sided or double-sided vee or "}’ preparation

is usually used for multi-pass welding.

e Distortion. Joint preparation has a significant effect on distortion. Distortion

tends to increase as volume of metal deposited is increased. Therefore
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preparation of the joint which minimises the volume will offer reduced

distortion and cost. Welding from both sides can also reduce distortion.

A thorough discussion of the factors affecting joint edge preparation design will

be found in (18).

Joint design and manufacture introduces potential dimensional and geometric
variability to the problem of automatic process control and the achievement of
acceptable quality welds. This research uses 6mm thick plate, with a single sided
60° bevel angle joint, no root gap and 2mm root face. However, experiments have
been included for root gaps, ranging from zero to 1.5 mm, to simulate the affects

of poor assembly fit-up and in process distortion. These are discussed in chapter 5.

2.3 Conclusion

In this chapter the main aspects of Gas Metal Arc Welding that intluence this

research have been reviewed.

The important welding variables are the voltage and current of the arc, position
and orientation of welding torch. the filler wire feed rate and the traverse speed of
the welding torch. The type and size of the filler wire and the shielding gas
composition might also be vaned. The quality criteria that must be satisfied are
the weld penetration, the subsequent mechanical and metallurgical properties of
the joint and the shape of the weld bead. In addition a number of defects must be
avoided such as cracking or tearing in the weld or heat-atfected zone, porosity in
the weld, or lack of fusion. This process is characterised by its fairly high
deposition rate with a continuously fed consumable electrode, making it attractive

for automated robotic application.

In the next chapter the adaptive control of robotic GMAW is discussed, and
extended to include the use of Artificial Intelligent (Al) incorporating sensors, to

control the quality of the weld 1n real time.
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Chapter three Adaptive control in GMAW

3.1 Introduction

In this chapter robotic arc welding and adaptive control of welding are described.
Different modelling techniques including theoretical, statistical and empirical
models are described and extended to application of Artificial Intelligence (Al) 1n
welding. Three basic approaches to intelligent control including expert systems,
fuzzy logic and Artificial Neural Networks and their application to welding is
eiven 1n section 3.9. In section 3.11 the application of sensors 1n adaptive control

of welding 1s investigated, with special attention being given to thermal sensors.

3.2 Robotic arc welding

An industrial robot 1s the most flexible of the automated systems used in
manufacturing operations by virtue of the reprogrammable capability. A robot 1s
an electro-mechanical device that can perform a variety of tasks under automatic
control. A variety of motion configurations are available, two common systems
being articulated (jointed) and rectilinear. The choice of robot configuration
depends upon the nature of the work. Rectilinear robots tend to be useful for the
fabrication industry due to weld joints being predominantly in straight lines which
requires less manipulation of robot axis. For convoluted shape workpieces

articulated robots are commonly used.

For welding applications the welding gun can be mounted on a multi-axis “wrist”
at the end of the robot arm, this provides the degree of dexterity needed for the

welding process.

Welding robots may be regarded as blind and deaf without sense of touch and not
capable of creativity. However, developments in technology enables robots to be
used more effectively 1in manufacturing operations. They may have computer

intelligence for decision making capability, sophisticated programming languages
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for readily accepting complex instruction, and electronic sensors to detect events
and conditions in the working environment. In this work Artificial Intelligence,
and the application of sensors, are investigated for the adaptive control of

GMAW. These subjects are discussed further in the following sections

3.3 Adaptive control of GMAW

Today many metal fabricators are adapting welding technology towards
automation, because automation will be a matter of survival not only for large
shops creating a high volume of pieces but for the small fabricator, to raise
productivity, flexibility, and quality while reducing costs. As 1s shown in figure
1.1 (27) 77% of total manual welding cost is labour, and this labour is generally
poorly utilised. The flexibility, speed and accuracy of robots give them inherent
advantages for improving welding operations from both technical and economical

points of view.

Shiclding gas

Wwire
3%

_18%

2%

Labour
77%

Fig. 3.1 Total welding cost.

The procedures, system and process control used for manual arc welding can not
easily be adapted to automatic welding, because most manual welding relies
heavily upon the skill and actions of the welder. However adaptive control of
welding parameters such as arc length and voltage, electrode feed rate, welding

speed, and other variables are possible with the introduction of micro-processors
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in arc welding, and the development of a wide variety of sensors that can to some

extent emulate those of the human welder.

Development in Artificial Intelligence (AI) methods also enables human
knowledge and inferencing to be incorporated into control systems or to deal with

situations of lack of knowledge or uncertainty.

3.4 Theoretical modelling

Theoretical models of the welding process attempt to present independent (1nput)

and dependent (output) welding variables in the form of mathematical
relationships, the relationship being derived purely by theoretical considerations
such as mass and energy balances, the heat transfer laws, the stress - strain
relationship etc. These derivations usually include assumptions and simplification.
An early contribution to the theoretical formulation related to welding was made
by Rosenthal (28). He determined the temperature distibution around the moving

heat source and predicted the shape of the weld bead in two and three dimensions.

This work will be discussed further in chapter 4.

Jonnson et. al. (29) described a theoretical investigation into arc parameters and
metal transfer in GMAW, using argon and helium gases. Masao et. al. (30)
developed a theoretical model for the shape of the weld bead and the temperature
distribution around a moving heat source in TIG welding. They concluded that the
experimental data for pool width was close to the theoretical predictions. On the
other hand, ripple lag length and pool length obtained by experiment were longer
than those obtained by theory. This was considered to be attributed to convective
heat transfer in the molten pool, due to fluid dynamical motion of the molten weld
metal. Doumanidis (31) developed dynamic models, which combine theoretical,
statistical, and experimental techniques to describe all essential thermal,
mechanical, electrical, and other phenomenon taking place in a welding process.
The model integrates separate mathematical descriptions for the solid region, the
weld pool and the torch efficiency. He concluded that the accuracy of the
simulated responses of the bead geometry requires either off-line calibration of the

torch efficiency and distribution parameters at the nominal welding condition, or
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their in-process 1dentification based on non-contact temperature measurement. He
also stated that the model may be used as a reference model for design of weld

geometry control systems.

Theoretical models are useful in providing an insight into the nature of the
phenomena involved in welding, and in explaining the various interrelations
between the welding variables on the basis of theoretical principles. However,
their value in predicting the welding outputs is limited. Shinoda (32) has reviewed
the literature and concluded that although theoretical modelling requires less
empirical experimentation, for validation, it 1s difficult to ensure all relevant
factors are considered and that the model adequately describes every welding
situation. McGlone (33) has also reviewed these approaches, and reported that the
theoretical approach 1s not successful in deriving equations capable of reliably
relating the arc welding variables to the resulting weld bead geometry. The
difficulties in theoretical models are due to complexities of interaction and
reaction between the variables, coupled with often vastly over-simplified

assumptions. In the next chapter the theoretical modelling of heat distribution in

GMAW will be discussed in more detail.

3.5 Numerical modelling

Numerical models employ the same fundamental principles as theoretical models
but, instead of formulating welding inputs and outputs, they attempt a
computational simulation of the entire process. They typically apply the finite
difference or the finite element method and consider discrete time steps. This
method provides additional flexibility, since most local and transient phenomena
of the process can be considered more easily. Giedt et.al. (35) studied the weld
pool surface temperature variation during cooling of stationary GTA welds, using
an infrared sensor, as well as the fusion zone joint penetration. The measured
results were compared with prediction for the transient temperature responses of
the 2D finite difference numerical model. An equivalent conduction factor in the
pool was identified to match the experimental results. Fitzpatrick and Bak (36)

used the Finite Element technique to model the thermal gradients and weld
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geometry, using estimated values of the arc efficiency and energy distribution.
They vernified the model responses experimentally using thermocouple
measurement and infrared thermography images for GTA welding bead on plate
experiments. The intention was to extend the use of the model to process
development and to use simpler models for real-time control, since the numerical
model was too slow for this purpose. Lambrakos (37) also developed a numerical
model for calculating the temperature and fluid velocity field in a three-

dimensional workpiece in deep-penetration laser welding.

In conclusion, the flexibility of the numerical model has helped to overcome many
of the limitations of theoretical models by reducing the assumptions, and therefore
extending their application range in practice. However, numencal models usually
demand computation, which, in terms of memory and time requirements, makes
them unsuitable for real time modelling of complex processes. Developments 1n

computing technology will naturally reduce this hmitation.

3.6 Empirical modelling

Empirical or statistical models are similar to theoretical models, they express the
relationship between a limited number of inputs and outputs of the welding
process by analytical formulas. However, these relationships are not derived from
theoretical principles, but from analysis of actual experimental data. It is usual to
attempt to recognise those independent inputs that exert essential influences on
specific dependent outputs, and then to determine this dependence by applying the
techniques of statistical analysis to experimental data. The main effort 1s to
express the welding output in terms of a small number of essential welding inputs,
by a relationship having the broadest possible scope of application and the
smallest possible scatter of data. Shepherd (38) developed empirical models of
bead geometry and welding variables for a self-shielding flux cored electrode
welding process. He established a comprehensive data base containing
information on 1000 actual test weld beads, each test characterised by 76 pieces of
data, in order to generate eight predictive equations. Thorn et.al. (39) considered

the theoretical prediction of the weld bead geometry in GMAW, and realised that
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modifications are required to obtain better agreement with experimental data.
They adapted significant welding inputs in the theoretical relationships and used

regression analysis to determine corrective factors.

In this work empirical modelling has been used to determine the correction factor
for an infrared temperature measurement sensor, and the theoretical temperature

on the surface of the workpiece along the weld line during welding.

Empirical models of welding tend to be restricted in application, they usually
apply for one welding technique and a very limited range of conditions. To
generate an adequate model, a large amount of experimental data 1s required
which 1s costly and time consuming. However, since they are derived
experimentally, the correlation between experimental validation data with respect

to the model predictions, 1s usually good for the particular case.

3.7 Artificial intelligence

Artificial intelligence (Al) 1s a part of computer science concerned with designing
intelligent computer systems. Typical applications are mechanical devices coupled
to sensor technology, to enable the performance of tasks with intelligent

behaviour emulating that of human beings.

Examples of Al application include problem solving, natural language processing,
pattern recognition, expert systems, robotics, neural network, tuzzy logic, and
computer vision. Among these subjects, expert systems, neural networks, and
tuzzy logic will be discussed in this chapter. Application of artificial neural
network and fuzzy logic modelling to the control of robot and welding parameters

1s the subject of this research work.

3.7.1 Artificial intelligence in arc welding

Arc welding 1s a complex manufacturing process, a welder must be trained very
intensively to decide how to control the quality of the weld in process. He must

learn not only how to position and move the electrode correctly in relation to the
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seam and know the parameters for a given task, but his most important task 1s to
react appropriately when unexpected v'ariations occur. For example, i1f the joint
preparation geometry changes due to manufacturing tolerances, an unstable arc or
discontinuities may occur in the welding process. The welder must react
immediately to correct these problems. This ability to maintain permanent
feedback control, based on his experience, puts the human welder beyond any
welding machine. Today, by means of Artificial Intelligence(Al), one can reduce

the gap between a human welder and a machine. Further application of Al to
robotic arc welding has enabled the robot to be more intelligent, make decisions
and provide reasoning for their action. Despite the mental capacity of the human
welder and his ability to adaptively control the process, he has a number of
limitations. The manual welder 1s affected by fatigue and loss of concentration
and possibly limited memory. Given adequate power, computers have none of
these Iimitations. On the other hand capturing large volumes of expert knowledge

or experience data accurately within a computer 1s a difficult task, but once done

such a system will perform consistently.

The approach for intelligent control of arc welding may involve integration of
off-line inspection of the joint before and after welding, in-process control via the
use of sensors for both process and product state, and appropriate control
strategies. These can drive the product state to the desired quality. The tools
necessary for adaptive control include control strategy, process modelling, sensing
and artificial intelligence. In the following section expert systems, artificial neural

network modelling, fuzzy logic, sensors and their application in robotic arc

welding are discussed further.

3.8 Expert systems

An expert system is a computer program that uses knowledge and reasoning
techniques to solve problems that normally require the service of a human expert.
The British computer society (40) defines an expert system as © the embodiment
within a computer of a knowledge-based component from an experts skill, in such

form that the system can offer intelligent advice or take an intelligent decision
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about a process function”. There are two types of knowledge 1n expert systems:
public knowledge and heuristic knowledge. Public knowledge includes
documented definition, facts and theories. Heuristic knowledge 1s undocumented

and based on individual experience or expertise.

An expert system contains three main components (40):

e A data base of knowledge including public and heuristic.
e A set of rules typicallyv of the form “IF” condition, and “THEN" action.

e A monitor (which 1s sometimes called an inference engine) that executes or
fires a set of rules , resolves the conflict i1f more than one rule can fire, and then

executes the chosen rule.

3.8.1 Expert systems in arc welding

Expert systcms have been used by many researchers in welding applications, as
reviewed by Bahashwan (41). They have been applied in welding either before,

after or during execution of the welding process.

Thompson (42) developed a hierarchically structured knowledge-based system
(KBS) for welding automation and control. The KBS was designed to co-ordinate
a robot and work table movement independently, by examining the initial
programmed path and determining the feasible table orientation and robot
trajectories that could improve the weld quality. The system was also capable of
determining appropriate weld parameters for certain types of seams on the basis of
the job description. Budgifvars (43) developed an expert system for diagnostic
application. The svstem was capable of diagnosing malfunctions occurring in the
ESAB A21 orbital TIG welding automate when used with the programmable
PRO-TIG 250 power source. The input information to the system is performed by
interrogation of the user. Each answer i1s used to test the different components
inside the machine and the taults will be ranked in such a way that if a particular
set of symptoms implies more than a single fault, the most regularly occurring

fault is investigated first. Kerth(44) investigated the concept of a knowledge based
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expert system for controlling welding process parameters in real time. The input
was the seam profile obtained from a laser vision system. It could detect the
variability in root-gap and root-face and, by using a rule based system, update the
welding process parameters. Vivek (45) developed an expert system in order to
help plan and train welders for the shielded metal arc welding (SMAW) operation.
[t accumulated available information on a SMAW process, including edge
preparation, electrode selection, economic evaluation, analysis of weld detects and
trouble-shooting. The expert system also included an explanation sub-system,
which shows the reasoning process to reach a conclusion. Ghasemshahi (46)
developed a knowledge-based expert system for pre-weld inspection of joint
geometry and fit-up in order to control welding procedures in an automated
welding cell. Misra (47) developed an expert system for GMAW of aluminium
and 1ts alloys, which enabled recommendation of a complete welding procedure
such as type of power source, welding current and voltage, torch angle, welding
speed, stand off distance, shielding gas type and flow rate, etc. Reeves et.al. (48)
used an expert system as a means of providing intelligence for in-process control
with particular emphasis on small-batch arc welding operations. Two elements
were used 1n his investigation: expert system, and sensor fusion. In sensor fusion,
a combination of sensors i1s used to gather the information during the welding
process. By combining the input of two or more sources, sensor fusion derives an
intelligent picture of events transpiring in the target environment. For example,
sensor fusion plays a role in making intelligent fill-rate decisions. For matenals
sensitive to heat input, the fill-rate decision requires combined support from both
vision and temperature sensors. A vision sensor 1s used to capture the joint
geometry and torch-to-workpiece location. The information collected 1s then
transferred to an expert system module to provide the mechanism for making
decisions based on the above interpretation. It uses sensor fusion output in
conjunction with a rule base to pre-set the weld procedure, analyse the condition
and modify the welding procedure accordingly, 1.e. reconcile computing goals,
such as cost, quality and productivity. Pierr and Levine (49) developed an expert
system which can be used for automation of the welding process. They concluded
that a sophisticated expert system should be able to guide the user in the

preparation and planning phase of the welding process. The system also must be
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able to plan the welding task in accordance with user specification. Vandeveldt
(50) developed a welding expert manufacturing cell called WELEXCELL, 1t
consisted of two components: weld job planner and weld job controller. The
system 1s able to plan the joint design and welding schedule, including details
such as suitable voltage, electrode choice and heat treatment for the weld. It then
downloads the planned welding job to the robot controller for robotic welding.
The system also controls welding by using a voltage sensor. Taylor et.al. (51)
investigated the application of expert systems in arc welding and they concluded
that expert systems techniques are not only a suitable approach to the solution of
combining knowledge from related domains, but they are also a catalyst for the
rigorous and logical scrutiny of the domain knowledge, its gaps and its
inconsistencies. Therefore there 1s as much to be gained from the process of

building an expert system as there 1s from the final product.

3.8.2 Advantages of expert systems

bExpert systems 1n contrast with algorithmic languages such as Pascal or Fortran,

have the following advantages:

. Within their chosen fields, they can demonstrate expert abilities;

. They can handle uncertainty through bayesian rules and fuzzy logic:

. They can provide the user with an explanation for the advice they offer;
. They have reasoning capabilities;

. They are more reliable and consistent;

o They are programmed 1n a declarative style, usually by means of rules.
3.8.3 Limitations of expert systems

A number of problems and limitations exist within expert systems (52) as follows:
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e Lack of resources: the expertise, knowledge or resources are not always

available to build an expert system:;

e A useful expert system can take a long time to build:

e Maintenance of expert system: the system will lose 1ts power once the
knowledge it holds i1s outdated which will result in loss of credibility.

Therefore, the expert system knowledge base should be updated.

3.9 Artificial neural networks

Neural networks are an attempt to understand the operation of the human brain
and nervous system, and to simulate or emulate this as a program in a computer
system. Neural networks represent an alternative computational paradigm
compared to the conventional approach, which 1s based on an explicit set of

programmed instructions. In neural networks the solution to a problem 1s learned

from a set of examples.

A feed forward neural network can be regarded as a non-linear mathematical
function, which transforms a set of input variables into a set of output variables.
The precise form of the transtormation 1s governed by a set of parameters, called
weights, the value of which can be determined on the basis of a set of examples of
the required mapping. This process 1s called training or learning. When the
welghts have been fixed, new data can be processed by the network. Neural

network architecture and design will be discussed in chapter 6.

3.9.1 Artificial neural networks in arc welding

Artificial neural networks provide a range of powerful techniques for solving
problems in pattern recognition, data analysis, and control. Neural networks are
ideal for complex pattern recognition problems for, which solution requires
knowledge which is difficult to specify but which is available in the form of
examples. Neural networks represent a complex trainable non-linear transfer

function between inputs and outputs. This allows an effective solution to be found
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to complex non-linear problems, such as heat distribution in arc welding without
requiring any knowledge as to the nature of the solution. Artificial neural
networks, unlike expert systems and statistical modelling (43, 46), have the ability
to extract and discriminate information from a limited number of data. Artificial
neural networks have been employed by many researchers in order to control arc
welding. Cook (55) used ANN to control gas tungsten arc welding. He constructed
a closed-loop process control model which was able to control the welding
variables (current, travel speed, and arc length) by monitoring the weld bead
geometry (bead width, and height) in real-time. Middle (56-57) investigated
applications of neural networks in intelligent post -weld inspection of a flexible
robotic welding cell. He compared predictions with validation data and concluded
that the use of ANN is viable for modelling the robotic arc welding process. They
require only a small amount of experimental data for satisfactory training of the
network. Stroud et.al. (58) applied an ANN to the diagnosis and control of
submerged arc welding using an ultrasonic sensor. They concluded that neural
networks are a powerful enabling technology for use in diagnostic and control
systems. Thev can be implemented as part of a more complex system where their
abilities are best suited. Ohshima (59) investigated the application of neural
networks for seam tracking. He used a neural network model in order to recognise
the form of the welding line, and the result is used to adjust a fuzzy varnable.
White et.al. (60) developed an artificial neural network to model heat flow in the
tungsten arc welding process. The input parameters to the network were welding
process variables including voltage, current and travel speed. The output from the
network was the predicted thermal profile including the isothermal lines around
the weld. A finite element model (FEM) of the GTA welding process was
prepared and used to train the network. The FEM produced a steady state thermal
map of matenal surrounding the weld. The model was verified experimentally
with a series of welds made on 1.9 mm, 2.5 mm, and 2.8mm thick stainless steel
plates. These welds were examined using metallographic technique to determine
the fusion zone size, and the data was used to verify and adjust the finite element
code. The trained neural network runs in a fraction of the time required by the

FEM. To produce a single steady state thermal map of the GTAW weld the finite

element code requires approximately 1.5 hours, while the neural network required
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only a fraction of a second to produce the same result on the same workstation.
They concluded that neural network have the capability to dynamically model the
relationships between input and output parameters in welding, which 1s a complex
and highly non-linear process. Andesen (61) applied an ANN model in open-loop
control of gas tungsten arc welding. He used current, voltage, travel speed and
plate thickness as input, and bead width, and bead penetration as a output for
training the neural network. A reverse model was developed for closed-loop
control in which the input was the bead width and bead penetration, and output
was the current, voltage, travel speed and plate thickness. He stated that
uncertainty in bead measurements are a significant cause of errors in the models.
Einerson et.al. (62) developed an artificial neural network for cooling rate and fill
control in gas mctal arc welding. An ANN was trained using the back propagation
method to learn the functional relationship between the heat input, reinforcement
and the electrode and welding speeds. They obtained experimental data by setting
the welding speeds prior to welding and measuring temperature during welding.
Then they constructed an inverse model in which the temperature measurement
was the mnput and welding variables were the output. Smart(63) states that the
difficult part of their work was the fact that reinforcement and heat transfer rates
are both functions of welding speed, and 1n gas metal arc welding, current 1s a
function of voltage and electrode feed rate. This problem was handled by deriving
models of these relationships, and teaching them to an artificial neural network,
using a look-up table. Jones (64) developed an artificial neural network for
modelling the welding parameters 1n the flux cored arc welding process. Input to
the model was voltage, current and travel speed, and output was arc stability, bead
geometry, amount of spatter, bead undercut and ease of slag removal. He
concluded that artificial neural networks have application in producing highly
complex non-linear multi-variable models of the welding process, that offer
accurate prediction of weld properties from control parameter values. Matteson
et.al.(65) developed an ANN for classifying the acoustic signals of acceptable and
unacceptable welds from the gas metal arc welding process. Dilthey et.al. (66)
developed a system for quality monitoring and quality grading in GMAW using
neural network. The criteria for the quality judgement were seam and root

reinforcement and undercutting. They concluded that with this model it was
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possible to predict whether the quality of the weld was adequate or not 1n more

than 90% of the welds.

In this research artificial neural network modelling has been used for the

prediction of workpiece surface temperature during welding. This 1s discussed

further in chapter 6.

3.9.2 Advantages and limitations of neural networks

Neural networks offer high processing speed and have the capability of learning a

general solution to a problem from a set of specific examples.

Their main disadvantage stems from the need to provide a suitable set of example
data for network training and for model validation, and the potential problems
which can arise if a network 1s required to extrapolate to new regions of the input

space which are significantly different from those corresponding to the training

data.

The advantage and limitation of neural networks are often complementary to those
of conventional data processing techniques. Bishop (67) states that neural
networks should be considered as possible candidates to solve problems which

have some, or all of the following characteristics:
. There 1s enough data available for network training;

. [t 1s difficult to provide a simple first-principle or model-based solution,

which 1s adequate;

. New data must be processed at high speed, either because a large volume

of data must be analysed or because of real time constraints;

. The data processing method needs to be adequate to show the level of

noise on the iput data.
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3.10 Fuzzy logic modelling

The 1dea of fuzzy logic 1s that it allows imprecise and qualitative information to be
expressed in an exact way. Zadeh (68) the founder of tuzzy logic introduced the
calculus of fuzzy logic, which may be viewed as a parallel representation to
probability theory rather than as an alternative. In other words the fuzzy set
contains as a special case two valued logic (true and false) and probability theory.

In fuzzy logic predicates can be both crisp (non fuzzy) ,and fuzzy. In the crisp set,

the parameter value either belongs to the set which it has a membership of u=1, or
1t does not, in which case it has a membership of u=0. As 1s shown 1n figure 3.2 a,
the crisp set is represented by a rectangular step function. Fuzzy set theory extends
the crisp set concept by defining the partial memberships which can take any
value between 1 and 0. As is shown in figure 3.2 b, the fuzzy set is represented by
a step function which ramps up from 0 to 1, and then ramps back down to 0. The
crisp set is precise in its meaning, having a definite transition from membership to
non membership. On the other hand, the fuzzy set, allows the qualitativeness of

the measure to be reflected 1n a gradual membership transition.

Fig 3.2. a) Crisp set, b) Fuzzy set
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3.10.1 The basic architecture of fuzzy logic controller

In the design of a fuzzy logic controller, the main control parameter should be
identified and a term set determined which is at the right level of granulanty in
order to describe the value of the linguistic variable. For example a term set
including linguistic values such as Small, Medium, and Large may not be enough
for some domains, and may instead require to use a five term set such as Very

Small, Small, Medium, Large, and Very Large.

Different types of fuzzy membership function have been used in fuzzy logic

control. The four common types are monotonic, triangular, trepezoidal and bell
shape. The selection of the type of fuzzy variable directly afiects the tvpe of

reasoning to be performed by the rules using these variables.

In figure 3.3 a simple architecture for a fuzzy logic controller is shown. This

architecture consist of four processes, whose functions are described in the

following section.

Defuzzification

A
- éontrol Rule Data Base |
Base ~ @ [&7=----
| Fuzafication

Fig.3.3 A simple architecture of a fuzzy logic controller
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3.10.1.1 Fuzzification (Coding the inputs)

The fuzzification process initially maps the measured output variables of the
system under control in to a suitable range that corresponds to the universes of
discourse used in the control base. If the output of the system contains noise, it
may be modelled by using the triangular membership function where the vertex ot
the triangle refers to the mean value of the data set of system output, and the base
refers to a function of the standard deviation. In this case, fuzzification refers to
finding out the intersection of the label’s membership function and the distribution

for the measured data.

3.10.1.2 Control data base

In order to design a control data base first a set of linguistic variables must be
selected which describe the values of the main control parameter of the process.
Then a control knowledge base must be developed which uses the linguistic
variables. In order to develop a control knowledge base, Sugeno (69) suggested

four methods:

1- Expert’s Experience and knowledge

2- Modelling the operator’s control action
3- Modelling the process

4- Self organisation

3.10.1.3 Decision making (control rule base)

This operation provides the formulated fuzzy logic controller (FLC), characterised
by a set of linguistic statements generated by experts. The FLC contains the

choice of process state variables and control variables, types of FLC rules, FLC

order, and number of rules to be fired.
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3.10.1.4 Defuzzification (decoding the outputs):

This operation provides a non-fuzzy control action that represents the membership
function of an inferred fuzzy control action. There are four methods of

defuzzification most often used: (70)

¢ Tskamoto’s defuzzification method;.
e The centre of area method;

e The mean of maximum method;.

e Defuzzification when the output of the rules are function of their inputs.

3.10.2 Application of fuzzy logic in welding

Although the application of fuzzy logic control is a relatively new subject, some
researchers have applied this method in order to control the welding process.
Messlr, et al. (71) developed a fuzzy logic controller incorporated within a neural
network for controlling resistance spot welding. He concluded that the fuzzy logic
controller was capable of applying action to every weld whose actual electrode
displacement curve deviated from the desired or ideal electrode displacement
curve that produced a good weld. Cho (73) developed a tuzzy rule-based on-line
searching method to maintain stable arc conditions. In his proposed control system
the proportional and derivative (PD) control algorithm was incorporated in
parallel with a fuzzy linguistic controller. The advantage of this combination was
that the PD stabilised the system when the fuzzy controller could not act properly.
Won and Cho (74) developed a fuzzyv logic controller for the regulation of weld
pool size. In the fuzzy algorithm which they designed, the error between the
desired pool size and the predictive size, as determined from the value of an index
constructed from multiple surface temperature measurements, was adopted as
antecedent variables, and a power increment was adopted as a consequent
variable. Ohshima et.al. (75) applied fuzzy inference in order to obtain optimum
welding parameters in CO, short-arc welding. They used a CCD camera to

observe the width of the weld pool at the time at which the amount of spatter was
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minimum. They also constructed sets of fuzzy variables and rules expressed in IF-
THEN form. The fuzzy controller used the width of the weld and cooling time,
and compared it with a reference value. According to the difference and the fuzzy
variables the system regulated the power input achieving an acceptable weld. In
another research Ohshima et.al. (76) used fuzzy logic and a neural network with a
CCD camera for seam tracking in robotic arc welding. In the fuzzy controller the
deviation between the welding line and a position ahead of the torch in the
direction of movement, and the variation of this deviation were adopted as the
input variables. They also used a neural network to improve the tracking
performance by recognising the angle of the welding line. Hiroshi et.al. (77)
developed a fuzzy logic controller for seam tracking by using the arc sensor. Due
to noise in the data output of the arc sensor they developed the composite method
of fuzzy filtering by which the arc sensor noise was reduced. They concluded that
a fuzzy logic controller with the fuzzy filtering performed better. Einerson et.al
(62) investigated the application of fuzzy logic and neural networks for cooling
rate and fill control in GMAW. The control strategy thev adopted involved
monitoring weld joint transverse cross-sectional area ahead of the welding torch,
and the weld bead centreline cooling rate behind the weld pool, both by use of a
CCD camera. Estimation of the required input process variables necessary to
obtain the appropriate heat and mass transfer rate are done bv applying a neural
network model, and controlling the heat transfer rate by means of a tuzzy logic
controller. The value of heat required for reinforcement and weld bead cooling
rate, are sent via a fuzzy logic controller to an artificial neural network that maps
the electrode speed and welding speed for a given input power. The fuzzy logic
controller adjusts the heat input per unit length as required to obtain the desired

weld bead cooling rate.

They concluded that the control strategy based on feedback control of cooling rate
in combination with feed forward control of reinforcement has potential for
application to welding fabrication. Zhang, et al (79) developed a fuzzy model to
control the weld fusion zone geometry in a GTA welding process. They used a
high shutter speed camera to monitor the top-side pool width. The measured bead

width together with estimated under side width are selected as a fuzzy logic
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control model inputs to adjust the welding current, and welding speed to achieve a

fully penetrated weld.

In this research fuzzy logic control combined with a neural network model will be
developed for the control of GMAW. A fuzzy rule base 1s to be employed to
control welding parameters, based on the difference between temperature
measured in the surface of the workpiece and the predicted temperature obtained

via a neural network model.

3.11 Sensors in arc welding:

When manual arc welding is considered, the welder 1s capable of recognising and
inspecting components prior to welding, recording any defects in assembly and
faults requiring special attention during welding. He can orient at the workpiece 1n
the best position for welding and can position himself to gain best access to the
seam. During the welding process, the welder gathers information about the
process with his visual and auditory senses, and after welding the quality of the
weld produced will add to the experience and learning of the welder to take
necessary action for future work. He continually observes the weld pool 1n order
to control the penetration, and he also observes the geometry of the joint
preparation to keep the electrode in the correct position. While watching the arc
and listening to the sound the arc emits, he is able to control the metal transfer. He
gathers information during welding and with his knowledge, he draws conclusions

and performs the necessary actions.

Development of sensor technology has enabled robots systems to emulate many of
the human controls, and to be used more effectively in the welding operation to
control both seam tracking of the weld line and adaptive control of welding

variables.

Nomura(80) has classified sensors in two groups, Contact and Non-contact as

shown in Table 1.
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Sensor type

Contact probe

Electrode contact
Contact

Temperature

Arc phenomena

Non-contact

Temperature

Table 1. Classification of sensors

3.11.1 Contact Sensors

S - F— e ——— —— oty o —

Unit in the sensor configuration

Micro switches, potentiometers and differential
transformers (DTF)

Voltage and current for contact detection that
1s applied to the welding wire

Thermocouples and thermistors

Welding current arc voltage, wire feed speed.

Point sensor (photo transistors and photo
diodes),

line sensor (CCD,MOS and PSD) and area
(1mage) sensors (CCDMOS,PSD) .

Photo thermometers and infrared
thermometers.

Ultrasonic and sound pressure detect probes.

The importance of contact or tactile sensing (mechanical or electromechanical) in

the field of arc welding svstems has been recognised for many years. Applying

these sensors 1s appropriate where relatively linear joints are to be followed. An

early review of these systems (81) in tungsten inert gas, gas metal arc welding,

and submerge arc welding seam tracking technology showed that these systems

are typically mounted to rail mounted tractors (tractor units, gantry, or beam) to

permit the seam to be accurately followed. Such systems were mainly used

because of their simplicity and low cost. Further research and development into

using electromechanical tvpes of tactile sensing enabled robots to be more flexible
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in their welding operation. Nicolo (82) investigated the feasibility of applying a
tactile sensing technique to robotic arc welding for seam tracking, by mounting
the probe on two orthogonal slides driven by stepping motors and sensing the side
wall of the joint ahead of the weld. More recent tactile sensors use ultrasound for
seam tracking, contact being made via a coupling fluid. Stroud (83) investigated
the feasibility of the use of ultrasound for seam tracking and real-time weld
penetration control, for robotic welding systems. The robot was capable of
tracking the seam, measuring the weld bead penetration depth and position,
controlling them simultaneously, and subsequently modifying welding
parameters. Many robotic systems use the extended welding wire as a tactile
probe for weld start position and seam finding, in a search routine included at the
beginning of the taught program. A practical limitation of this sensory method is
the difficulty of maintaining satisfactory coupling. '

The major drawbacks encountered with tactile sensing when it is applied to

robotic welding are:

¢ Not adaptable to suit a variety of joint geometry;

e Tendency for probe to lose contact with the joint, particularly at high speed;
e Probes cannot easily follow complex contours;

e Contact sensor may limit the welding speed;

¢ Probes are subject to wear and environmental effects such as spatter.

These types of sensors are not generally viable for most robotic welding

applications that require adaptive control sensing.

3.11.2 Through-The-Arc Sensing

Through-the-arc sensing is the most common form of joint tracking used with
industrial robots and arc welding. The technique uses electrical signals from the
welding arc and requires oscillation of the welding torch, and monitoring of the

variation in welding current or voltage. The weaving motion causes changes in the
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current sensed at the joint sidewalls. These current changes are directly
proportional to fluctuation in distance between the surface of the weldment and
the tip of the welding electrode. Eichhorn (84) used through-the-arc seam tracking
for TIG welding, and controlled the lateral position of the torch during the
welding process. Two seam tracking systems have been developed, seam tracking
with constant oscillation amplitude, and seam tracking with self-tuning amphitude.
In the former, the sensor is used to measure average arc voltage at the joint
sidewall during scanning. The signal difference is then used to correct for an out-
off-centre position of the welding torch. In the seam tracking with self-tuning
amplitude, the sensor is used to improve response time and be able to compensate
for lateral misalignment by self-adjusting the electrode oscillation amplitude using

the reverse pulse (from the arc voltage).

Through-the-arc sensing has the following advantages: (85)

. Relatively low cost;

° Not affected by smoke, spatter, or the arc itself;

. Compensation correction for heat distortion during welding;
. Ability to track and weld simultaneously.

The limitations of this arc sensing include:

. Incorrect electrode extension will result in erroneous sensing of the joint
start;

o Joint sidewall must be well defined;

o All welds must have weaving of about £ 3 mm;

. Limited ability for non-ferrous material;

. They do not provide detailed geometric information and cannot be adapted

for process control purposes, other than arc length control through arc

voltage monitoring.
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3.11.3 Inductive Sensing

Inductive proximity or eddy current sensors consist of an exciter coil, carrving an
alternating current with two coaxial pick-up coils connected in opposition. There
are basically two types of inductive sensors, those detecting the seam itself, which
use a high frequency oscillation to generate an alternating magnetic field in the
surface of the component and those predicting the seam position by locating the

component surface (proximity sensor).

Goldberg and Karlen (86) developed a seam tracking sensor base on high
frequency induction. The sensor was mounted ahead of the welding gun and it was
able to measure the area and height. This type of sensor can be used for all types
of welding processes, because the tracking system is independent of the welding
process. Nicolo (82) investigated the application of inductive sensing together
with a tactile sensor for robotic arc welding systems in order to move the torch
toward the nominal position. The sensor uses four transducers, which are not
effected by the arc temperature or joint type, mounted orthogonally to the

direction of movement of the torch.

The advantages of these sensors are that they are completely independent from the
welding process. They are compact and robust and can even operate under water.
Eddy current sensors have limited application for robotic arc welding due to the

following restriction (38):

. They are sensitive to the temperature of workpiece;

° The sensors are most accurate at a stand oftf distance less than 10 mm;
° Their physical size may lead to problems where joint access is limited;
o Different sensor configurations are required for fillet and butt welds;

o They are suitable only for seam tracking.
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J.11.4 Visual Sensing

Vision sensors can be used to capture detailed information from the joint seam,
weld pool or weld bead profile and spatial position by using image processing
technique. Joint types can be recognised and dimensionally measured. The
welding gun can be positioned correctly in the seam centreline, and information,
on the variation in joint geometry and fit-up, can be used in adaptively modifying
welding procedures in advance of welding. These sensing systems are mainly
based on the use of “structured light” in the form of a strip or plane of light (88),
“range finding” in the form of a projected spot of light, or solid-state camera
principles where direct visual sensing takes place. Visual seam tracking often
requires sensing of the seam to take place in a hostile welding environment. Such
an environment can be avoided by using “two-pass” seam tracking (89), where
vision sensing is first used to determine the true joint position and measure its
parameters (e.g. root gap, root face thickness, etc.). Welding is then conducted in
the second pass. This technique increases process cycle time and does not
compensate for errors introduced during welding, such as distortion. In “one pass”™
seam tracking, sensing and welding are done simultaneously. Thermal distortion
during welding process is therefore accounted for by modifying welding
procedures and torch position. To protect the sensor from the welding
environment they are usually secured in a housing with inter-changeable filter

glass.

Several researchers have applied vision sensors 1n robotic arc welding.
Richardson ( 90) developed a vision based sensing and control system in order to
view the weld pool through the welding torch. The system was able to achieve
real-time joint tracking and weld pool control in GTAW. Nipoled and Bruemmer
(91) have used a conventional solid-state camera system together with a special
exposure technique to view the weld pool in the GMA welding process. The
camera and image processing technique 1s used to provide seam tracking and
measure the three-dimensional profile of the seam. It was also capable of
controlling welding parameters by analysing the weld pool shape and position of
the electrode relative to the seam. To overcome the problem of measuring the joint

near the welding torch in the optically noisy condition caused by strong arc light,
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particularly in high-current arc welding, Makato (92) developed a new method. A
laser beam, modulated at high frequency, is projected on to the work and detected
by a highly responsive photodiode to convert it to an electrical signal, which 1s
passed through filters and detective circuits. He found that in this way the sensor

signal within the arc light is detected with an excellent S/N ratio.

3.11.5 Thermal Sensing

Since final mechanical properties of welds such as hardness and toughness are
greatly affected by the thermal history (peak temperature and cooling rate),
sensing temperature in the weld zone has long been of interest to researchers. The
temperature of the base metal near the weld pool is expected to have a relationship
to the heat balance and hence weld bead geometry. Infrared and thermocouple
devices represent the two primary means for obtaining surface temperature. They

can measure the temperature of the front face or back face of the workpiece.

McCampbell, et.al.(93) used a sliding thermocouple in order to measure the
surface workpiece temperature in GTAW. They applied a single thermocouple
wire in shiding contact with the dissimilar workpiece material to form the
thermocouple junction. The wire was placed within 2.5 cm of the weld pool to
estimate the surface temperature. This technique is not precise, and cannot be

adapted for automated welding process control.

3.11.6 Infrared Sensors

Energy is emitted by all objects having a temperature above absolute zero. This
radiant energy increases as the temperature of the object 1s increased. By
measuring the radiation energy from the object in the infrared portion of the
spectrum, applying Planck’s law (94) which shows the relationship between
wavelength and radiation energy, and applying Wien’s displacement law which
shows the temperature of an object as a function of wavelength, the temperature of

an object is measured.
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3.11.6.1 Emissivity

Infrared radiation is emitted from all objects. The quantity of this radiation is a

function of the surface emissivity. the temperature, and the geometry of the object.

Emissivity is defined as the ratio of the energy radiated by an object at a given
temperature to the energy emitted by a perfect radiator, or blackbody, at the same
temperature. The ideal surface for IR temperature measurement would be a black
body with an emissivity of 1.0. In practice most objects are either graybodies
which have an emissivities less than 1.0 but the same emissivity at all wave
lengths, and non-graybodies which have emissivities that vary with wave length
and/or temperature. This last type of object can result in serious measurement
accuracy problems especially when measuring absolute temperature 1s required.

Metals, in almost all cases, tend to be more reflective at long wavelengths, hence

their emissivity improves inversely with wavelength (92).

In any research involving measurement of IR radiation, it 1s necessary to know or
determine the emissivity of the radiating surface. In this research experiments
comparing IR measurements with thermocouple measurements were carried out as
discussed in chapter 5. These experiments served to evaluate and calibrate the
accuracy of the IR sensor, and in turn allow accurate estimation of the emissivity
of the weld joint surface. This value of emissivity can be assumed constant at a
given temperature providing the condition of the radiating surface remains
unchanged. However, 1n this research relative temperature measurements have
been used, and virtually 1dentical conditions will have applied to temperature

measurement for the collection of data for training the models, as for the

evaluation ot the models.

3.11.6.2 Application of infrared sensing in Arc Welding

Infrared sensing is the most common form of temperature measurement In arc
welding. Researchers have used this method for seam tracking and process control

by front face and back face temperature measurement, and thermography in arc

welding (96).
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Groom et.al. (97) investigated using infrared thermography for joint tracking 1in
gas tungsten arc welding. An infrared camera was used to record the temperature
gradients surrounding the welding torch and workpiece and transmit the images to
a central computer. Using an experimentally derived image processing technique,
the relationship between distance of the torch from the joint and the resulting
thermal profile was determined. Given the monitor thermal profile corrective
action for the torch path was possible. They conclude that reliable and repeatable
thermal patterns are obtained by infrared measurement of surface temperature

distnbution during the welding process.

Doumanidis and Hardt (98) developed a model for independently regulating the
time-temperature relationship of the HAZ and the centreline cooling rate in the
GMAW process. The on-line thermal measurement included scanning the time-
dependent temperature field on the top surface of the workpiece, using<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>