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Preface

Welding is a relatively new manufacturing process that has only existed for
about a hundred years. However, it is an extremely important technology
because, without it, many modern industries would never have developed.
One such is the nuclear power plant industry. Nuclear power plants are
large complex structures that place incredible demands on structural
integrity. Without welding technology, such structures could never be built.
Industrial products need to be both robust and structurally sound.

Before liberation in China, welding technology did not exist. It was only
during the first five-year plan of economic construction, in the 1950s, that
an urgent need for welding technology was first recognised. Welding 
technology became of prime importance in many universities and major
research institutes. During these first stages of development and imple-
mentation of welding technology in China, the USSR supported over 156
new construction projects. However, the welding technology and materials
industries could not meet this increased demand and it was because of this
that the author focused his key research on welding metallurgy (for ex-
ample, the hot crack problem) and other technologies which were used for
the welding of industrial products at that time.

By the 1970s, the welding materials and technology industries were more
or less fully developed. The prime focus moved then to welding automa-
tion. Due to the complexity of this process, welding automation was incred-
ibly difficult to develop and implement. For example: in order to seal-weld
the root side of a pressure vessel made of low-alloy steel, the worker would
have to enter the vessel at a preheated temperature of 100–200°C. Even
when the worker wore a wet asbestos suit, the working time could be only
20 minutes. This situation seriously affected the quality of the product and
the health of the worker. For mass production such as the welding of
pipelines, where the conditions were significantly better, a mechanised
welding process could be used. But with a low level of automation, incom-
plete penetration often occurred due to the misalignment of the arc in the
weld-groove.This, in turn, caused many rejects and significant economic loss.

ix
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With the economic development in his country, the author has devoted
much of his time to research into welding automation. The train of thought
in this particular field can be divided into two specific types. The first is to
use modern science to analyse the welding process through quantita-
tive methods. The second is to develop and perfect welding automation
through the application of modern technology. These two fields of research
both complement and promote one another. The focus of this research is
to grasp and solve the key individual problems of automation and then to
try to synthesis results so they can be implemented. In this monograph 
the theory and developments made by the author are systematically
described.

It is the author’s intention that this book will not only promote welding
automation but will also play a significant role in guiding further develop-
ment in this important area of technology.

The book is divided into five parts, with fifteen chapters. Part I, ‘The
dynamic process of arc welding’, quantitatively describes the dynamic
behaviour of arc welding, the power sources that are used and their effect
on welding technology through the basis of control theory. Part II, ‘Welding
arc control’, describes new ways of controlling the welding arc through
using modern electronics. The methods of arc control that are introduced
are unique, original and demonstrate outstanding performance. The author
demonstrates significant systematic achievements in this field that have
never before been published. These methods provide important means for
developing new welding processes and power sources.

Arc sensors are a type of sensor that have significant potential for auto-
matic seam tracking in arc welding. In Part III, ‘Arc sensors and seam track-
ing’, the author establishes the first mathematical model of the sensor on
the basis of control theory, giving a clear picture of the essence and phe-
nomena of the sensor. Subsequently, the author has also analysed the output
signals of the sensors and proposed a space transformation method that can
improve the reliability and accuracy of the weld-groove recognition. Finally,
a rotating-arc sensor and two typical seam-tracking welding machines have
been developed by the author using the sensor described. Part IV, ‘Real-
time measurement of welding temperature fields and its application’,
describes a new method developed by the author for measuring weldment
temperature fields using a colorimetric-image method. Experimental
studies demonstrate that the method is simple and convenient, the data is
reliable, and the speed fast. The method can be used in practice for real-
time control. This development is original and has not been published
before.

Part V, ‘Automatic path programming of welding robots’, describes the
idea of recognising weld grooves with a three-dimensional vision system
and automatic programming of the welding path. It discusses the method

x Preface
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for recognising three-dimensional weld grooves.An arc-welding robot using
hardware and software based on this method has already been designed
and built. Practical welding has been performed with this robot in the lab-
oratory. In this part, the idea of using robots for arc welding large structures
on site, or under extreme conditions such as underwater, are proposed.

The five parts of the book present subjects that can be treated indepen-
dently of each other, but they all relate to arc-welding automation. There-
fore, the theme of the book can be regarded as one subject of technology
as a whole.The contents of this monograph are at the frontier of arc-welding
technology and they are, in fact, the author’s achievements over the last 
20 years. However, in writing this monograph, the author stresses the 
systematic relationship between all parts of the book. Therefore, it may 
be regarded as a systematic treatise.

All of the author’s research was accomplished in the Welding Depart-
ment of Tsinghua University, with the assistance of the author’s colleagues
and doctoral students. They have not only co-operated extensively in
accomplishing both governmental and industrial projects but have also
been instrumental in performing both creative and innovative work. The
material in this book was obtained from the papers and reports of both the
author and his colleagues, from published and unpublished work, in addi-
tion to the doctoral dissertations of the author’s students.The author wishes
to acknowledge the contribution of these colleagues and doctoral students.

As this monograph is very long and the academic and administrative
responsibilities of the author very heavy, the author’s wife, Miss Li Shiyu,
Professor at Beijing University, has helped greatly in writing this book by
collecting and collating the many references. The author could not have
written this monograph without her assistance, encouragement and support.
For this he is eternally grateful.

Colleagues at Nanchang University have assisted in many important
ways in the preparation of this book. Ms Xie Danping and Ms Hu Xinlu
typed the text, and Ms Gu Lijing produced the many drawings and charts.
The author wishes to express his sincere thanks to all of them for their hard
work. A special note of thanks is also due to Dr Daniel Hauser of EWI,
USA, who edited and revised the manuscript, making it legible to English-
speaking readers.

Pan Jiluan
Nanchang University
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Symbols

Numbers in round brackets refer to the chapters to which the symbols
apply. Some symbols can take on meanings different from those given in
the list. Such meanings are defined locally in the text.

a [cm2/s] Heat-diffusion coefficient (14)
aT [A] Amplitude of characteristic harmonic (9)
A1 [A] Constant (2)
A2 [A] Constant (2)
b Heat-dissipation coefficient of plate (14)
B [mm] Weld width (6)
c [J/g·°C] Specific heat capacity (14)
C [m/s] Light velocity (11–12)
C [mm] 3D co-ordinates of focus (15)
C1 [V] Constant for voltage across wire extension 

(linearised) (8)
C1 [W·m2] First radiation constant (Planck radiation

formula) (11–12)
C2 [m.K] Second radiation constant (Planck radiation

formula) (11–12)
C2 [mm/s] Constant for wire-melting rate (linearised) (8)
Cm [mm/s] Constant for wire-melting rate (8)
DFT Discrete Fourier transform (9)
e [mm] Deviation of torch centre (9)
E [V] Electromotive force, emf (2)
E [W/m2] Irradiance (11–12)
Ea [V] Armature voltage (1)
El [W/m2] Spectrum irradiance (11–12)
EH [mm] Arc sensor, output signal to fuzzy 

controller (10)
EHF [mm] Arc sensor, filtered output signal to fuzzy 

controller (10)

xii
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f [(N·m)/(°/s)] Coefficient of viscosity (1)
f [Hz] Frequency (2)
f [Hz] Pulse frequency (5)
f ¢ [mm] Focal length (13)
ff Coefficient of power distribution in front part

of weld pool (14)
fr Coefficient of power distribution in rear part of

weld pool (14)
F Geometric factor of optical system (11–12)
F Aperture coefficient of lens (13)
gm [mA/V] Transconductance of transistor (2)
h(n) [mm] Instantaneous torch height (9)
h(t) [mm] Discrete value of instantaneous torch 

height (9)
H Vignetting coefficient (13)
H [mm] Welding-torch height (3)
H [mm] Reinforcement (6)
ia [A] Instantaneous dropping current after short-

circuiting (3)
ia [A] Armature current (1)
i(n) [A] Discrete value of instantaneous welding 

current (9)
is [A] Instantaneous rising current at 

short-circuiting (3)
i(t) [A] Instantaneous welding current (9)
I [A] Current (2)
I [A] Welding current (1)
I [W/m2] Radiation intensity (11–12)
I0 [A] Static arc operating point (8)
I1 [A] Current in magnetic exciting circuit (2)
Ia [A] Arc current (6)
Ib [A] Background current (2) (5) (6)
Ic [A] Critical short-circuiting current (2)
If [A] Welding current (2)
Ifd [A] Short-circuiting current due to droplet transfer

(2)
Ifd1 [A] Short-circuiting current (2)
Ifd2 [A] Short-circuiting current (2)
Im [A] Imaginary part of amplitude of characteristics

harmonic (9)
Im [A] Steady current during arc burning (3)
IM [A] Steady current during short-circuiting (3)
Imin [A] Minimum falling-down current (2)

Symbols xiii
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Ip [A] Pulse current (A) (5)
Is [A] Short-circuiting current (6)
Isc [A] Current output (4)
Isd [A] Instantaneous peak current while starting 

arc (2)
ISM [A] Short-circuiting peak current (3)
Isr [A] Current input (4)
Iwd [A] Stable short-circuiting current (2)
Il [W/m2] Spectrum radiation intensity (11–12)
J [N·m/(°/s)] Moment of inertia (1)
k [V/A] Constant (k = k0k1) (1)
k0 Gain of power source (1)
k1 [V/A] Current feedback gain (1)
k2 Open-loop gain of the motor circuit (1)
k3 [N·m/A] Constant of motor (1)
k4 [V/(°/s)] Constant of motor (1)
ka [V/mm] Potential gradient of arc column (1) (8)
kc [mm/A.s] Melting-rate coefficient (due to arc heat) (8)
kd [V/A] Dropping slope of output characteristics of

power source (8)
kd [V/A] Slope of output characteristics (5)
ki [V/mm] Coefficient of voltage drop on wire extension

(linearised) (8)
kl [V/A] Coefficient of voltage drop on wire extension

(linearised) (ksLso) (8)
km [mm/A·s] Wire melting-rate coefficient (1) (5)
kN Compound constant (8)
kP [V/A] Arc constant (1)
kP [V/A] Equivalent resistance of arc spot (8)
kq Compound constant, kikc-krkN-kakNkm (8)
kr [1/s] Coefficient for melting rate due to wire exten-

sion (linearised) (kh·I0) (8)
ks [V/mm.A] Voltage-drop coefficient on wire extension (8)
kh [1/A2.s] Coefficient for melting rate due to resistance on

wire extension (8)
K Conversion coefficient of heat to electricity (for

CCD) (11–12)
K [V] Constant of generator (2)

K1 [V/A] Constant of generator (2)

Kc [V/A] Constant of generator (2)
kN
R

c

m

Ê
Ë

ˆ
¯

kN
Rm

1Ê
Ë

ˆ
¯

xiv Symbols
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Symbols xv

Kf [mV] Feedback coefficient (8)
Kg Amplification coefficient of reference input of

transistorised power source (2)
Ki [V/A] Amplification coefficient of feedback current of

transistorised power source (2)
Km Gain of wire-feed motor (1)
Ku Amplification coefficient of feedback voltage of

transistorised power source (2)
l [mm] Object distance (13)
l¢ [mm] Image distance (13)
L [mH] Inductance of winding loop (1) (2)
L [W/m2·sr] Radiance (11–12)
L1 [mH] Inductance in magnetising winding (2)
La [mm] Arc length (1) (3) (8)
La [mH] Armature inductance (1)
Lao [mm] Arc length when it reaches DE segment (5)
Lap [mm] Arc length during pulse duration (5)
Lc [mH] Equivalent inductance in the loop inside tran-

sistorised power source (2)
Ls [mm] Wire extension (3)
Lso [mm] Arc length at static arc-operating point (8)
Ll [W/m2·sr] Spectrum radiance (11–12)
M [mH] Mutual inductance (2)
M [W/m2] Radiant exitance (11–12)
Ml [W/m2] Spectrum radiant exitance (11–12)
N [mm] Arc-length disturbance, magnitude of step

change (1)
N [s-1] Number of samples per revolution of 

torch (9)
N [mV] Output signal of CCD pixel (11–12)
N1 Number of coils of excitation winding (2)
Nc Number of coils of series winding (2)
p [mm/(°)] Motor constant (1)
p1 Root of characteristic polynomial of differential

equation (2)
p2 Root of characteristic polynomial of differential

equation (2)
q [W] Effective power of heat source (14)
Q [C] Electric charge (13)
r [mm] Radius of welding-torch rotation (9)
r [°] Turning angle of welding tractor (10)
rbe [W] Equivalent resistance between base and 

emitter (4)
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xvi Symbols

r̄ [mm] Polar co-ordinates of observed point (13)
R Colorimetric ratio
R [mW] Resistance or resistance of welding 

loop (1) (2)
R1 [W] Resistance in magnetising winding (2)
Ra [W] Armature resistance (1)
Rb [W] Resistance connected in series with base of

transistor (4)
Rc [W] Equivalent resistance in the loop outside

transistorised power source (2)
Re [A] Real part of amplitude of characteristic 

harmonic (9)
Re [W] Equivalent resistance in the loop outside

transistorised power source (2)
Re [W] Resistance of feedback loop (4)
RF [W] Resistance of feedback loop (4)
RL [W] Resistance of load (4)
Rm [W] Reluctance of magnetic circuit (2)
Ru [V] Reference input of power source (1)
S Sensitivity of the colorimetric ratio (13)
t [s] Time (2)
tb [s] Background-current duration (2)
tbr [ms] Background-current duration at DCRP (6)
tbs [ms] Background-current duration at DCSP (6)
tp [ms] Pulsed-current duration (2)
tpr [ms] Pulsed-current duration at DCRP (6)
tps [ms] Pulsed-current duration at DCSP (6)
Tb [ms] Background-current duration (5)
Tm [s] Time constant for wire-feed motor (1)
Tp [K] Apparent temperature (13)
Tp [ms] Pulsed-current duration (5)
U [V] Voltage-drop across load (2)
Uo [V] Open-circuit voltage of power 

source (5) (6) (8)
U1 [V] Voltage across excitation winding (2)
Ua [V] Potential at point A of transistorised power

source (2)
Ua [V] Arc voltage (1) (5) (8)
Uap [V] Arc voltage during pulsed current (5)
Ub [V] Potential at point B of transistorised power

source (2)
Uc [V] Potential at point C of transistorised power

source (2)
Uc [mV] Constant for arc-voltage drop (8)
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Uc [V] Constant for arc voltage (8)
Ud [V] Short-circuiting voltage (2)
Uf [V] Arc voltage (2)
Ug [mV] Reference potential (5)
Umin [V] Minimum value of restored voltage (2)
Up [V] Output voltage of power source (1) (5) (8)
Us [V] Voltage-drop across wire extension (8)
Usc [V] Voltage output (4)
Usr [V] Voltage input (4)
Ux [V] Lower threshold of arc voltage (6)
Uy [V] Upper threshold of arc voltage (6)
Uz [V] Voltage drop across Zener diode (3)
V [cm/s] Welding speed (14)
Vf [mm/s] Wire-feed rate (1) (3)
Vm [mm/s] Wire-melting rate (1) (3) (5) (8)
Vw [mm/min] Welding speed (9) (10)
w [mm] Parameter of Gaussian distribution (14)
w [cm] Gap of I-butt joint (9)
wx1 [cm] Distributive coefficient of bi-elliptic heat 

source (14)
wx2 [cm] Distributive coefficient of bi-elliptic heat 

source (14)
wy [cm] Distributive coefficient of bi-elliptic heat source

(14)
xD [mm] Nut position signal of cross-slide (10)
Xz Average number of arc breakdowns for 10

times of starting arc (2)
Xzi Number of arc breakdowns for a certain

number of arc starts (2)
Z [W] AC impedance of circuit (2)
b Current amplification factor of 

transistor (2) (4)
g(l) Transmissivity of filter (11–12)
z Damping factor (1)
h(l) Relative spectrum sensitivity of receiving

element (11–12)
h(lm) Maximum spectrum sensitivity of receiving

element (11–12)
q [°] Phase angle (9)
q [°] Angular displacement of motor shaft (1)
l [mm] Spectrum wavelength (11–12)
l [mm] Distance from camera focus to 3D 

point P (15)
l [J/cm·s·°C] Heat transmission coefficient (14)

Symbols xvii
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lm [mm] Wavelength corresponding to maximum radiant
exitance (11–12)

z Emission coefficient (11–12)
z Stray-light coefficient of lens (13)
r [g/cm3] Material density (14)
s Attenuating factor (1)
s [W.m-2.K-4] Stefan-Boltzmann constant (11–12)
t [ms] Exposure time (13)
t [ms] Pulsed-current duration (9)
t [s] Cooling time (14)
F [W] Total radiation flux (11–12)
Fl [W] Spectrum radiation power (11–12)
j Form factor of weld (6)
j(l) Transmissivity of optical element (11–12)
w [°] Angle between principal light-ray and optical

axis (13)
wd [Hz] Damped oscillation frequency (1)
wn [Hz] Undamped natural frequency (1)
wq [Hz] Frequency at singular point of amplitude-

frequency characteristics (2)

xviii Symbols
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1
Theoretical analysis

1.1 Introduction

Although arc welding was invented approximately 100 years ago, many
aspects lack systematic theoretical analysis. In modern publications, there
is only a limited qualitative description of its static process and no scien-
tific analysis of its dynamic process. On the basis of control theory, the arc
welding process is viewed by the author as a control unit. The steps are to
define the mathematical expression of each element of the control unit, and
then take Laplace transform of the equations. By synthesising these Laplace
equations to obtain the interconnections of all the elements and the full
picture of the control unit, the mathematical representation of the dynamic
behaviour of the control unit can be easily derived.[1,2] Applying this theory,
a deeper understanding of the physical essence of the arc welding process
can be obtained; both the static and dynamic arc-length response due to
load disturbance can be analysed, and the direction and method for
improvement of the welding process can be established.[3–5]

To simplify the discussion of the problem in the following paragraphs,
three assumptions are made. First, that the melting rate of the welding wire
is constant during the whole process; second, that the torch-to-workpiece
distance is constant; and third, that the effect of wire extension on the load-
voltage drop and wire-melting rate is neglected. These assumptions do not
affect the objects of discussion in this chapter but, in discussing other 
subjects, these assumptions must not be applied arbitrarily. For example, in
discussing the characteristics of the arc sensor, the factors in the last two
assumptions become the main parameter of consideration, so that these
assumptions should not be used. More details regarding this matter will be
discussed in Chapter 8.

Conventional arc welding can be divided into two categories.[382] The first
category is where the wire-feed rate is constant, which implies automatic
regulation of the arc length. The second category is where the wire-feed
rate is controlled by the arc voltage. In the text that follows, these two 

3
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categories will be discussed separately. For simplicity, the first category will
be called the constant-rate wire feed or constant-rate type; the second cat-
egory will be called regulated-rate wire feed or regulated-rate type. The
control unit that represents the arc welding process should include all of
the mechanical or electrical devices that affect the welding arc. Figure 1.1
shows its physical configuration.

1.2 Welding with constant wire-feed rate

In this category of welding the wire-feed rate remains unchanged and the
arc length is regulated by the change of arc current induced by the change
of the arc length itself. In accordance with the assumption that the melting
rate is continuous and neglecting the effect of wire extension, the dynamic
equations of all the elements of the control unit may be established as
follows:

For the electrical circuit of the welding process,

[1.1]

where Up is output voltage of power source
L is inductance of welding loop
R is resistance of welding loop
i is instantaneous welding current
Ua is arc voltage.

For the arc voltage,

[1.2]

where La is arc length,
I is effective value of arc current,
ka, kp, Uc are parameters of arc characteristics.

U k L k I Ua a a p c= + +

U L
di
dt

Ri Up a= + +
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1.1 Physical representation of arc welding
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For the wire-melting rate,

[1.3]

where Vm is wire melting rate,
km is coefficient of wire melting rate.

For the arc length,

[1.4]

where Vf is wire feed rate.

For the power source,

[1.5]

where Ru is control input of power source,
k0 is gain of power source,
k1 is feedback gain.

Taking the Laplace transform of above equations and connecting them
according to their physical relationship, one can obtain the configuration of
the control unit as shown in the block diagram of Fig. 1.2.

According to Fig. 1.2, the transfer function of the control unit can be
derived and obtained finally as follows:

[1.6]

From Eq. [1.5] it can be seen that k1k0 represents the slope of the power
source. When k1 < 0, the output of the power source has a drooping char-
acteristic; when k1 = 0, it has a flat characteristic; when k1 > 0, it has a rising

L s
R s

k k
Ls R k k k s k k

a

u

m

p a m

( )
( ) =

+ + -( ) +
0

2
1 0

U R k I kp u= +( )1 0
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1.2 Block diagram of an arc-control unit for a constant wire feed-rate
system
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characteristic. The slope of the characteristic can be adjusted by changing
k1. Assuming that k1k0 = k, then

[1.7]

When k > R + kp, the control unit is unstable; obviously there is no stable
arc current and arc length. When k = R + kp, the unit is in a critical stable
state. When k < R + kp, the unit is stable.

Normally, in a conventional constant-rate system, the output character-
istic, k £ 0, is in the range k < R + kp, therefore it is stable. Physically, R rep-
resents the degree of drooping of the power source characteristic; the
greater R, the greater the degree of drooping kp represents the degree of
rising of the arc characteristic; the greater kp, the steeper it rises. k repre-
sents degree of positive feedback of the power source, i.e. the rising slope
of its characteristic. k = R + kp means that the degree of positive feedback
of the power source has not only compensated for the drooping effect
induced by R, but has made the rising slope as large as the slope of the arc
characteristic. In other words, the output characteristic of the power source
runs parallel to the characteristic of the arc; therefore the arc is unstable
and the control unit is in a critical stable state. For the same reason,
k > R + kp means that the rising rate of the power source characteristic is
larger than the rising rate of the arc characteristic. Therefore, the arc is not
stable; the arc operating point will move according to a certain rule, which
will be discussed in Chapter 5.

When k < R + kp, the slope of the power source output characteristic is
smaller than the slope of arc characteristic; therefore the arc is stable.

According to Eq. [1.7], the dynamic characteristics of the control unit are:

• Damping factor

[1.8]

• Undamped natural frequency

[1.9]

• Damped oscillation frequency

[1.10]

• Attenuating factor
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Therefore, when the system is in an
overdamped state; when the system is in a
critically damped state; and when 
the system is in an underdamped state.

For arc-welding processes applied in industry, the control system is in an
overdamped state. Table 1.1 shows the dynamic response parameters for
conventional arc welding processes.

1.2.1 Self-regulation ability

During arc welding, there are many factors that disturb the arc length. How
does the system respond to these disturbances? How does the rate at which
the arc length is restored to its normal value determine the stability and
quality of the welding process? Three causes of disturbance to the arc length
are fluctuation of the line voltage, uneven wire-feed rate and fluctuation of
the torch-to-plate distance. The influence of the first cause can be easily
eliminated by proper design of the power source. Therefore, in the follow-
ing text, the response of the arc length to the latter two causes of distur-
bance are discussed.

According to Fig. 1.2, the response of the arc length due to wire-feed rate
disturbance may be expressed as:

[1.12]

If the wire feed-rate disturbance is a step change, DVf, since

[1.13]

the arc length change will be

V s
V
sf

f( ) =
D

L s
V s
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Ls R k k s k k
a

f

p

p a m

( )
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R k Lk k k R kp a m p+ - < < + < <2 0 1, ,z
k R k Lk kp a m= + - =2 1, ,z

k R k Lk kp a m< + - >2 1, ,z
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Table 1.1 Dynamic response parameters for arc welding of the first category

No. Material Wire diameter km* z s wn

(mm)

1 Aluminum 1.2 0.68 1.16 115 99 0.59
2 Aluminum 1.6 0.366 1.58 115 72.7 1.22
3 Aluminum 2.4 0.165 2.35 115 48.8 2.13
4 Steel 1.6 0.25 1.85 115 62.1 1.56
5 Stainless steel 1.2 0.49 1.36 115 83.3 0.92

*Data obtained by experiment

z2 1-
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[1.14]

According to the terminal-value theorem, the steady-state error of the arc
length is

[1.15]

It can be seen from Eq. [1.15] that the steady-state error is not zero due to
a step change of wire-feed rate. This means that the arc length will not
restore itself to its original value. The negative sign in the equation means
that the larger the feed rate, the shorter the arc length will be. It also can
be seen that, under the same step change of wire-feed rate, the flatter the
output characteristic of the power source, the smaller the arc-length change
will be. Furthermore, the arc-length change depends on the wire material,
wire diameter, and some parameters of the electrical circuit of the welding
system such as resistance. In the case of a flat output characteristic of the
power source (k = 0), a wire diameter of 1.2mm (km = 0.43, ka = 0.716,
kp = 0.0245), and a resistance of the welding loop of 15mW, the steady-state
error of arc length can be derived from Eq. [1.15] as

[1.16]

The arc length will be shortened by 0.128mm due to a 1mm/s (0.06m/min)
change of wire-feed rate. Because the arc length cannot be restored due to
a wire-feed disturbance, the welding process will be very difficult to control
if the disturbance of wire-feed rate is large.

From Fig. 1.2, the effect of arc-length disturbance also can be derived:

[1.17]

Assume that the arc length has a step disturbance N, or N (s) = , then the
response of the arc will be

[1.18]

The steady-state error of the arc length will be

[1.19]

From Eq. [1.19] it can be seen that the steady-state error of the arc length
is 0, i.e. the arc length can be restored.

In order to analyse the instantaneous change of arc length due to such a
disturbance, take the inverse Laplace transform of Eq. [1.18] to obtain
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[1.20]

where

In the case where z >> 1 or (R + kp - k)2 >> 4Lkakm, s1 has a large numeri-
cal value, i.e. s1 >> s2, so the first term of Eq. [1.20] may be neglected; then
Eq. [1.20] may be simplified as

[1.21]

The instantaneous transient value of the arc length after a disturbance
can be calculated on the basis of Eq. [1.20] by computer. Assume that the
parameters of the power source and arc are

and that before the disturbance, La = 6.5mm, and I = 153A. The results of
the calculated value may be depicted as shown in Fig. 1.3.

From Fig. 1.3, it is obvious that, initially, the instantaneous current is large
and restoration of the arc length is rapid; after some time, the instantaneous
current decreases and the arc-length restoration rate becomes slower. The
specific values of transient current and arc length are shown in Table 1.2.
From this table, it can be seen that the current rises to 198A when the step
change of arc length is 3mm and the transient time for restoration of the
arc length to 95% of its original value is 485ms.
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From this analysis, it can be concluded that the dynamic characteristics
of the system depend on the parameters k, R, L and kp, ka, km. In the fol-
lowing section, the effects of major parameters on the dynamic character-
istics of the system and situations where this analysis can be applied are
discussed.

1.2.2 Effects of major parameters

(i) Slope of the output characteristic of the power source.
From Eq. [1.8] it can be seen that the slope of the output characteristic will
influence the damping factor. In the case of 1.2mm wire diameter,
ka = 0.716, kp = 0.0245, R = 19mW, and L = 0.3mH, the effect may be shown
as in Table 1.3. It can be seen that the larger the slope, the smaller the
damping factor will be. It is known that too small a value of z will result in
overshoot during a transient process. According to control theory, the
optimum value of z is 0.7 and thus the slope of the output characteristic can
be derived as

[1.22]

From Table 1.3, it can be seen that the optimum output characteristic is
k = 0.03V/A; using a slightly rising output characteristic could change the
control unit from an overdamped state to an underdamped state, and expe-
dite the dynamic response.

(ii) Effect of welding-loop parameters
The inductance of the welding loop includes both external inductance and
internal inductance due to leakage flux. Large inductance makes the control

k R k Lk k R k Lk kp a m p a m= + - = + -2 1 4z .

10 Arc welding control

Table 1.2 Instantaneous current and arc length during a transient process

La (mm) 3.5 4.00 4.47 5.01 5.55 6.09 6.36 6.5

0 16.7% 32.3% 50.3% 68.3% 86.3% 95.3% 100%

I (A) 198 189 183 175 167 159 155 153
t (ms) 0 32.5 60.9 109.4 180.5 313 485 •
DLa (mm) -3 -2.44 -2.03 -1.49 -0.95 -0.41 -0.14 0

L L
N
- 0

Table 1.3 Damping factor for different slopes of the
output characteristic

k -0.1 -0.01 0 0.019 0.03 0.04
z 7.74 2.78 2.26 1.27 0.70 0.18
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unit become underdamped and increases the overshoot. If z and the
overshoot are kept unchanged, then wn will decrease and the transient time
will increase. From Eq. [1.11], it is seen that the attenuation factor is
inversely proportional to L; therefore an increase of inductance is detri-
mental to the dynamic characteristics of the system. According to Eq. [1.8],
a decrease of L makes it possible to increase the slope of the output 
characteristic of the power source while keeping z unchanged, which can
increase the attenuation factor and shorten the transient time. Furthermore,
according to Eq. [1.15], the effect of a disturbance to the arc length can be
reduced by increasing the slope of the output characteristic. It can be seen
that an increase of inductance is detrimental to the improvement of the
control characteristics of the welding system. In the case of short-circuiting
metal transfer, however, appropriate inductance is necessary to limit the
rate of the rising short-circuit current to reduce the degree of spatter
generation.

Although the resistance of the welding loop also affects the static 
and dynamic characteristics of the system, due to the fact that the
magnitude of the welding current is usually very large, the resistance in the
loop is normally kept as small as possible in order to avoid large energy
losses.

(iii) Wire diameter and arc parameters
As the slope of the output characteristic for a conventional constant feed-
rate system k £ 0, the system is normally overdamped. For smaller gauge
wires, the values of ka, km (particularly the melting rate coefficient km) are
larger; therefore they have smaller values of z and larger values of wn and
consequently better dynamic response to arc-length disturbances. Accord-
ing to Eq. [1.15], the smaller gauge wire also has better response to wire-
feed rate disturbances. It may be concluded, therefore, that a constant
wire-feed rate system is more suitable for smaller-gauge wire rather than
large-gauge wire. Of course, it may be used for large-gauge wire if the
dynamic characteristics of the system are improved by increasing the output
characteristics of the power source or by using a new control method, as
described in Chapters 4 and 5.

Obviously, the main shortcoming of the constant wire-feed system is the
contradiction between the stability of the welding current and the self-
regulation ability of the arc length. The self-regulation ability of the arc
length is, in fact, obtained by variation of the instantaneous welding current.
Better self-regulating ability of the arc length is associated with larger fluc-
tuations of the welding current. The latter is obviously detrimental to the
metal transfer and stability of the arc. This contradiction is particularly
notable in GMA welding.

Theoretical analysis 11
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1.3 Welding with regulated wire-feed rate

In this system, changing the wire-feed rate regulates the arc length; the wire-
feed motor used is generally a DC servomotor. The mathematical equation
describing its dynamic function may be expressed as

[1.23]

[1.24]

[1.25]

Where Ea is armature voltage,
La is armature inductance,
Ra is armature resistance,
ia is armature current,
J is moment of inertia of the motor and mechanical load converted

to the motor shaft,
f is coefficient of viscosity of the motor and mechanical load 

converted to the motor shaft,
q is angular displacement of the motor shaft,
Vf is wire-feed rate,
k3, k4, p are constants.

Taking the Laplace transform of these equations, the configuration of the
control unit of the motor can be shown as the block diagram in Fig. 1.4.

According to Fig. 1.4, the transfer function can be derived as

[1.26]

If the motor inductance, La, is neglected, then

[1.27]

The gain of the wire-feed mechanism is

[1.28]

The time constant of the wire-feed mechanism is

[1.29]T
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Therefore, the transfer function of the wire-feed mechanism may be 
simplified as

[1.30]

Assuming that the power source has a constant-current characteristic and
neglecting the influence of wire extension on melting rate, the control-block
diagram of the regulated wire-feed rate system may be simplified as shown
in Fig. 1.5.

In Fig. 1.5, Rvf(s) represents the control input to the wire-feed motor 
and k2 is the open-loop gain of the motor circuit. According to Fig. 1.5, the
transfer function of the system and its dynamic characteristics can be
derived as

[1.31]

[1.32]

[1.33]wn
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1.5 Block diagram of regulated wire feed-rate system
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[1.34]

[1.35]

In most instances, k2KmpkaTm > 1 and 0 < z < 1; therefore the system is in
an underdamped state.

In the following sections, the effects of the major parameters on the
control characteristics are discussed.

1.3.1 Effect of wire-feed mechanism

The dynamic-characteristics parameters z, wn, wd, and s depend on the time
constant of the wire-feed mechanism, Tm. The greater the value of Tm, the
smaller the damping factor z will be, and the greater the overshoot; the
system is likely to oscillate. Additional increase of Tm makes wn, wd and s
smaller and the transient time longer, and thus worsens the dynamic char-
acteristics. Decreasing the value of Tm improves the dynamic characteris-
tics of the system, or increases the control accuracy by increasing the
open-loop gain while the dynamic characteristics remain unchanged.
According to Eq. [1.29], in order to decrease time constant, Tm, a motor
having a small time constant, or rational design of the mechanical parts are
effective. Decreasing the moment of inertia, J, and increasing the viscosity
coefficient, f, also can decrease Tm. In addition, by using a negative feed-
back-control loop for the wire-feed motor, plus appropriate compensation
elements and a brake mechanism, the time constant of the wire-feed mecha-
nism may be greatly reduced.

1.3.2 Effect of wire diameter

When the wire diameter is decreased, the diameter of the arc column
decreases, ka increases, the damping factor z decreases, overshoot increases,
and oscillation may occur. In conventional systems having a regulated wire-
feed rate, the time constant is usually large; therefore, they can be used only
for large gauge wire. It can be seen, however, that if Tm is reduced signifi-
cantly, ka may be increased greatly, keeping z unchanged, so that the wire
diameter can be considerably decreased. wn, wd and s will increase and the
dynamic characteristics of the system will be greatly improved. Therefore,
the traditional idea that a regulated wire-feed system can be used solely
with large-gauge wire is correct only under certain conditions. In situations
where the time constant of the wire-feed mechanism can be reduced, the
system can be quite suitable for small-gauge wire.This can be realised easily
with the application of modern control techniques.
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1.4 Welding with both regulated wire-feed rate 
and self-regulation

In practice, a power source having a regulated wire feed-rate system does
not have a completely perpendicular drooping characteristic (constant
current). Simultaneous with regulation by feedback-control functions, self-
regulation also plays a role in arc-length change. Therefore, analysing the
cross-coupling interrelationship between two regulation actions is mean-
ingful. Of course, in practical applications only one regulation action nor-
mally is dominant. In this section, the interrelationships of these two
regulation actions and the possibility for using both actions in one system
are discussed.

Integrating Sections 1.2 and 1.3, a block diagram of a cross-coupled
control system can be depicted as in Fig. 1.6.

From Fig. 1.6 it can be seen that the system is a multi-loop, interactive,
feedback control. Its signal-flow diagram is shown in Fig. 1.7.

Using Mason’s gain formula, the closed-loop transfer function of the
system can be derived as

[1.36]
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1.6 Block diagram of a cross-coupled wire-regulation system
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If the inductance in the welding loop is neglected, the transfer function can
be simplified as

[1.37]

The Routh array of the system is

According to the Routh stability criterion, the conditions for stability are

[1.38]

The stability criterion Eq. [1.38] has an explicit physical meaning; Condi-
tion (1) is required for stability of self-regulation. The output characteris-
tic of the power source should intersect the arc characteristic such that 
the point of arc operation is stable. In addition, the system must satisfy 
Condition (2).

When k £ R, the system satisfies both Conditions (1) and (2) and it is
stable.
When R < k < R + kp, Condition (2) can be written as
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1.7 Signal-flow diagram of an interactive wire-regulation control
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[1.39]

The right side of the equation represents the change of melting rate per
unit change of arc length; the left side represents the change of wire-feed
rate due to a unit change of arc length. Therefore, the physical meaning of
Condition (2) can be expressed as follows: If the output characteristic 
of the power source is R < k < R + kp, the system could be stable only when
the change of melting rate due to the change of arc length is larger than
the change of wire feed rate. The reason for this statement is that when 
R < k < R + kp, the increase of arc length makes the gain of negative feed-
back smaller. In other words it is, in fact, a positive feedback loop. As the
self-regulation action maintains negative feedback, the system then can be
kept stable if the self-regulation action is stronger than the wire-feed reg-
ulation. This condition can be satisfied if the slope of the output character-
istic of the power source satisfies the following equation:

[1.40]

From the above analysis, it can be seen that the change of the output char-
acteristic of the power source not only changes the dynamic characteristics
of the self-regulated system but also changes the dynamic characteristics of
the wire-feed regulated system; it can change even the polarity of the feed-
back loop. In the following text, the interaction of two regulation systems
is analysed assuming the system is stable.

If k < R, both regulation systems provide negative feedback. According
to Eq. [1.37], the dynamic characteristics can be obtained as

[1.41]

[1.42]

Normally, z is determined by the allowable overshoot and the response time
is determined by the undamped oscillation frequency wn. According to 
Eq. [1.42], if the wire-feed regulation is weak, or k2Kmpkakp < kakm and the
self-regulation function is stronger, wn will increase due to the greater slope
of the output characteristic of the power source. The response time will be
smaller and the dynamic characteristics will be greater. In contrast, if the
wire-feed regulation function is stronger than the self-regulation function,
i.e. if k2Kmpkakp > kakm, wn will decrease due to the increase of the slope 
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of the output characteristic of the power source; the response time will
increase and the dynamic characteristics of the system will be worsened.
Therefore, it is hard to select a suitable slope of the output characteristic of
a power source to fully use both regulation functions. In fact, only one of
the regulation functions is applied in major practical applications. Conse-
quently, in available publications, the following qualitative statement is
made: In constant wire-feed systems, a flatter output characteristic of the
power source effectively provides self-regulation, but in regulated wire-feed
systems, it is reasonable to use steep output characteristics in order to
obtain stronger arc-length regulation. This statement is explained explicitly
by the theoretical analysis given in this chapter.
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2
Dynamic characteristics of power sources

2.1 Status of research

The power source is one element in the control of a welding process; its
characteristics have been studied since welding was first introduced.
Different welding processes require different power-source characteristics
because they determine both the ability to carry out the welding process
and weld quality.Although power sources are commonly described by their
static output characteristics, the static output characteristics are an incom-
plete description. Power sources having the same static output characteris-
tics may perform differently because their dynamic characteristics are
different. Therefore, a power source should be described by both its static
and dynamic characteristics. Describing the dynamic characteristics of a
power source is much more difficult than describing its static characteris-
tics. There is no unified way or standard method for describing the dynamic
characteristics of a power source anywhere in the world at this time. In
Chapter 1, the power source was assumed to be a constant-voltage output
electrical machine with internal resistance, R, and inductance, L. This
assumption greatly simplified the analysis of the problem. In traditional
welding, an AC transformer or DC generator is used for the power source.
In such cases, it is convenient to describe the dynamic properties by math-
ematical expressions. But with the development of modern welding tech-
nology, new power sources and new processes appear continuously. As 
the dynamic characteristics of power sources become more complicated,
the understanding of these characteristics becomes more necessary. For
example, in order to study the phenomena associated with short-circuiting
metal transfer, the dynamic properties of the power source must be under-
stood because of their important effects on the process. Different dynamic
properties of the power source will produce considerably different metal-
transfer behaviour. Another example is the arc sensor. In order to study
and develop an arc sensor, its frequency-response characteristics must be
known (see Chapter 8).
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A lot of research regarding static and dynamic properties of power
sources has been carried out previously.[6–26] In the following section, the
results of previous investigators are introduced first, then the theory and
method proposed by Bojin Qi and the author will be described.[29,133,381]

2.1.1 Analytical methods

Several decades ago, scientists studied dynamic characteristics using ana-
lytical methods. They analysed the dynamic properties of motor-generators
and simple DC machines with drooping characteristic, and derived the rule
about the dynamic response of the welding current. For a simple DC
machine, the current change due to a step change of output voltage can be
expressed as:

[2.1]

where DU is the step change of the output voltage and DI is the current
response.

The equivalent electrical circuit of a power source with a drooping 
characteristic can be illustrated as in Fig. 2.1, where R is the internal 
resistance and L is the internal inductance. The derivation is omitted.

A theoretical analysis of a motor-generator type of power source is given
in references.[7,8] The generator has a series demagnetising winding and a
magnetising winding excited by an external magnetising power source, as
shown in Fig. 2.2. In this figure, L1 and R1 denote the inductance and resis-
tance of the magnetising winding, respectively, M denotes the mutual 
inductance between the series winding and the excitation winding, R and L
denote the resistance and inductance of the welding circuit, respectively,
and U1 denotes the voltage of the power-source excitation winding.

If K is the generator constant, Rm is the reluctance of the magnetic circuit,
and N1 and NC are the numbers of coils of the excitation winding and series
winding, respectively, then the emf of the generator, E, is given by
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According to the principles of electrical circuits, the dynamic relationship
of the magnetic exciting circuit can be expressed as:

[2.2]

The equation for the welding loop is:

[2.3]

where

If a stable operating point (I10, I0, U0) is taken as the origin, and assuming
that

the following differential equation can be obtained based on Equations
[2.2] and [2.3]:

[2.4]

Assuming that a step change U is the input to the system, the current
response can be obtained by solving the differential equation as:

[2.5]

where p1, p2 are the roots of the characteristic polynomial of the differen-
tial equation. A1, A2 are determined by the initial conditions.
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In references[7,8] some special cases were discussed. If M ª 0, the current
response from an open circuit to a short circuit can be obtained as:

[2.6]

where is the stable short-circuit current (U0 is the open-circuit 

voltage).

2.1.2 Direct-measurement methods

In the previous section, the analytical method was shown to be feasible, but
it has limitations. Using analytical methods, the properties can be deter-
mined only qualitatively. The process of calculating the equation and
obtaining quantitative results is complicated. In particular, the configura-
tions of power sources have become very complicated with advances in
electronics; analytical characterisations cannot be made. Therefore, experi-
mental methods have been developed in many countries. Generally speak-
ing, the experimental methods are based on measurements of current
responses to step changes of input. For example, from an open circuit to a
short circuit, a load to a short circuit, etc. and taking some index in time
domain as the description of the dynamic characteristic of the power source.
In reference,[6] some of the indices used to describe dynamic characteristics
are introduced: see Fig. 2.3.
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Isd: Instantaneous peak current while starting arc
Iwd: Stable short-circuit current
If : Welding current

Isd¢ : Instantaneous short-circuit current after 0.05s
Ud: Short-circuit voltage
Uf: Arc voltage

Umin: Min. value of restored voltage
Imin: Min. falling-down current
Ifd: Short-circuit current due to droplet transfer

Examples of indices are:

• Isd/Iwd I¢sd/Iwd Ifd/If, used as indices to describe the dynamic characteristics
of the power source.

• Under conditions that the short-circuit duration is t3 = 10ms ± 10ms ¥
30% and the arc duration is t2 = 300ms ± 300ms ¥ 30%, Ifd is used as an
index to describe the dynamic characteristics of the power source.

• The ratio of dynamic parameters .

• The ratio of dynamic parameters Imin/If and Wmin/Wf, where Wmin =
Imin ¥ Uf, Wf is arc power.

• For a CO2-welding power source, the index for its overall characteristic 

is , where Xzi is the number of arc breakdowns 

for a specific arc-initiation event and Xz is the average number of arc
breakdowns for 10 arc initiations.

• The time required for the voltage to rise from a short-circuit condition
to an arc operating voltage of 25V.

On the basis of experiments, different criteria and standard values have
been drawn up, but there is no unified, worldwide standard.

In China, the following standards were established:

• The dynamic characteristics of a power source for coated-electrode
welding, see Table 2.1.

In Table 2.1,Isd is peak short-circuit current from an open circuit to a short-
circuit and Ifd is peak short-circuit current for a load to a short-circuit.

• Dynamic characteristics for a MIG/MAG welding power source.
a. Average time for starting an arc 10 times in a time period less than

or equal to 0.1 s.
b. Spatter loss coefficient: see Table 2.2.

In Germany, a criterion was established as follows:[10]
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where Ifd is defined as indicated in Fig. 2.3 and Ic is the critical short-circuit
current, which depends on the wire diameter and is also given in Table 2.3.

From the introduction given above, it is seen that, until now, the descrip-
tions and measuring methods for the dynamic characteristics of power
sources have been simple and not rigorous. For example, in China, Ifd/If is
taken as the index of the dynamic characteristics, where Ifd is the peak
current from the load to a short-circuit, which is measured by an instrument

24 Arc welding control

Table 2.1 Criteria of dynamic characteristics for rectifier-type welding power
sources[9]

No. Item Specification Standard

1 From open-circuit Rated Peak current Isd /If �3
to short-circuit

Sustained time 0.03~0.1s

20% of rated Peak current Isd /If �5.5

Sustained time 0.03~0.1s

2 From load to short- Rated Peak current Ifd /If �2.5
circuit

Sustained time 0.01~0.04s

20% of rated Peak current Ifd /If �3

Sustained time 0.01~0.04s

Table 2.2 Spatter-loss coefficients

Welding current (A) Wire diameter (mm) Spatter-loss coefficient (%)

100 0.8 3.5
150 1.0 4
180 1.2 5
300 1.6 8

Table 2.3 Ic for different wire diameters

Wire diameter (mm) 2 2.5 3.25 4 5 6
Ic (A) 145 175 215 300 400 600
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consisting of a resistance and an electro-magnetic switch. If is the load
current.

It obviously is not exact. Figure 2.4 shows the current wave-form for two
different power sources. Both have the same index Ifd/If, but, in fact, they
have quite different dynamic behaviours.

In a more detailed discussion in the literature,[11–13] it was pointed out that
the index ifd/If is not reasonable. ifd/If (t0) during the short-circuit period, the
duration of which is t0,was proposed as the criterion where t0 is the maximum
probable time of short-circuiting, but due to different wire diameters and
materials, the index ifd/If (t0) can vary for the same power source. In the litera-
ture,[11] it was pointed out that SCR and magnetic-amplifier power sources
have been tested and assessed; it was found that the dynamic characteristics
were different even for power sources having the same ifd/If (t0).

The problem is that it is not sufficient to use some characteristic point 
on the short-circuit waveform as the index; the whole short-circuit event
should represent the dynamic behaviour of the power source.

It can be concluded that the existing criteria and measuring methods are
not complete and rigorous; they have no strict physical meaning. For power
sources developed using modern electronics, the existing criteria, in fact, do
not reflect their dynamic properties. The purpose of this chapter is to find
a scientific way for describing and evaluating the dynamic characteristics of
all types of power sources.

2.2 Description of dynamic characteristics

In reference,[24] three different ways to experimentally study power-source
characteristics have been introduced:

(i) Subjective direct measurement; the assessment is made by the worker
in the practical welding application;

(ii) Objective direct measurement; during or after welding, some feature
is measured as the characteristic of the power source;

Dynamic characteristics of power sources 25
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(iii) Objective indirect measurement; actual welding is not carried out but,
rather, the load of the power source is simulated and some feature is
measured and designated as the dynamic characteristic.

The first method is based on personal judgment; it is subjective and there-
fore is not appropriate as a scientific method.The second method is a better
characterisation method but its results depend on many factors such as
welding parameters, operating experience, etc. Therefore, the repeatability
of the results is poor.The third method is the best approach to the problem.
The power source is treated as an independent unit so that a good under-
standing of the power source can be obtained. Most modern measuring
methods use this approach. Some years ago, Budai, Pan, and Qi pro-
posed[29,30,133,259] use of the transfer function for describing the characteris-
tics of power sources. This technique is even more scientific than the
methods described above. In control theory, the transfer function is used to
describe the characteristics of a unit. The relationship between an output
and an input represents the static and dynamic characteristics of the unit.
For welding power sources, the output voltage can be viewed as the input
of the unit and the current may be viewed as the output of the unit. The
transfer function between the input and output, together with the static
output characteristic can be used as the representation of the static and
dynamic characteristics of the power source.

2.3 Transfer functions of power sources

2.3.1 Power source with a simple drooping 
characteristic

(i) The transfer function of a simple power source having a drooping char-
acteristic will be derived first. Assume that the equivalent electric circuit is
shown as in Fig. 2.5. Set up the differential equation of the circuit, take the
Laplace transform of it, and the transfer function can be easily obtained.

According to the principles of electric circuits, the differential equation
of the circuit can be written as

Obtain the Laplace transform of the equation and rearrange it; the trans-
fer function can be derived as

For simplicity, the transfer function and the frequency-response character-
istics can be derived more easily using an equivalent AC circuit. The 
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equivalent electrical circuit is illustrated in Fig. 2.6. According to the prin-
ciples of electric circuits, the following equation can be established:

[2.7]
where Z = R + jwL, which is the AC impedance of the circuit.

Therefore, the transfer function of the power source is:

[2.8]

From the derivation above, an important conclusion can be made; the 
negative reciprocal function of impedance is the transfer function of the
power source. This conclusion will be applied in the following discussion.

From Eq. [2.8], it can be seen that the amplification coefficient is -1/R
and the time constant is L/R.The amplitude frequency characteristics of the
unit for different values of R and L are depicted in Fig. 2.7.

From Fig. 2.7 and the transfer function, the following conclusions can be
drawn:

• In the case where L = Const., the larger the value of R, the smaller the
amplitude-frequency characteristic. This means that the amplification
coefficient decreases or the characteristic curve moves down.
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• In the case where R = Const., the larger the value of L, the narrower
the frequency response range. This means that the characteristic curve
moves to the left but the static amplification coefficient remains
unchanged.

• In the case where L = 0, the characteristic curve becomes a horizontal
line and the dB remains unchanged.

From the analysis above, it is obvious that the amplitude-frequency 
characteristic has a clear and definite physical meaning. Therefore, the
transfer function explicitly represents the characteristics of power sources.
To explore the relationship of the transfer function, configuration, and
dynamic characteristics of power sources, more types of arc-welding power
sources and their transfer functions are discussed in the (ii)–(iv) below and
Sections 2.3.2 and 2.3.3.

(ii) Suppose that the configuration of a power source is as shown in 
Fig. 2.8: then, following the derivation procedure described above, the 
transfer function can be obtained as
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From this equation, it can be seen that the amplification coefficient is 
-1/R, and the capacitance does not effect the static characteristics but 
does change the dynamic characteristics. The amplitude-frequency charac-
teristics can be depicted as in Fig. 2.9.

From Fig. 2.9, it can be found that there is a singular point 
that depends on L and C; the high and low frequency parts far away from
wq are horizontal lines.

(iii) If a power source has the configuration that is shown in Fig. 2.10,
then the equivalent impedance can be expressed as Eq. [2.10] and the trans-
fer function as Eq. [2.11].
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The amplification coefficient is still -1/R. Let w1 = 1/RC, ,
then its amplitude-frequency characteristics can be depicted as shown in
Fig. 2.11.

From the figure, it can be seen that the characteristic curve takes a 
different form if w1 and w2 are assumed to have different values.

w2 1= LC
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(iv) If the power source has a configuration as shown in Fig. 2.12, then
its impedance and transfer function can be expressed as Eq. [2.12] and 
Eq. [2.13].

[2.12]

[2.13]

The static-amplification coefficient is -1/(R1 + R2) In the case where 
R = R1 + R2, the amplification coefficient of the power source D is the same
as that of power sources A,B,C.

Assuming and , which implies that
w1 £ w2; then the amplitude-frequency characteristics can be illustrated as
shown in Fig. 2.13.

Summarising the descriptions (i)–(iv), it can be concluded that although
four types of power sources, A, B, C, and D, have the same static charac-
teristics, they have quite different dynamic characteristics due to different
configurations. The differences can be explicitly illustrated by the 
amplitude-frequency characteristic curves shown in Fig. 2.14.

From the discussions of this section, it can be concluded that the trans-
fer function can explicitly describe the overall characteristics, particularly
dynamic characteristics, of a power source. Therefore, it can be regarded as
a more scientific and rigorous method for evaluation of power-source 
characteristics.
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2.3.2 Generator-type power sources

Among generator-type DC welding power sources, generators with series
demagnetising windings are the most typical. The transfer function of this
type of power source is discussed in this section.

The equivalent electrical circuit of the generator has been shown in 
Fig. 2.2 in Section 2.1.1. According to electrical circuit principles, the fol-
lowing equations may be used.
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For further derivation, the small deviation method is applied for 
analysis. Assume that the static stable working point is (I10, I0, E0, U0) and 
let DI1 = I1 - I10, DI = I - I0, DE = E - E0, DU = U - U0. Then the following
equations are obtained:

[2.17]

[2.18]

[2.19]

where

Applying the Laplace transform to the above equations, and letting

[2.20]

one can obtain

[2.21]

[2.22]

[2.23]

Eq. [2.21] can be written as [2.24]

Substituting Eq. [2.23] into Eq. [2.22], we obtain
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Substituting Eq. [2.24] into the above equation, we obtain
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From the derived equation, it can be seen that the transfer function of a
generator-type power source is a Type 2 control system with one zero. The
static-amplification coefficient is -1/(Kc + R) and the time constant depends
on the configuration. Assume that

[2.28]

As in most cases, the external excitation circuit for welding generators has
a larger time constant, i.e. w1 < w2. Therefore, the amplitude-frequency 
characteristics can be depicted as shown in Fig. 2.15.

In the following paragraphs, the transfer function of the welding 
generator under two special conditions is discussed.

(i) In the case M = 0, there is a very small mutual inductance and 
Eq. [2.27] can be written as

[2.29]

The transfer function becomes a Type 1 control system, the external
excitation winding has no effect on the dynamic characteristics of the
power source, and the time constant depends only on the parameters
of the major circuit. The dynamic-response speed can be increased by
decreasing the value of L/(R + Kc). Letting wn = (R + Kc)/L, then the
amplitude-frequency characteristics can be depicted as shown in 
Fig. 2.16.

(ii) In the case , the mutual inductance of the generator has the
maximum value. From Eq. [2.27], the transfer function can be derived
as

M LL= 1
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2.15 Amplitude-frequency characteristics of a welding generator
(Asymptote)
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[2.30]

From this equation, it can be seen that the transfer function of the
generator is a Type 1 control system with one zero. Let

Then, the amplitude-frequency characteristics can be drawn as shown
in Fig. 2.17.
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2.16 Amplitude-frequency characteristics of a welding generator
where M = 0
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From the analysis above, it can be seen that the transfer function can
express the overall characteristics of the generator, i.e. both the static and
dynamic properties of the power source.

2.3.3 Transistorised power sources

The equivalent electrical circuit of a transistorised power source can be con-
structed as shown in Fig. 2.18. In this figure, R represents the sampling resis-
tance, Rc,Lc are the equivalent resistance and inductance in the loop AEDC
(loop inside the power source), and Re and L are the equivalent resistance
and inductance in the loop BC (loop outside the power source). All of the
distributed parameters are expressed by equivalent lumped parameters.
The current signal is sampled at point A where Ua = IR. The voltage signal
is sampled at C, which is the voltage Uc across BC. In most cases, the values
of Re,Rc,Lc are much smaller than other parameters in the circuit; therefore
they may be neglected.

Applying the principle of equivalent circuits based on small deviations
for transistors[27] and taking the above-mentioned factors into considera-
tion, the equivalent circuit of the power source can be configured as shown
in Fig. 2.19, where gm is the transconductance of the transistor.

According to electrical circuit principles and the diagram of Fig. 2.19, the
following equations can be written.

[2.31]

for circuit CA, [2.32]I g V C
dV
dt

V
Rm r

ca ca= + +2 2
3

U IRa =
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for circuit ABC, [2.33]

for circuit DAB, [2.34]

for circuit CB, [2.35]

Applying the Laplace transform to the above equations, we obtain

[2.36]

[2.37]

[2.38]

[2.39]

[2.40]

The control rule is
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2.19 Equivalent circuit based on a small deviation for transistorised
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Substituting Eq. [2.36] into Eq. [2.38] and then into Eq. [2.37], we obtain

[2.42]

Substituting Eq. [2.36] into Eq. [2.39], we find that

[2.43]

Substituting Eq. [2.40] into Eq. [2.41], we obtain

[2.44]

Substituting Eq. [2.44] into Eq. [2.43] and then into Eq. [2.42], we find

[2.45]

As gm ª b/R2 (b-current-amplification factor of the transistor), substituting
it into above equation, we obtain

[2.46]

[2.47]

Letting Tb = R1R2C1/(R1 + R2), Tc = R3C2, T = L/R and substituting these
into the above equation, we obtain

This equation is the expression of the transfer function of an analogue-
type transistorised arc-welding power source.The power source would have
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different static characteristics when Ki(s) and Ku(s) take different values in
combination.

• If Ku(s) = Ku, Ki(s) = 0 (Ku > 0), which means there is only 
negative voltage feedback; the power source will have a flat output 
characteristic.

• If Ku(s) = 0, Ki(s) = -Ki (Ki > 0), which means there is only negative
current feedback; the power source will have a constant-current output
characteristic.

• Ku(s) = Ku, Ki(s) = -Ki (Ki > 0, Ku > 0), which means there are both 
negative voltage and current feedback; the power source will have a
drooping characteristic.

• If Ku(s) = Ku, Ki(s) = Ki or Ku(s) = -Ku, Ki(s) = -Ki (Ki > 0, Ku > 0), which
means the system provides negative voltage feedback plus positive
current feedback or positive voltage feedback plus negative current
feedback; the power source will have a rising output characteristic. If
Ku(s) and Ki(s) are substituted into the transfer function of Eq. [2.48],
it can be seen that the pole or zero can locate on the right half of s-plan.
This means that the system includes an unstable element and is a
minimum-phase system.

In the following paragraph, the transfer function of constant-voltage and
constant-current power sources are discussed further.

(i) Constant-voltage power source. Substituting Ki(s) = 0, Ku(s) = K into
Eq. [2.48], the transfer function of the power source can be obtained
as follows:

[2.49]

From this equation, it is seen that the power source is a third-order
system with two zeros. In order to simplify the equation, some minor
factors can be neglected. Generally, for analogue-type transistorised
power sources, K and b are larger and R is smaller Neglecting some
high-order terms, the equation above can be written as

[2.50]
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From the simplified equation, it can be seen that the power source is
equivalent to a first-order system with one zero; the amplification co-
efficient is -bK/(bR + R1 + R2), the value of zero is s0 = -bKR3/[(R1 +
R2)(Tc + Tb)] and the value of the pole is sp = -(bR + R1 + R2)/[(R1 +
R2)Tb + bKRT]. The factors that affect the dynamic characteristics are
the characteristic parameters of the transistor, R and L of the main
circuit, and the amplification coefficient of the feedback loop. For con-
ventional transistorised power sources having flat output characteris-
tics, the value of zero and the pole are |s0| > |sP|; therefore, the amplitude-
frequency characteristics can be depicted as shown in Fig. 2.20.

(ii) Constant-current power source. Substituting Ki(s) = -K, K > 0,
Ku(s) = 0 into Eq. [2.48], we obtain

[2.51]

From this equation, it is seen that the power source is a third-order
control system with two zeros. The characteristics of the transistors,
parameters of the main circuit, and the amplification coefficient of the
feedback loop determine concretely the character of the transfer func-
tion. From this equation, the amplification coefficient of the system
can be derived as

In summarising the descriptions above, it can be concluded that the trans-
fer function can be used as a means for describing the characteristics of
power sources. However, due to the complicated configuration of the power
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2.20 Schematic diagram of amplitude-frequency characteristics for 
a transistorised power source with a flat power-source
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source, the concrete determination of the transfer function has to be made
using experimental methods. In Section 2.4, the experimental method pro-
posed by the author and his colleague, together with the results that were
obtained, are introduced.

2.4 Measurement of the transfer function[381]

2.4.1 Apparatus

The measurement apparatus is shown schematically as Fig. 2.21.The current
and voltage are measured across the load. It is easy to obtain the static char-
acteristics by slowly sweeping the load resistance from 0 Æ •W. The trans-
fer function can be obtained by measuring the current response while the
voltage across the load is varied according to a sinusoidal signal. In order
make these measurements, the load should be controllable. The voltage
across the load or the current passing through the load should be controlled
by some signals. This kind of load can be realised by using transistors.
Because the current can be very large, many transistors, up to several
hundred, should be connected in parallel for the measurements. Using
current feedback, voltage feedback, or both, different types of load,
constant current, constant voltage rising or drooping characteristic load can 
be obtained, as shown in Fig. 2.22.
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As the constant-voltage load is not affected basically by external factors,
the frequency-response range can be up to 200kHz, which is sufficient for
the study of the power-source characteristics. For this reason, the constant
voltage load characteristic is used for measurement except for those power
sources that have a rising output characteristic and cannot be detected by
this kind of load. The principle of the controllable load is shown in the
diagram of Fig. 2.23, in which 200 15A/150W power transistors are con-
nected in parallel as the load.

2.4.2 Measuring method

To study the characteristics in frequency domain, in fact, is to measure the
amplitude-frequency characteristics and the phase–frequency characteris-
tics. The measuring method is as follows.

(i) Set the load current and voltage of the power source at a stable point.
(ii) Vary the voltage across the controllable load according to a sine wave

at a certain frequency. Both the voltage and current across the load
are measured.

(iii) Change the frequency of the sinusoidal signal from 0 Æ •Hz and
repeat the measurement.

The block diagram of the measuring method is shown in Fig. 2.24. Of course,
it is possible also to use a random signal and detect its response. In this case,

42 Arc welding control
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special signal-processing apparatus should be used to find the amplitude-
frequency and phase-frequency characteristics.

2.4.3 Experimental results and analysis

Different types of power sources have been tested and characterised by the
author and his colleague using the method described in the previous
section. Some of the results are shown in Fig. 2.25. From these results, it can
be seen that power sources having different configurations have different
amplitude-frequency and phase-frequency characteristics. Some of them
are minimum-phase systems. For example, an analogue-type transistorised
power source with rising output characteristics has an unstable element in
its transfer function. The amplitude- and phase-frequency characteristics in
the low-frequency range represent the static characteristics of the system;
those in the medium- and high-frequency ranges represent the dynamic
characteristics of the system. From the amplitude-frequency characteristics,
the static-amplification coefficient of the system, which represents the 
reciprocal of the slope of the output characteristic of the power source at
the working point where the measurement is conducted, can be obtained.
Therefore, the larger the amplification coefficient, the flatter the output
characteristic will be, and vice versa, or, the smaller the amplification co-
efficient, the steeper the output characteristic will be (or closer to a con-
stant-current output characteristic). In normal cases, the power source can
be considered to have a flat output characteristic if the amplitude at the
low-frequency end is over 30dB and can be considered to have a constant-
current output characteristic if the amplitude is less than -5dB. The power
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source will have a drooping characteristic if the amplitude is in between
these amplitudes. The phase-frequency characteristics at the low-frequency
end can be used to determine whether the output characteristic is rising or
drooping. If the magnitude of the phase at the low-frequency end is zero,
the power source has a rising output characteristic.To envision these better,
the amplitude-frequency diagrams of all of the power sources that were
characterised are plotted together in Fig. 2.26.

It can be seen that there are large differences between these character-
istics, particularly the dynamic characteristics of the power sources.

On the basis of control theory,[28] the transfer function of a power source
can be obtained by fitting the experimental curves of the frequency-
response characteristics.The method is to determine the values of zeros and
poles and then establish the mathematical expression of the transfer func-
tion. Some practical examples are introduced as follows:

(i) For a simple drooping characteristic, the frequency-response charac-
teristic is shown in Fig. 2.25a. The transfer function can be obtained
by fitting the following equation:

[2.52]

where K = 6A/V, T = 0.127ms
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(ii) For an analogue-type transistorised power source with a series induc-
tance and a flat output characteristic, the frequency-response charac-
teristic is shown in Fig. 2.25b. The transfer function can be obtained
by fitting the following equation:

[2.53]

where K = 47.5A/V, T = 24ms
(iii) For an analogue-type transistorised power source with a flat output

characteristic, the frequency-response characteristic is shown in 
Fig. 2.25c.The transfer function can be obtained by fitting the following
equation:

[2.54]

where K = 47.5A/V, T1 = 0.65ms, T2 = 12ms
(iv) For a generator-type welding power source, the frequency-response

characteristic is shown in Fig. 2.25i. The transfer function can be
obtained by fitting the following equation:

[2.55]

where K = 1.72A/V, T1 = 0.05s, T2 = 0.11ms, wn = 51.5Hz, x = 0.65
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As T2 is relatively small compared with the other constants, its effect
can be neglected. The transfer function above can be simplified as:

[2.56]

Comparing the experimental results to the fitted transfer function with the
theoretical analyses described previously, it can be concluded that the theo-
retical analyses coincide with the experimental results. On the basis of the
transfer function obtained by fitting, the characteristics of the power source
in time domain can be derived and compared with the experimental results
measured by a step response.For example,Fig.2.27b shows the step response
of an analogue-type transistorised power source calculated on the basis of
the transfer function obtained by fitting, and Fig. 2.27a is the step response
of the power source measured directly by experiment. Obviously, they are
nearly the same, which demonstrates that the transfer function is correct 
and is able to describe the overall characteristics of the power source.

2.5 Influence of the transfer function on
technological properties

The transfer function describes the characteristics of the power source and
the power source affects the technological behaviour; consequently, the
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a) Data by direct measurement
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    the transfer function

2.27 Step response of current
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transfer function should have certain relationships with the technological
properties. This should be an important project for study in the future. In
the following paragraph, the evaluation of a power source and its techno-
logical properties that was carried out by the author is introduced.

It is well known that, for CO2 welding using small-gauge wire, a power
source with a flat output characteristics and short-circuiting droplet trans-
fer is used. In this case, the dynamic properties of the power source are of
great importance to the behaviour of the welding arc and production of sat-
isfactory technological properties. For example, low spatter and good bead
formation could not be obtained with an improper power source.
Figure 2.28 shows the frequency-response characteristics of two power
sources for CO2 welding. Both of them have the same static characteristics
but different dynamic characteristics (compare the curves at medium- and
high-frequencies). Technological experiments show clearly that power-
source A behaves better than power-source B. It produces less spatter and
has a more stable arc.
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The discussion above demonstrates that it is possible to evaluate the 
technological behaviour of a power source via its transfer function. In 
other words, the power source can be evaluated by its transfer-function
parameters.

2.6 Summary

(i) The transfer function, which represents both static and dynamic
characteristics, can be used to describe the characteristics of a power source.
It is a more scientific and comprehensive evaluation method than the exist-
ing method based on time domain.

(ii) The transfer function of a power source can be established by direct
measurement using the frequency-domain method. From experiments con-
ducted by the author, the following conclusions can be drawn:

• A power source with a simple drooping characteristic is a first-order
control system and its transfer function can be written as

• An analogue-type transistorised power source with a flat output char-
acteristic is a first-order control system with one zero and the transfer
function can be written as:

• A generator-type power source is a second-order control system and the
transfer function can be written as

The specific parameters of the transfer function can be obtained from 
the frequency-response characteristics. For the power sources mentioned
above, they are

(iii) From the results measured in frequency domain, we can determine
the transfer function. In turn, from the transfer function, we can derive the
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step response in time domain, so as to relate the transfer function with the
experimental method in time domain existing up to the present time. Study
of the correlation of the power-source transfer function with the tech-
nological properties of the welding process will be an important future
endeavour.
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3
Experimental study

3.1 Introduction

In Chapter 1, theoretical principles were presented that explain arc-length
regulation, but the discussion was based on two assumptions: the first
assumed that wire melting is continuous and the second assumed a 
constant-voltage power source with a simple circuit consisting of L and R.
These assumptions, in fact, are different from practical welding processes.
To obtain the actual dynamic behaviour of the process using a theoretical
method is rather difficult because first, the wire melting is not even, and
second, the transfer function of the power source is variable, which is not
easily expressed by mathematical functions and solved by calculations.
Therefore, experimental methods must be employed. The experimental 
difficulties include:

• Measurement of arc length, particularly during a dynamic process. High-
speed photography often is used but the facilities are complicated and
expensive.

• The realization of step changes of either the torch-to-plate distance or
the wire-feed rate.

• There are various sources of random interference due to technological
factors such as surface condition, shielding-gas composition, etc., which
effect the accuracy of the experimental results.

To solve the problem, Pan, Rehfeldt, and Qi proposed two ap-
proaches.[29,33,37] The first was to use an arc simulator that has the same 
characteristics as the real arc, connect it into the welding loop, and measure
the welding parameters directly to obtain the dynamic behaviour of the sim-
ulated arc. The second was to measure the welding parameters repeatedly
during the welding process to obtain a large number of data. The data then
were analysed using statistical methods to obtain the dynamic behaviour of
the real arc. Statistical methods can eliminate the effect of the random inter-
ferences so that objective laws of the arc behavior can be obtained.
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The principle of the method and some of the experimental data obtained
using these two approaches are described in this chapter.

3.2 CO2 welding

Because CO2 welding is performed in the short-circuiting mode, studying
the dynamic behaviour of this process is, in fact, the study of the short-
circuiting process.[30,31]

3.2.1 Welding arc simulator[32,33]

The electrical circuit of the arc simulator for CO2 welding can be con-
structed as shown in Fig. 3.1.

In this figure, the dashed rectangular frame represents the arc, Rs repre-
sents the resistance of the wire extension, Ra represents the rising part of
the arc characteristic, Uz represents the constant-voltage part of the arc,
and K is the switch that shorts and opens the circuit during welding.

Assume that the power source is a constant-voltage type with R, L con-
nected in the welding loop. The transient process of welding with the arc
simulator shown above may be analysed as follows:

The steady current before short circuiting is

[3.1]

The steady current after short circuiting is

[3.2]

The transient process while switching on can be expressed by the differen-
tial equation
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[3.3]

The transient process during switching off can be expressed by the differ-
ential equation

[3.4]

The instantaneous short-circuit current can be obtained by solving Eq. [3.3]

[3.5]

and the instantaneous current after the short circuit by Eq. [3.4]

[3.6]

in which ISM is the short-circuit peak current.
The current rise rate during short circuiting is

[3.7]

The current drop rate after short circuiting is

[3.8]

The current rise rate at the first moment of short circuiting t = 0 is

[3.9]

Eq. [3.5] and Eq. [3.6] can be expressed explicitly by Fig. 3.2.
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The discussion above can be summarised as follows:

• The current rise rate during short circuiting depends on two factors, viz.

and (IM - Im). The former is the reciprocal of the time constant,

1/t, and the latter is the difference between the steady current before
and after short circuiting, which depends on the output characteristics
of the power source.

• The change of L results in a change of the time constant of the power
source but not of the value (IM - Im).

• The change of R results in a change of both the time constant of the
power source and the value (IM - Im).

• In the case of MIG - MAG welding, the dynamic characteristics are 
regulated by L and the output characteristics are regulated by R. But
regulation of R changes the transient process, i.e. the current-rise rate
and drop rate of the short circuit, simultaneously.

• Regulation of R can be carried out by two means. The first is to keep 
E unchanged and change R to regulate Im. Im is the arc current and 
can be regarded as the welding current. In this case, Eq. [3.9] can be
rewritten as

[3.10]

Obviously, decreases while R increases. Normally, E = 25 to 

40V, Uz = 10 to 20V, L = 0.1 to 0.5mH, Ra = 0.1 to 0.02 W, Rs = 0.1 to
0.02W, and R is a quantity of the same order. Substituting these data
into Eq. [3.10] shows that the change of R produces only a slight change 

of . Another means of changing R is to keep Im constant and 

consequently increase the open-circuit voltage of the power source E.
In this case, Eq. [3.9] can be rewritten as

[3.11]

Obviously does not change while R is regulated. Regulation 

of R results in a change only of IM and time constants.
• From the discussions above, it is clear that the current-change rate 

at the moment of short circuiting, , and after it, , can be 

flexibly regulated by changing R, L and E. The waveform of the rising
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current can be different, as shown in Fig. 3.3, for a different combina-
tion of R, L and E. Practical experience shows that optimum welding
results can be obtained using an appropriate combination of drooping
characteristics of the power source and inductance in the welding loop.
The current waveform during short circuiting is an important charac-
teristic. Comparing the waveforms of A and B in Fig. 3.3, it is seen that,

in case A, is larger, but is smaller than in case B.Therefore,

in order to study the dynamic behaviour of the power source, measur-
ing the parameters both during short circuiting and after the short 
circuiting event is necessary.

• The dynamic behaviour of the welding loop depends not only on the
parameters of the power source, but also on the parameters of the arc,
Ra, Rs, Uz.

The parameters Ra, Rs, Uz and the on-off frequency of the switch K
in the apparatus shown in Fig. 3.3 can be changed steplessly. The advan-
tages of the measuring method are a) the dynamic behaviour of the
welding process with different loads can be measured directly, and b) as
the short-circuiting frequency can be kept stable, an oscillograph can 

record the waveform of the short-circuit current, from which and

other related parameters can be calculated.

3.2.2 Detecting dynamic characteristics using 
an arc simulator[37]

From the previous discussion, it is known that the dynamic behaviour mea-
sured by an arc simulator includes the characteristics of both the power
source and the arc. Should the arc simulator be kept unchanged and the
measurement be carried out with different power sources, the results then
can be used for analysing the characteristics of the power sources.
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The author characterised three different power sources. The power
sources used were

(i) a full-wave rectifier type made by the Cloos Company,
(ii) a full-wave rectifier made by the Oerlikon Company and having an

external inductance with taps, and
(iii) a Hobart motor-generator type with a series (positive) excitation coil

giving rising output characteristics.This power supply also had a resis-
tance included in its welding loop so that the slope of the output char-
acteristics could be regulated. Changing the resistance could change
the output characteristics from a rising to a drooping state.

Before the welding tests were started, the output characteristics of the
machines were measured. Namely, the characteristics were measured using
tap No.4A of the Cloos machine, tap No. 1 of the Oerlikon machine, which
has three different taps of inductance 1.2, 1.6, 2.4, and the Hobart machine
with three resistance settings for obtaining rising, flat and drooping output
characteristics. The results of the measurements are shown schematically in
Fig. 3.4.

After the arc simulator was connected to the power source, the 
waveforms of the welding voltage and current were recorded using an 
oscillograph.

Figure 3.5 shows the results for the Oerlikon power source when the arc
simulator with the conditions of 230A, 23V, short-circuiting frequency of
90Hz, and short-circuiting time of 3ms was connected to it. Figure 3.5a, b,
and c show the results for three different inductance values. Figure 3.6
shows the results for the Hobart machine when the arc simulator was set
with the conditions of 210A 20.5V, short-circuiting frequency of 90Hz,
and a short-circuiting time of 3ms. Figure 3.6a, b and c are the results 
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when R was increased. In the experiment, in order to keep the static work-
ing point of the arc unchanged, the open-circuit voltage of the machine 
was increased accordingly: see the Ar, CO2 and T curves of Fig. 3.4b. It 
was found that the Oerlikon and Hobart machines had different current-
rise rates when the circuit was shorted. The current waveforms were 
more distinct when the scanning speed of the oscillograph was increased:
see Fig. 3.7.

By measuring the waveforms, the dynamic characteristics of the various 

power sources can be calculated. Table 3.1 shows the values of and 

for seven tests. Obviously, the data for and are 

greatly different for the Hobart machine at a short-circuit time of 3ms.
This feature is different from the other two types of machines, which 
would certainly affect the technological properties of the welding 
process.

3.2.3 Direct measurement

As mentioned previously, the direct measurement of the dynamic behavi-
our of the arc is difficult because of various random interferences that 
occur during welding. Taking advantage of the Hanover Arc Analyser
invented by Rehfledt,[32,33] the author measured the dynamic behaviour of
CO2 welding. Then, statistical methods were used to process and analyse
the large quantity of data that were obtained.[37]
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3.7 Comparison of current and voltage waveforms of Oerlikon and
Hobart machines
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The functions of the Hanover Analyser are

• high-speed measurement of arc current and voltage (20000 times/s),
automatic sorting of the data, and sending them to a printer

• recording the number and time duration of the short circuits,sorting them
according to their time duration, and sending them to a printer, and

• recording the current and voltage waveforms.

The aims of the measurements were to observe

• the effect of inductance,
• the effect of output characteristics, and
• the effect of arc voltage.

Experiments were carried out with the parameters shown in Table 3.2.
The welding parameters were established using normal optimum short-
circuiting conditions.

For each set of welding parameters, five pieces of 400mm long specimens
were welded. During welding of each specimen, the Hanover Arc Analyser
was operated for 30s; therefore, 150s of parameters were measured. That
means that 3 million values of welding current and voltage and 15000 short-
circuits were recorded.The data then were statistically analysed.The results
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Table 3.1 Dynamic parameters of short-circuiting welding

No. Machine Tap setting

1 Cloos, No.4A 61.7 61.7
GLS303 PA /3

2 Oerlikon, L = 1.2 55.0 55.0
CP-GL 500 (Low inductance)

3 Oerlikon, L = 1.6 29.2 29.2
CP-GL 500 (Medium inductance)

4 Oerlikon, L = 2.4 22.3 22.3
CP-GL 500 (High Inductance)

5 Hobart, Ar 93.3 210
Multiwire (Rising-output
MC-500 characteristic)

6 Hobart, CO2 76.7 210
Multiwire (Flat-output
MC-500 characteristic)

7 Hobart, T 66.7 210
Multiwire (Drooping-output
MC-500 characteristic)
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Table 3.2 Welding parameters

No. Machine Regulation Current Voltage Welding Shielding gas
tap (A) (V) travel speed flow-rate

(cm/min) (L/min)

1 Cloos 4A 195–210 17 37.5 15
2 Oerlikon L = 1.2 210 22 37.5 15
3 Oerlikon L = 1.6 210 22 37.5 15
4 Oerlikon L = 2.4 207 21 37.5 15
5 Hobart Ar 190 18.5 37.5 15
6 Hobart CO2 195 17.5 37.5 15
7 Hobart T 200 18.5 37.5 15

Wire dia F1.2mm, Gas: Ar-rich mixture Coxogen

Ua (A)

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
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3.8 Probability of arc-voltage samples (Cloos machine)

are shown in Figures 3.8 to 3.13. Figures 3.8 to 3.10 present probability 
distributions of the arc voltage; the abscissae represent the voltage and 
the ordinates represent the probability of the sampled data expressed in
percentage on a logarithmic scale. From these figures, it can be seen that 
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all the sets of welding parameters for the three types of power sources 
represented typical short-circuiting behaviour.

The arc-voltage probability curves have two peaks. The left-hand peak
represents the probability of short circuits and the right-hand peak repre-
sents the magnitude of the actual arc voltage. The Cloos machine showed
the lowest value, 19–20V; the Hobart machine was at 20–21V; and the 
Oerlikon power supply showed the highest value at 23–24V. The voltage
values of these three peaks were coincident with the static working point
of the arc. Furthermore, the three curves in Figures 3.9 and 3.10 almost coin-
cided, which means the static arc working point remained unchanged while
their dynamic characteristics were regulated.

Figures 3.11 to 3.13 show the durations of the short circuits and the prob-
ability of their appearance.The abscissae represent the duration of the short
circuit and the ordinates represent the probability of occurrence of the
short-circuit expressed as a percentage.These curves will be denoted ‘short-
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circuit probability curves’. It can be seen from these figures that the prob-
ability curves are quite different for the seven sets of welding parameters.
In summary:

(i) Although the seven short-circuit probability curves are different,
there is a common configuration, i.e. all of them have two peaks. One
is near ts @ 0, the other is at ts > 2ms.

(ii) From the three curves for the Oerlikon machine, it can be seen that
when the inductance is increased, the position of the first peak does
not change but the position of second peak shifts to the right. There-
fore, the short circuits can be classified into two categories: the first
is ts < 2ms and the second is ts > 2ms. The duration of first category
is short and is not affected by inductance, which is manifested by the
droplet transfer not being related to the electromagnetic force and 
current. The duration of the second category is longer, is closely
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related to the inductance (the larger the inductance the longer the
duration) and is manifested by the droplet transfer being affected
considerably by the electromagnetic force and current.

The oscillograph recording shown in Fig. 3.14 presents the current
and voltage waveforms for small and large inductances. From these
figures, it can be seen that the peak of the short-circuit current is obvi-
ously decreased and the duration of short circuit is increased when
the inductance is increased.

In order to obtain quantitative data, the author statistically
analysed the results recorded by the Hanover Analyser. Table 3.3
summarises the average short-circuit frequency (NA/s), the total dura-
tion of short circuits per second (tss), the short-circuit frequency of the
first category (N1/s), the short-circuit frequency of the second cate-
gory (N2/s), the average duration of the short circuit of the second
category (ts2), the maximum short-circuit current (ISM), average Úis

2dt,
and average Úisdt, etc.
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(iii) From the three probability curves of the Hobart machine shown in
Fig. 3.13 and Table 3.3, it can be seen that when R is increased, the
total duration of short-circuits per second (tss) and the average dura-
tion of short-circuits of the second category (ts2) are increased, and
the right part of the probability curve shifts to the right. These phe-
nomena are the same as the effect of increasing L. However, in the
present case, when R is increased, the short-circuits of the first cate-
gory are also affected; their number is greatly increased.

Figure 3.15 shows the waveforms of the Hobart machine with rising
and drooping characteristics. Comparing these two wave forms, the
following phenomena can be observed:

a. For the Hobart machine using Ar, the major short circuits are of
the second category; there are very few of the first category. For
the Hobart machine using T, some of the short circuits of the
second category convert to the first category.
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3.12 Probability of short-circuits (Oerlikon machine)
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b. The duration of the second category short circuits for the Hobart
T arrangement is obviously longer than that for the Hobart Ar
arrangement.

c. The current-rise curves, , for these two arrangements are 

quite different and the value of (IM - Im) is smaller for the Hobart
T arrangement.

d. The current-drop rate, , after short-circuits is different as 

well. The Hobart T has a much smaller time constant.
e. The arc current for the Hobart T has a much higher value.
All of these phenomena, particularly e., make the short-circuit trans-
fer from the second category to the first category.

(iv) The Cloos machine has a short-circuit probability curve that is dif-
ferent from all of those described above; it has a very small amount
of short-circuits of the first category; the majority are of the second
category, as shown in Fig. 3.16. This results from lower arc voltage.
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3.13 Probability of short-circuits (Hobart machine)
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0
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3.14 Current and voltage waveforms for the Oerlikon machine

The arc simulator provides a means for measuring the dynamic behavior
of welding arcs. The Hanover Analyser can record large quantities of arc
parameters for statistical analysis of the arc characteristics. It may be a
promising approach to establish an ideal and accurate index of the dynamic
characteristics of the arc that could be used as the norm for evaluation of
the power source or welding process.This would allow a more detailed com-
parison between the technological properties of welds (e.g. spattering and
bead formation) and the statistical results of the arc characteristics.

3.3 DC MIG welding

Because CO2 welding is a short-circuiting process, it is a transient process
for each short circuit. The characteristics of the transient process determine
the quality of the welding arc and the weldment. For this reason, the arc
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simulator described in Section 3.2.1 was designed to characterise the tran-
sient process of the short circuit. It can be used for characterising CO2

welding and other welding processes that produce short circuits. In DC
MIG welding on the other hand, short-circuiting occurs only occasionally.
Therefore, research for such a process is focused on the steady-state arc
behaviour. For example, the effect of changes to the torch-to-plate distance,
incoming-voltage, and the wire-feed rate on the technological properties
and the quality of the weldments are of interest. From the introduction to
the CO2 arc-simulator design in Section 3.2.1, it is seen that it is based on
the assumption that the arc length, torch-to-plate distance, and wire-feed
rate are stable and the short circuit is simulated by an artificial constant-
frequency switching action. This design does not affect the simulation and
measurement of the CO2 welding process but it would not work for DC
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3.15 Current and voltage waveforms for the Hobart machine
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MIG welding. A different design for a DC MIG welding arc simulator is
necessary.

3.3.1 MIG welding arc simulator[29]

For MIG welding, four dynamic equations that incorporate process para-
meters can be written as:

[3.12]

[3.13]

[3.14]

[3.15]

where H is torch–to plate distance, Ls is wire extension, La is arc length,
I is welding current, Vm is wire-melting rate, Ua is voltage drop across arc
column, U is arc voltage including the voltage drop of the wire extension,
and Vf is wire-feed rate.

Although Eq. [3.12] and Eq. [3.14] are accurate expressions, Eq. [3.13]
and Eq. [3.15] are derived from more accurate expressions that are non-
linear equations. Linear expressions are derived using the Taylor-expansion
formula. For more details, see Reference[29], Sections 8.1.2 and 8.2.2, and
Equations [8.26], [8.27], [8.28], and [8.29].

Taking Laplace transforms of the above equations, a block diagram can
be constructed according to their interactions, as shown in Fig. 3.17, which
is the configuration of the MIG arc simulator.

By performing a large number of experiments and applying linear regres-
sion analysis, the parameters of Equations [3.13] to [3.15] were obtained for

V k L k I Cm r s c= + + 2

V V dL dtf m s- =

U k L k I k L Ci s q a a= + + + 1

H L Ls a= +
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3.16 Current and voltage waveforms for the Cloos machine
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certain welding conditions, as shown in Equations [3.16] and [3.17].The spe-
cific welding conditions were 1.0mm wire diameter, H08Mn2Si wire mate-
rial, Ar + 10%CO2 shielding gas, 28V arc voltage, and 200A arc current.[29]

[3.16]

[3.17]

By substituting the welding parameters into the block diagram and
designing the electrical circuit, the MIG arc simulator can be constructed.

From Fig. 3.17, it can be seen that the transistor T is the analogue element
of the arc simulator; if the welding current is very large, an array of tran-
sistors can be applied. R is the resistance for the sampling current. The
control circuit of transistors is configured according to the block diagram
shown in the rectangular frame. Following the variation of torch-to-plate
distance, H, wire-feed rate, Vf, and welding current, I, the voltage across the
transistors varies according to Equations [3.12] to [3.15], thereby simulat-
ing the static and dynamic behaviour of the arc.

3.3.2 Experimental verification

In order to verify the validity of the arc simulator, an experimental method
was designed by the author. An analogue-type transistorised power source
with a constant-voltage output characteristic was applied. Its output voltage
was controlled by the input signal, Ug.The parameters for the actual welding
process and the design of the arc simulator in the experiment were: 1.0mm

V I Lm s= + -0 0488 0 288 6 31. . .

U L I La s= + + +14 3 0 944 0 0386 0 12. . . .
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3.17 Configuration of MIG arc simulator
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wire diameter, H08Mn2Si material, Ar + 10%CO2 shielding gas, 28V arc
voltage, and 200A welding current. The parameters for the design of the
arc simulator were obtained from Equations [3.16] and [3.17]. The block
diagram for the experiment is shown in Fig. 3.18.

The voltage and current signals were recorded in two ways: (i) by an X-
Y recorder, and (ii) by photography directly from the screen of the oscil-
loscope. For convenience, most of the experimental results were obtained
from the X-Y recorder.

For detecting the dynamic response of the process, a step-input signal was
given to Ug of the power source.Then, the voltage and current changes were
recorded, both for the actual welding process and for the arc simulator. The
experimental results are shown in Fig. 3.19.

Comparing Figures 3.19a and 3.19b shows that the feedback gain, rise
time, and settling time for both the actual arc and the simulated arc are very
close to each other. When the experiments were repeated for different
welding-arc voltages and currents, similar results were obtained. Because
the power source used for both cases was the same, it can be concluded that
the arc simulator represents the real welding arc and can be used for study-
ing the dynamic process of real MIG welding.

3.3.3 Dynamic behaviour of MIG welding

As it has been shown that the arc simulator can be used instead of the real
arc for studying the transient response of the welding process, the experi-
ments were conducted as shown in the block diagram of Fig. 3.20.

3.3.3.1 Effect of the dynamic characteristics of the power source

The transfer function of a transistorised power source, which is the object
of this investigation, is
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Analogue-type
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3.18 Block diagram for arc-simulator verification experiments
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Power source A, Kp = -1/47.5, T = 0.65ms
Power source B, Kp = -1/47.5, T = 24ms
The dynamic response of the arc length is shown in Fig. 3.21. It can be

seen that, for power sources A and B, the difference is not big so it can be

G s
K Tp s

( ) =
+( )

1
1
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Voltage waveform

a. Step response of the arc simulator

Current waveform

Voltage waveform Current waveform

b. Step response of the actual welding arc

Ordinate DU: 1.1V/Div, Abscissa: t: 1ms/Div Ordinate DI: 250A/Div, Abscissa: t: 1ms/Div

3.19 Step response of welding voltage and current

Storage oscilloscope

X-Y Recorder

U

I

H

Vf

G(s)

Power source

Arc
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Arc length La

3.20 Block diagram for detecting the dynamic response of the MIG arc
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concluded that the time constants of the power sources have small effects
on the dynamic responses to arc-length changes if the difference of arc
length is not large.

3.3.3.2 Effect of the static characteristics of the power source

The power sources that were studied were analogue, transistorised units
that had the following static-output characteristics.

A Slope of static output characteristic Kp = -1/21.1
B Slope of static output characteristic Kp = -1/44.8

74 Arc welding control

Power source B  

t=0

Power source A  

t=0

DL
a=

0
DL

a=
0

Step change of torch-to-plate distance 

Abscissa t: 0.025 s/Div  Ordinate DLa: 0.2 mm/Div

3.21 Effects of power-source dynamic characteristics on arc-length
self-regulation
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C Slope of static output characteristic Kp = 1/120
D Slope of static output characteristic Kp = 1/33.3

The experimental results are shown in Fig. 3.22. It can be seen that the
arc-length self-regulation ability was strengthened when the slopes of 
the output characteristics were increased. First, the response speed was
increased and second, the steady-state error was reduced. Both of these
results agree with theoretical analysis. But when Kp exceeds a certain value,
the steady-state error will be negative, which means that the arc length is
decreased when the torch-to-plate distance is increased. In other words, the
arc length self-regulation ability is not normal. Therefore, it cannot be said
that the arc length self-regulation ability is the best when the slope of the
power source static characteristic coincides with the slope of arc static char-
acteristic. This conclusion can also be drawn from the theoretical analysis.

3.4 Pulsed MIG welding

Pulsed MIG welding is a new arc-welding process. The outstanding advan-
tage of this process is that the droplet transfer is controlled such that the
droplets are very small and uniform with little spatter. The face of the weld
bead is smooth and cosmetically attractive. As a wide range of welding 
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3.22 Effect of power-source static characteristics on arc-length 
self-regulation
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parameters can be achieved, it can be used for various plate thicknesses.
However, there are several welding parameters that interact in a com-
plex manner including pulse-current duration (tp) and amplitude (Ip),
background-current duration (tb) and amplitude (Ib), and wire-feed speed
(Vf). They must be co-ordinated properly to obtain a satisfactory arc. Even
when this is accomplished, the arc can be disturbed by external perturba-
tions that impair arc stability and weldment quality. For many years, welding
experts have worked on control methods for pulsed MIG welding (see
Chapters 4 and 5) to simplify the setting of welding parameters and ensure
a stable arc even under disturbances. To achieve this goal, evaluation of
existing pulsed MIG welding and testing of newly developed pulsed MIG
processes are needed. Because the pulsed MIG process is complicated, the-
oretical analyses are difficult and the application of an arc simulator for
study is useful.

The pulsed MIG process can be classified into the following categories
(see Sections 4.1, 4.2, 5.2, and 5.3).

(i) Pulsed MIG using Synergic control. This control system was invented
by TWI in the UK and is now widely applied in industry worldwide.[34]

In this system, the power source has two constant-current output
characteristics. Pulsed current is obtained by periodically switching
these two output characteristics.The switching frequency is controlled
by the wire-feed speed, which is designed on the basis of a mathe-
matical model so that optimum and even droplet transfer can be
obtained using a one-knob control.

(ii) Pulsed MIG controlled by instantaneous arc voltage. The principle of
this control system can be described with the help of Fig. 3.23. The
power source has two constant-current output characteristics. For
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3.23 Static output characteristics of a power source

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



control purposes, two arc voltages are set; see A and B in the figure.
When the arc is on the background-current characteristic, the wire-
feed rate is higher than the melting rate; therefore, the arc is short-
ened and the operating point moves down along the output
characteristic of the power source. As the arc operating point reaches
point A, the control circuit triggers the power device and transfers
the arc to a pulsed-current characteristic. At this stage, the wire-feed
rate becomes less than the wire-melting rate; therefore, the arc oper-
ating point moves upward along the pulsed-current output charac-
teristic. As it reaches point B, the control circuit triggers the power
device and transfers the arc to the background output characteristic.
The action repeats itself continuously and the arc length varies
between La1 and La2. If A and B are properly chosen, a stable arc will
be realized. Because transfer of one droplet during each pulse is
required, the control circuit should be modified so that tp is not too
short and one droplet could not be transferred during this time
period. This control system provides very strong arc length self-
regulation. The arc length can be maintained even when the torch or
wire feed shakes.

(iii) Pulsed MIG controlled by an arc-length feedback circuit. Many
research projects have been conducted, both in China and abroad, on
arc-length feedback control. One of the developments was made by
the Mitsubishi Company of Japan.[35] In this system, an open loop and
a feedback loop are used simultaneously to control pulsed MIG
welding. A wire-feed rate signal is used according to a mathematical
model for control of the pulse frequency, which makes the melting
rate equal to the wire-feed rate. In addition, an average arc-voltage
signal is used for a feedback loop to adjust the pulse parameters and
compensate for random disturbances.The disadvantage of this system
is that the time required to take the average arc-voltage signal
degrades the dynamic characteristics of the control. Furthermore, the
average arc voltage does not represent the arc length when there is
arc blow. In another feedback control method that was proposed,[36]

the arc voltage at some instant during each pulse period was taken
as the arc length (for instance, the arc voltage 1ms after the leading
edge of the pulse current) and used as the feedback-circuit signal.
Normally the feedback loop controls the duration of the background
current and thus provides the control of the pulsed MIG process.

3.4.1 Pulsed MIG welding arc simulator

One of the difference between MIG and pulsed MIG welding is associated
with the melting rate. In DC MIG welding, melting is basically continuous,
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but in pulsed MIG welding, melting is intermittent. The wire does not melt
during the background-current period. Melting during welding is due to two
factors; one is the pulse current, just like normal MIG welding, and the other
is the previous background current, which depends on Ib and tb. If Ib remains
constant, then melting is proportional to tb. For simplicity, assume that the
contribution is offered evenly during the pulse period; then the melting rate
during pulsing can be expressed as follows:

where kb is the factor of influence, tb(n - 1) is the previous background
current duration and tp(n) is the pulse current duration.

In the case of steel wire and an arc that is not too short, the effect of ku

can be neglected; then

For most pulsed MIG machines, the range of tp is not wide, so that kb/tp can
be approximately taken as a constant kg. The equation for Vmp can be sim-
plified as:

[3.18]

Other dynamic functions for pulsed MIG are the same as those for the
DC MIG process, which can be rewritten as follows:

Using the same method as described in previous paragraphs, the Laplace
transforms of the four equations above are taken and the block diagram
drawn according to their interactions. The configuration of the pulsed MIG
arc simulator can be obtained as shown in Fig. 3.24. Similarly, the coeffi-
cients of Eq. [3.18] can be obtained from a large number of experiments
and linear-regression analysis of the data by the multi-parametric method
of least squares. Then Eq. [3.18] can be written as[29]

The parameters are substituted into the block diagram and the electrical
circuit designed according to the diagram. The pulsed MIG arc simulator
can thus be obtained.

3.4.2 Experimental verification

The validity of the arc simulator needs to be experimentally verified. For
this purpose, an experimental method was designed by the author. The
power source used for the experiments is shown in Fig. 3.25. It consists of

V L I t tmp s P b p= + - +4 49 0 705 148 1 8 37. . . .

H L L V V dL dt U k L k I k L Cs a f m s i s g a a= + - = = + + +, , 1

V k L k I C k t nmp r s i p g b= + + + -( )2 1

V k L k I C k t n t n nmp r s c p b b p= + + + -( ) ( ) =( )2 1 0 1 2, , ,K

V k L k I k U C k t n t nmp r s c p u a b b p= + - + + -( ) ( )2 1
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one feed-forward path controlled by the wire-feed rate signal and one feed-
back loop controlled by the arc voltage during the current pulse.

In this system, signal U is sampled and held during the current-pulse.
According to Eq. [3.13], when Ip is constant and the voltage drop on the
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wire extension is small, then U can be regarded as the arc-length signal. For
verification of the validity of the arc simulator, the dynamic response of
both the actual welding arc and the arc simulator are recorded while a step
change is given to input Ug. The welding conditions were: H08Mn2Si wire
material, 1.0mm wire diameter, Ar + 10%CO2 shielding gas, 100A average
welding current, 22V average welding voltage, and 20mm torch-to-plate
distance.

The arc simulator was designed on the basis of parameters obtained by
experiments. The average welding current was 100A and the average
welding voltage was 22V. The experimental results are shown in 
Fig. 3.26. From this figure, it can be seen that the arc-voltage response for 
both the actual arc and the arc simulator were almost the same, although,
for the real arc, the process gain was smaller and the settling time was
shorter. The experiments have been repeated using different welding cur-
rents and voltages. The same conclusion was drawn from all of these exper-
iments. All of these results verified that the arc simulator adequately
represents the real arc and can be used for further study of pulsed MIG
welding.

3.4.3 The dynamic behaviour of pulsed MIG welding

The arc simulator can be used for measuring the dynamic behaviour of the
arc with different pulsed MIG welding machines. It can also be used for
developing new types of pulsed MIG machines. Various existing pulsed
MIG welding machines have been tested by the author. The block diagram
for testing was the same as that shown in Fig. 3.20. The results are shown
in Fig. 3.27.

From the experimental results, it can be seen that the machine controlled
by instantaneous arc voltage has the fastest response to changes of arc-
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3.26 Voltage response for pulsed MIG welding
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length. The arc-length error could be corrected in one pulse period when a
disturbance occurred. Moreover, it had the least static error. The settling
time for the Synergic machine was the longest; there was almost no self-
regulation of arc length. Arc-length correction using a closed-loop con-
trolled machine had dynamic properties between them.

3.5 Summary

Welding current and voltage can be sampled and recorded at very high
speed using the Hannover Arc Analyser. Certain rules of arc behaviour can
be obtained by statistically analysing the data and relating it to the tech-
nological behaviour of the welding arc.This can be recommended as a good
approach for the study of the dynamic behaviour of the arc.

An arc simulator can be used for detecting the dynamic characteristics
of a power source, as well as their effects on the welding process. The most
important feature of the arc simulator is that it can avoid random distur-
bances and represent the dynamic behavior of a real arc. The procedures
for designing an arc simulator are as follows:
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(i) Set up the dynamic functions of the welding process.
(ii) Determine the coefficients of the dynamic functions by experiments.

(iii) Set up the block diagram of the arc simulator.
(iv) Design the electrical circuit according to the block diagram.

The arc simulator provides a good means for studying and developing
power sources and their controls.
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Part II
Welding arc control
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4
Control method QH-ARC 101

4.1 Status of research on welding arc control

An important area in the development of arc welding is the control of the
arc. The most basic control is to maintain the arc, or, in other words, keep
the output characteristic of the power source steeply drooping. To ac-
complish this is rather simple; leakage flux in the transformer or a separate
inductor is used with an AC power source, or split magnetic-pole or nega-
tive-feedback magnetic pole excitation is used with a generator-type DC
power source. Each of these measures can produce a drooping characteris-
tic, but they do not control dynamic characteristics, which have important
effects on weldment quality. New arc controls were developed when auto-
matic welding processes were invented, mainly the automatic regulation of
arc length. For manual arc welding, the arc is controlled by the welder so
there is no necessity to control the arc length. For automatic welding,
however, in order to maintain a continuous arc there must be automatic
arc-length regulation. Two approaches have been developed for this
purpose: the constant wire feed-rate system and the arc voltage feedback-
controlled wire feed-rate system, which were described in Chapter1.
However, the dynamic characteristics of both of these systems cannot be
controlled up to the present, and their theoretical analyses have not been
presented.

Since the 1960s, welding arc controls have been developed simul-
taneously with the rapidly developing electronics industry. For manual arc
welding, a high open-circuit voltage and a steeply drooping power-source
characteristic are connected in parallel with the main power source in order
to improve the stability of the arc and decrease the capacity of the main
power source. A combination of a constant-current characteristic at high
arc voltage and a drooping characteristic at low voltage is used to improve
arc ignition.[38]

For TIG welding, because the electrode is not melted, the arc-length
control is much easier and more effective.[39–41] A magnetic field is applied
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to control the deflection of the arc.[42] Much research has been done on the
correlation between welding current-pulse parameters, and bead formation
and penetration.[43,44] A lot of work also has been done on arc-length and
weld-penetration control for plasma-arc welding; photo-electronic sensors
have been developed for keyhole and penetration control.[45–49]

For CO2 welding, the traditional way is to control spatter formation, arc
energy and penetration is by controlling the dynamic characteristics of the
power source.[37,50] The drooping output characteristic also affects the
dynamic properties of the arc and the amount of spatter produced.[51] In
recent years, step-output characteristics have been used to prevent arc
breakdown, decrease spatter formation, and improve bead forma-
tion.[52–54,111] Current pulsing,[55–59] mechanical wire-feed pulsing[60–63] and a
combination of both[64] also have been developed in recent years for con-
trolling the short-circuiting process, decreasing spatter, and improving bead
formation. Magnetic fields also are applied for controlling the CO2 arc to
reduce the bead penetration.[65] As the parameters of CO2 welding are
simpler than those of other processes, one-knob control can be achieved
using an appropriate combination of wire-feed rate and output voltage of
the power source.[55]

Pulsed MIG is one of the most widely used processes among the MIG
welding methods. It can achieve spray transfer over a very wide range of
welding currents and provide excellent weld quality. Its arc characteris-
tics,[66–69] arc shape and droplet transfer[70–81] have been studied thoroughly.
Square-wave TIG welding[82] and quasi spray-transfer MIG welding[83–86]

were successfully developed for Al welding. In the 1970s, a high-power 
transistorised power source was developed for investigating and realising
welding-arc control. Since the invention of the power source, a great deal
of attention has been devoted by industrial scientists and engineers,
and research and development work has been carried out by many 
institutions.[87–104]

The traditional method of pulsed MIG control is based on control of the
arc length and metal transfer by setting the current and pulse para-
meters.[105–109] There are many parameters; for example, the pulsing para-
meters (Ib, Ip, Tb, Tpf ), which should be set manually in order to match the
wire-feed rate and obtain a satisfactory arc length and metal transfer. The
problem with this method is that the parameters must be reset when any
welding circumstance is changed. Moreover, the robustness of the system
to random disturbances is poor. During practical welding, disturbances due
to arc-length, wire-extension and wire-feed change are inevitable. In such
cases, the arc length, metal-transfer mode and arc stability will change,
which will impair weld quality.

In order to improve arc-length self-regulation, researchers outside China
have investigated the effect of output characteristic slope on self-regulation
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ability.[112–114] Non-linear output characteristics were used to improve the arc
stability and its resistance to disturbances.[115,116] In 1981, Ohshima in Japan
applied two slowly rising output characteristics (0 < K < ka) and alternated
between them to achieve arc stability.[117] In this control method, as the arc
length was regulated by the arc current, the metal-transfer mode was dis-
rupted due to the change of current; therefore, there was a contradiction
between the improvement of arc-length self-regulation ability and main-
tenance of optimum metal transfer. Obviously, alternating the output 
characteristics would not significantly improve the resistance of the arc to
disturbances, no matter how complicated the output characteristics were.
Moreover, there were too many parameters to be controlled, which 
complicated the regulation.

In order to simplify the regulation of parameters, a control method called
Synergic was invented by TWI in the UK.[34] The wire-feed rate was taken
as the input signal and a mathematical model determined the welding para-
meters so that the arc length and metal-transfer mode could be obtained
using an arbitrary wire-feed rate. Because this was an open-loop control, its
resistance to arc-length disturbances was inadequate. If disturbance other
than changes in the wire feed-rate happened, the arc length and metal-
transfer mode were disrupted.

To improve the self-regulation ability of the MIG arc, a closed-loop
control method for pulsed MIG has been studied. For example, one closed-
loop and one open-loop control circuit was used simultaneously for pulsed
MIG by the Mitsubishi Company of Japan. This method was patented in
Europe.[35] In this system, the wire-feed rate is taken as the input signal to
control the pulse frequency, so the melting rate is basically equal to the wire
feed rate. The average arc voltage is then taken as a feedback signal for
controlling the pulse parameters, which then can adapt to random dis-
turbances. The drawbacks of the system are as follows:

(i) The average arc voltage is taken as the closed-loop input, but the
average arc voltage does not represent the instantaneous arc length.

(ii) The average arc-voltage signal is obtained by an integral element that
has a long time constant; thus, the arc-length regulation ability and
dynamic response are inadequate.

(iii) As switching-type transistors and an inductor filter are used for the
main power circuit, pulsation of the current is large and the dynamic
characteristics are inferior.

Due to the nature of the welding process, the welding current always fluc-
tuates and random disturbances occur repeatedly. Therefore, detecting the
instantaneous arc-length signal is difficult. On the other hand, because the
droplet-transfer arc length varies continuously during welding, it is impossible
to keep the arc length constant. Attempts to keep the arc length constant
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would result in resonance of the system. That is the reason the average arc
length is used as the input control signal. As the welding-pulse frequency
varies over a wide range, in order to ensure system stability at low frequency,
the time constant of the integral element or filter for the arc-voltage signal
must be sufficiently large. This is the primary reason why the dynamic char-
acteristics of the closed-loop arc-length control system are deficient.

In order to improve the dynamic characteristics of the closed loop arc-
length control system, a discrete closed-loop control system was developed
by a scientist at Kyoto University, and others, in 1982.[118] It takes the arc
voltage at a certain instance for each current pulse as a measure of the arc
length and keeps the arc-length value unchanged using a closed-loop
control. In this system, however, the background current is the controlled
variable. Because too small a background current can break down the arc
and too large a background current would result in globular metal trans-
fer, this approach has a limited area of application. Moreover, the arc-
voltage sampling frequency is fixed, but the pulsed current frequency can
be regulated when welding parameters are changed; the sampling frequency
of the arc voltage should be changed accordingly. Summarising above
descriptions, the new control methods have the following features:

(i) On the basis of electronic technology, a high precision, high dynamic-
performance power source has been developed that can furnish 
accurate static characteristics.

(ii) A closed-loop control system has been developed on the basis of
control theory.

(iii) Pulsing technique has been applied to improve arc behaviour and
bead formation.

(iv) Using an electronic circuit, a one-knob control has been developed
to simplify setting welding parameters.

Since 1978, the author and his colleagues have proposed several original
arc-control methods. They are quite different from all existing methods.
Although they were developed for certain welding processes, they have 
universal applicability to newly-developed welding power supplies and
their control systems.

4.2 Principle of control method QH-ARC 101[89,110]

An ideal arc-welding control system should have the following properties:

(i) Provide a stable and continuous arc.
(ii) Produce even and reliable droplet transfer without spatter.

(iii) Provide good arc-length self-regulation, good resistance to random
disturbances, and good dynamic response.

(iv) Should be easy to operate with any set of welding parameters.
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The development of electronics technology is stimulating improved tech-
nology for welding power sources. The traditional AC power-source trans-
formers and DC generators have been replaced rapidly by rectifiers, SCRs,
transistorised power supplies, and recently, IGBT inverter-type power
sources. Their static accuracy and dynamic characteristics have been
improved significantly but the control method basically has not changed.
The output characteristics of all types of machines can be classified into
three categories, namely flat, vertical and drooping. For pulsed MIG
welding, the characteristics are a combination of the three types given
above: see Fig. 4.1. Although these output characteristics are simple, they
cannot meet the arc-control requirements of modern machines. These are
described below in more detail using the characteristics shown in Fig. 4.1
as examples.

The characteristic shown in Fig. 4.1a is the conventional method for
pulsed MIG welding. Constant-voltage output characteristics are used for
both the background current and the pulsing current. The method shown
in Fig. 4.1b also applies a constant-voltage output characteristic for its back-
ground current. For both methods, the arc is easily extinguished during the
background current when a random disturbance appears. In order to ensure
arc stability, a high background current should be provided. In the method
shown in Fig. 4.1c, a constant-current output characteristic is used for the
background current. In this case, the arc is not easy to extinguish, but it can
easily short circuit when a disturbance occurs. Furthermore, igniting the arc
at a low welding current is difficult because the background-current dura-
tion is long. In the method shown in Fig. 4.1d, a constant-current output
characteristic is applied to both the pulsed and background currents. In this
case, the arc length has no self-regulation ability; the arc is difficult to main-
tain and restore when a disturbance occurs. It also is difficult to initiate the
arc at a low welding current. Using the constant-voltage output character-
istic shown in Fig. 4.1a for pulsed current, the pulsed current can fluctuate
violently during a disturbance such that globular droplet transfer may be
initiated. If this occurs, the arc is not stable. The method shown in Fig. 4.1b
applies a constant-current output characteristic for the pulsed current. This
pulsed current will not change due to a disturbance, spray transfer can be

Control method QH-ARC 101 89

U

U0

I

a)

U

U0

I

b)

U

U0

I

c)
I

U

U0

d)

4.1 Control methods for pulsed MIG welding

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



maintained, and the arc is elastic. However, the torch tip may be burned if
a disturbance makes the arc length too long. It can be concluded, therefore,
that all of these four methods cannot satisfy the requirements for a stable
pulsed MIG arc. In order to solve this problem, the QH-ARC 101 method
has been proposed by the author, the principle of which is described in
detail in the following sections.

4.2.1 Double-step output characteristics

The double-step output characteristic is illustrated in Fig. 4.2, in which I1,
U, and I2 can be regulated over a wide range: specifically, I1 = 0�790A 
U = 0�39V and I2 = 0�890A. As analysed in the paragraph above for the
background current in pulsed MIG welding, a constant-voltage output char-
acteristic can result in extinguishing the arc and a constant-current output
characteristic can result in a short circuit when the arc is disturbed.To over-
come this drawback, a double-step output characteristic has been proposed
by the author.The constant-current part I1 maintains the arc without break-
down, the constant-voltage part U provides self-regulation of the arc to
avoid short circuits, and the constant-current part I2 provides sufficient
current for arc ignition and limiting short-circuiting current to avoid spatter.
Obviously, the double-step output characteristic can increase the resistance
of the arc to random disturbances and maintain the arc at low currents.
Thus, the range of welding parameters can be expanded.

This kind of output characteristic can be used not only for the back-
ground current of pulsed MIG welding, but also for other arc welding
processes according to the special features of each welding process. The
parameters of different parts of the output characteristic can be regulated
independently and all of the segments of the characteristic can be used for
the arc operating point. For example, in manual arc welding, I1 can be used
for controlling the arc and I2 can be used for limiting short circuit current:
see Fig. 4.3a. For MIG welding, the constant voltage part, U, is used for con-
trolling the arc, I1 for preventing arc breakdown, and I2 for limiting short-
circuit current: see Fig. 4.3b.
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4.2.2 Combination of two double-step characteristics

For pulsed MIG welding, two double-step output characteristics can be
applied. In this application, the arc operating point moves from one to
another by alternating the two characteristics quickly so that the back-
ground arc and the pulsed arc can operate on different parts of the char-
acteristics and achieve excellent results. When the two characteristics
alternate quickly, a rectangle-output characteristic can be obtained, as
shown in Fig. 4.4. Using this kind of output characteristic for pulsed MIG
welding, the arc operating point can be confined in the frame of the rec-
tangle that effectively improves the arc stability. During pulsing, the oper-
ating point is in the segment I2¢, which ensures a stable and elastic arc.
Droplets transfer continuously, independent of the arc length. Spray trans-
fer can be obtained even when an arc-length disturbance occurs. The con-
stant-voltage segment, U¢, limits the maximum arc length and prevents the
torch tip from burning. During the background-current period, the operat-
ing point is on I1, which eliminates the risk of arc breakdown. If a distur-
bance makes the arc length too short, the operating point transfers to the
constant-voltage part U, which increases the current and arc length and thus
avoids short-circuiting.

It can be concluded that the characteristic confines the arc-operating
point within the frame of the rectangle; neither breakdown nor short-
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circuiting can occur. Normally, the arc maintains spray transfer; the arc can
automatically adjust itself in the frame and maintain itself when a large arc-
length disturbance occurs.

4.3 Realisation of double-step characteristic

A completely different method than those used with traditional power
sources is needed to produce a double-step characteristic. During welding,
the current changes quickly between different parts of the characteristic; it
also changes quickly between two double-step characteristics.The key point
for realizing the QH-ARC 101 method depends on developing a power
source that can meet the requirements given above. The Welding Depart-
ment of Tsinghua University has conducted a lot of research on power tran-
sistors since 1978 and has successfully developed a power source designated
the QHT-80, which can fully meet the expected requirements given above.
Its features can be described as follows:

(i) Fast dynamic response and high static accuracy. The double-step
output characteristic consists of three segments, I1, U, and I2. The arc-
operating point transfers among these segments automatically, accord-
ing to the state of the arc. The transfer duration needs to be very short
in order to control the arc in a short time. Therefore, the power source
needs to have fast dynamic response. In addition, the time to alternate
between the two double-step characteristics also must be very short.
The dynamic response of the transistorised power source that was
developed is excellent; the closed-loop frequency response for con-
stant-current control is 10kHz and that for constant-voltage control 
is 20kHz. The transient time for alternating between the two charac-
teristics is less then 0.05ms.

For accurate control of welding parameters, the static accuracy
should be good, the constant-voltage segment should be as flat as pos-
sible, and the constant current segment should be as vertical as possi-
ble. The welding parameters should not be affected by fluctuation of
the mains power, the arc length, and other random disturbances. For
the constant-current part, the variation of current is less than 0.2%
while the voltage across the load varies from 40V to a short-circuit.
The current change is less than 0.2% when the voltage fluctuation of
the mains power is 10%. In the constant-voltage regime, the change
of voltage is less than 0.2V when the current variation is 100A. The
output voltage remains unchanged when the main power voltage 
fluctuates.

(ii) Reliable protection measures. The overload capacity for transistors is
very low, the range of current and voltage fluctuation is normally wide
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and short-circuiting occurs often. The power consumption in transis-
tors is very large. Moreover, because the welding loop has inductive
character, voltage spikes often occur across the transistors during the
transient process. Therefore, there should be reliable overvoltage,
overcurrent and overpower protection. On the other hand, the short-
circuit time for arc ignition and metal transfer is usually short; there-
fore, if the method for protecting the transistors from overpower
depends on the instantaneous power, the capacity of the transistors
would not be used sufficiently and the output of the machine would
be very small. For these reasons, special protection measures have
been developed to ensure the safety and reliability of the transistors
on the one hand and possibly greater power output of the power
source on the other hand.

4.3.1 Possible methods of realisation

As described above, the double-step output characteristic of the power
source consists of three segments: a constant-current segment, I1; a constant-
voltage segment, U; and a constant-current segment, I2, as shown in Fig. 4.2.
They might be realised by connecting three separate negative-feedback
control loops. The key problem in realising this circuit is determining how
to connect three loops together so that the arc-operating point can trans-
fer among them rapidly without introducing resonance during the transient
process or a dead zone. As analysed above, in the application of a rectan-
gle-output characteristic, the arc-operating point is usually at the corner of
the rectangle frame; it often jumps from one segment to another and vice
versa. Therefore, the characteristic at the corner of the frame determines
the possibility of successfully accomplishing the control method. Although
there may be different ways to achieve the transfer between segments, an
improper way will introduce serious problems. Two possible methods for
designing the transfer circuit are described below. Experiments proved that
the first method was not successful whereas the second method was suc-
cessful. For a deeper understanding, both methods are described in detail.

4.3.2 Transfer between segments using a 
logic-strobe circuit

In this method, the load current and voltage are taken as signals and com-
pared with a reference circuit. Taking advantage of a logic strobe, one of
three closed-loop control circuits is connected and activated. Assume that
the reference values of the three comparing elements, a, b, and c, are I1¢ U¢
and I2¢ (the comparing elements are composed of three operational ampli-
fiers). Assume also that the output of the comparing element a will be 
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1 (high electric potential), when the load current is less than the reference
I1¢ and the output of a will be 0 (low electric potential) when the current is
larger than the reference I1¢. The comparing element b is used for detecting
the voltage; when the load voltage is higher than U¢, the b output is 1 and
when the load voltage is lower than U¢, the b output 0. Similarly, the com-
paring element c detects I2¢. If a U-versus-I plane or graph is used to express
the logic, then it can be seen that the three logic-strobe circuits divide it
into 6 regions, as shown in Fig. 4.5a. The closed-loop circuit is then selected
according to the state of the outputs a, b, and c. If the state is 011, 101, or
111, the closed-loop control circuit for I1 is connected. If the state is 001 or
010, the closed-loop control circuit for U is connected. If the state is 000,
the closed-loop control circuit for I2 is connected. When the inputs of the
comparing elements, I1¢, U¢, and I2¢, are exactly the same as the reference
inputs of the closed loop circuit, I1, U, and I2, and there is no steady-state
error of the closed-loop circuits, the ideal double-step output characteristic
can be obtained, as shown in Fig. 4.5b. Due to inevitable steady-state error,
the actual output characteristic is different from the inputs of the logic-
strobe circuits and the logic division of the U-I plane. It is impossible for
the logic circuit to follow the actual welding current and voltage, particu-
larly at a corner of the characteristic. A resonance zone, dead zone or an
overlapping zone may be generated.

Assume that the reference inputs of both the power-source control loop
and the logic circuit are I¢1, U¢, and I¢2. Due to steady-state error of the control
loops, the actual output characteristics of the power source are I1, U, and
I2. For a more explicit explanation, the steady-state error is exaggerated; the
output characteristic, I1, U, I2, are shown in Fig. 4.6 by real lines. Assume
that the closed-loop gain is unit value; then, the ideal (with no steady error)
output characteristic of the power source are I¢1, U¢, and I2¢, as indicated in
Fig. 4.6 by the dotted line. If the load RL is between R1 and R2, then the res-
onance between the characteristic I1 and U will develop. Supposing that the
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characteristic of the load RL intersects with I1 at P, the output state of the
logic circuit is 001 and consequently the constant-voltage loop will be con-
nected and the load characteristic RL will intersect with the constant-
voltage characteristics at Q. Once the arc-operating point reaches Q, the
logic-circuit output state will change to 101 and consequently the constant-
current loop, I1, will be connected. Thus, resonance develops between P and
Q. The resonance range of the load is R1 < RL < R2, in which the arc-
operating point has no stable state. Obviously, due to steady-state error, the
larger the value of I1, the larger the resonance range becomes. Consistent
with the design of control method QH-ARC 101, the arc-operating point
normally remains at the corner of the rectangle characteristic so the arc
cannot be controlled when the resonance range is large.

In addition, at the corner of the constant-voltage segment, U and I2, an
overlapping region exists in Fig. 4.6, because the arc-operating point could
be on a constant-current segment, I2, or on a constant-voltage segment. If
RL is a load that rises from a low value up to R4, the arc-operating point
will be on segment I2. It will transfer to a constant-voltage segment only
when RL > R5 and the logic-strobe circuit output is 010. On the contrary, if
RL is a load that drops from a high value down to R5, the arc-operating point
would be on a constant-voltage segment. It will transfer to a constant
current segment only when RL < R4. Therefore, there are two possible
output characteristics for the power source when the load is between R4

and R5. That also interferes with arc control. It can be seen from Fig. 4.7,
that if the reference input of comparing element a is decreased and becomes
less than the reference input of the constant-current closed control loop,
then I¢1 will shift to the left of I1 and the resonance between I1 and U can
be avoided. However, a dead region on I1 will occur between R1 and R2

because the arc-operating point could appear only on a constant-voltage
segment. Furthermore, an overlapping region will occur between R2 and R3.
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It also can be seen from Fig. 4.6 that, if the reference input, U¢, of the
comparing element b is decreased so that it is less than the input of the
control circuit, U, the resonance range and the overlapping range can be
decreased. The resonance can be eliminated when U¢ equals the voltage at
the corner of the output characteristics. For welding, however, it is normally
necessary to regulate the value of I1 over a large range. If I1 is increased,
the resonance range may again develop due to the drooping slope of the
constant-voltage segment as shown in Fig. 4.6. If I1 is decreased, a new 
resonance range can occur as shown in Fig. 4.8. If the load is RL, it inter-
sects I1 at point P and, at this moment, the logic-circuit output would be
001. Therefore a constant-voltage loop will be connected and activated.
Once the constant-voltage segment develops, the logic-circuit output 
would be 011. At this moment, a constant-current loop will be connected
and activated and segment I1 will appear again. The resonance range is 
R1 < RL < R2.

From this analysis, it can be seen that in order to avoid resonance regions,
dead regions, and overlapping regions at the corner of the rectangle-output
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characteristic, the reference inputs of the logic circuit should be equal and
exactly the same as the output current and voltage of the power source at
the corner, i.e. I1¢ and U¢ must be equal to the actual current and voltage of
the intersecting point. However, due to the steady-state error of the control
loop, the value of the output segment is different from the reference inputs
of the control loops. Moreover, because the output segments should be reg-
ulated in practice to meet the needs of the welding process, the voltage at
the intersecting point can be different even for a constant-voltage output
and the current at the intersecting point can be different even for a con-
stant-current output. Therefore, it can be concluded that it is impossible for
the reference inputs of the logic circuit to follow the current and voltage of
the intersecting points. The resonance, dead, and overlapping regions
cannot be avoided by any means.Although a lot of study and improvements
have been made by the author, no success has been achieved.

4.3.3 Transfer between segments using an 
automatic-feedback strobe circuit

To overcome the problems described above, a new transfer method, namely
an automatic-feedback strobe circuit, was proposed by the author and suc-
cessful results were obtained. The current and voltage at which transfer
takes place always follow the actual current and voltage at the corner of
the rectangle characteristic exactly. Therefore, resonance, dead, and over-
lapping regions no longer develop. The method is illustrated diagrammati-
cally in Fig. 4.9. Three feedback-control loops were designed separately for
I1, U, and I2 and they are connected by three diodes. The feedback signals
automatically trigger one of the control loops and connect it into operation.
The principle of its operation is described as follows:
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When the arc-operating point is on the constant-current segment I1, the
operational amplifier 2 is in negative saturation because the feedback
voltage is greater than its reference input. Therefore diode D2 is blocked
and the control loop does not function. For operational-amplifier 3, the
output is in positive saturation because I1 < I2 and the feedback signal is
much smaller than its reference input. Therefore, diode D3 is also blocked
and i3 = 0. Thus, the operational amplifier 1 is automatically connected for
controlling the welding current I1.

When the load resistance decreases and the voltage drops to the corner
of the rectangle characteristic, the output of operational amplifier 2 will
increase until the diode D2 is biased open. At first, i2 is small and the load
current will be slightly greater than I1 as i > i1. Thus, the feedback signal of
operational amplifier 1 increases and its output decreases as its reference
input remains unchanged. It attempts to draw back the current i1 to main-
tain a constant-current output, but at this moment, the voltage-feedback
loop starts to play a role. The current i2 increases while i1 decreases; there-
fore, it maintains a constant-voltage output. The feedback-current signal
results in a decrease of i1 until it ceases to control the loop. In this way,
the circuit automatically transfers to a constant-voltage segment and the
control loop for I1 and I2 are closed. Actually, once D2 is biased open, the
negative current-feedback loop makes i1 = 0 and the control current trans-
fers immediately to i2. Therefore, the transfer is sudden and the transfer
location is a sharp corner.

This transfer action is reversible. Assuming that the arc-operating point
is on a constant voltage segment, the current will decrease when the load
increases. If the current is greater than the current at the corner, operational
amplifier 1 is in negative saturation. Then, when the current reaches the
value of the corner, the amplifier is still operating. Once the load increases
slightly, the diode D1 is biased open and the output is i1 so that i1 > i2.
The voltage across the load becomes slightly greater than the voltage at the
corner. Then the negative voltage feedback makes i2 decrease. Due to the
operation of the constant-current segment at this time, i1 increases to main-
tain the current output constant and finally i2 = 0 so that the constant-
current feedback loop is connected for I1.

In this method, the current and voltage at the transferring point are
always identical with the current and voltage at the corner of the charac-
teristic. This is true even when the currents and voltages of the segments
are regulated. For example, for the same constant-voltage segment, due to
the steady-state error, the voltage and current at the corner will change
when the I1 segment is regulated. In this case, the current and voltage of
the transferring point will change and follow the change of parameters at
the corner. Suppose that the input current of the driving circuit at the corner
is Ib. Following the decreasing load on the constant-current segment, i1 will
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decrease to maintain the current constant. When it reaches the corner,
i1 = Ib and the load resistance is still decreasing. Then, the operating point
transfers to constant voltage and the current i1 is transferred to i2. For the
point on the constant-voltage segment, i2 will decrease when the load is
increased. Once it reaches the corner, i2 = Ib and the load is still increasing,
then the operating point transfers to constant current I1. Obviously, the
input current to the driving circuit at the moment the operating point trans-
fers is Ib. It is the minimum value of i1 and i2. Transfer occurs when Ib is less
than this minimum current. The load current and voltage corresponding to
Ib is exactly the current and voltage at the corner. If the segment I1 is reg-
ulated to a larger value, then i1 is increased. Ib for the transferring segments
is also increased. As Ib is also the value for transfer, i2, an increase of I1

results in an increase of the transfer current of i2. As the input resistance of
the driving circuit is unchanged, its output voltage at the moment of trans-
fer is also higher. As the output of amplifier 2 can be expressed as 
Uout = K(Ur - FUL), in which the reference voltage, Ur, and feedback coef-
ficient, F, remain unchanged, the load voltage, UL, at the time of transfer is
lower. Consequently, when I1 is increased, the load current is larger and
voltage is lower at the transfer point, it always follows the current and
voltage at the corner of the square characteristic. There is no resonance
range, dead range, or overlapping range.

The transfer between the constant voltage segment, U, and the constant
current segment, I2, is somewhat different from what was described above,
but it also applies the principle of transfer by the feedback strobe. Assume
that the arc operating point is on a constant-voltage segment, the opera-
tional amplifier 1 is in negative saturation, and amplifier 3 is in positive sat-
uration due to the negative feedback signals. Therefore, the diodes D1 and
D3 are closed.When the current is increased, the feedback current of ampli-
fier 3 increases but it still remains in saturation as long as the current is less
than the value at the corner. If the current continues to increase and reaches
the current value at the corner, the amplifier divorces from saturation, the
output potential decreases, and a further decrease of the load resistance
opens diode D3. The output of amplifier 3 clamps the input of the driving
circuit. At this time, amplifier 2 is in positive saturation due to the load
voltage but the circuit is controlled by amplifier 3 because of its clamping
function and the output is at segment I2.

As the transfer between the constant-voltage and I2 segments is realised
by this clamping method, the output of amplifier 3 decreases when the load
resistance decreases so that the current in diode D3 is increased from 0. Due
to the non-linear characteristics of the diode, the voltage drop across the
diode varies during transfer and thus results in a small round corner. The
round corner can be made very small (as low as 2A, 3V) by proper selec-
tion of the diode and negative feedback. In the QH-ARC 101 control
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method, the arc-operating point is basically on the segment I2; the constant-
voltage segment is used only for preventing too long an arc and burning of
the torch tip. Therefore, the small corner at the transfer does not affect the
quality of arc control. In the new control method, the requirements for
transfer between segment I1 and segment U are strict Fortunately, from the
analysis described above, it can be seen that diodes D1 and D2 are opened
abruptly from their closed state during the transfer. They do not work 
in the nonlinear range and therefore, there is no round corner at the 
intersecting point of I1 and U.

From the discussion given above, the advantage of transfer between seg-
ments using an automatic-feedback strobe circuit is that the operational
amplifiers are used not only as elements in the closed-loop control circuit
but also as detecting devices. For example, when the arc-operating point is
on segment I1, amplifier 1 is used as an amplifying element of the control
loop and amplifiers 2 and 3 service as detecting devices. When the arc-
operating point is on a constant voltage segment, amplifier 2 becomes the
amplifying element and the amplifiers 1 and 3 become detecting devices.
The other advantage of this control circuit is that it uses the feedback circuit
and automatically connects one of the loops at a specific operating 
point; there is no forced action to transfer the segments. Therefore, there
are neither resonance, dead, nor overlapping ranges; the continuity and 
performance of transfer are extremely good. Figure 4.10 shows the output 
characteristic actually measured in the laboratory. Three segments, I1, U,
and I2 can be regulated separately; the regulation range is I1 = 0~790A 
U = 0~39V and I2 = 0~890A. As all of the segments can be regulated, the
normal constant-voltage or constant-current characteristics of conven-
tional power sources can be regarded as special cases of the double-step
characteristic.

4.4 Circuit for alternating between two double-step
output characteristics

Pulsed MIG welding can be realised by rapidly switching between two
output characteristics so that the arc operates on different characteristics
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for the background and pulsed currents. Alternating between two double-
step output characteristics forms a rectangle output characteristic, which is
the basis of the QH-ARC 101 control method. This method has demon-
strated great improvement in welding-process control.

Alternating between the characteristics can be accomplished in different
ways; two possible means are described in the following section.

4.4.1 Control circuit with two alternating control circuits

The two feedback loops shown in Fig. 4.9 are used for welding control. One
feedback loop is used to control the background current and the second is
used to control the pulsed current. An electronic switch is connected
between the two feedback loops and the driving circuit to produce switch-
ing between the sets of feedback loops so that two different output char-
acteristics are obtained. The main drawback of this method is that a high
voltage spike develops during the transfer from the background current to
the pulsed current. The reason is that, in the background-current stage,
the pulsed-current circuit is an open-loop. Because the feedback signals 
are much smaller than their reference inputs and the amplifier outputs are
in positive saturation at the initiation of switching, this produces a high
driving-circuit input so that the transistors of the primary circuit are out of
control. The control loop starts to operate only after the feedback signals
increase. At this moment, the current depends only on the voltage of the
power source and the load resistance. The magnitude of the spike can be
very high when the short circuit occurs during droplet transfer. This phe-
nomenon not only increases spatter, but also can destroy the power tran-
sistors. It was concluded that this was not a suitable switching method.

4.4.2 Circuit with alternating reference inputs

In order to overcome the drawbacks related above, another method was
proposed. One set of control loops is used but their reference inputs are
alternated. As shown in Fig. 4.11, there are two sets of reference inputs,
which are used separately for the background and the pulsed current. The
input parameters can be regulated in advance according to the requirements
of the welding process. By alternating between these two sets of references,
the effect is to switch between two double-step characteristics that control
the background and the pulsed current respectively. Alternating using an
electronic switch guarantees high-speed and synchronous changes of all of
the input references. Because the dynamic properties of both the constant-
voltage and the constant-current control circuits are excellent, the switch-
ing time from one output characteristic to the other is very short. The time
required to transfer from the background current to the pulsed current (the
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time for continuous current on inductance load) is less than 0.02ms. The
voltage waveforms across the load alternate, as shown in Fig. 4.12 in which
both the pulsed-current and the background-current durations are 6ms.

A square-wave generator produces the alternating of the reference
signals. The generator is composed of two mono stable trigger-action cir-
cuits, which trigger each other.A dial regulates the duration of each circuit’s
signal separately, so that both the background-current width and pulsed-
current width can be regulated easily and can be repeated accurately. There
are two ranges for the pulsed-current and background-current width regu-
lation, namely 1–99ms and 10–990ms. The first range is for intermediate-
frequency pulsed-current welding and the second is for low-frequency
pulsed-current welding.
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4.5 Static accuracy and dynamic characteristics

For accurate control of welding parameters and to avoid interference due
to fluctuation of the mains power and arc length, high static accuracy of the
power source is required. The constant-voltage characteristics are required
to be as horizontal as possible and the constant-current characteristics are
required to be as vertical as possible. To control the arc, good power-source
dynamic characteristics are required so that the arc-operating point can
transfer rapidly from one segment of the output characteristic to another
and switching between the two double-step output characteristics will 
be rapid. Should the dynamic characteristics be inferior, the double-step
output characteristics and switching between them will be ineffective.
Therefore, good static accuracy and dynamic characteristics are critical 
elements for realizing the QH-ARC 101 control method.

For conventional transistorised power sources in which there is no trans-
fer between segments and no switching between characteristics, it is easy to
obtain high static accuracy and good dynamic characteristics. But for power
sources using the QH-ARC 101 control method, these requirements are
hard to meet. The problem is due to the contradiction between the require-
ments for accurate constant-voltage and constant-current outputs, and the
requirements for fast action of the arc operating-point transfer and output-
characteristic switching.

4.5.1 Contradiction between static accuracy and 
switching speed

In order to increase static accuracy and reduce the influence of distur-
bances, increasing the open-loop gain of the feedback system is necessary.
However, too large a gain would result in system oscillation and instability.
Normally, the application of integral control will raise the gain of the system
at low frequency, reduce the static error, and provide high static accuracy
while the stability of the system will remain unaffected. But, for the QH-
ARC 101 control method in which the output characteristics of the power
source alternate between one-double step output characteristic and another,
the existence of the integral element would affect the switching speed.

According to the analysis of the switching process described above (see
Fig. 4.9), while the arc-operating point is on the constant-current part, I1,
the constant-voltage loop is in an open state; its amplifier 2 is negatively
saturated due to negative feedback, and its output is -12V. If amplifier 2 is
a control element of integral compensation, then the capacitor of the inte-
gral element is charged to -12V. The constant-voltage loop will not operate
until the voltage of the amplifier rises from -12V to the opening point for
diode D2. In other words, there is a time delay while the arc-operating point
attempts to jump from A to B (see Fig. 4.13). During this delay, the arc-
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operating point will stay on I1¢, which means that the arc-operating point
will jump first to C and then to B. If I1¢ is not equal to I1, then there will be
either a breach or a step on the load-current waveform. The breach occurs
when I1¢ < I1 (see Fig. 4.13a) and a step occurs when I1¢ > I1 (see Fig. 4.13b).
After the time delay, the constant-voltage loop starts to operate and the
load current rises to the pulsed-current value according to the time con-
stant of the feedback-control loop.

If amplifier 1 is also an integration element, then there is a breach or a
step on the waveform both before and after the pulse. This means there is
also a delay while the pulsed current transfers to the background current.
It can be concluded that the existence of an integration element is detri-
mental to both the switching of the output characteristics and the stability
of the arc.

In the event that switching of the output characteristic is not necessary,
transfer of the arc-operating point between the different segments within
the double-step output characteristic is inevitable. If an integration element
is present, it produces a time delay during transfering. For example, if the
negative-voltage feedback control is an integration element (see Fig. 4.14),
then the constant-voltage feedback loop does not act immediately when the
load changes from RL1 to RL2 because there is a capacitor in the circuit.
Therefore, the constant-current loop remains active and the arc-operating
point jumps first from A to B. After the time delay, it transfers slowly from
B to C; short circuiting and spatter may occur during this time interval. Sim-
ilarly, if there is an integration element in the constant-current loop, short
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circuiting and spatter may occur while the operating point transfers from
the constant-voltage segment, U, to the constant-current segment, I1. It can
be concluded as well that the arc is not stable while transfering; therefore,
high static accuracy has no significance.

4.5.2 Primary circuit

In the normal case for a constant-voltage power source, the transistor
emitter is used for the output; for a constant-current power source, a tran-
sistor collector is used for the output. But for QHT-80 power sources, both
constant-voltage and constant-current outputs are required. Furthermore,
both high static accuracy and high dynamic characteristics are required.The
most technically logical major circuit is discussed in the following paragraph
using the QHT-80 power source as an example. Although using transistors
as the power element of welding power sources is out of date, its analysis
helps clarify the control method and the development of welding power
sources relative to other kinds of power elements.

4.5.2.1 Emitter-output circuits

In emitter-output circuits, the output impedance is small and obtaining high
static accuracy when a constant-voltage characteristic is required is easy. If
it is used to provide a constant-current characteristic, the gain of the control
circuit should be very high to give accurate welding-current values, because
the variation of the current is large.The block diagram of the primary circuit
is shown in Fig. 4.15a. Because the voltage across the load is much higher
than the voltage across the transistor, the voltage-amplification factor of the
primary circuit may be regarded as 1. When a negative current feedback
loop is used, the control-block diagram is as illustrated in Fig 4.15b.

Control method QH-ARC 101 105

RL RF

+_

Us r

K1

a) Electric circuit

K1

Usr

RF

RL + RF

Isc

b) Control diagram

4.15 Emitter-output primary circuit

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



From Fig. 4.15b, the relationship between the output current and the
input voltage can be written as:

[4.1]

U £ U0 U0 is the open circuit voltage

Equation. [4.1] expresses the function of the output-characteristic curve
from which the slope of the output characteristic is -K1RF and the short-
circuit current is Isc = Usr/RF. The larger the value of K1RF, the more con-
stant the current value remains. But it is not appropriate to have too large
a value of RF because it results in too low an output voltage.When the output
current is less than the preset constant-current value, the feedback current
is small, the power transistor is working in a saturated state, and RF is the
only internal resistance of the power source. The voltage drop of the output
before it reaches the constant-current value is large if RF is large as shown
in Fig. 4.16. For pulsed MIG welding, it requires not only a large constant
current, but also a high voltage at the constant-current segment; therefore,
too large a value of RF does not meet the requirements of welding tech-
nology. For a given value of RF, a different slope of the output characteris-
tic can be obtained by regulating the gain, K1, of the control loop, as shown
in Fig. 4.17.

The gain of the control circuit is determined by the requirement of the
output-characteristic slope. The relationship between the slope of the char-
acteristic and the circuit gain in the case where RF is 1mW, 3mW and 5mW
is shown diagrammatically in Fig. 4.18. The more rigorous the requirement
for constant current, the larger the circuit gain should be. For example, if

I
U

K
R R

K R
R R

K
R K R

K
R K R

I
K U

R K R
K U

U
I

K R

U K U K R I

sc

sr

L F

F

L F

L F L F

sc
sr

L F

sr

sc
F

sr F sc

= +

+
+

=
+ +( ) ª

+

\ =
+

=
+

\ = -

1

1

1

1

1

1

1

1

1

1

1 1

1

1
1

 

 

106 Arc welding control

U

IO

4.16 Characteristics for emitter output

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



the current change is required to be less than 4A when the voltage drops
from 40V to short-circuit at 200A welding current, then the slope is 
40V/4A = 10. Figure 4.18 shows that the control-circuit gain should be
greater than 33000 when RF = 3mW. Figure. 4.18 was generated on the basis
of ideal characteristics of the transistor. In fact, a large change of the load
voltage induces a large change of the voltage drop across the transistor and
thus produces a large disturbance of the current. Therefore, a circuit gain
greater than 33000 is required to keep the characteristic slope of 10. In a
conventional control system, a high open-loop gain can be obtained easily
by integral compensation. But as described above, the integral element
delays the transfer of the arc-operating point and causes arc instability.
Therefore, using an integral element in the control circuit is not recom-
mended. The problem with using proportional control is that too much
amplification often causes system oscillation. Because droplet transfer
causes large disturbances of the arc, the circuit parameters fluctuate vio-
lently. It is hard to design a proportional element that can eliminate oscil-
lation in all cases. The capacitor in the element causes time delays as well.
Therefore, this control circuit cannot be compensated as in a normal case.

One method to avoid oscillation at high open-loop gain, is to make the
feedback loop a Type 1 system when designing the circuit. Such design ele-
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ments include, for example, avoiding the use of inertial elements as much
as possible, using distributed elements instead of integrated chips (for oper-
ational amplifiers), and using non-inductance resistors instead of winding
resistors. Of course, using distributed elements instead of operational ampli-
fiers also introduces some disadvantages, e.g. more complicated circuit
structure, inconvenience of multi-input design, inconvenience of dial regu-
lation of the output characteristics, and thus lower repeatability of the
welding parameters.

4.5.2.2 Collector-output circuits

To achieve accurate control and avoid too much loop gain, two negative-
current feedback loops can be used. The electrical circuit is shown in 
Fig. 4.19a where the resistance Re (= Re1 + Re2) is connected in series with
the emitter, which naturally forms a negative-current feedback loop. For
constant-current output, a signal is taken from Re2 to form the second 
negative-current feedback loop.

As the load is connected to the collector, the transistor has a constant-
current output characteristic even in the open-loop state. But, due to vari-
ation of the load, the voltage drop on the transistor, power consumption,
and temperature changes, the load current disturbance, DI≤, may happpen.
The magnitude of DI≤ depends on the variation of the voltage drop on the
transistor, characteristics of the transistor, and transistor cooling conditions.
Introducing a negative feedback, Re, will suppress the disturbance DI≤.
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Assuming the circuit is in an open-loop state, the disturbance DI≤ results in
a change of output, DI¢. The relationship between DI≤ and DI¢ can be seen
from Fig. 4.19b and can be expressed more explicitly as follows:
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Obviously the negative-current feedback loop in the primary circuit
decreases the influence of the disturbance, but due to the fact that Re should
not be too large, there is not enough suppression.

If a negative-current feedback loop is in the control loop, the disturbance
can be suppressed further so that the accuracy of the constant-current
control can be improved. It can be seen from Fig. 4.19b that the relation-
ship between the output-current change, Isc, and the current disturbance,
DI¢, can be illustrated as follows:
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From Eq. [4.2] and Eq. [4.3], the change of the output current due to the
current disturbance DI≤ can be written as

[4.4]

From this analysis, it can be seen that the load-current change due to a dis-
turbance is decreased distinctly by two negative-feedback loops and thus
high constant-current output accuracy can be obtained.
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In the case of a constant-voltage output, a negative voltage feedback loop
can be applied in the control loop as illustrated in Fig. 4.20.

From the diagram, the relationship between the change of output voltage
and the voltage disturbance DU¢ can be illustrated as follows:
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When the load changes, the internal resistance of the primary circuit
causes the voltage disturbance DU¢. As the primary circuit has a constant-
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current characteristic, the change of the load resistance causes a large
voltage disturbance. Assuming that the load resistance is DRL, the distur-
bance DU¢ = IDRL, as shown in Fig. 4.21. The effect of the voltage distur-
bance on the output voltage due to the change of internal resistance of the
circuit is discussed below.

Supposing that the primary circuit is an ideal constant-current power
source, the voltage disturbance due to the load change in the primary circuit
is shown in Fig. 4.21.

For a load change from RL1 to RL2

[4.6]

According to Equations [4.5] and [4.6], the effect on output voltage of a
voltage change produced by the internal resistance of the circuit is

[4.7]

From this derivation, it can be seen that although the voltage disturbance
is proportional to RL at the same current change (see Eq. [4.6]), the open
loop gain is also proportional to RL (see Eq. [4.5] and Fig. 4.20b); therefore,
the change of the output voltage, DUsc, is proportional to the change of
current. The slope of the voltage-output characteristic remains constant
over its full range (see Eq. [4.7]).

From Eq. [4.7], it can be seen that, for a definite magnitude of load-
current change, the change of the output voltage, DUsc, is smaller when K1F
is larger, or the characteristic line is flatter. Assuming that F = 1/5, Re =
0.0048, rbe = 0.33, Rb = 2.1, b = b1b2 = 20 ¥ 50 = 1000 (these data are taken
from the actual QHT-80 power source), the relationship between DUsc and
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the amplification factor, K1, is as shown in Table 4.1 for a current-change
range, I2 - I1 = 100A.

It can be found from Table 4.1 that the amplification factor is not very
high for a reasonable requirement of the characteristic slope. For example,
for the slope 0.2V/100A, the required circuit gain is equal to 18.

Obviously, both the constant-voltage and constant-current output char-
acteristics are satisfactory if the collector-output circuit is used. Therefore,
this kind of circuit is used for the QHT-80 power source. More concrete
data are calculated for the power source below.

4.5.3 Slope of constant-voltage output characteristics

Following Eq. [4.7], the effect on the voltage output of a voltage disturbance
induced by the internal resistance of the power amplifier is

where

Assume that and

parameters of the circuit

where Re2 is made of 64 resistors each of 0.2 W and Re1 are balance resistors
connected in series with the transistor emitter. The average value of the
balance resistors is 0.34 W and the total number of resistors is 204. rbe = 4/12
= 0.33 (the dynamic resistance of the transistor over the current range of 1
to 3A is 4 W; 12 transistors are connected in parallel in each module). As
the number of transistors is large, the working current is large and rbe can
be neglected. Rb = 25/12 (the resistance of the input of each module is 25 W;
12 modules are connected in parallel). b = b1b2 = 20 ¥ 50 = 1000 (b1 is the
amplification factor of the driving transistor; its average value is 20: b2 is 
the amplification factor of the power transistor; its average value is 50).
The amplification factor of the control circuit is K1 = 100kW / 4.7kW. The 
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Table 4.1. Relationship between characteristic slope and amplification factor

Slope of constant voltage characteristic 0.3 0.2 0.1 0.05 0.01
(V/100A)

Amplification factor K1 12 18 36 72 360
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negative feedback gain is . Substituting all of these values

into the equation, one obtains

which is the change of the output voltage over the current range of 100A.
The disturbance induced by the internal resistance of the amplifier is 
0.156V, which is less than 0.2V. Practical measurements were conducted on
the QHT-80 power source. The experimental data are shown in Table 4.2.

In the present design, an individual power supply with good voltage-
stabilizing circuitry is used for the control circuit. Only the voltage drop
across the transistor Uce changes when the main power supply fluctuates. In
the case where the volt-ampere characteristic of the transistor is flat, there
is little influence on the voltage output when the main power supply fluc-
tuates. Even when the volt-ampere characteristic of the transistor is not
quite as good, the voltage output changes only slightly because the open-
loop gain of the control circuit is sufficiently large. Thus, a constant-voltage
output can be kept very stable when the main power fluctuates.

4.5.4 The slope of constant-current output characteristics

When a collector-output circuit is used for the power source, the current
fluctuation due to the variation of load resistance is small. In this case, the
current fluctuation depends on the voltage drop, power loss, and junction
temperature of the transistor. Therefore, the current disturbance is greatly
reduced by the two negative feedback loops and its accuracy is high.
According to the analysis in Section 4.5.2.2, the effect of a disturbance on
the output can be written as

where K Re2 2
62
4 7
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Table 4.2 Slope of the experimentally-measured constant voltage output
characteristic

Current (A) 20 100 205 305 400 500 600 700 760
Change of 0 0.2 0.4 0.61 0.79 0.98 1.16 1.35 1.45

voltage
DU (V)
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and the parameters of the circuit are the same as in the previous section,
Substituting them into the equation gives

which means that the current disturbance can be reduced to 5% of its initial
value using the two negative-feedback loops.

In order to make the current-output characteristic steeper, additional
measures are taken in the QHT-80 power source. It is known that current
disturbances result mainly from variations of the voltage drop across the
transistor. Normally, composite transistors are used for the primary circuit
in order to generate large currents. Thus, the voltage drops across all stages
of the transistor vary due to the load resistance. That produces variations
of current in all stages of the composite transistor. Naturally, the variation
of current in a previous stage will be amplified by the next stage. It can be
said that the current disturbance due to a voltage variation is caused mainly
by the preceding transistor. In order to reduce the current disturbance, it is
important to choose transistors with good volt-ampere characteristics. A
particular effect can be achieved if the collectors of the preceding transis-
tors are separated from the main transistor and connected to an individual,
well-stabilized power supply so that the voltage across the preceding tran-
sistors is independent of the load voltage. Thus, the constant-current char-
acteristics can be more nearly vertical. However, a second-stage transistor
needs a large power supply that furnishes in the order of 10A. It has to be
connected to the collector of the main transistor. The circuit diagram for
this is shown in Fig. 4.22.

This circuit has been analysed. The experimental data showed that the
current change can be kept within 2% when the load varies from open
circuit to short circuit, i.e. a change of 40V.

The circuit also adapts to fluctuations of the mains power. Because the
circuit uses a collector output, the effect of mains-power fluctuation is the
same as a load-voltage change or, explicitly, the current change due to a

D DI Isc = ¢¢5%
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4.22 Driving circuit of a power transistor
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voltage drop across the transistor, Uce. From the description in the para-
graphs above, it is known that the current change is within 0.2% when the
load varies from open circuit to short circuit or when the voltage drop
across the transistor is 100% of the output voltage of the power source.
Consequently, the current change should be within 0.2% when the main
power fluctuates 10%.

4.5.5 Dynamic characteristics of the QHT-80 power source

The QHT-80 power source has very good dynamic properties. Practical
measurements showed that the closed-loop response frequency was 12 kHz
under constant-current control (see Fig. 4.23a) and the closed-loop
response frequency was 20kHz under constant-voltage control (see Fig.
4.23b). The transfer time needed to switch from the background-output
characteristic to the pulsed-output characteristic was less than 0.05ms (see
Fig. 4.12). Due to its excellent dynamic proprerties, it has been demon-
strated that it can be used for amplification of music without distortion.
The machine can furnish real-time control of the welding arc without any
problem.

4.6 Circuit diagram of the power source

The block diagram of the circuit is shown in Fig. 4.24 where 1–17 are control
components and 18–29 are protection components. Reliable overvoltage
and overcurrent protection circuits have been incorporated. In order to
enhance the safety and reliability of the power supply and maximize the
transistor’s capacity, two special protection circuits also were incorporated.
Devices 18–22 are used to control the circuit so that its maximum current
does not exceed 850A and continue for more than 0.5 s. In other words, the
protection circuit does not act unless the current exceeds 850A for 0.5 s.
Devices 23–29 are average power-consumption protection circuits. These
circuits measure the average voltage drop across the transistor and the
average current passing through the transistor every second. The circuit
switches off the main circuit when the voltage drop reaches 30 V and the
current reaches 600A. That means that the protection circuit does not cut
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4.23 Frequency-response characteristics

a) Constant current b) Constant voltage
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off the main circuit unless the voltage drop exceeds 30V and the current
exceeds 600A simultaneously. Obviously these protection measures maxi-
mize the transistor’s capacity on one hand and ensure its safety on the other
hand.

1 3 5 Dial for references of background current-output characteristic.
2 4 6 Dial for references of pulse-current output characteristics.
7 8 9 High-speed electronic switch.
10 Square-wave generator.
tp Pulse-current width regulator.
tb Background-current width regulator.
11 12 13 Amplifier
14 Circuit for switching of output characteristics.
15 Electronic switch
16 Driving circuit.
17 Transistors, 204 pieces of 3DF20U.
18 Compare and shaping circuit.
19 Clock.
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4.24 Circuit diagram of the QHT-80 power source
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20 Over current detector.
21 AND gate.
22 Latch for over current state.
23 Integration element for current.
24 Integration element for voltage drop.
25 Timer
26 27 Comparing element.
28 AND gate
29 Latch for overpower consumption state.
Fi Current-feedback signal.
Fu Voltage-feedback signal.
Ui Current signal
Uio Preset over current value 850A
UT Voltage drop across transistor

i Average integration value of curent 600A
T Average integration value of voltage drop 30V

4.7 Technological behaviour[383]

Technological experiments have been conducted with different wire diam-
eters. The QH-ARC 101 control method and conventional pulsed MIG
welding were compared. The results demonstrated that the QH-ARC 101
control provided a more stable arc having good resistance to disturbances.
A wider range of welding parameters can be selected.

4.7.1 Experimental study of the effect of different 
control methods

In order to study the features and properties of the QH-ARC 101 control
method, a set of experiments was designed using constant-current charac-
teristics and constant-voltage characteristics in different combinations for
pulsed MIG welding. The current and voltage waveforms, as well as the tra-
jectory of the arc-operating point on the U-I plane, were recorded by an
oscillograph. Ten combinations of the control method were included in the
experimental design as shown in Table 4.3. The results are summarised in
Table 4.4.

In Table 4.3, the first column identifies the control method. It is described
by two characters. The first character represents the control method for 
the background current and, the second character represents the control
method for the pulsed current. U represents a constant-voltage character-
istic and I represents a constant-current characteristic. � and � represent
the double-step output characteristics; the former is used for the constant
current-constant voltage segments of the background current, (constant

U
U
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current first followed by constant voltage). The latter is used for the con-
stant voltage-constant current segments of the pulsed current, (constant
voltage first followed by constant current).

Experiments No. 1–10 were designed to compare the effect of conven-
tional constant-voltage, constant-current characteristics with double-step
output characteristics �, for the control of the arc. The results are shown in
Figures 4.25 to 4.32, among which Figures 4.25 and 4.26 are the trajectory
of the arc-operating point on U-I plane (oscillogram). Figures 4.27 to 4.32
are U-t and I-t waveforms of the arc recorded by the oscillograph.

From Figures 4.25a to h, it is obvious that the application of the � output
characteristic can effectively prevent arc breakdown and short circuiting.
For example, Figures 4.25a and 4.25b are the trajectories of the arc on the
U-I plane for U-U and �-U control. From the first picture, a lot of arc break-
down can be observed but none can be seen in the latter. The background
arc was kept basically on the constant-voltage segment. Occasionally it
jumped to the constant-current segment; that is the effective measure for
preventing arc breakdown. Figures 4.25c and d are arc trajectories on the
U-I plane for the U-I and �-I control methods. Similiarly, a lot of break-
down can be seen in the former, but not in the latter.

Figures 4.25e and f are arc trajectories on the U-I plane for the I-U 
and �-U control methods. Although no breakdown can be seen in the
former, short circuiting often happens because there is no automatic regu-
lation of arc length. Short circuiting can be eliminated completely in the
latter control method.

Figures 4.25g and h represent the trajectories on the U-I plane for the
control methods I-I and �-I. Similiarly, as mentioned in the paragraph

Control method QH-ARC 101 119

Table 4.4 Experimental results

Control Experimental results
method

Average Average Arc-operating U - t, I - t Stability No.
current voltage point on U - I oscillogram of arc and
(A) (V) plane spatter

1 180 27 Fig. 4.25a Fig. 4.27 Bad
2 180 27 Fig. 4.25b Fig. 4.28 Excellent
3 160 30 Fig. 4.25c – Bad
4 170 27 Fig. 4.25d – Excellent
5 140 24 Fig. 4.25e Fig. 4.29 Good
6 150 24 Fig. 4.25f Fig. 4.30 Excellent
7 170 24 Fig. 4.25g – Good
8 170 26 Fig. 4.25h Fig. 4.32 Excellent
9 160 25 Fig. 4.31 Excellent

10 – – Fig. 4.26 – Excellent
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above, the output characteristic completely eliminated the short-circuit-
ing phenomenon.

The mechanism of the elimination of arc breakdown by the output
characteristic can be explained by Figures 4.27 and 4.28. The former is U-
U control and the latter is �-U, control. From Fig. 4.27, it can be seen that
because the background current is low, a very small disturbance, such as a

�

�
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arc 
breakdown

Instantaneous 
voltage pike

arc 
breakdown

U U U

I I II
(a)                  (b)                 (c)                   (d)

U

I

Instantaneous 
current pike

I I I

UUU

(e)                   (f)                   (g)                (h)

Instantaneous 
voltage pike

4.25 Trajectory of the arc-operating point on the U-I plane for different
control methods

I

U
Instantaneous 
voltage pike

4.26 Trajectory of the arc-operating point on the U-I plane for the QH-
ARC control
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longer arc length momentarily, can break down the arc (see Fig. 4.27, point
1). From Fig. 4.28, it can be seen that if any tendency for short circuiting
occurs, the � characteristic introduces a current peak that burns off the
droplet (see Fig. 4.28, point 2) and maintains the arc. If the arc length
increases and the arc current decreases , the � charactersitic produces a
voltage peak that maintains the arc (see Fig. 4.28, point 3).

Figures 4.29 and 4.30 also demonstrate very clearly the role of the � char-
acteristic in stabilising the arc. The former is the I-U control and the latter
is the �-U control. In I-U control, the background current does not change
at all; if a short circuit occurs, there is no capability to resist the disturbance
(see Fig. 4.29, point 2). In �-U control, the � characteristic introduces a
current peak and burns off the droplet while the short circuit occurs (see
Fig. 4.30, point 4).
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The background current varies adaptively according to the condition of
the arc if the � characteristics are properly set. The arc-operation point
sometimes is on a constant-voltage segment and sometimes on a constant-
current segment in order to maintain a stable arc (see experiment No. 9 and
Fig. 4.31). It is recommended that the parameters be set so that the arc-
operating point is normally on the constant-voltage segment; the constant-
current segment avoids arc breakdown, (see experiment No. 8 and Fig.
4.32).

Experiment No. 10 is �–� control. The trajectory of the arc-operating
point on the U-I plane can be confined securely in the frame of a rectan-
gle. As shown in Fig. 4.26, experimental results show that it is better to set
the background current on the constant-voltage segment and the pulsed
current on the constant-current segment: see Fig. 4.33. The � characteristic
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resists short circuiting and breakdown. The � characteristic prevents exces-
sive arc length and burning of welding-torch tip.

4.7.2 Range of welding parameters

As the QH-ARC 101 controlled arc has very good resistance to arc distur-
bances, the range of the welding parameters can be greatly expanded. The
background current is controlled by the double-step characteristic; the arc
can be kept stable without breakdown and short circuiting so the magni-
tude of the background current can be decreased to a very low value. Exper-
iments demonstrated that 20A can maintain a stable arc for a wire diameter
of 1.2mm, and 30A for wire diameter of 2.5mm. The pulsed current is
always constant and therefore spray transfer can be maintained even during
an arc disturbance. The average welding current can thus be set very low.
Experiments have been conducted by the author with a wire-feed rate of
0.75m/min for wire diameters of 1.2mm, 1.6mm, and 2.5mm of alloy 
0.8Mn2Si. Spray transfer can be obtained readily. For a wire diameter of 
1.2mm, the average current was 35A. A 1mm thick sheet can be welded
without difficulty. For a wire diameter of 1.6mm, the average current was
65A; it is used for welding 1.5mm thick sheet. Good back-bead formation
can be obtained using these conditions. For a wire diameter of 2.5mm, the
average welding current was 140A. The minimum parameters that can be
used for welding with wire diameters of 1.2mm, 1.6mm, and 2.5mm are
shown in Tables 4.5, 4.6 and 4.7.

Experiments have been conducted using the parameters given above but
with conventional pulsed MIG control. They demonstrated once again that
the process was uncontrolled; breakdown, spatter and explosions happened
frequently. If a constant-voltage characteristic was used instead of the �

characteristic, then a breach existed in the rectangular frame. The arc-
operating point jumped to the open-circuit voltage point, and the arc 
extinguished. The arc could be reignited during the background-current or
pulsed-current period but the process was not stable; serious spatter always

124 Arc welding control

Table 4.5 Minimum welding parameters for wire F1.2mm

t (ms) Output characteristics Average voltage

I1 U I2
and current

Pulse 2 20 39 300 35A
Background 50 20 15 400 19V

Wire-feed rate 0.75m/min

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



occurred. If a constant-current characteristic was used during the back-
ground period and a constant-voltage characteristic was used during the
pulsed-current period, then short circuiting often happened during the
background-current segment.When the pulsed-current period began, a very
large current passed through the droplet, resulting in an explosion, and
which subsequently extinguished the arc. The arc-operating point jumped
to an open-circuit segment of the characteristic and a stable welding process
could not be achieved.

From the analysis above, without the QH-ARC 101 control a stable
welding process could not be achieved with low values of the welding 
parameters or a slow wire-feed rate. In order to get a stable arc with 
conventional control, the background current had to be greater than some
minimum value. Experimental results demonstrated that, for a wire 
diameter of 1.2mm using 0.8Mn2Si steel, a satisfactory stable arc could be
obtained with U-U control if the average current was greater than 180A.
Some information[67] indicates that the minimum average current for 1.2mm
wire is 90–110A and for 1.6mm wire is 110–120A. Obviously the QH-ARC
101 control can ensure a stable arc at much lower currents. That means the
range of welding parameters for QH-ARC 101 control is much wider than
that for the conventional pulsed MIG process.
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Table 4.6 Minimum welding parameters for wire F1.6mm

t (ms) Output characteristics Average voltage 

I1 U I2
and current

Pulse 3 40 38 450 65A
Background 35 30 18 600 20.5V

Wire-feed rate 0.75m/min

Table 4.7 Minimum welding parameters for wire F2.5mm

t (ms) Output characteristics Average voltage 

I1 U I2
and current

Pulse 3 60 39 500 140A
Background 22 60 21 850 23V

Wire-feed rate 0.75m/min
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5
Control method QH-ARC 102 and 103

5.1 Introduction

In the previous chapter, the QH-ARC 101 control method was discussed in
detail, including how to control the arc. Special output characteristics were
described to confine the arc-operating point in a predefined area on the 
U-I plane. The design and implementation methods were also described.
The discussion was applied to pulsed MIG welding but it is applicable to
all arc-welding processes. The control of pulsed MIG welding is discussed
further in this chapter.

Pulsed MIG welding is one of the most rapidly developing welding
process. It can maintain stable spray metal transfer over a wide range of
welding parameters. It can be used for both thin and thick plate. Welding
can be conducted with large-diameter wire and low average current.
However, there are several inadequacies.

First, setting the welding parameters is complicated. The melting rate of
the wire using a normal wire extension can be written as

[5.1]

This equation means that once the wire-feed rate is set, then four other
parameters, namely IP, Ib, TP, Tb, also must be set to properly maintain the
arc length, which makes the practical welding operation difficult.

Second, the resistance of the process to arc-length disturbances is 
poor. When the wire-feed rate is not stable, the welding torch wobbles,
or the work piece surface is uneven, the balance between the melting rate
and the wire-feed rate will be upset. This produces an unstable arc length.
These deficiencies hinder the further development of pulsed MIG welding.
The solution of these problems is an important research area in welding.
Much research on this topic has been undertaken worldwide as outlined
below.
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5.1.1 Open-loop control of pulsed MIG welding

The essence of this method is to link the wire-feed rate with the pulsed-arc
parameters. The wire-feed rate is used as a signal so that the conditions of
Eq. [5.1] will be satisfied. A schematic diagram of this control method is
shown in Fig. 5.1. Obviously, the operator needs to choose only three para-
meters, viz. Ip, Ib and Tp. The frequency, f, need not be set as this is deter-
mined by the wire-feed rate over a certain range. However, there is then 
no response to disturbances produced by factors other than the wire-feed
rate.

5.1.2 Synergic control

Amin published an article on Synergic control in 1981.[34] It links the wire-
feed rate with four pulsing parameters. The relationship between these
parameters is based on a mathematical model that was obtained experi-
mentally. With this control, the wire-feed rate automatically controls the
process over a wide range of welding parameters. But, because the control
is of an open loop, there is no response to disturbances of the arc length
itself. The control diagram is illustrated in Fig. 5.2.

5.1.3 Closed-loop control of pulsed MIG welding

Figure 5.3 shows the closed-loop control system developed by Ueguri.[35] In
this system, both the wire-feed rate and arc voltage are linked to the pulsing
parameters. The principle of operation can be described as follows:

• The welding current is supplied by transistors VT1 and VT2.
• The parameters IP and Ib are preset.
• The wire feed-rate signal, Vf, is input to controller C1, and C1 outputs a

pulse frequency f according to the following formula:
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[5.2]

where a is the required droplet diameter and d is the wire diameter.

• The arc voltage, Ua, is taken as a signal to control the pulse width TP.

The welding arc can respond to many kinds of disturbances and main-
tain stability. However, there are deficiencies in its electrical circuit as well:

(i) The transistor array works in an on–off mode; two inductances are
connected to smooth the current waveform (see Fig. 5.4); therefore
the dynamic properties of the system are poor.

(ii) An integration element is used to record the pulsed-current voltage,
the output of which is taken as the arc voltage; that also is harmful to
dynamic response.
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5.2 Control method QH-ARC102

A research group at Tsinghua University developed the QH-ARC 101
control method and the transistorised power source for its realisation.
It opened up a new approach for control of pulsed MIG welding.[110]

Subsequently another control method, designated QH-ARC 102,[2] was
developed. It is a discrete sampling and closed-loop control system. The
pulsing parameters vary automatically according to the wire-feed rate.
The arc is stable, spray metal transfer is obtained, little spatter is produced,
and a wide range of welding parameters can be used. It can be applied 
to pulsed or programmed wire-feed rate, which introduces a new welding
technology.[120]

5.2.1 Block diagram

The schematic diagram in Fig. 5.5 illustrates the QH-ARC 102 control
method.

• PS is a transistorised power source, which has double-step output 
characteristics. Under the control of signal f, it alternates between two
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double-step output characteristics within 0.45ms, so that a rectangle-like
output characteristic is obtained, as shown in Fig. 5.6. The arc is on a
constant-current segment both during the pulsed- and background-
current periods. Therefore the metal transfer is even, the arc is stable,
and the bead formation and penetration are uniform. The background
current can be set quite low and the range of welding parameters is wide.
The parameters of the double-step output characteristic D are input into
the strobe element S to accommodate different wire diameters.

• The square-wave generator FG triggers the strobe element S according
to the signal, a,b.

• The current signal Ia is input via C into FG to regulate the pulse width
Tp . Tp <| 3ms to ensure that at least one droplet transfers during one
pulse.

• The detected arc voltage signal Ua is compared with a preset reference
UR, then an output signal b is input to FG to control the background
duration Tb. The arc voltage of each pulse is used to control the succes-
sive background-current duration so that the dynamic response is 
excellent.

• Not only is the background duration Tb controlled, but the pulse dura-
tion Tp also is regulated. Therefore the variation of pulse frequency is
small, the arc noise is low, and the dynamic response is fast.

5.2.2 Sampling of the arc-length signal

A discrete sampling method is used for detecting the arc-length signal. The
arc-voltage magnitude is integrated by a circuit during a certain portion of
the pulsed current; the duration is from 0.2ms to 1.8ms after the leading
edge of pulsed voltage. The features are as follows:

• The voltage is sampled during the pulse period, which is not affected by
the variation of arc voltage.

• The instant of sampling is triggered by the leading edge of the pulse.
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• During sampling, the disturbance of the arc is smallest. The sample is
taken after 0.2ms so it can avoid the circuit transients during switching
of the output characteristic. Sampling ends after 1.8ms to avoid distur-
bances caused by droplet transfer. The arc voltage is not measured
during the background period because it is not stable.

• The arc voltage is integrated so that random disturbances of the arc
voltage can be eliminated. The integration duration is short so that it
will not affect the dynamic properties of the system.

5.2.3 Features of the control system

• The arc voltage and arc length vary periodically and violently in con-
ventional pulsed MIG welding. Only its average value is controlled so
the dynamic response is poor. In the QH-ARC 102 control method, the
dynamic response is improved because the arc length during each pulse
period is sampled for control.

• In the QH-ARC 102 control method, Ip and Ib are held constant. Tp and
Tb are used to regulate the arc length; therefore, a stable arc length and
optimum droplet transfer can be obtained simultaneously.

• Because the sampling frequency varies with the wire-feed rate, the
system and the arc length can oscillate when the pulse frequency is low.
To compensate for this, a time constant can be introduced into the
control circuit of Tb. Because too large a constant affects the dynamic
properties of the system, variable time constants are used for the system
to maintain acceptable dynamic properties for different average welding
currents (see F1(t) and F2(t) of Fig. 5.7).

• The voltage drop and temperature of the wire extension increase when
the welding current increases; consequently, the arc length shortens. On
the other hand, a larger arc length is desirable while the current is higher
in order to achieve good bead formation. Therefore, a compensation
circuit was designed in which the welding-current signal is supplied to
automatically increase the arc length.

5.2.4 Principle of operation

The principle of operation of the QH-ARC 102 control can be illustrated
by the block diagram Fig. 5.7.

When the pulsed current starts, the arc voltage is input to a mono-stable
trigger-action circuit FF0 and the integration circuit composed of opera-
tional amplifier A1. The front edge of Ua triggers FF0 and produces a pulse
of 0.2ms width; the back edge of this pulse (see point b) triggers mono-
stable trigger-action circuit FF3, which produces a pulse of 2.0 ms. This back
edge simultaneously triggers a mono-stable trigger-action circuit FF1, which
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produces a pulse of 1.8ms. The output of FF3 controls the electronic switch
ES1, which connects the Ua with the integration circuit A1 and starts the
integration operation for 2.0ms. The back edge of the output FF1 triggers
mono-stable trigger action circuit, FF2, which produces a pulse of 50ms.This
pulse, via point C, outputs to the sample-and-hold element, SH, so that the
integrated value of the arc voltage is sampled and held. When the pulse at
point d passes through ES1, the connection of Ua with A1 is cut-off so that
the integration element is reset and prepared for the next arc-voltage pulse.
This process repeats itself and thereby produces the discrete sampling 
operation.

Operational amplifier, A2, makes up the comparing element, which
detects the difference of arc length, Ua, with the set value, UR. Another
signal, i, is input to it for compensation of the arc length according to the
increase of welding current.

ES2 is another electronic switch that alters the time constants F1(t) and
F2(t), according to the sampling frequency N/T.The IC circuits PT1 and PT2
form the square-wave generator. The delay time of PT1 determines the
background duration Tb, which is controlled by the output value of the com-
paring element via D. Another signal Tb max is used to limit the maximum
background duration to improve the stability of the welding arc.
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The welding-current signal is input into the integration element com-
posed of A4 to control PT2 or the pulse duration Tp. The signal Tp min is used
to limit the minimum pulse duration to ensure spray transfer.

Operational amplifier A3 outputs a saw-tooth waveform synchronously
with PT1 and PT2 to ensure that Tp is proportional to the average welding
current.

5.2.5 Welding experiments

• Many welding experiments have been conducted using the welding
machine described above. The results demonstrate that the system is
stable, that the range of welding parameters is wide, and that spray trans-
fer can always be obtained. The applicable range of welding current for
different wire diameters is shown is Table 5.1.

• The regulation of welding parameters is simplified; the operator needs
to regulate only the wire-feed rate. The wire-feed rate can be changed
over a wide range, rapidly. Good bead formation and a stable arc can
always be ensured without spatter and arc breakdown.

• The arc length has good resistance to disturbances, a stable arc can be
maintained without spatter, and arc breakdown is avoided even under
conditions where the work-piece surface is uneven and the welding
torch wobbles.

• New welding technology, i.e. pulsed wire-feed rate welding can be real-
ized and good bead formation can be obtained.

In summary, the QH-ARC 102 control provides closed-loop control of
pulsed MIG welding with good properties. It can be applied in the follow-
ing fields:

(i) One-knob control of pulsed MIG welding.
(ii) Pulsed wire-feed rate or programmed wire-feed rate.

(iii) Heat-input control.
(iv) All-position welding.
(v) Bead-formation control.

(vi) Open-loop or closed-loop bead-formation control.
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Table 5.1 Applicable welding parameters

Wire dia. (mm) Range of welding current (A)

1.0 45~200
1.2 60~320
1.6 80~360
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(vii) One-side welding with back-bead formation.
(viii) Thin-gauge plate welding.

(ix) Robotic welding or adaptive control of the welding process.

5.3 Control method QH-ARC 103[3,121,127]

Closed-loop control of pulsed MIG welding has been realised with the 
QH-ARC102 control method. There is no doubt that this development is a
big improvement in pulsed MIG control. However, the system is not a con-
tinuous-control process but a discrete process. The important point is that
the sampling frequency changes with the change of wire-feed rate and dis-
turbances to the arc length. The control-circuit parameters should be
designed very carefully. If the control parameters are set improperly, the
system may work very well under some conditions but may oscillate 
or provide slow response under other conditions. Such phenomena are
unacceptable, of course, in practice. In order to avoid a complicated 
control-system design, an arc-length adaptive-control system, namely 
the QH-ARC 103 control, was developed by the author, Ou, Zhang, Wu,
and others.[3,121,127]

5.3.1 Principle of control method QH-ARC 103

(i) Multi-segment output characteristics. Differing from all conventional
welding processes, a multi-segment output characteristic was designed for
this control, as shown in Fig. 5.8.

The function of each part of the output characteristic is as follows. A is
the open-circuit voltage. BC is the segment for controlling the background
current; from the figure it can be seen that this segment is not perpendicu-
lar but has a positive slope. This means that the longer the arc length, the
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larger the background current will be, which is very helpful for stabilizing
the arc in the background-current period. CD is the segment for control-
ling the movement of the arc-operating point and confining the range of
arc-length variation. It can be seen from the figure that its slope is slightly
greater than the slope of the volt-ampere characteristics of the arc, which
means that it is impossible for the arc-operating point to stay on this
segment.Any disturbance of the arc length will push the arc-operating point
upward or downward. Therefore, the function of this segment is mainly to
compel the arc-operating point to jump either from C to D or from D to
C. Because the difference between the slope of this segment and the volt-
ampere characteristics of the arc is not large, the movement of the arc-
operating point is slow. Actually, this segment does not exist. It moves in a
scanning manner all the time.The function of this segment will be discussed
in more detail in the following paragraphs. DE is the segment for control-
ling the pulsed-current magnitude. The segments EF and FG control the
short-circuiting current magnitude and time; their function is to facilitate
arc ignition.

(ii) Moving-output characteristics. Moving-output characteristics or
scanning-output characteristics (see Fig. 5.8) are used for driving the 
arc-operating point to jump from the background-current segment to the
pulsed-current segment or vice versa. As described in previous paragraphs,
when the slope of the power-source output characteristic is greater than the
slope of the arc volt-ampere characteristic, the arc-operating point moves.
The speed of movement depends on the difference in the slopes of these
characteristics.The greater the difference, the faster the speed of movement
is. In the present design, segment CD is able to scan. According to the real
state of the arc, it may take C as the centre of rotation and scan counter-
clockwise (see S1 of Fig. 5.8) or take D as the centre of rotation and scan
clockwise (see S2 of Fig. 5.8). After scanning, the difference between the
slopes becomes larger and the speed of the movement of the arc-operating
point increases.Also, after scanning, the segment returns to the position CD.
Assuming that, at the moment, the arc-operating point is at C¢, the arc is in
the background period, the melting rate of the wire is very low, the arc
length is decreasing and therefore C¢ moves toward C. Once C¢ reaches C,
the scanning-action circuit is triggered.The segment scans counterclockwise
around the axis at C, and drives the arc-operating point C to jump to D¢
(the arc length at the moment is L2). The welding current increases sud-
denly to its pulsed-current value and the melting rate and the arc length
increase. The arc-operating point D¢ moves upward. When it reaches the
intersection of CD and ED at D (the arc length at the moment is L1), a
scanning circuit is again triggered and CD starts to scan clockwise around
the axis at D. Thus, the arc-operating point is pushed from D to C¢. The
process repeats continuously so that the arc-operating point moves along
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the frame of a quadrilateral figure (see Fig. 5.8). The scanning output char-
acteristic accelerates the movement of the arc-operating point on the one
hand and it also controls the duration of pulsed-current period on the other.
Too short a pulse duration is unfavourable for droplet transfer. The func-
tion of the scanning-output characteristic will be discussed in detail in 
Sections 5.4.2 and 5.4.3.

(iii) Automatic control of arc length. From the description in the section
above, it can be seen that the arc length is automatically controlled (see 
Fig. 5.9). Assuming that at point C¢ the arc length is L1, due to the fact that
the melting rate is smaller than the wire-feed rate, the arc length is gradu-
ally shortened; C¢ gradually approaches C and the arc length becomes L2.
When C jumps to D¢, because the melting rate is greater than the wire-feed
rate, the arc length gradually increases; the point D¢ gradually approaches
D. At this moment, the arc length again becomes L1. The process repeats
continuously in this way so that the arc length varies between L1 and L2.
The magnitudes of L1 and L2 are defined by the output characteristic CD,
which can be set in advance. The difference between L1 and L2 or DL, can
be set as one diameter of a metal droplet; this difference, in fact, is the tech-
nological requirement of the welding process. It can be said that the arc
length is virtually unchanged. The most important point is that the process
proceeds automatically no matter how the wire-feed rate changes or how
the arc length is disturbed; the arc-operating point remains between L1 and
L2 (Note: In order to ensure reliable spray transfer, the segment CD scans
all the time; therefore the value of L1 automatically varies in a certain range.
More details are given in Sections 5.4.2 and 5.4.3). Automatic control of 
arc length is realised by the automatic adjustment of the pulsed- and 
background-current durations. Because the dynamic properties of the
power source and its control system are excellent, the arc-operating point
moves and jumps without any delay. Figure 5.10 shows the trajectory of 
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the arc-operating point on the U-I plane, obtained using an oscillograph.
The highlights of the control method can be summarised as follows:

• The pulsed- and background-current durations are varied automatically
according to the variation of arc length. The control system responds
very quickly to the changes of wire-feed rate or arc length. The arc is
stable and maintains spray transfer. Figure 5.11 shows the welding
current waveform in a normal case. It can be seen that the durations of
both the pulsed and background currents are not fixed; they vary in
response to the variation of arc length. In the present control circuit, the
pulsed-current duration is controlled by the scanning-output character-
istics so that it is greater than 2.5ms (see Section 5.4.3).

• The arc length is kept within a specific range; the range can be preset
by setting the CD segment.

• The metal transfers during the pulsed-current period: the current in 
this period also can be preset so it is easy to guarantee optimum spray
transfer, which provides a stable arc, minimum spatter, and good bead 
formation.

(iv) Many technological experiments have been conducted with differ-
ent wire diameters such as 1.0, 1.2, 1.6mm, Ar or mixed Ar shielding gas,
and with different parent metals such as low-carbon steel, low-alloy steel,
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stainless steel, Al and Al alloys, and Cu and Cu alloys. The results can be
summarised as follows:

• Spray transfer can be obtained over a wide range of welding currents,
namely for 1.0mm diameter wire at 45–220A, 1.2mm diameter wire at
60–320A, and 1.6mm diameter wire at 80–360A. It is impossible to use
the lower limit of welding current indicated for the conventional pulsed-
welding process. Because these lower limits are possible with the new
process, very thin steel plate can welded without backing. Figure 5.12a
shows a weld in a 1.0mm thick steel plate made using 1.2mm diameter
wire at 45A current. The two figures show the face and the root of the
weld.

• Taking advantage of the peculiarity mentioned above, a pulsed wire-
feed welding process was designed and evaluated (see Section 5.5) in
order to control the heat input and penetration. Fig. 5.12b shows the
weld made with abrupt changes of wire feed rate. Fig. 5.12c shows the
weld made with pulsed wire feed rate.

5.3.2 Electrical circuit

For achieving control, the key problem is to design the electrical circuit.The
circuit diagram is described in detail in this section.

5.3.2.1 Block diagram of the control system

Figure 5.13 illustrates the electrical configuration of the control system.
It can be divided into two parts: the power source, 12, and the wire-feed
mechanism, 13. The power source consists of four parts: the output-
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characteristic control circuit, 1, the overload-protection circuit, 2, the
driving circuit, 3, and the main power circuit, 4. The terminals of the main
circuit are connected to the wire, 11, and work-piece, 9, between which the
arc and thus the current I and voltage V are produced. The wire-feed mech-
anism, 13, consists of three parts; the control circuit, 5, the driving circuit,
6, and the motor, 7. The parameters I and V of the arc, 8, negatively feed
back to the output-characteristic circuit.These are the major control signals.
The signal from the wire-motor driving circuit, 6, which represents the wire-
feed rate, also is the feedback signal to the control circuit, 1, so that the
output characteristic can adjust itself according to the wire-feed rate. The
parameters I and V also feed the overload-protection circuit to protect the
power source.

In this circuit, inductance is excluded, except that from the welding-cable
loop, in order to reduce the time constant (L/R) and increase the response
speed.

5.3.2.2 Welding power source

The power source consists of four parts; the detailed electrical circuit is
shown in Fig. 5.14. Block 1 is the output-characteristic control circuit, Block
2 is the overload-protection circuit, Block 3 is the driving circuit, and Block
4 is the main power circuit. The main power circuit is a power-transistor
array with two-cascade amplification; the maximum welding current is 
800A.The positive terminal is grounded and connected to the welding wire;
the negative terminal is connected to the work piece. A small resistance is
connected to the positive terminal to sample the current signal before it

Control method QH-ARC 102 and 103 139

Power source

Overload
protection circuit

Driving circuit 

Main power circuit 

Work piece

Output characteristics
control circuit

Wire 11

12

7

6 5

13
Motor driving circuit Circuit for

wire feeding

Wire feed mechanism

Wire feed wheel

1 2 3 4
8

9

10
V

I

Wire feed motor

5.13 Electrical configuration of the QH-ARC 103 control

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



goes to the ground; see point H of Fig. 5.14. The arc-voltage signal is
sampled at the negative terminal; see point T. It is obvious that the current
signal I is positive and the voltage signal V is negative. In the description
of the circuit in the following paragraphs, these conditions are implied if
not stated.

The driving circuit uses a two-cascade amplifier circuit. Because many
power transistors are used for the main power circuit, the transistors are
driven in groups in order to obtain an even distribution of current among
the transistors. Transistors of similar characteristics are connected in paral-
lel. The output of the driving circuit is shown in the figure as B1–B10. In
Block 4, a main power transistor is shown together with its input, B1, as an
example. The circuit design of the main power transistors in Block 4 and
their driving circuit in Block 3 are the same as those in a conventional
welding power source.

The overload protection circuit in Block 2 consists of two parts. One part
controls the electronic switch SW203 and the other part controls SW204.
SW203 and SW204 are connected in series with the output of the charac-
teristic control circuit 20 and the input of the driving circuit. Once an over-
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load is detected by sampling the arc current and voltage, the protection
circuit cuts off SW203 and SW204, which terminates the output of the
driving circuit. There are two inputs for switch SW203. The first input is the
output of the clock T202, which is an oscillator providing a logical high or
low as a result of the logic network comprising clock T201, digital switches
SW201 and SW202, amplifiers A201, A202, A203, and A204, and NAND
gate 300 as shown in Fig. 5.14.The function of A201 and A203 is integration;
A201 integrates the arc-current signal I and A203 integrates the voltage
drop across the transistor RVQ. Both integrations are performed simulta-
neously and controlled by T201. The frequency and duration of integration
are controlled by T201, SW201, and SW202. When both values of the inte-
grations reach a critical magnitude, which indicates the current and voltage
drop across the transistor is overloaded, they are fed to the NAND gate
300 and trigger the flip-flop circuit T202, which makes SW203 cut-off the
main power circuit. Another input of SW203 is controlled manually. When
plug P is inserted into the hole, the optical coupler L102 outputs positively,
which sets SW203 for operation. Otherwise, SW203 does not act even when
there is output from T202. From this description, it can be seen that the
function of SW203 is to protect the transistor from excessive power con-
sumption. During the background-current period, the arc voltage is low;
therefore, the voltage drop across the transistor is high but the current
passing through the transistor is low. During the pulse-current period, the
current is high and the arc voltage also is very high so the voltage drop
across the transistor is low. Therefore, in both cases, the power consump-
tion in the transistor is not inevitably high.The protection circuit is designed
to optimise the transistor capacity.

SW204 is controlled by T205, which consists of A205, T203 and T204.
A205 controls the welding current. When the welding current exceeds a
certain magnitude, it flips and triggers T203 and T204. When both the
current magnitude and duration exceed preset limits, T203 and T204 trigger
T205 via an AND gate and SW204 cuts off the current. It can be seen that
the function of SW204 is to limit the maximum current but it acts only when
both the magnitude and duration of the current exceed the preset limits.
This design is also aimed at maximising the transistor’s capacity.

The circuit described above also was applied to the protection circuit of
the QH-ARC101 control.

5.3.2.3 Output-characteristic control circuit

The key technical characteristic of the QH-ARC 103 control is the output-
characteristic control circuit. The present control method uses multi-
segment and scanning output characteristics. The circuit is resolved into
several parts to facilitate its description.
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(i) The preset welding-parameter circuit. The essence of the QH-
ARC 103 control method is to control the arc automatically by the specially
designed output characteristics to obtain a stable arc and spray transfer
without manual intervention. However, welding parameters should be
preset for different wire diameters and different pulsed- and background-
currents. In the present design, this requirement is met by setting different
parameters of the output characteristics, keeping the principle of control
and its form unchanged. A parameter-preset circuit was designed for this
purpose.

In Block 1 of Fig. 5.14, 100, 104, 105, and 107 are DC power sources that
provide bias for the control circuit. The output E1 has positive polarity, E2

is negative, and E3 is positive. Their polarities are not indicated in the fol-
lowing description. Switch 106 is adjustable by the operator and selects one
of four commonly used electrode-wire diameters, for example wires having
diameters of 0.8mm, 1.0mm, 1.2mm, and 1.6mm. The switch output is a 
4-bit word, K1, K2, K3, or K4. When the switch is turned to one of the four
positions, a positive signal is sent from the switch (from the power source
E1 in this instance), while the output of the other three positions is 0 because
they are grounded. From the circuit of Block 1, it can be seen that in all 
of the feedback loops there is an analogue switch for selecting a bias or 
reference value from the resistor and capacitor networks (see SW101,
SW102, SW103, SW104, SW105, SW106, SW107). These switches select one
set of bias or reference values according to the input word K1–K4.

(ii) The closed-loop circuit. In the QH-ARC 103 control method, the
output characteristics consist of five segments, namely BC, CD, DE, EF, and
FG. Each segment comprises one negative feedback loop; it is the same as
in a conventional electronic welding power source. Some special measures
have been taken, however, particularly those for connecting all of the 
segments together without breaching or overlapping and obtaining good
dynamic properties without delay or oscillation.

A description of the QH-ARC 101 control and the method for accom-
plishing a double-step output characteristic were given in Chapter 4. The
principle and method for producing multi-segment and scanning-output
characteristics are discussed below.

If the parameter-selecting circuit shown in Block 1 of Fig. 5.14 is omitted,
five closed-loop circuits connected in parallel can be distinctly seen. The
parallel-connected devices of these loops are A101, A103, A104, A106, and
A107. The five loops are connected by six diodes, namely D1, D2, D3, D4, D5,
and D6. These diodes are critical for automatically transferring the output
characteristics so they collectively might be called the automatic-transfer
circuit. The five feedback loops and the automatic-transfer circuit can be
simplified as shown in Fig. 5.15. One of the feedback loops forming the
segment CD is illustrated separately in Fig. 5.16 to simplify the description
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of the scanning action of the characteristic. Reference to these two figures
together with Fig. 5.14 is recommended while reading the following text.

(iii) Segment BC. The segment BC is controlled by an operational
amplifier A101 (see Fig. 5.15). It has three inputs; one is the reference-
current signal RI1, which sets the background current. The second is the
current-feedback signal I, which is used to obtain a constant-current output
characteristic. The third is the arc-voltage feedback signal, which is used to
raise the slope of the BC segment.

When a positive +V is applied, the segment BC has a positive slope; when
a negative -V is applied, the segment BC has a negative slope. In the present
design, the former is incorporated into the design because a higher current,
which provides a more stable background arc, is preferred when the arc
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voltage is higher. In this circuit, if |I| < |RI1|, the output of A101 is positive
at point 14, D1 and D6 are conducting, and the closed-loop circuit can
operate. If |I| > |RI1|, the output of A101 is negative, D1 and D6 are closed,
and the closed-loop circuit is blocked off.

When the arc-operating point is on segment BC, only the loop of A101
is operating; the other four loops are automatically blocked because the arc
voltage is high and current is low while it is on BC. For example, in loop
A103, the output of A102 is positive, |V| > |RV| and the output of A103 is
negative. D2 blocks off the loop. Diode D7 is used to prevent electrical
leakage from A102 to A103. In loop A104, the output is positive because 
|I| < |RI2| and thus D3 blocks off the loop. In loop 106, the output of A105
is positive and the output of A106 is negative because |V| > |RV2|. Thus D4

blocks off the loop. In loop A107, its output is positive because |I| < |RI3|
and thus D5 blocks off the loop.

(iv) Segment CD. The circuit for the segment CD consists of A102,
A103, A108, and A109. A102 and A103 are the main feedback loops for
segment CD. There are four inputs for A102, namely, the reference voltage
RV1 that corresponds to the voltage at point C, the arc-voltage feedback
signal V, the wire-feed rate signal M, and the arc-current feedback signal
(see point 23). The current-feedback signal is supplied by A108 and A109
(see the square frame 21 in the figure). The two functions of this circuit are
to feed the current signal to A102 according to a preselected proportion
and to feed the current signal to A102 after it is differentiated. Among the
four inputs, RV1 and V configure the constant-voltage feedback loop. The
proportional current signal is used to change the slope of the constant-
voltage output characteristic. If I is positive, the slope is rising and if I is
negative, the slope is drooping. In the present design, a positive signal is
used. Therefore the CD segment rises. The wire-feed rate signal is used to
adjust the magnitude of the voltage at C. If the wire-feed rate is increased,
the arc current and voltage will increase; therefore segment CD should be
raised. The wire-feed rate signal comes out from the terminal of the driving
motor (M1,M2) via an optical coupler L101 to A102. The negative, differ-
entiated arc-current signal (see frame 22 inside frame 21 in Fig. 5.16), or 

, feeds to A109. Therefore, when C jumps to D¢, the welding current

is increasing, is positive, the input to A109 is negative , and its

output is positive, which makes the slope of CD steeper. That increases the
speed of transfer of C to D¢. When the welding current becomes stable,

, and circuit 22 no longer plays a role. Similarly, when the 

arc-operating point jumps from D to C¢, the welding current decreases,
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is negative, the input to A109 from 22 is positive, and its output 23 is neg-

ative. Therefore, the slope droops very steeply and thus the welding current
decreases very fast.When the welding current stabilises, circuit 22 no longer
operates. In both cases, the output characteristics become steeper. Obvi-
ously, when the arc-operating point is at C, it scans counterclockwise around
the axis at C.When the arc-operating point is at D, it scans clockwise around
the axis at D. The circuit does not function during either the background-
or the pulsed-current periods. From the description above, it is known that
only points C and D of segment CD play a role in controlling the arc; they
limit the minimum arc length L2 (point C) and the maximum arc length L1

(point D). When the arc-operating point reaches these points, it triggers a
circuit so that CD scans and pushes the arc-operating point so that it jumps
over. In other words, segment CD, in fact, does not exist; the arc-operating
point does not move or stay on this segment. The aim of designing the
segment CD is mainly to limit the arc lengths L1 and L2. The proportion of
the feedback-current signal determines the parameters of this segment.

How the feedback loop is automatically selected for the segment CD is
described in the following text. When the arc-operating point reaches C, the
welding current increases and exceeds the magnitude of point C, the input to
A101 |I| > |RI1|, its output 14 is negative, and D1 automatically blocks the 
feedback loop. In the circuit of A104, because the input |I| < |RI2| its output at
16 is positive, and D3 also blocks the circuit. In the circuit of A106, because
the reference voltage RV2 is lower than the voltage of segment CD,the output
of A105 is negative, D8 blocks it, and the output of A106 is 0. In the circuit of
A107, the output of point 18 is positive because |RI3| > |I|, and D5 blocks the
circuit. Because the arc-operating point is on the segment CD, only the circuit
of A103 operates; the other four circuits are automatically blocked.

(v) Segment DE. While the arc-operating point is jumping from C to
D¢, the circuit A103 controls the output characteristic of the power source.
When the arc-operating point reaches D¢, because the feedback signal of
A104 changes from |I| > |RI2|, its output at 16 changes from positive to neg-
ative, and D becomes conducting. In this case, although both A103 and A104
are conducting, the potential at 19 is clamped by the output of A104 at 16
because there is a resistance connected between 15 to D2. Therefore A104
controls the circuit.There are two inputs for A104, namely I and RI2.There-
fore the output of the power source has constant-current characteristics.

In this case, the output of A101 is negative and D1 blocks the circuit. The
output of A105 is positive because its input |V| > |RV2|. D8 blocks the circuit
and the output of 106 at 17 is zero. The output of A107 at 18 is positive
because its input |I| < |RI3|, D5 blocks the circuit. It can be seen that only
A104 operates to provide control; A101, A106, and A107 are all blocked.
A103 also does not operate because of clamping by A104.

d
d
I
t
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(vi) Segment EF. The segment EF is controlled by A105 and A106. The
inputs to A105 are V and RV2. In the present design, RV2 < RV1. When the
arc voltage decreases to point F, because |V| < |RV2|, the output of A105 is
negative, D8 is conducting, the output of A106 at 17 is positive, and D4

becomes conducting. Therefore, the loop provides control. Because the
inputs to A105 are V and RV2, the output of the power source has a 
constant-voltage characteristic.

In this case, the output of A101 at 14 is negative because |I| > |RI1| and
D1 blocks the circuit. The output of A103 is positive, but because the input
to A104 |I| > |RI2|, its output at 16 is negative, and D3 clamps the potential
so that the output of D2 plays no role.The output of A107 is positive because
|I| < |RI3| and D5 blocks the circuit. Only A106 functions and controls the
circuit.

(vii) Segment FG. When the arc current reaches the segment FG, the
output of A107 at 18 is negative because |I| > |RI3| and D5 is conducting.
Similar to the segment DE, the potential at 18 clamps the potential of 20,
and A107 operates and controls the circuit. Under this condition, the output
of A101 is still negative, the output of A106 is negative and clamps the
output of D2, and D6 blocks all three feedback loops above it. None of the
loops except A107 provides a control function.

Summary: From the description above, it is seen that the principle of the
QH-ARC 103 control method is that five feedback-control loops are con-
nected together by a network of diodes so that only one feedback loop at
a time can be automatically selected for control of the power-source output
characteristic while the others are automatically blocked. In the meantime,
in transferring from one circuit to another, good dynamic properties
without breach or overlaps of the output-characteristic segments can be
obtained. This is the essential and key point of the invention.

5.3.2.4 Extension of the multi-segment circuit

In the QH-ARC 103 control method described above, the output is divided
into five characteristics. This concept was developed especially for a new
pulsed MIG welding process. From the view of electronic circuitry, it is pos-
sible to incorporate an arbitrary number of segments, as shown in Fig. 5.17.
The prerequisite is that the reference value of each segment must obey the
following rules. The first is that constant-current and constant-voltage char-
acteristics should be alternated. The second is that the reference values 
for constant-current characteristics should be successively increased, i.e.
RI1 < RI2 < . . . < RIn. The third is that the reference values for the 
constant-voltage characteristics should be successively decreased, i.e.
RV1 > RV2 > . . . > RVn.
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In the circuit for the constant-current characteristic, the voltage-feedback
signal can be added so that the slope of the constant-current characteristic
can be inclined to an arbitrary angle. In the circuit for the constant-voltage
characteristic, the current signal can be added so that the slope of constant-
voltage characteristic can be positive or negative. All of the feedback loops
are connected by a diode network so that only the circuit of the segment
on which the arc-operating point is working is conducting while all other
loops are blocked. Figure 5.18 is the configuration of the circuit. In this
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figure, A3 corresponds to A104 of Fig. 5.15, which plays the role of clamp-
ing. A5 and An also play the same role of clamping as that of A107 in Fig.
5.15. It can be concluded that the author’s invention is not only significant
for developing a new arc-control method and welding process but also is
instructive for the approach to developing a different kind of welding power
source.

5.3.2.5 Circuit for the wire-feed mechanism

The circuit diagram for the wire feed mechanism is shown in Fig. 5.19. The
motor T is driven by the transistor Tr601, which is driven by A602. There
are two modes of wire feeding: constant wire-feed rate and pulsed wire-
feed rate. When the switch is at C1 and C2, the mode is constant-feed rate,
which is regulated by the resistor W601. When the switch is at P1 and P2,
the mode is pulsed wire-feed. The control circuit consists of a multi vibra-
tor T501, T502 and an electronic switch SW501. The pulsed wire-feed rate
can be adjusted by potentiometers W503 and W504, as well as by the oper-
ator control. The durations of the higher- and lower-level feed rates are
adjusted by potentiometers W501 and W502, respectively, and also by the
operator. A603 is used for overload protection of the motor when the input
current to the armature exceeds a certain limit. The signal from resistor 603
is fed to A603, which produces a negative potential, clamps Tr602, and cuts
off its output. The potentials from terminals M1 and M2 are fed to the char-
acteristic circuit to modify the parameters of the output segments, smooth
the welding process under arbitrary conditions of wire-feed rate, and obtain
a stable arc and spray transfer.

5.4 Mathematical analysis of arc 
operating-point movement

In conventional welding processes, the movement of the arc-operating point
is due to the disturbance and restoration of the arc length while the dis-
turbance happens, or due to the variation of wire-feed rate and wire-melting
rate. This was discussed in detail in Chapter 1. In this section, the move-
ment of the arc-operating point while the arc is on a steeply rising or scan-
ning output characteristic of the power source is discussed.

In previous sections, the general idea of the segmented output charac-
teristic and its function for limiting the upper and lower arc length to speed
up the movement of the arc-operating point during transfer of pulsed to
background current or vice versa was explained. Several question that
remain unanswered are: Why not use a switching circuit to transfer the
pulsed current to the background current or vice versa using a triggering
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method based on preset upper and lower limits of the arc length? What is
the difference between the QH-ARC 103 method and the triggering
method? How is the QH-ARC 103 method superior? The discussion below
about the arc-operating point movement under a rising slope and scanning
output characteristics answers these questions.
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5.4.1 On steep rising output characteristics

Assuming that the wire melting is continuous and neglecting the influence
of wire-extension variation due to changes of arc voltage and melting rate,
then the rules of arc operating-point movement on a steep rising output
characteristic can be expressed by the following equations:

[5.3]

where kd is the rising slope characteristic and the other symbols are the
same as mentioned in Section 1.2. The solution of Eq. [5.3] can be written
as

[5.4]

where

If the initial conditions are , while t = 0, then

Therefore, in the case that kd < R + kp, l1 l2 are negative and the equation 

of arc movement is convergent; its steady value is . In the case that

kd = R + kp, the system is in a critical stable state, and in the case that 
kd > R + kp, the equation of arc movement is divergent, the arc operation
point is unstable, and there is no steady value.

If the output characteristic is very steep, i.e. kd >> R + kp, the current
changes very fast, the point moves very quickly, and the influence of melting
rate can be neglected or need not be considered.Assuming that km = 0, then
the solution of Eq. [5.3] is
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[5.5]

Let Ua0 = kaLa0 + Uc + i0(R + kp), Up0 = U0 + i0kd

[5.6]

The direction of movement is determined by the initial conditions:

When , point moves towards left.

When , point moves towards right.

When t = 0, the arc point is just on the steep output characteristic, or 
Ua0 = Up0, then

[5.7]

[5.8]

Figure 5.20 illustrates the current change calculated from the derived
equation of the arc-operating point under a steep rising output character-
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5.20 Current change of the arc under a steep rising output
characteristic (calculated value)
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istic for different initial conditions.Table 5.2 gives the arc and power-source
parameters used for the calculation.

From Fig. 5.20, it can be seen that the current increases very slowly ini-
tially; after some time, it increases rapidly. Table 5.3 quantitatively shows
the increase of current from 35A to 385A under different conditions. From
the table, it is seen that for kd = 0.1V/A, it takes 1.1ms for the current to
rise from 35A to 85A, which is 75% of the total time for the current rise
(1.46ms); it takes only 0.03ms for the current to rise from 335A to 385A
(also a 50A increment), which is only 2% of the total time. The reason the
current rises slowly initially is because there is a small difference between
Up and Ua; term 3 and term 4 of Eq. [5.7] offset each other. At this stage, if
there is an arc-length disturbance so that the voltage difference is increased,
the current-rise time can be greatly shortened. The curve at the left side of
Fig. 5.20 is the current rise when the arc voltage is reduced 2V by a random
disturbance; obviously it is greatly shortened.

In order to observe the behaviour of the movement of the arc-operating
point, an oscillograph was used to record the I - t diagram, which is shown
in Fig. 5.21. Obviously the measured results are very close to the calculated
values shown in Fig. 5.20. For example, for kd = 0.1, it took 0.6ms for I to
increase from 40A to 200A when recorded by the oscillograph, while the
calculated value was 0.64ms.

5.4.2 Scanning-output characteristics

In the QH-ARC 103 control method, a scanning-output characteristic is
used. According to the electrical-circuit design, the relationship between
current and voltage can be expressed by the following equation:

152 Arc welding control

Table 5.2 Arc and power-source parameters

R 23.56mW ka 0.716V/mm Vf 65.8mm/s
L 10 mH Uc 14.7V i0 35A
U0 19.8V kp 0.0245V/A

Table 5.3 Arc-current increase rate under a steep-rising output characteristic

i (A) 38~85 85~135 135~185 185~235 235~285 285~335 335~385 kd

Dt (ms) 1.1 0.12 0.08 0.056 0.04 0.036 0.03
0.1 V/ADt/St 75% 8.2% 5.4% 3.8% 2.7% 2.5% 2%

Dt (ms) 1.92 0.32 0.2 0.12 0.11 0.085 0.08
0.0683 V/ADt/St 67.6% 11.3% 7% 4.2% 3.9% 3% 2.8%
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[5.9]

Similar to results given in the last section, assuming that wire melting is
continuous and neglecting the influence of wire extension, the rule that
governs the arc operating-point movement can be expressed by the fol-
lowing equations:

Because the duration of movement is very short, the wire in fact does not
have time to melt, so it can be assumed that Vm = 0 and the solution of the
equations is then obtained as follows:

[5.11]
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a) kd = 0.1V/A   b) kd = 0.0683V/A

t
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5.21 Current increase recorded by an oscillograph

[5.10]

Abscissa t: 0.2 ms/Div, Ordinate I: 100 A/Div
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If i = i0, ; when t = 0, then

For different control parameters, there can be three different modes of
movement:

let:

then:

(i) In the case that d > 0, the solution is convergent, the arc point moves
convergently.

(ii) In the case that d < 0, d2 > N2, the solution is divergent and the arc
point moves divergently in one direction.

(iii) In the case that d < 0, d2 < N2 then

The solution of Eq. [5.10] can be written as

[5.12]

Equation [5.12] clearly states that the arc point will oscillate divergently
with a sinusoidal waveform. To confirm this result, the author conducted
experiments with proper setting of the parameters so that they conformed
to the conditions of (iii). The trajectory of the arc-operating point on the 
U - I plane and the current waveform on the I - t plane were recorded
using an oscilloscope. Figures 5.22 and 5.23 are the oscillograms that
demonstrate that the experimental results fully coincide with the theoreti-
cal derivation.

According to case (ii), the conditions for divergent movement of the 
arc-operating point in one direction are
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[5.13]

These conditions can be satisfied using a proper set of the control para-
meters. The speed that the arc-operating point moves can also be adjusted
by varying the magnitude of the parameters. Figure 5.24 gives the calcu-
lated results based on three different groups of control parameters; the
circuit parameters are the same as those given in the previous section.
Figure 5.25 shows the current change recorded by an oscilloscope. The
figures are very similar to one another, which demonstrates that the theo-
retical analysis is correct. For example, curve (b) of Fig. 5.24 shows that 
0.76ms was required for the current to rise from 40A ~ 300A; the oscillo-
gram (b) of Fig. 5.25 shows that 0.72ms was required. Similarly, curve (a)
of Fig. 5.24 shows that 0.72ms was required for the current to rise from 
80A ~ 300A while oscillogram (a) of Fig. 5.25 shows 0.8ms.

From Eq. [5.13] it is known that use of scanning-output characteristics
can lessen the requirement for the characteristic slope to speed up the
movement of the arc-operating point. For example, in the case where 
T1 = 4.7ms, T2 = 1.54ms, and the arc and circuit parameters are those shown
in Table 5.2, the required slope of the characteristic for divergent move-
ment of the arc in one direction is kd ≥ 0.026V/A. A welding experiment 

RT k T L k T T L R k kp d p d2 2 1
2

24+ + -( ) > + -( )

RT k T L k Tp d2 2 1 0+ + - <
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5.22 Trajectory of the arc-operating point during oscillation

I

t
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5.23 Current waveform during oscillation of the arc
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demonstrated that, at this value of kd, the speed of movement of the arc-
operating point was fast enough between 35A ~ 400A that globular-droplet
transfer did not develop. Under the same condition, if only a steeply rising
characteristic was applied, a minimum value of kd = 0.0613V/A was
required to avoid globular transfer.

From this analysis, it is known that the minimum upper limit of the arc
length is determined by kd (its intersection point with Ip). According to 
Eq. [5.9], the arc voltage is Up = U0 + kdIp. The lower limit of the arc voltage
is U0, and the minimum difference between the two limits is DUp = kdIp. This
means that if the value of kd is larger, the difference between the two limits
of the arc voltage, and consequently Tb, Tp, also are larger. In that case, low-
frequency sparkling of the arc can happen. Applying a scanning-output
characteristic can speed up the movement of the arc-operating point, and
avoid globular transfer and low-frequency sparkling.

In addition, the use of a scanning-output characteristic can improve the
adaptability of the system to variations of loop resistance. If kd = 0.034V/A

156 Arc welding control
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(a) kd = 0.034, T1 = 6.1ms, T2 = 2.56ms
(b) kd = 0.034, T1 = 4.7ms, T2 = 1.5ms
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0 t (ms)

5.24 Current changes for different parameters of scanning-output
characteristics (calculated values)

I

t

I

t

I

t

5.25 Oscillograms of current changes (by experiment)
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and the other parameters are as shown in Table 5.2, the resistance that can
satisfy Eq. [5.13] for speeding up the arc operating-point movement is 
R £ 44mW, which is much higher than the resistance of a normal welding
loop. That means the resistance of the welding loop has no influence on the
arc operating-point movement while it passes through the globular-transfer
region.

Figure 5.26 illustrates the speed that the arc-operating point moves under
the action of the scanning-output characteristic and the corresponding
voltage output of the power source on the U - I plane. In this figure, each
time division is 0.1ms. From the figure it can be seen that Up(i) is approxi-
mately a straight line, which was proved by actual experiments. Also from
this figure, it is known that the arc-operating point moves very slowly ini-
tially. It takes 1.0ms for the current to rise from 35A to 60A because the
potential difference (Up - Ua) is very small. In Eq. [5.11], the increase of
items 4 and 5 is small. Later, the arc point moves faster; it takes only 
0.35ms for the current to rise from 100A to 400A. The rule mentioned
above has been experimentally verified.

Obviously, the moving speed of the arc-operating point depends on the
parameters of the power-source output characteristics. Table 5.4 shows the
time required for various values of current change for the parameters
shown in Fig. 5.24. The movement rule mentioned above is very advanta-
geous for controlling the arc. Assume that point B in Fig. 5.26 corresponds
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to point C of the output characteristic (segment CD, see Fig. 5.8) When the
arc is approaching this point, the arc length is at its lower limit; it will move
toward the right until it reaches D¢. Because it moves very fast in the later
stage, it almost bypasses the globular-transfer current region; no globular
transfer can happen. On the other hand, in the initial stage, because 
(Up - Ua) is small, any random interference can change the direction of
movement. For example, if the arc length is abruptly shortened a small
amount, the potential difference increases, which would speed up the tran-
sition of the arc-operating point to the point D¢. If the arc length is abruptly
enlarged a small amount, the voltage difference (Up - Ua) can become neg-
ative and the arc-operating point can return to C. Therefore, the system has
good dynamic properties on the one hand, and good resistance to random
disturbances on the other. This is a significant benefit of the QH-ARC 103
control method over conventional arc-length control that uses electronic
switching.

From the analysis in Section 5.3.1, it is known that the arc operating-point
movement is the trajectory of the leading and trailing pulse edges. There-
fore these edges are different from those of the pulse in normal pulsed MIG
welding controlled by an activated switching method. Figure 5.29 shows the
current waveform of the pulse in this control method. It can be seen that
at its front edge it rises slowly at first and then rapidly. Similarly, at its back
edge, it falls slowly at first and then rapidly. Moreover, the durations of both
the front and back edges are small. Experiments show that arc noise comes
mainly from the front and back edges of the pulse.Therefore, proper design 

of the output characteristic and the values at the front and back edges

can decrease arc noise and produce a soft, pulsed MIG arc sound.

d
d

i
t
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Table 5.4 Arc-current increase rate under scanning-output characteristics

i (A) 38~85 85~135 135~185 185~235 235~285 285~335 335~385 Parameters

Dt (ms) 1.66 0.26 0.16 0.11 0.088 0.072 0.06 K = 0.034

Dt/St 69% 10.8% 6.6% 4.6% 3.7% 3% 2.5% � T1 = 6.1

T2 = 2.56

Dt (ms) 1.12 0.144 0.088 0.056 0.048 0.04 0.03 K = 0.034

Dt/St 73% 9.4% 5.8% 3.7% 3.1% 2.6% 2% � T1 = 4.7

T2 = 1.5

Dt (ms) 0.75 0.072 0.044 0.032 0.028 0.024 0.016 K = 0.047

Dt/St 78% 7.5% 4.6% 3.3% 2.9% 2.5% 1.7% � T1 = 4.7

T2 = 1.5
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5.4.3 A second function of the scanning-output
characteristic

Before proceeding with the text of this section, it must be pointed out that,
in previous sections, the principle of the QH - ARC 103 method was illus-
trated for convenience using the static-output characteristic of the power
source. The segment CD was used to control the arc length; C represented
the lower limit and D represented the upper limit. The scanning-output
characteristic was described as a measure for speeding-up the movement
of the arc-operating point from C to D¢ or from D to C¢. But, as mentioned
in last section, the scanning-output characteristic has another important
function: stabilisation of the pulse length and the arc. Due to the function
of the scanning-output characteristic, point D is, in fact, not fixed. This phe-
nomenon is discussed in this section; this is, actually, a precise and thorough
explanation of the control method.

In the following, the function of the scanning characteristic on arc control
when the arc current i = IP, or when it is on the segment DE, is analysed:

(i) Movement of scanning-output characteristic on the segment DE.When
the arc-operating point arrives at segment DE, i = IP. Substituting i = IP into
Eq. [5.9], the following differential equation can be obtained:

If UP = UP0 when t = 0, then the solution of the equation is

[5.14]

Equation [5.14] represents the rule of scanning-characteristic movement
when the arc-operating point is on the segment DE, or, more explicitly, the
movement of the intersection point of the scanning-output characteristics
with the segment DE, i.e. the intersection point of S1 and DE: see Fig. 5.8.

(ii) Movement of the arc-operating point on segment DE. When the arc-
operating point reaches DE, the wire melts in the droplet-transfer mode at
the current IP. The arc length gradually increases so that the arc-operating
point ascends along IP until it meets the descending intersection point of
the scanning-output characteristic with the segment IP. Then, the pulse
period ends and the background period starts.

The ascending speed of the arc-operating point depends on the melting
rate of the wire during the pulse period. Factors that affect the melting rate
are reported differently in contemporary literature. Therefore, it is valuable
to study this phenomenon further. The melting rate was measured directly
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by the author using an x, y recorder. The average welding-current (the
pulsed current was filtered) signal was fed to the x-axis and the wire feed-
rate signal, which represents the melting rate, was fed to the y-axis. The
torch-to-work distance was kept unchanged but the arc length was
increased in accordance with the welding current. The pulsing parameters
were changed in accordance with the wire-feed rate. Both the average
welding current and the melting rate were recorded. The results are shown
in Fig. 5.27. It can be seen that the wire-melting rate was almost propor-
tional to the average current and was independent of the pulsing para-
meters. The pulses visible on the line in Fig. 5.27 were due to filtering of the
welding current. When the torch-to-work distance was within a certain
range, the melting rate increased with the increase of wire extension, but
only very slightly.

In the background-current period, the wire does not melt but it is pre-
heated. This means that the duration Tb and current Ib affect the melting
rate. The melting rate during the pulse period can be derived from Fig. 5.27.

Assuming that the average melting rate is km, which can be found from
Fig. 5.27, let the melting rate during the pulse period be kmP, as the melting
is in fact taking place during this period. Then, the following equations can
be written:

as [5.15]

[5.16]k
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From Eq. [5.16] it can be seen that if Ib, Ip, and I remain unchanged, or
Ib and Ip and the pulse and background periods remain unchanged, then kmP

also will remain unchanged. Therefore, the change of the arc length during
the pulse period can be calculated:

The arc length during the pulse period is

[5.17]

Substituting Eq. [5.16] and Vft = kmI into Eq. [5.17], we obtain

[5.18]

[5.19]

Equation [5.19] represents the arc-voltage increment while the arc-
operating point ascends along segment DE.

(iii) Pulse Width. In the QH-ARC 103 control method, the pulse width
is determined by the time needed for the descending point of the scanning-
output characteristics to meet the ascending point of the arc characteristic
on the segment DE. Mathematically, this can be expressed as:

[5.20]

when UP = UaP, t = TP

If the parameters of the arc and the circuit are as shown in Table 5.5,
Eq. [5.20] can be calculated and illustrated as in Fig. 5.28, in which Up(t) 
is the descending voltage of the output characteristic along the segment 
DE and Uap(t) is the ascending voltage of the arc along the segment DE.
The intersection point of these two curves determines the pulse width 
TP. Figure 5.29 is the oscillogram of the pulsed current obtained experi-
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Table 5.5 Arc and circuit parameters

kd 0.034V/A U0 21V Ib 30A
R 0.019 W km 0.43mm/A.s T2 1.54ms
kp 0.0245V/A Vf 6.58mm/s Up0 57V
ka 0.716mm Ip 385A
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mentally; it can be seen that the pulse width (width of the top horizontal
line) is 3.4ms. The figure corroborates the calculated value from 
Fig. 5.28.

After determining the pulse width TP, the background width Tb can be
obtained from the average current using Eq. [5.15]. The pulsed-current fre-

quency is then . The values of TP, Tb, and f will adapt to changes

of wire-feed rate and welding current. Experimental results show that for
a wire diameter of 1.2mm, the pulse frequency is in the range of 45Hz~
110Hz for a welding-current range 80~300A.

f
T TP b
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+
1
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5.28 Control of the pulse width by the scanning-output characteristic
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5.29 Oscillogram of the pulsed current
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To compare the present control method to the arc-length threshold
control method (i.e. when the pulsed current is switched on and off accord-
ing to preset upper and lower arc-length thresholds), the pulsed-current 
frequency distribution range is discussed below:

Substituting t = TP into Eq. [5.18], one obtains

[5.21]

where DLa = L1 - L2, the difference between the two arc-length thresholds.
Because the wire does not melt during the background period, one

obtains

[5.22]

[5.23]

and

Therefore, the frequency has a maximum value at the average current 

. It can be seen from Eq. [5.23] that the frequency depends on only two

arc-length thresholds because the other parameter, such as km, IP, Ib, cannot
be changed. On the other hand, Eq. [5.21] shows that smaller values of DLa

give smaller values of TP. However, too small a value of TP is detrimental
to achieving normal droplet transfer. The minimum value of DLa should
ensure a sufficient value of TP and normal droplet transfer. It is known from
experiments that the minimum value of TP should be 3ms. From Eq. [5.21]
and the parameters given in Table 5.5, the minimum arc-length threshold
difference can be obtained as DLa = 1.0mm. Using DLa = 1.0mm, TP,
Tb, and f can be calculated for different welding currents as shown in 
Table 5.6.

The data shown in Table 5.6 demonstrated that, for the same welding-
current range, the pulse-frequency range is 23–11Hz under the minimum
arc-length threshold difference. Because there always are arc-length dis-
turbances, the arc-length threshold difference should be much larger than
1.0mm in order to ensure spray transfer. Therefore, the pulse frequency
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would be much lower than that given above. Such a low-frequency pulsed
arc is harmful to people’s sight. This phenomenon has been experimentally
demonstrated.

(iv) The influence of arc length and voltage disturbances on the stability
of droplet transfer. The application of scanning-output characteristics to
control the pulse width can increase the stability of spray transfer.
Figure 5.30 shows the change in the voltage of a scanning-output charac-
teristic and the arc characteristics on segment DE. In the figure, two random
arc-length or arc-voltage disturbances are shown (see Uap(t)). Under normal
conditions when there are no arc-length disturbances, the pulse width is Tp.
In the following text, two control methods are compared, namely scanning-
output characteristic control and arc-length threshold control.

Suppose that UaP2 and UaP1 are upper and lower arc-length thresholds,
respectively. It can be seen from the figure that if the threshold method is
applied, the first interference voltage peak of UaP will trigger the circuit and
the pulse width will be TP¢ because the voltage peak is larger than the upper
threshold UaP2. Because TP¢ is very small, spray transfer cannot occur. If
scanning-output characteristics are used for pulse-width control, the first
voltage peak will not result in misfiring of the circuit because the upper arc-
length limit is Up(t), which is much larger than the first peak at that moment.
It can be seen from the figure that the sooner the disturbance peak appears,
the higher the value of Up(t) will be at that moment and the safer the control

164 Arc welding control

Table 5.6 Pulse parameters under arc length
threshold control

I (A) TP (ms) Tb (ms) f (Hz)

60 3.40 39.00 23.80
80 4.40 29.82 29.22

100 5.40 23.67 34.39
120 6.29 19.64 38.54
140 7.19 16.80 41.66
160 8.19 14.76 43.55
180 9.20 13.00 45.03
200 10.50 11.77 44.89
220 12.00 10.70 44.89
240 13.80 9.76 42.44
260 16.20 9.00 39.68
280 19.56 8.35 35.89
300 24.39 7.82 31.03
320 32.09 7.32 25.36
340 46.70 6.89 18.66
360 84.50 6.50 10.98
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will be. An even higher voltage peak would not lead to improper trigger-
ing of the circuit, so that the pulse width Tp could be ensured. It also can
be seen from Fig. 5.30 that after the arc stays on segment DE for a certain
period of time, the scanning-output characteristic control will be more sen-
sitive than the threshold-control method because, at this moment, the upper
limit Up(t) is even lower than Uap2. The second voltage-peak disturbance
shown in the figure triggers the circuit in the former control circuit but not
in the latter; the pulse width will be Tp1.

(v) The adaptability of the control method to the change of welding-loop
resistance. Scanning-output characteristic control has much better adapt-
ability to welding-loop resistance changes. It is known that the wire exten-
sion and welding-loop resistance inevitably vary during welding. Figure 5.31
shows that scanning-output characteristic control has stronger resistance to
variation of the welding-loop resistance.The arc-length characteristic Uap(t)
shifts upward when the welding-loop resistance increases. If the character-
istic becomes U¢ap(t), the pulse width decreases to Tp1 with threshold control.
If the characteristic becomes U≤ap(t), which is higher than the upper thresh-
old, the control system would not operate.Therefore, in this control method,
either the pulse width will be greatly shortened or the control system will
cease operating. In scanning-output characteristic control, the pulse width
will be TP3 even when the arc-length characteristic moves up to U≤ap(t), and
the system can operate normally.

Quantitative analysis of the influence of the welding-loop resistance on
the pulse width is discussed in the following paragraph:

When the arc-length threshold control method is used, the pulse width
can be found from the following equations:

Control method QH-ARC 102 and 103 165

5.30 Pulse width under scanning-output characteristic control and
threshold control
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[5.24]

[5.25]

Equation [5.25] represents the effect of variation of the welding-loop
resistance R on the pulse width. Substituting the parameters of Table 5.5
into Eq. [5.25] gives

This means that an increase of the loop resistance of 1mW decreases 
TP by 4.16ms. Obviously the loop-resistance variation produces a large
change of pulse duration TP. Consequently, it results in changes of Tb and
f as well.
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5.31 Influence of welding-loop resistance on pulse width
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With scanning-output characteristic control, TP is determined by 
Eq. [5.20] from which the following equation is obtained:

Taking the derivative of both sides of the equation above with respect to
the parameter R gives

[5.26]

Taking the calculated data shown in Fig. 5.28, Up0 = 57V, TP = 3.4ms, and
the parameters indicated in previous sections, and substituting them into
Eq. [5.26], gives dTP/dR = -0.23s/W. This means that TP decreases by 
0.23ms when R increases 1mW.

This analysis demonstrates that scanning-output characteristic control
has much greater resistance to variations of welding-loop resistance; its
capability is 17 times greater than that provided by the threshold-control
method. Moreover, the scanning-output characteristic control method can
automatically adjust the arc length when the loop resistance changes.
According to the analysis given in Section 5.3, the arc-operating point will
automatically drift upward; the magnitude is DUa where

The line La1 rotates to (La1 = DR) by an angle a, shown in Fig. 5.32 as L¢a1.

Because and Ib is small, Ip >> Ib, then a ª DR. This means that

the change of resistance is compensated for automatically so that the arc
length does not change.

In summary, the scanning-output characteristic control method offers
stable spray transfer, a stable arc length, and good resistance to distur-
bances. Practical experiments have demonstrated that it has good resistance
to arc-length disturbances, welding-loop resistance changes, wire-extension
variations, etc. It continuously sustains spray transfer and an optimum arc
length.
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5.5 Closed-loop control of weld penetration

5.5.1 Introduction

Most service failures of pressure vessels are due to inadequate weld quality,
particularly incomplete penetration of the first weld pass. Due to restric-
tions imposed by a vessel’s diameter or high preheating temperature,
root-side welding often is impossible or impractical. Therefore, one-sided
welding with backside penetration is needed.This technique requires a very
skilled welder. Even with a skilled welder, ensuring weld quality is difficult.
Therefore, developing a one-sided welding process with adequate root pen-
etration and root profile is an important project that has attracted the inter-
est of welding researchers worldwide.

There are several penetration-control methods that are already applied
in industry, for example, the pulsed TIG and plasma-arc processes.[49,122–124]

In pulsed TIG welding, the welding speed is used as the control variable for
ensuring penetration because the welding current is restricted by the
current limitation of the tungsten electrode. Because the welding tractor in
automated welding usually has large inertia, the dynamic behaviour of this
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control method is poor. Plasma-arc welding is based on the keyhole phe-
nomenon, which can ensure penetration but not weld-root formation. In
both methods, there are no metal transfers to the welding pool (the elec-
trode is not consumed during welding), so the productivity is low. The 
QH - ARC 103 control method can automatically adjust the welding para-
meters while the wire-feed rate varies in any way.Therefore, it offers a good
means for penetration control and root-bead formation. A penetration
control and root-bead formation process has been developed by the author
and his colleagues Chen, Liu, and Wang.[254,324]

5.5.2 Bead penetration control

During the MIG welding process, the arc introduces heat and exerts force
on the weld pool. In the meantime, melted droplets fall into the weld pool;
the process is complicated. Experiments demonstrate that fusion-zone 
penetration is related to the heat input for a given groove size. However,
due to the inertia of heat flow, penetration is not a linear relationship but
more like a system with an inertial element: See Fig. 5.33 in which I repre-
sents welding current and Y represents penetration. This relationship can
be used in the model for penetration control.

The control system can be designed for two welding modes, namely
varying welding speed with constant welding current and varying welding
current with constant welding speed. The dynamic behaviour of the first
mode interferes with good control because welding tractors or turning 
rolls have high inertia. The following problems accompany the second
mode.

(i) The welding-current range is small for conventional MIG welding; for
example, the minimum welding current for 1.2mm wire diameter and
spray transfer is 250A.

(ii) The welding-current range is large for pulsed MIG welding but 
the pulse parameters are complicated and not easy to adapt to large
variations of welding current.
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(iii) Different metal transfer modes can be used for regulation of heat
input, e.g. both high and low welding currents can be used with spray
and short-circuiting metal transfer to change the heat input,[125] but
this produces poor bead formation and requires accurate synchro-
nization of the wire-feed rate and welding current.

Application of the QH - ARC 103 control method can solve these prob-
lems concerning the regulation of heat input.

5.5.3 Principle of the control system

The block diagram of the penetration-control system is shown in Fig. 5.34.
The major components are described in the following sections.

5.5.3.1 Penetration sensor

An accurate and reliable sensor is the key element of the control system.
Good penetration should have sufficient area of melting on the back side
of the bead without suck back of weld metal, which leaves a depression in
the root bead. In this control system, a photoelectric device is used for
detecting the temperature and molten area.

From the principles of heat radiation, the full-wave radiation power can
be expressed by the following equation:[126]

[5.27]

where M is the full wave radiation power per unit of area
s is the Stefan–Boltzmann constant
T is the absolute temperature
e is the full wave emissivity

If the radiation area is A, the total power is:

A M A T◊ = ◊es 4

M T= es 4

170 Arc welding control

Preset Control circuit
QH-ARC 103 MIG Arc

Penetration 
sensor

Weld pool

5.34 Block diagram of the penetration-control system

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



This equation shows that the total radiation power is proportional to the
fourth power of temperature and the first power of the radiated area. The
output of most photoelectric devices is proportional to their irradiance,
which, in turn, is proportional to their total radiation power. Therefore 
the temperature increase of the molten metal and its area increase 
the output of the photoelectric device. In the present system, a 3DU silicon 
photoelectric transistor is used. The characteristics of it are shown in 
Fig. 5.35.

Obviously, the amount of radiation that the photoelectric device receives
depends on both the temperature and area of the molten pool and thus
reflects the degree of penetration of the back bead. Because this device has
high sensitivity and small volume, it can be installed in different ways to
adapt to different designs of welded pressure vessels (see Fig. 5.36).

The problem with this sensor is that its output depends on the distance
between it and the weld pool. Therefore it must be calibrated before use
for each application. To solve this problem, Chen[324] has developed another
kind of sensor using a linear CCD camera and a selected-wavelength filter
as the sensing element. At the same time, he assumed that the temperature
field obeyed the following rule:

By proper data processing of the signals received, the absolute tempera-
ture and degree of penetration can be recognised independently of the 

T y K y( ) = -( )exp z 2
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distance and without calibration.[324] Later, the author and his colleagues
Su[295] and Zhang[296] developed a sensor using an ICCD camera, which can
measure the temperature field without calibration at high speed (every field
for 0.15s), as the sensing device. The device can accurately measure both
the temperature and area of the molten pool. This device has been applied
successfully (see Section 14.7).

The descriptions in the following paragraphs are based on using the 3DU
sensor as its volume is small, it is simple to control, and easy to calibrate.
Therefore it is useful for practical applications.

5.5.3.2 Heat input control

For control of heat input and weld penetration, the power source designed
for the QH - ARC 103 method[127] and a rapid-response wire feeder[128] were
used as the basis of the system. Because the QH-ARC 103 power source
can automatically regulate its parameters while wire-feed rate varies, the
power source can ensure stable spray transfer in the welding current range
of 60~350A. Therefore the heat input can be easily regulated. Figure 5.37
shows the bead appearance obtained using different wire-feed rates.
Figure 5.38 shows the current waveform taken by an oscilloscope while the
wire-feed rate was pulsed. From the figure, it can be seen that the magni-
tudes of both the pulsed and background currents were not changed, but
the pulse width and frequency changed adaptively with the variation of the
wire-feed rate.

At the present time, almost all wire-feeding mechanisms are designed 
for constant wire-feed rate. Their dynamic properties are poor when the 
wire-feed rate changes, e.g. it takes more than 200ms for the feed rate to
increase from its lowest to its highest level. Obviously, it does not meet 
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the requirement of the present control system. For this reason, the author
has developed a wire-feeding mechanism having improved dynamic pro-
perties. A torque motor is used without a reducing gearbox instead of a ser-
vomotor. A tachometer is mounted on the axle of the wire-drive motor 
to provide closed-loop control of wire feeding. The transient time from 
the lowest feed rate to the highest feed rate is reduced to 30ms from 
300ms. Figure 5.39 shows the control system. An arrow indicates the torque
motor.

5.5.3.3 Configuration of the control system

The physical configuration of the control system is shown in Fig. 5.40. It can
be seen by analysis of its transfer function that there are two inertia ele-
ments; one is the wire-feed motor and the other is the melting process of
the weld pool. Figure 5.41 shows the block diagram of the control system.
Its transfer function can be derived easily as follows.

[5.28]

where 
Ug(s) is the input signal kx is the motor gain factor
Tx is the time constant of motor Vf(s) is the wire feed rate
km is the wire melting rate I(s) is the welding current
ky is the penetration gain factor Ty is the time constant for penetration
Y(s) is the penetration kf is the feedback factor

Equation [5.28] is for a Type 2 control system; its natural oscillation 
frequency is

[5.29]w n
x y m f

y m

k k k k
T T

=
+1

G s Y s U s
k k k

T T s T T s k k k k
g

x y m

x y x y x y m f

( ) = ( ) ( ) =
+ +( ) + +2 1

Control method QH-ARC 102 and 103 173

I

400

300

200

100

0

100ms

t

5.38 Welding current waveform under pulsed wire-feed rate

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



174 Arc welding control

5.39 Apparatus for closed-loop penetration control

Threshold

Comparing 
element

Electronic 
switch

Ug1 Ug2

Feedback  
amplifier

Driving
Torque motor

Sensor

Weld pool

Arc

QH-ARC
Power 
source

5.40 Configuration of the control system

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



The damping factor is

[5.30]

In order to obtain optimum results, compensation can be incorporated into
the design. In this system, however, there are special features. First, the time
constant Ty for the degree of penetration and heat input varies with welding
conditions. Second, arc forces can oscillate the molten pool; this oscillation
can propagate throughout the whole system. Third, excessive molten metal
in the pool can prevent control of penetration by heat input. For these
reasons, a linear control system can hardly satisfy the control requirements.
Therefore, in the present system, a non-linear control system or threshold-
control method was applied: see Fig. 5.40. The principle of this control is
explained as follows:

The lower threshold was selected so that the root side of the joint is just
melted and the upper threshold is selected so that the root side is suffi-
ciently melted but without suck back.A comparing element is used as a flip-
flop circuit. The system will remain in its current state of operation while
the input signal is between the lower and upper threshold so that oscilla-
tion or loss of control will be avoided and good robustness can be obtained.
If the penetration input signal is lower than the lower threshold, the com-
paring element will connect the circuit with Ug1 (Fig. 5.40) so that wire-feed
rate will be VfH and a high welding current IH will be produced. If the 
penetration input signal is higher than the upper threshold, the comparing
element will connect through Ug2 to the control circuit and thus give a low
wire-feed rate and low welding current. The heat input to the weld pool is
regulated by adjusting IH, IL and TH, TL. The inputs Ug1 and Ug2 are preset
so that during pulsed-wire feeding, there is not too much molten metal in
the weld pool, which will cause loss of control. This also provides a stable
arc with minimum welding current when the wire-feed rate is low.

A weld-root appearance obtained with this control method is shown in
Fig. 5.42. It consists of a series of melted spots that overlap each other. Each

z =
+

+( )
T T

T T k k k k
x y

x y x y m f2 1
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spot is formed at the high welding current for penetration at first and sub-
sequent low welding current for solidification of the pool. TH and TL are
varied automatically according to the penetration input signal. Practical
experiments demonstrated that although the volume of each weld pool may
be different, good penetration could be ensured. Figure 5.43 is the record
taken by an X - Y recorder in practice.

5.5.4 Experiment and application

In order to examine the behaviour of the control system, a series of tech-
nological experiments have been conducted. The parameters used were as
follows:

Work piece: 400 ¥ 100 ¥ 8mm plate of steel 16Mn. Single V-butt joint
Wire: 08Mn2Si, f1.2mm
Welding current: IH = 170 ± 10A, IL = 60 ± 5A
Shielding gas: 850 L/h ·Ar + 150 L/h ·CO2

The groove shape is shown in Fig. 5.44. For experimental purposes, the
groove angle b, root face d, root gap c, mismatch (‘high-low’) d, and welding
speed Vw were varied. The results are summarised as follows:

(i) Too small a value of b results in too much reinforcement, which is
unfavourable for the stress distribution under loading. Moreover, too
small a value of b makes penetration more difficult. A long TH is
needed to achieve sufficient penetration; in turn, more molten metal
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will be deposited in the weld pool. Once the arc burns through the
plate, a very large depression in the weld metal can result. On the
other hand, larger b will reduce Ty, which is favorable for penetration
control and bead formation. But the amount of machining for prepa-
ration of the groove and the number of subsequent weld passes will
be larger. Therefore b = 80°~90° is usually recommended.

(ii) The experimental results related to the root face and root gap are
shown in Fig. 5.45. It can be seen that Ty should be increased when d
is increased and Ty should be decreased when c is increased. There-
fore, a larger value of c should be used for larger d and smaller c used
for smaller d. It is difficult for the arc to penetrate when d is large and
c is small. On the other hand, small d and large c produce a depres-
sion in the weld pool and cause loss of control. Normally it is not dif-
ficult to meet the requirement shown in the shadow area of Fig. 5.45
in practice. The mismatch d plays a role like that of d. Increases of d
increase Ty. Normally, the system can operate successfully if d is less
than 1mm.

(iii) From the point view of productivity, using high welding speed is desir-
able but due to the thermal inertia in weld-pool formation, too high
a welding speed Vw will cause incomplete penetration so that overlap
of the weld pools (individual beads) on the root side of the joint
cannot be obtained. Experimental results demonstrated that good
root-bead formation can be obtained in the welding-speed range of
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0.18~0.25m/min, which is 50~70% higher than the welding speed of
pulsed TIG welding during the first pass.

(iv) The present development had been applied in industry. The circum-
ferential seam of a liquid-acetylene vessel and a liquid-chlorine vessel
was welded using the control system. The dimensions of the liquid-
acetylene vessel were 250mm inner diameter, 4.5mm wall thickness,
and 160N/cm2 working pressure. The technology used previously was
pulsed TIG welding for the first pass and submerged arc welding
(SAW) for subsequent passes. In the present technology, pulsed MIG
was used for the root pass and MIG was used for subsequent passes.
The method was not only more efficient in root-pass welding but also
saved a lot of time due to the elimination of the changing of the
welding process and welding location on the shop floor. The produc-
tivity was obviously improved. The entire length of all of the joints
was nondestructively tested(100%) and 98.7% of them met the stan-
dard for penetration. The experiments demonstrated that one-side
welding with adequate root-bead formation is possible and reliable.
This new process control can be recommended for application in
practice. Figure 5.46 shows the appearance of the circumferential
seam of the liquid-acetylene vessel welded using this method. No data
are available for the liquid-chlorine vessel.

178 Arc welding control

5.46 Appearance of liquid acetylene vessel welded using the present
method

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



6
Arc control of CO2 welding and 

AC MIG welding

6.1 CO2 welding

In CO2 welding, force is exerted on the anode spot of the weld wire by the
arc column, which impels the molten drop to fall to the weld pool. There-
fore, it is very hard to achieve spray transfer. A short-circuiting method was
invented in the 1950s to solve this problem. In this method, low arc voltage
and a short arc length are used. When a molten drop is formed on the 
tip of the wire, short circuiting occurs, which causes high current and
pushing of the droplet by the axial force accompanying the pinch effect.
Advantages of CO2 welding are its low cost and small molten pool. It is
applicable to all-position welding but there are shortcomings also. The
process produces significant spatter, excessive reinforcement, and poor
bead formation. It is used mainly for all-position welding of thin
plate.[21,30,129,131,132,134–137]

A constant-voltage output characteristic and a constant wire-feed rate
are used. The inductance of the welding loop is used to control the current-
rise rate during short circuiting. There is no means to control arc initiation
and the current varies violently during welding. The range of allowable
current for some wire diameters is very small.[138–140] In order to overcome
these shortcomings and improve the quality of weldments made by CO2

welding, much study has been carried out by welding researchers.[57,141,142,144]

Zhang and Chen proposed to control CO2 welding using the QH-ARC 
principle, concretely two methods were developed, i.e. QH-ARC CO2 (A)
and QH-ARC CO2 (B).[130] The main idea was to use droplet transfer or
droplet plus short-circuiting transfer instead of pure short-circuiting trans-
fer. The transfer is controlled using a constant-current output characteris-
tic. The droplet transfer keeps the arc initiated and thus produces deeper
penetration.Constant-current, short-circuiting transfer produces less spatter
and gives a more stable arc. This method is discussed in the following text.
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6.1.1 Principles of control method QH-ARC CO2(A)

Triple-step output characteristics are applied in the QH-ARC CO2 control
method. Figure 6.1 is a schematic diagram of the power-source output 
characteristic and the arc-operating point, in which U0 is the open-circuit
voltage, Ib is the background current, Ia is the operating current, Is is the
short-circuiting current, and Ux and Uy are the thresholds for limiting the
range of arc length. Ux also controls the current-rise rate. Uy prevents
burning of the weld-torch tip. Normally, the arc characteristic intersects Ia

at A. However, in practice, the arc-operating point jumps between A and
B. Figure 6.2 shows the current and voltage waveforms schematically. The
arc operates at A when it is long and it is a short-circuit when the arc length
becomes short.The arc successively alternates between two transfer modes.
Both modes take place at constant current and the process proceeds
smoothly. At certain wire-feed rates, the proportion of each transfer mode
can be regulated by presetting the output-characteristic parameters. In this
way, bead formation can be properly predesigned for different welding posi-
tions and plate thicknesses.
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Properly presetting the output-characteristic parameters is important for
this control method. Figure 6.3 shows trajectories of the arc-operating point
on the U–I plane for different presets of characteristic parameters.

a) The arc-operating point is on the constant-current segments Ia and Is,
the desired state for this control method.

b) The arc-operating point is between Ib, Uy, and Ia; it jumps to B during
short-circuiting.

c) The arc-operating point is on the corner of Ib and Uy.
d) The arc-operating point is at the corner of Ia and Ux.
e) The arc-operating point is mostly on Ux.
f) The arc-operating point oscillates between Uy, Ia, Ux.

When the welding speed is held constant, the results shown in Figures
6.3a–f can be obtained by presetting different sets of parameters of the
triple-step output characteristic. For example, from Fig. 6.3a, Fig. 6.3b can
be obtained by increasing Ib and decreasing Ia and Uy. Figure 6.3c can be
obtained by decreasing Uy. Figures 6.3d can be obtained by decreasing Ia,
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etc. From experimental observations it was seen that the arc-operating
points represented by Figures 6.3b, c, and f give normal, long CO2 arcs,
which have poor self-adjustability and stability. Those represented by
Figures 6.3d, and e are normal, short-circuiting transfer arcs, which are quite
violent. That of Fig. 6.3e is the worst because it is on a constant-voltage
segment; that of Fig. 6.3f is better because it is partly on a constant-voltage
segment and partly on a constant-current segment. In all cases, Is has the
function of limiting the maximum short-circuiting current; this reduces the
amount of spatter compared to conventional CO2 welding. It can be con-
cluded that Fig. 6.3a represents the most nearly ideal arc; therefore, the QH-
ARC CO2 control method was developed on the basis of this mode.

Constant-current and constant wire-feed rate are used in the QH-ARC
CO2 control method. The prerequisite is that the current corresponding to
the preset wire-feed rate should be slightly larger than Ia (see Fig. 6.4) and
Is must be properly chosen so that the droplets formed during arcing will
be pushed into the pool by gravity, the plasma-column force, and pinch off.
During feeding, the part of the wire that is melted by droplet transfer is
transferred during the short-circuit period because Is > Ia and the melting
rate is larger than the wire-feed rate. When the wire-feed rate is disturbed,
the ratio of droplet transfer to short-circuiting transfer automatically
changes to maintain the balance between the wire-feed rate and the melting
rate. Obviously, short-circuiting transfer is not only a mode of metal trans-
fer but also a means for automatic regulation of arc length.

In conventional CO2 welding, there are two categories of electrical 
parameters; one is small current and low arc voltage, and the other is large
current and high arc voltage. The former is used for welding thin work
pieces and the latter is used for welding thick work pieces. In the middle
range of welding currents, the arc is not stable. Droplet transfer is driven
mainly by gravity. Occasionally, there are short circuits but these are accom-
panied by a violent arc and spatter. One of the aims of developing the QH-
ARC CO2 control method was to facilitate the middle range of welding
current for welding of medium- gauge plates.
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Applying Is, effectively decreased spatter generation by restricting the
maximum short-circuiting current.

6.1.2 Technological effects

A series of experiments that demonstrated successful results are described
as follows:

Large applicable range of welding current. Figure 6.5 shows the applica-
ble range of welding parameters for both the QH-ARC CO2 and conven-
tional CO2 welding. It can be seen that the applicable current range for the
newer method is very wide and almost the same range for both wire diam-
eters f1.2mm and f1.6mm. That means that it is not necessary to change
the wire diameter for different plate thicknesses, which greatly facilitates
the welding job in practice. Experimental observations demonstrated that
larger-diameter wire was preferred for stable wire feeding; the arc spot in
the molten pool was large and a better bead-shape formed.

The wide range of welding parameters that are allowable using this
control method can be attributed to the following reasons:
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(i) A soft and stable arc, obtained due to the constant-current control.
Droplet transfer can be obtained at very low current (approximate 
60A). Figure 6.6 shows the appearance of a weld made at 60A on 
1.3mm thick plate (see Fig. 6.6a) and a weld made at 300A on 20mm
thick plate (see Fig. 6.6b).

(ii) Appropriate allocation of heat energy. Because the fusion zone and
the metal transfer are automatically regulated in accordance with the
wire-feed rate, there is much less spatter in both droplet and short-
circuiting transfer, and bead formation is improved. Thus, the range of
welding current bridges the gap between usable currents with con-
ventional CO2 welding.

Arc Stability. The allowable range of arc-voltage variation is 6V, which is
twice as large as that of conventional CO2 welding (3V). Arc voltage 
represents, in fact, the arc length and the metal-transfer mode. A large arc-
voltage range means that the range of allowable arc length also is large.The
system then has good stability and robustness. There is an abundant range
for control because the ratio of droplet to short-circuiting transfer can be
regulated in a large range.

The average arc voltage is determined by Uy and Ux. By regulating Uy and
Ux, different arc voltages, U, can be obtained to meet the requirements of
different welding situations. The arc current remains constant between the
limits Uy and Ux. When the arc voltage exceeds either limit, the current and
wire-melting rates change so that the arc-operating point returns to Ia. The
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difference between the arc-length self-regulation mechanisms of conven-
tional CO2 welding and the present control method is that the current fluc-
tuates during arc-length regulation in the former case but remains constant
in the latter case. It limits arc-length variation without change of arc current.
In control theory, this means that for the latter case there is a ‘dead zone’ for
a small amount of arc-length variation but sensitive and fast response to arc-
length change when it exceeds the limit. Experiments have been conducted
to verify the ability for arc self-adjustment. The wire extension was varied
from 12mm to 36mm under a given set of welding parameters (for simula-
tion of an arc-length disturbance). It was found that the arc could always be
kept stable while average values of I, U, and f varied accordingly.

Good bead formation. Bead formation during conventional CO2 welding
has the following features:

(i) sharp and deep penetration
(ii) high, hump-like reinforcement with narrow width; the form factor of 

the weld � = is less than 3

(iii) a large toe angle that is a stress concentration
(iv) excessive molten metal in the weld pool
(v) insufficient penetration, D. For some welding currents, the 

pentration coefficient is 0.8~1.2.[131]

Bead formation with the QH-ARC CO2 process is much better than that
of conventional CO2 welding described above. A comparison of bead
shapes made by the two control methods is shown in Fig. 6.7. It can be seen
that for the QH-ARC CO2 method, the form factor � ≥ 4, the bead width
is larger, the reinforcement is smaller (which illustrates that the fluidity of
the molten metal is better), the weld-toe angle is smaller and there is less
possibility of undercut, and the penetration coefficient Z ≥ 1.6, which means
that the energy-consumption efficiency is higher and the process is more
productive. Particularly because the arc is elastic, metal transfer is smooth
and stable, and the bead has an attractive appearance with very fine ripples
on the face with no hump.

Low spatter production. The amount of spatter produced in QH-ARC
CO2-controlled welding is much less than that produced using conventional
CO2 welding. There are many factors that affect spatter formation but it is
reduced with soft and smooth arcs, and especially with even metal transfer.

A stable arc, good bead formation, and little spatter are important signs
of high-quality welding. These can be achieved with the QH-ARC CO2

control method. This is why this method is superior and why its application
is significant.
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6.1.3 Welding parameters and one-knob control

The QH-ARC CO2 control method is controlled by six parameters, namely,
U0, Ib, Uy, Ia, Ux, and Is. Different combinations of these parameters produce
different behaviour of the welding process, e.g. arc initiation, droplet 
transfer, bead formation, spatter. In the previous section, the influence of
parameters was discussed generally. However, for practical application of the
control method,more concrete data are needed.To acquire these data,a series
of experiments was conducted. All the parameters, except U0, which is fixed,
were regulated by a graduated dial on which each graduation was 1V with
±0.1V accuracy.Each graduation for current was 10A with ±1A accuracy.The
selection of the combination of parameters was made on the principle that
the welding process would be stable. The results are given as follows.

Arc current. Among the three current parameters, Ia plays the major role.
Most of the time, the arc operates at Ia; Is is used for regulation of the arc
length, which controls the short circuiting frequency, metal transfer mode,
and amount of spatter. Very occasionally, the arc jumps to Ib when the arc
length is too long.

The allowable current ranges for Ia, and Is for different wire-feed rates
are shown in Figures 6.8 and 6.9. They explain on the one hand the allow-
able ranges of current for certain wire-feed rates, and, on the other hand,
the allowable ranges of wire-feed rate for certain ranges of Ia or Is, i.e. the
wire feed-rate disturbance range the arc can tolerate.

From Fig. 6.8 it can be seen that the allowable range of Vf increases 
when Ia increases. Increasing of Vf results in the decrease of the average
arc voltage, increase of the welding current, and increase of the short-circuit
frequency. The proportion of short-circuit transfer also is increased.

Is has a very strong influence on short circuiting and arc-length self-
regulation. It can be seen from Fig. 6.9 that, with an increase of Is, the 
allowable range of Vf shifts to the right, and vice versa. When Is is lower,
there is less spatter but arc self-regulation and arc ignition are less reliable.
In the opposite way, there is better arc-ignition ability, but greater spatter,
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even explosion of the wire, when Is is larger.With the newer control method,
the rate of current rise toward the short-circuit current is very high and,
therefore, Is is needed much less than it is in conventional CO2 welding.

From Fig. 6.8 it also can be seen that Ia does not increase linearly but
more slowly with increasing Vf. Observations illustrated that, with increase
of current the arc root climbed up the wire, which contributed to melting
of the wire; the droplet-transfer rate increased, and the pinch effect
increased. The proportion of globular transfer also increased.

Examination of the weld cross-section illustrated that the penetration
increased with increasing Ia but not with Is. This was due to the increase of
arcing time as Ia increased.

The function of Ib is mainly to prevent arc breakdown when the arc length
becomes exceptionally long. If Ib is too low or nonexistent, frequent arc
breakdowns can occur and discontinuities can be introduced into the weld
seam (see Fig. 6.10). Experimental results illustrated that the minimum level
for Ib for f1.2mm-diameter wire was 10A and for f1.6mm wire was 20A.
Larger values of Ib help maintain the arc but too large a value of Ib (for
example over 80A) can cause burning of the welding-torch tip. It was found
that 30~70A was a suitable range.

Arc voltage. Once the wire-feed rate and current are selected, the arc
voltage and arc length depend on Uy and Ux; both their magnitude and their
difference affect weld quality.
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The relationship between wire-feed rate, and Uy and Ux are shown in
Figures 6.11 to 6.14. If Uy is too low, the arc-operating point can jump to Ib

after the droplet transfer because the arc length is increased suddenly.Thus,
the energy during the arc duration is decreased, the rate of droplet trans-
fer decreases, and the rate of short-circuiting transfer increases. Too low a
value of Uy destroys the arc form and can allow the wire to enter into the
molten pool. If Uy is too high, then only Ia and Is play roles in the arcing
process; the arc may burn back to the weld tip. The arc also has less 
resistance to disturbances.

If Ux is too low, the rate of the short-circuiting current rise is lower, the
short-circuit duration is increased, and the ability to ignite the arc 

is poor. Too low a value of Ux can result in where Re is the resist-

ance of the wire extension, so that the droplet in contact with the molten
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pool cannot be broken down and the welding process is interrupted. If Ux

is too high, the arc remains on when the current changes to Ia from Is, the
droplet will grow very big due to the large current and will be lifted upward
by the arc-column force. That is the undesirable phenomenon of long-arc
CO2 welding. Moreover, too high a value of Ux results in the short-
circuiting current rising rapidly, which produces heavier spatter.

The influence of Uy and Ux on bead formation also has been observed.
Generally, increasing Ux and Uy will increase the average arc voltage and
bead width. Between these parameters, Uy has the stronger influence. As in
conventional CO2 welding, an increase of arc voltage slightly decreases the
reinforcement height, H. Penetration, D, increases with the increase of arc
voltage at first but gradually decreases above a certain value of the arc
voltage. The reason for this is that with too long an arc, heat energy is lost
to the surroundings, which then does not contribute to the weld-pool 
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penetration. The change of the metal-transfer mode and heat loss due to
spatter loss caused by the variation of arc length also may explain the 
phenomenon of penetration variation.

The difference between Uy and Ux has a great effect on the control
system. Too large a difference results in a large variation of arc length and
less self-regulation ability; too small a difference shortens the duration of
the arc on Ia so that the droplet transfer can hardly be controlled. An
analogy is that a large difference between Uy and Ux makes the control
behave like a constant wire-feed rate plus a constant-current welding
system, whereas a small difference makes it behave like a constant wire-
feed rate plus a constant-voltage welding system. Experimental results
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demonstrated that a reasonable range of DU is 8V, Uy should not exceed
38V and Ux should not be less than 10V. Obviously, for good bead forma-
tion and to avoid spatter, much more careful presetting of the parameters
is required than that required for maintaining a stable arc.

One-knob control. Presetting of output-characteristic parameters using a
graduated dial is satisfactory for research purposes but not convenient for
an operator in practice. Therefore, a one-knob control system has been
designed. Figure 6.15 shows the block diagram in which gvf is the set value
for the wire-feed rate and EM is the back electromotive force of the wire-
feed motor. The controller output GIb~GIs is determined by the input EM

for setting the triple-step output-characteristic parameters to suit the wire-
feed rate.

As discussed previously, all parameters (Ia, Is, Ux, Uy) except Ib are deter-
mined by the wire-feed rate Vf.Theoretically, the functions representing the
relationships of the parameters with Vf should first be found so that func-
tion generators can be constructed according to these functions. However,
for simplicity, linear relationships were used to approximate the functions
and, to remedy the inadequacy, a trimming controller was designed for use
in practice. The linear relationships used in the present system are as
follows:

[6.1]

[6.2]

[6.3]

[6.4]

[6.5]

where Vf is the wire-feed rate (m/min).
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Figure 6.16 shows the appearance of a weld made using the one-knob
control system. The wire-feed rate during welding was intentionally varied
abruptly (Fig. 6.16a) and gradually (Fig. 6.16b and c). The results demon-
strated that the system was excellent and could be applied in practice.

6.1.4 Control method QH-ARC CO2(B)

The QH-ARC CO2(A) control method was based on two modes of metal
transfer, namely droplet transfer and short-circuiting transfer. The inade-
quacy of this method related to the short-circuiting transfer (for example,
spatter formation) remained. Zhang and Chen have proposed another control
method in which the central idea is to eliminate the short-circuiting trans-
fer and achieve droplet transfer with no spatter. Figure 6.17 illustrates the
control principle. Ib is the current that maintains the arc, Ia is the current
for droplet transfer, and Is is used for igniting the arc and preventing too
large a current during short circuiting. Ux and Uy are used to control the
droplet diameter and arc length. Figure 6.18 is an oscillogram showing the
trajectory of the arc-operating point on the I–U plane.
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Experimental results illustrated that for a wire feed-rate change from 
1.6m/min to 9.7m/min, acceptable welds can be fabricated simply by regu-
lating Uy between 22V to 27V; the average arc current was 80~240A and
the average arc voltage was 28~35V. Small spatter loss and smooth bead
formation could be obtained.The arc-operating point moved back and forth
on the line connecting Ib and Ia, and the frequency was 30~50Hz. The arc
length varied periodically with clatter. When the arc-operating point
reaches Ux, it jumps to Ia; sparks were observed at the center of the conic
arc.

From this discussion, it is obvious that the line between Ib and Ia is a rising
line, basically parallel to the static arc characteristic, as that described in
Chapter 5 for the QH-ARC 103 control method. Therefore, the arc-
operating point never stays on the line between Ib and Ia, Uy serves as a
threshold. When the arc-operating point reaches Uy, a current pulse
appears. As the wire-feed speed increases, the frequency of the pulse also
increases so that the melting rate and wire-feed rate are automatically bal-
anced. However, too long an arc length can interrupt the welding process;
the arc-operating point jumps to Ib and finally breaks down the arc: see 
Fig. 6.19.

6.1.5 Summary

A constant-current and constant wire feed-rate welding process can 
be achieved by application of a triple-step or multi-segment output-
characteristic power source. The process has the following advantages:

• Smooth, stable, and elastic arc. A large range of welding parameters is
possible; the allowable current range for f1.2mm-diameter wire is
60~350A, for f1.6mm-diameter wire is 80~400A. The process can be
used successfully for middle-gauge plate welding.
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• Mixed-droplet transfer and short-circuiting transfer or simply droplet
transfer can be obtained. The diameter of the droplets is less than 2~3
times the diameter of the wire. The droplets project down along the axis
of the arc column. The ratio of droplet and short-circuiting transfer can
be regulated as required.

• Bead formation is improved. The form factor of the weld is >4, and the
penetration factor is <1.6. The bead surface is smooth and even. The
spatter-loss coefficient is decreased.

• One-knob control of welding parameters can be realised.

6.2 AC MIG welding

MIG welding of both ferrous and non-ferrous metals has been widely
applied in industry because it produces good quality weldments. The emer-
gence of pulsed MIG welding has further widened its field of applica-
tion.[146,147] It is an open-arc, spray-transfer welding process that is suitable
for all-position welding. It facilitates automation and robotic welding. Due
to the influence of electromagnetic forces and arc forces on the metal trans-
fer, only reversed polarity DC can be used.[72,73,78,79,152] However, arc blow is
troublesome in DC welding of ferrous alloys, particularly for semiautomatic
and automatic welding because the torch angle cannot be adjusted quickly
enough to compensate for the changing arc-blow direction, in contrast to
manual arc welding.[21]

Arc blow is detrimental to the welding process and weld quality. It 
causes arc instability, undercut, porosity, overlap, bad appearance, and other
weld defects.[153–156] In particular, it prevents maintaining the proper arc
length and, therefore, the arc-voltage feedback in a closed-loop control
system.
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Basically there are two kinds of MIG welding control systems. One is a
constant-voltage and constant wire feed-rate system; the other is a constant-
current and constant-voltage feedback control wire-feed system.The typical
pulsed MIG arc-control systems currently available in the world are 
Synergic control, threshold control, arc-length feedback control, and QH-
ARC control.[3,34,36,89,110,143,157,159] The common feature in all of them is that
the arc length is detected and used for feedback control, which varies tp and
tb to obtain a stable arc length.According to the technological requirement,
the arc length should be the straight distance between the wire tip and the
work piece, but in actual control systems the arc voltage is detected to give
a measure of arc length. Therefore, the wrong information will be obtained
when there is arc blow: see Fig. 6.20.

Using threshold control as an example, the arc voltage will increase to 
U + DU when arc blow occurs but, in fact, the arc length does not change.
In this case the control system will lower the welding current so that the
wire tip may touch the weld pool and result in a short circuit.The arc would
not be stable.

In fact, arc blow is a very complicated phenomenon. The arc is an elec-
trical discharge that acts as a flexible conductor so that the magnetic field
of the arc and the residual magnetic field of the workpiece, that are both
induced by the welding current, can act on the flexible conductor. For an
infinitely long conductor with an evenly distributed electric field, the
induced magnetic field also is evenly distributed and is directional. The
force exerted on it is zero; therefore it will not move. The welding-current
loop is short and finite but the route is variable. The current distribution in
the parent metal, as well as its induced magnetic field, are uneven and
unsymmetrical.Therefore it causes arc blow.The factors that affect arc blow
are the surrounding magnetic body, the grounding point of welding loop,
the direction of welding current, the presence of a root-pass weld, and the
relative position of the arc to the workpiece, etc.[25] The effect of these
factors on both the magnetic-field intensity and direction is random. The
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common feature is that there is always arc blow during root-pass welding
particularly during the background current period.

To resolve this problem, both domestic and foreign researchers have pro-
posed different measures. Not all of them are effective. The author and his
colleague, X. D. Jiao, proposed to change the MIG welding operation from
DC to AC to completely solve the problem.[145,148–151] Trials demonstrated
that it was very difficult to MIG weld using AC. No successful results using
AC MIG welding have been reported anywhere in the world. The author
made important progress in this endeavour, which is described in the fol-
lowing sections.

6.2.1 Study of DC pulsed MIG welding

The AC pulsed MIG process essentially is accomplished by alternating
between reverse-polarity DC pulsed MIG (abbreviated to DCRP pulsed
MIG) welding and straight-polarity DC pulsed MIG (abbreviated to DCSP
pulsed MIG) welding. Therefore, the properties of both the DCRP and the
DCSP pulsed MIG processes will affect the behaviour of the AC MIG
process. Before studying the AC MIG process, it is wise to study DCRP and
DCSP separately. For this purpose, a high-speed camera has been used to
observe the arc form and droplet transfer.

The experimental apparatus is shown in Fig. 6.21. A strong backlight was
used to obtain a shadow of the arc and droplets. Greater depth of focus and
a distinct picture were obtained using a suitable filter and a small aperture.
A green filter and a 500W xenon lamp were used. A telephoto lens was
used to enlarge the arc in the field of view.The aperture chosen was f16~f18.
The film speed was 4000 frames/s. The film was made in China by Arial 
Photographic Company.
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6.2.1.1 DCRP pulsed MIG

DCRP pulsed MIG is the conventional pulsed MIG process applied in
industry.A transistorised power source was used for the experimental study.
The wire diameter was f1.0mm. The arc form and droplet transfer were
observed by the high-speed camera at a film speed of 4000 frames/s.
Figure 6.22 shows the arc form schematically.

During the background period, because the current was low, no twinkle
area could be observed in the arc; only the area surrounding the wire tip
was slightly bright. This phenomenon means that the arc temperature was
low and there was little metallic vapour around the anode (see Fig. 6.22 F1).
A twinkle part appeared near the wire tip when the pulsed current started;
it gradually elongated and became thicker as the pulsed-current time
extended (see Fig. 6.22 F2). This showed that the arc temperature and the
amount of metallic vapour near the anode increased. After approximately
seven frames, the amount of molten metal on the wire tip increased and the
anode spot became larger.The twinkle area became a conic shape, a droplet
formed, and a neck was produced by the pinch effect (see Fig. 6.22 F3).
Immediately after this (after one frame) the twinkle area jumped from the
droplet to the neck (see Fig. 6.22 F3), and forced the droplet to fall down
(see F4). The separated droplet became a sphere with a diameter as large
as the wire diameter. The residual molten metal on the wire tip became
sharp like a pencil tip, which could form small particles under the plasma
force (see F5). It took about 1ms for the droplet to reach the molten pool,
a distance of 3.5mm.The metal transferred smoothly without spatter.When
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the current pulse ended, the twinkle area became thin very rapidly and the
sharp tip returned to a round shape (see F6 and F7). F8 is the same as F2; a
new cycle started at this point.

It can be concluded that because the wire tip is the anode, the arc force
on the anode is small and spray transfer can easily be obtained. The process
is suitable for all-position welding. Therefore it is a popular pulsed MIG
process.

6.2.1.2 DCSP pulsed MIG

As mentioned above, only reversed polarity is used for both continuous
MIG and pulsed MIG in order to achieve droplet transfer and satisfactory
bead formation. Therefore almost no information about straight-polarity
MIG has been reported in the world’s literature. DCSP MIG welding has
been studied by the author in order to obtain a better understanding of this
process.

(i) Arc form and metal transfer.
The arc form and droplet transfer were first observed by the naked

eye through a dark-colour filter. It was found that the arc was dis-
persed and climbed up the wire. There always was a spherical drop
on the end of the wire.The arc then was observed using a high-speed
camera.The welding conditions used were 130A welding current,Ar
at 1.2m3/hr and CO2 at 3L/min shielding gas, and 1.0mm-diameter
H08Mn2Si wire. The process was stable without spatter.

Figure 6.23 shows the arc form at various times during the current
pulsing. During the background period, the arc was weak, the droplet
fell down with a diameter about 1.5 times that of the wire diameter,
and the sharp wire tip quickly changed to a round tip after the
droplet fell (see F2). The twinkle area of the wire tip increased and
fluttered rapidly when the pulsed current began. The central part of
the twinkling region became a beam (see F3). The beam diameter
then increased while the shape remained unchanged. The arc
climbed far up the wire and the droplet grew and tended to fall (see
F4 and F5). When the current pulse ended, the arc form and forces
exerted on the molten droplet changed; the droplet fell down by
gravity and the electromagnetic force (see F6). The volume of the
droplet increased. As in DCRP welding, the wire tip became sharper
but longer. The anode spot on the parent metal was relatively fixed.
Essentially, one droplet was transferred during each pulse.

In DCSP, the arc climbed up the wire tip much higher than in
DCRP because, in the former case, the wire is at negative polarity
on which the oxide film is broken more quickly than the oxide film
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forms. Therefore, the cathode cannot be kept at one point. The elec-
tron emission finds the spot where it has the minimum work func-
tion. As the welding current increases and the content of oxidizing
elements in the shielding gas decreases, the arc climbs higher up the
wire.

Under normal conditions the droplet in DCSP is larger than that
of DCRP; the diameter is about 1.5 times the wire diameter. This
phenomenon is caused by a different force exerted on the wire tip.
It can be demonstrated that the force exerted on the cathode is
larger than that on the anode, which impedes the falling down of the
droplet and makes the droplet diameter bigger.

The shape of twinkle area of the arc is different in the two cases,
which results in different forces on the plasma stream (see Fig. 6.24).
The twinkle region of the arc in DCSP is like a column; that of DCRP
is like a bell or a cone. In the case of a columnar arc, there is no axial
force component and therefore no axial, static-force gradient and,
therefore, no movement or convection of the plasma in the axial
direction. In case of a conic arc there is an axial force gradient that
therefore promotes droplet transfer.

Experimental results demonstrate that the CO2 content in mixed
gas affects the arc form and metal transfer in DCSP pulsed MIG
welding. With 20L/min Ar, the arc is stable whereas with less than 
3L/min CO2, the droplets become smaller as the CO2 content
increases. A CO2 flow-rate >5L/min is detrimental to both arc sta-
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bility and metal transfer; this is due to the cooling effect of the CO2

gas.
The force that is exerted on the droplet can be observed by the

speed of the droplets across the arc and into the weld pool in DCSP
and DCRP welding. The droplet diameter is 1.5 times that of the
wire, and the flight time is 5.25ms in DCSP welding. The flight time
is only 1ms for a droplet during DCRP welding, although it has
slightly smaller diameter. This phenomenon is obviously contrary to
gravitational force.

(ii) Melting of the wire
The current density in MIG welding is over 250A/mm2; therefore

the resistance heating of the wire extension cannot be neglected. For
this reason, experiments were conducted with a constant wire exten-
sion. Figure 6.25 shows the results.

It can be seen that the melting rate for DCSP is 40–50% higher
than that for DCRP. This difference arises because the mechanisms
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of heat generation at the anode and cathode are different for these
different processes.

It can be observed from the high-speed films that the outside
surface of the wire above the droplet is melted in the case of DCSP
(see Fig. 6.26).This obviously is not due to conduction of the arc heat
from the tip of the wire, but rather due to the arc plasma climbing
up the wire. This phenomenon surely contributes to the melting rate.
The molten metal on the wire surface flows down the wire and joins
with the formed droplet. From the high melting rate, it can be
inferred that the temperature of the droplet in DCSP is lower that
in DCRP.

(iii) Bead Formation
In MIG welding, the heat generated at both the anode and

cathode are ultimately transferred to the parent metal. The molten
metal of the parent metal together with the melted wire form the
weld pool, which flows backward under the arc force, gravity and
surface tension. This forms the bead. However, bead formation for
DCSP is different from that for DCRP.

Figure 6.27 shows the cross-section of welds made by DCRP and
DCSP. In DCRP the penetration is deeper, finger like, as the parent
metal is negative, the arc is cone shaped, and the axial force of the
plasma is larger than that of DCSP. At the same time, the force on
the cathode also is larger than that on the anode.
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The reinforcement obtained by DCRP is smaller than that of
DCSP because the molten metal is spread out. In DCSP, the rein-
forcement is higher, the bead is narrower, and the toe angle is larger
because the wire-melting rate is higher. In DCRP, the cathode is on
the parent metal. The cathode forms easily on the oxide-coated
parent metal where the temperature is elevated. According to the
theory of surface tension, the molten droplet spreads out on the pool
easily. In contrast, when the anode is on the parent metal, the oxide
film is stable and, therefore, the molten metal does not spread
readily.

(iv) Comparison of the two pulsed MIG methods.
The advantages and deficiencies of two methods are listed in 

Table 6.1.

6.2.2 Control method for AC pulsed MIG welding

In the evaluation of a control system for AC MIG welding, the follow-
ing items should be included: continuous existence of the arc, particularly
at the moment of phase change, stable arc length, even metal transfer, little
spatter, and good bead formation. Up to the present, two control methods
have been reported in the published literature:

(i) High open-circuit voltage and high welding current with arc-
stabilization chemicals or flux-cored wire.[15]

(ii) Square wave power source with a high-voltage arc-ignition
pulse.[160–184]

The application of arc-stabilisation chemicals or a high-voltage pulse is
inconvenient in practice. Completely different AC MIG control methods
were developed by the author and X. D. Jiao in 1993.
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Table 6.1 Comparison of DCRP and DCSP

DCRP MIG DCSP MIG

Metal transfer Spray Globular (1.5 times)
Penetration Deep, finger-like Shallow
Reinforcement Small Large
Melting rate Small Large
Anode atomisation Yes No
Arc blow Yes Yes
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6.2.2.1 Control method for constant-current AC MIG welding

This method is applicable for MIG welding at high current, the magnitude
of which is larger than the critical current for spray transfer. The block
diagram of the power source is shown in Fig. 6.28.

The power-source output has a constant-voltage characteristic, which
ensures good self-regulation of arc length. Two constant-voltage character-
istics are applied: one is for maintaining the arc and the second is for facili-
tating arc re-ignition during phase changes. High-speed phase change is
required to provide a stable arc. This requirement can be met easily using
an inverter-type square-wave power source, which was built by the author
for the present research. Figure 6.29a shows the output characteristic and
Fig. 6.29b shows the current waveform under stable conditions. The arc-
operating point normally is on characteristic 1 at point A; at the moment
the phase changes, the output characteristic is on characteristic 2 at 
point B. An open-circuit voltage of 55V is used for 2 to facilitate re-ignition
of the arc. After the phase change, the output characteristic switches to 1.
The magnitude of voltage 1 is linked to the wire-feed rate to allow one-
knob system control.

The advantage of this system is that the frequency and ratio of RP and
SP durations can be regulated independently. The arc voltage can be linked
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www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



to the wire-feed rate. The deficiency of the system is that the arc-re-ignition
voltage is the same for all welding currents; therefore, the arc may not be
stable at low welding currents.

6.2.2.2 Control method for pulsed-current AC MIG welding

Normally, spray transfer is used for MIG welding; for that, the welding
current must be larger than the critical current in order to achieve transfer.
Droplet or short-circuiting transfer may develop if the welding current is
too low. For AC MIG welding, an additional problem is the stability of the
arc at the moment the phase changes. Reducing the welding current for
welding thin-gauge metal and stabilising the arc at the moment the phase
changes are two important problems that need to be solved.

Four different control methods have been proposed by the author for
study. The differences among these are mainly in the relationship of the
instant of the phase change and the pulse-current duration. The stability of
the arc was emphasized in these studies.

Method I. The current phase changes at the end of the background-
current period. The output characteristic of the power source is shown in
Fig. 6.30a and the current waveform is shown in Fig. 6.30b. The double-
step output characteristic (‘˘’) is used for the pulsed current and the
double-step characteristic (‘Î’) is used for the background current. The
arc-operating point for the pulse duration is at point B of the constant-
voltage characteristic, which ensures self-regulation of arc length; Id is the
current limit for short circuiting. The arc-operating point for the back-
ground duration is at A on the constant-current characteristic, which
ensures arc stability. As shown in Fig. 6.30, at the end of the background-
current period when the current changes its phase from RP to SP, the
high-voltage pulse is started in order to facilitating re-ignition of the arc.
After that, it follows the background current. Similarly, the pulsed current
starts when the arc changes its phase from RP to SP. Both the pulsed
current and the background current are linked to the wire-feed rate to
achieve one-knob control. Using this control method, the droplet is trans-
ferred before the end of the background-current period. Therefore, only
a small amount of molten metal is left on the wire tip, which cannot
produce spatter when the pulsed current starts. On the other hand, the
pulsed current facilitates re-ignition of the arc when the current phase
changes.

Method II. The current phase changes at the end of the pulsed-current
period. The output characteristics are the same as those shown in 
Fig. 6.30a. The current waveform is shown in Fig. 6.31. Supposing that the
arc polarity is RP, the current starts from the background value and
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changes to pulsed-current value at the arc-operating point B. At the end
of the current pulse, the arc polarity changes to SP. Similarly, as in RP,
the current starts from the background value and changes to the pulsed-
current value. To obtain a stable arc length, the electrical parameters of
the arc are linked to the wire-feed rate. The special feature of this control
method is that the droplet transfer happens mainly during the pulsed-
current period of the RP regime but partly also in the background-
current period of the SP regime. The droplet grows only during the
pulsed-current period of the SP phase. At the end of the pulsed-current
period, the heat energy generated by the high-current arc can facilitate
re-ignition of the arc when it changes phase.

Method III. Current phase changes in the background-current period.The
output characteristics are the same as those shown in Fig. 6.30a. The arc
is present and droplets transfer mainly in the RP phase (see Fig. 6.32).
The short duration of the SP phase is used to maintain the AC behaviour
of the arc. The contribution of the arc in the SP regime to the melting of
the wire is insignificant because the current is low in spite of the high
melting rate during the SP period. For this reason, the duration of the SP
period can be regulated over a wide range.

Method IV. Current phase changes in the pulsed-current period. The
output characteristics are the same as those shown in Fig. 6.30a and the
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6.30 Output characteristics and current waveform for Control 
Method I

6.31 Current waveform, Method II
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current waveform is shown in Fig. 6.33. The current is high both before
and after the phase change; therefore it contributes to arc stability.
Because the melting rate for the RP and SP periods are different, the
relationship between the average welding current and the melting rate is
important for the design of the control system. The average current can
be expressed as Eq. [6.6] (see Fig. 6.33).

[6.6]

The melting rate can be expressed as Eq. [6.7].

[6.7]

where C1 and C2 are the melting rates during the RP and SP periods,
respectively. All of the current parameters significantly affect the metal
transfer and arc stability. Normally, tpr1 + tps1 and tpr2 + tps2 are kept con-
stant for a given wire-feed rate. Shortening the SP duration improves the
metal transfer. For that, tpr1 > tps1, tpr2 > tps2, but tps1 and tps2 should not be
too short in order to ensure a stable arc before and after the phase change.

For better system properties, a forward control for the wire-feed rate
is used.The pulsed-current magnitude and duration are increased slightly
with an increase of wire-feed rate. The main control variable is the 
background-current duration.
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6.32 Current waveform, Method III

6.33 Current waveform, Method IV
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All of these control methods have been experimentally studied. It was
proved that the arc can be kept continuous and stable only in Method IV.
It can be concluded that special measures for stabilising the arc must be
taken for a sinusoidal waveform AC MIG process and the current magni-
tude must be sufficiently large. A high current also is required for square-
wave AC MIG welding. Theoretical analyses demonstrated that three
conditions should be satisfied for ensuring a stable AC MIG arc, namely
sufficient current and heat energy of the arc before the phase change, suf-
ficiently high voltage after the phase change, and rapid phase change.
Method IV satisfied all three of these requirements. Therefore, a stable arc
can be obtained. A power source that was designed for implementing 
this method and the technological experiments that were conducted are
described in the following sections.

6.2.3 Power source for AC pulsed MIG welding[151]

6.2.3.1 Overall design

(i) Requirements of the power source.

• The output current should be high enough for spray transfer under all
conditions. For a wire diameter of f1.6mm, the critical spray-transfer
current is 380–420A, the average current is 350A, and the minimum
capacity of the power source is 500A.

• The current waveform should be square or quasi-square and the time
for the phase change of the current and voltage across zero should be
very short.

• Reasonable output characteristics and good control ability are 
necessary.

(ii) Type of power source. There are three main types of power sources
for generating a square-wave output, namely diode-reactors, SCR reactors,
and inverters. If the ratio of the maximum current magnitude to its 
effective value is defined as the wave-ripple coefficient, then the coeffi-
cients for the different types of power sources can be given as in Table 6.2.
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Table 6.2 Current wave-form ripple coefficient

Type of power source Ripple coefficient

Inverter 1.00
SCR + Reactor 1.15–1.30
Diode + Reactor 1.30–1.35
Normal sine wave 1.41
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Obviously, the waveform would be closer to a square wave if the coefficient
were close to 1. This means that the speed that the current crosses zero is
fast and the heat efficiency of the arc is high. It is seen from the table that
DC rectifier plus inverter power sources meets the requirements listed
above.

(iii) General configuration. The principle design concept is to make the
power source in two parts, namely the part for controlling the output char-
acteristics and the part for producing the alternating current. The control
system and power source for the QH-ARC 101 were used for the first part
(see Chapter 4).Two alternating double-step output characteristics are gen-
erated. (The difference between the present design and the power source
described in Chapter 4 is that a switching-mode power transistor is used for
the former and an analogue-mode power transistor is used for the latter).
A full-bridge inverter circuit is used for the second part, which alternates
the current phase according to the technological requirements. Figure 6.34
shows the block diagram of this system.

The special features of the power source are as follows:

• Stepless frequency regulation.
• Nonsymmetrical current-output magnitude and duration.
• Phase change can be preset at any moment during the high-current

period.
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6.2.3.2 Main power circuit

(i) DC power circuit.The main DC power circuit consists of a transformer,
a three-phase rectifier, switching circuit, and filter. Its main function is to
supply the invertor with the required output characteristic. Because the
power is very high, a switching-mode, transistorised circuit is used, as shown
in Fig. 6.35, which consists of transistors T (due to the high load, hundreds
of transistors are connected in parallel with resistors for equalising the
current); diodes for continuing current D, filter L, a three-phase rectifier,
and an RC protection circuit. The main circuit is controlled by PWM mode
with a working frequency of 16–20kHz. The transistor array is saturably
conducting during the Ton, when the electrical energy is accumulated in the
inductance. The transistors are blocked off during Toff, when the inductance
discharges via diode D. The inductance plays the role of a filter; its effect is
larger when the frequency and current are high. In the present design,
30mH was chosen for the inductance on the basis of two considerations,
namely the effect of filtering and the dynamic properties of the system. The
inductance also influences the safety of the inverter’s bridge transistors.

(ii) Inverter. The function of the inverter is to transform DC into AC.
The principle of operation is shown in Fig. 6.36. Switches K1 and K4 are one
group and K2 and K3 are another group. When K1 and K4 are conducting,
K2 and K3 are blocked off, and the output has positive polarity. At another
moment when K1 and K4 are blocked, K2 and K3 are conducting, and the
output has negative polarity. In this way, square-wave AC current can be
obtained when the process repeats continuously.

As mentioned above, the square-wave current should cross zero as fast
as possible, which imposes rigorous requirements on the bridge elements,
namely

• Fast switching speed
• Low switching energy consumption
• Good parallel connection properties
• A simple driving circuit and low driving power
• Resistance to voltage and current peaks
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The power element for the inverters can be thyristors (SCR and GTO),
large power bi-directional thyristors (GTR), or V-groove MOS field-effect
transistors (VMOSFET).

Thyristors have good resistance to dv/dt and di/dt, large capacity, and
good over-current capacity, but their switching speed is low and the control
circuit is complicated. GTRs have large capacity, good controllability, and
high switching speed but their fatal weakness is the secondary breakdown
problem and the capability for parallel connection. Power MOSFETs have
many advantages compared with SCRs and GTRs; they provide high
switching speed, simple driving circuits, wide safe-working ranges, ease of
parallel connection, and no problems due to secondary breakdown.

In the present design, MTM40N20 power MOSFETs were chosen.These
have a drain-pole voltage VDSS = 200V, gate-pole voltage VGS = ±20V, drain-
pole continuous current ID = 40A, drain-pole pulse current IDM = 200A,
power consumption PDM = 250W, and resistance in the conducting state 
PDS(on) = 0.08W. Considering that the characteristics of the transistors can
vary widely, and there is a powerful impact on the power source due to arc
ignition, 15 MOSFETs were used for each bridge.

(iii) Parallel connection of MOSFETs. Because MOSFETs  have a 
positive temperature coefficient, their thermal stability is good,their working
range is large, and they are very easy to connect in parallel. However due to
a difference between the static and dynamic properties of the transistors,
even of the same type, special measures must be taken for their connection.

• Equalisation of current in the static state. The equalisation of current
between transistors in the static state depends on the conducting resist-
ance PDS(on) and its temperature coefficient. As mentioned above, the
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temperature coefficient of the resistance is positive so if any transistor
has a smaller value of PDS(on) and higher current, the temperature rise
due to the current will increase the resistance and reduce the current;
therefore, parallel-connected transistors can automatically equalise the
current between themselves. For still better results, transistors having
nearly the same characteristics should be selected for parallel connec-
tions and, preferably, be mounted on the same cooling plate.

• Equalisation of current in the dynamic state.The equalisation of current
in the dynamic state is important for the circuit. Fortunately, in the
present design, the inverter works at low frequency so the problem is
not too serious. The most important factors that affect the equalisation
are the trans-conductance gts, the threshold voltage Vvs(th), and the output
impedance of the driving circuit.Transistors of similar transconductance
and threshold voltage should be selected for parallel connection, the
output impedance should be made smaller, and an adequate resistance
should be connected in parallel with the gate pole.

6.2.3.3 Driving circuit

Because the arc is extinguished during the phase changes, the frequency
should not be too high in order to ensure arc stability. Moreover, the
working duration of the two bridges is not symmetrical; a separate circuit
should drive each bridge but they should have the same characteristics.

The relationship between the conducting and blocking periods of the two
bridges is the key problem for ensuring the normal and safe operation of
the inverter. The control circuit is shown in Fig. 6.37. The circuit consists of
resistors, capacitors, and NAND and AND gates. If both bridges conduct
simultaneously, the inverter will be destroyed. On the other hand, if both
bridges are blocked simultaneously, the arc will be extinguished. Moreover
the duration of blocking affects the magnitude of the induced voltage peak;
too long a block duration also can destroy the transistors.

The principle of the control circuit is as follows. In Fig. 6.37, U1 is the
pulse input a to AND gate 1 (the input at terminal b is the opposite value
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6.37 Circuit for obtaining the simultaneous blocking duration

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



of a), U2 is the integrated value of a and is sent into gate 2 of the AND
gate. U3 is the output of AND gate 3 and U4 is the output of another AND
gate. By comparing U3 and U4, the simultaneous blocking duration can be
obtained (U3 and U4 are the control signal for the two bridges of the
inverter). Similarly if NAND is used instead of AND, the simultaneous con-
ducting duration can be obtained: see Fig. 6.38.

The magnitudes of the simultaneous blocking and simultaneous con-
ducting durations have a great affect on the voltage peak exerted on the
transistors. This problem has been experimentally studied. The results are
shown in Fig. 6.39.

The following conclusions can be drawn from the figure:

• The magnitude of the voltage peak is proportional to the current.
Because the voltage peak results from the inductance discharge, higher
current will cause higher energy to be accumulated in the inductance.

• An adequate simultaneous-blocking duration is advantageous because
it decreases the magnitude of the voltage peak.
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One branch of the driving circuit is shown in Fig. 6.40. Signal A is input
via an optical coupler and a shaping circuit is used for driving the transis-
tor of the push-pull inverter. Experimental study demonstrated that the
designed circuit had good properties.

6.2.3.4 Control circuit

(i) AC MIG welding with constant current. One feature of this process is
that the current magnitude does not change during welding (except for
current fluctuations due to arc-length disturbances); a higher voltage (the
open-circuit voltage) is applied to the arc only when the current phase
changes for re-ignition. The output characteristic and the current waveform
are shown in Fig. 6.29. The control circuit is shown in Fig. 6.41.

Two square-wave signals with opposite current phases are emitted by a
signal generator, which controls the driving circuit of the inverter.The dura-
tions of the SP and RP periods are controlled by Tsp and Trp; they also
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control the electronic switch SW1, via the pulse-control element. The switch
SW1 selects a strobe signal Ug1 or Ug2 depending on the potential level of
E. A low potential level of E selects Ug1 and a high potential level selects
Ug2. The Ug1 output characteristic is on 1 and the Ug2 output characteristic
is on 2. Vf is the wire-feed signal, which adjusts the vertical position of the
output characteristic.

Figure 6.42 shows the principle of the pulse-control circuit. The signal for
driving the inverter A and separately triggers monostable trigger-action
circuits I and II. Their output, C and D, are fed to an OR gate, which sends
out the signal E. The waveform at different points in the circuit is shown in
Fig. 6.43. The duration of the high-voltage (open-circuit voltage) output is
controlled by the monostable circuits I and II. Thus the AC MIG process
can operate with a stable, continuous arc without arc blow.

(ii) AC MIG welding with pulsed current. In order to obtain spray trans-
fer, the magnitude of the current should exceed the critical value for spray
transfer, which is high and limits the application of the AC MIG process for
thin-gauge plates. For this reason, the author proposed AC pulsed MIG
welding.

Figure 6.44 shows the electrical diagram of the AC pulsed MIG power
source. VFC is a voltage frequency converter and SW is an electronic
switch. Operational amplifiers A3 and A4 control the frequency and pulse
width of the VFC. IC4 and IC5 are optical couplers. The AC pulsed MIG
process is controlled by the joint actions of an ‘AC control unit’ and the
VFC. Different pulsed AC waveforms are obtained using different ‘AC

A
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control units’. Different control units are described in the following 
paragraphs.

Figure 6.45 shows the electrical diagram for controlling a ‘double-
concavity current waveform’.The optical coupler is connected so that it sends
out a signal that has the reverse phase of its input. Figure 6.46 shows the
waveform at different points in the circuit. The circuit operates as follows
(see the output characteristics of the power source in Section 6.2.2): The
output of the VFC controls the output characteristics of the power source. It
selects SW1 or SW2 for constant-current or constant-voltage output, respec-
tively. Ug1 and Ug2 are for the background current Ib and the protection
current Id. Ug3 and Ug4 are for the background voltage Ub and the pulse
voltage Up.
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The output signal of the VFC also controls the phase change via the
optical coupler IC3, monostable circuit IC1, and the triggering circuit T (see
Fig. 6.45). The frequency of the VFC is controlled by Ug5 and Ug6, and the
pulse width is controlled by Ug7 and Ug8. The frequency and pulse width are
linked with the wire-feed rate to provide one-knob control. When the
output of the VFC is at a high potential, the power source emits a high-
voltage pulse. After a time delay of Dt¢, the inverter changes phase and the
welding current changes its polarity. This process repeats continuously so
that a ‘double-concavity current waveform’ is generated. The delay times
Dt and Dt¢, which are controlled by IC1, are important parameters.

• Circuit for Method I. The control unit that produces a phase change at
the same moment that the current pulse initiates is shown in Fig. 6.47.
The waveforms at various locations are shown in Fig. 6.48.

• Circuit for Method II. To produce the phase change at the end of the
pulse, IC3 is connected so that its output is the same phase as its input.
Figure 6.49 shows the waveforms at various locations in the circuit.

• Circuit for Method III. For the phase change to occur during the 
background-current period, it is necessary to connect the optical 
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coupler so that its output has the same phase as its input as shown in
Fig. 6.50.

Figure 6.51 shows the waveforms at various locations in the circuit. The
time between when the pulse ends and the phase changes at t1 is controlled
by the monostable circuit I. The duration of the SP polarity is controlled by
the monostable circuit II.

(iii) Sampling and processing of current and voltage signals. Detection,
transfer and processing of the current signal are important for current
control and over-current protection. There are two categories of sampling
devices; one comprises conventional low-response speed-detection instru-
ments such as AC mutual inductors and the other comprises high-response
speed-detection instruments such as Hall-effect devices and inductance-
free resistors.

In the present design, a Hall-effect device, which is isolated from the main
power circuit, is used. An optical coupler, which also is isolated from the
main power circuit, is used for measuring the voltage by means of resistor.
To correct the nonlinear characteristics of the device, a compensating circuit
has been designed and implemented. Practice has proved that both sam-
pling methods are fast and accurate.
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6.2.3.5 Protection circuit

(i) Prevention of over-voltage and protection of switch elements.

• In the AC MIG power source, there are two circuits that use switching
devices, namely the output-characteristic control unit and the AC phase-
change circuit. Due to inevitable inductance in the circuit, the switching
transistors are subjected to a high-voltage peak. To protect the transis-
tors, a resistor-capacitor network was used to absorb the energy.

• When the resistance between the gate and the source pole is too high,
the sudden voltage change between the drain and the source pole can
couple across the poles and produce an over voltage VGS at the gate
pole. The over voltage can destroy the oxide films in the gate pole. A 
20V Zener diode was connected in parallel with the gate and the drain
pole to provide protection. An open circuit of the gate is prohibited.

(ii) Over-current protection. The main power circuit was designed with
ample capacity. A current-feedback loop was used to liming excessive
current (‘over-current’) during short circuiting. In the DC part of the circuit,
a current sampling device was used that can cut off the power source when
the welding-current diode is destroyed or the inverter circuit fails. A suit-
able sized capacitor should be connected between the output terminals.Too
large a capacitance can introduce a current peak during arc ignition.

(iii) Prevention of direct current conducting in one bridge of the inverter.
A conducting-current dead period was designed into the inverter to prevent
the conducting of direct current through one bridge of the inverter. To
ensure that the transistor is blocked in an open-circuit condition, a fixed
resistor was connected between the output terminals.

6.2.3.6 Arc-ignition control

The AC MIG arc is good for avoiding arc blow, but its stability is poorer
than that of the DC MIG arc, particularly when starting the arc.

As mentioned before, the stability of the AC MIG arc is attributed to the
inertia of the heat energy of the arc. When starting the arc, both the wire
and parent metal are cold, the arc is weak, the heat-energy inertia is low,
and, therefore, the arc can be extinguished easily, particularly during 
the phase change. This problem also arises when the arc breaks down and
is re-ignited.

To solve this problem, an ignition and re-ignition circuit was designed as
shown in Fig. 6.52.

The normally closed contact K is linked to the ‘start’ knob. The mono-
stable circuit I is triggered by the back edge of the pulse and emits a pulse
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of duration t, which forces the D flip-flop output logic 1 at Q. Then the
power-source output is RP, which helps make the ignition of the arc reliable.
Similarly, if the welding voltage |U1| is lower than the reference |Ug| and the
duration is longer than the pulse duration of the monostable circuit II,
NAND gate YF3 emits a back edge of a pulse, which triggers monostable
circuit I and forces the power-source output to be RP for a duration of t.

Figure 6.53 is the sequential waveform of the circuit, which illustrates 
the principle of the re-ignition control. At the moment of the phase change,
there is no output from either YF3 or monostable I; they emit a signal 
only when the arc breaks down, which forces the arc to convert to DCRP
for a certain duration to facilitate arc re-ignition. The pulse duration of
monostable II needs to be preset longer than the duration of the phase
change.

The integration of the circuits described above, together with the ignition
circuit, constitutes a reliable AC pulsed MIG power source. The phase
change is fast: 100A/50 mS. The AC frequency, ratio of the durations of SP
and RP, and the magnitude of the current and voltage can be regulated inde-
pendently and arbitrarily.
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6.2.4 Experiments

The conditions for the experiments that were conducted were:
f1.0H08Mn2Si wire, Ar = 1.2m3/h+ adequate CO2 (3L/min) shielding gas,
and 55V open-circuit voltage. No circuit for stabilising the arc was used.
The results demonstrated that the arc was unstable when Methods I–III
were used; short circuits and arc breakdown occurred frequently. The arc
was stable only when Method IV (the ‘double-concavity current wave-
form’) was used; no arc breakdown was observed. Figure 6.54 shows the
current waveform and Fig. 6.55 shows the trajectory of the arc-operating
point on the U-I plane.
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6.2.4.1 Arc form and metal transfer of AC pulsed MIG welding

Many high-speed films of the welding arc have been reviewed.The arc form
or shape and metal transfer can be divided it into four stages; see Fig. 6.56.

Stage I – The current changes from SP to RP. The arc is weak and 
dispersed; only a small twinkle ring surrounds the gourd- or bottle-shaped
molten metal on the wire tip. There is no twinkle on the solid wire: see Fig.
5.56, image 1. This shows that the arc temperature is low, and there is very
little metal vapour and a small degree of ionisation. When the SP pulse
appears, the arc climbs up the wire, twinkle appears around the wire end,
and a cylindrical twinkle region appears on the wire tip.As long as the pulse
continues, the diameter of the cylindrical twinkle increases and the arc con-
tinues to climb (see Fig. 6.56, image 6). It can be seen that the cathode spot
wobbles on the tip and the volume of molten metal increases, but no metal
transfer occurs. When SP changes to RP, the twinkle region moves down to
the wire tip quickly. The twinkle region weakens slightly at first but then
becomes stronger very quickly. During the RP pulse period, the twinkle
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6.55 Trajectory of the arc-operating point on the U-I plane
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region at the center of the arc become a cone shape from a cylindrical
shape, a neck produced by the pinch effect appears on the wire, (see Fig.
6.56, image 12) and then a droplet transfers to the pool (Fig. 6.56, image 13).
The volume of the droplet is bigger because of the heat accumulated during
the SP period. The diameter of the droplet is 1.5 times that of the wire 
diameter and the time required for the first droplet to form is 1ms faster
than in the normal case.

Stage II – The role of the RP pulsed current. After the first droplet forms,
3–5 more droplets can transfer successively. The diameters of the droplets
gradually decrease; the maximum diameter is less than the wire diameter.
The forces exerted on the droplet include the plasma stream, electro-
magnetic force, and droplet gravity force (see Fig. 6.56, images 20, 22, and
30). When the background current starts, the small amount of molten metal
left on the wire tip shrinks and becomes a sphere, the arc is weakened, and
only a weak twinkle spot remains on the wire tip (Fig. 6.56, images 63 and
73).

Stage III – The welding current changes from RP to SP. The phenomena
in this stage are variable and complicated but are important. When the
background current ends (Fig. 6.56, image 79), the pulsed current starts
again, the arc concentrates in the middle of the wire tip, the twinkle part
becomes cone shaped, 1 or 2 droplets may transfer to the molten pool, and
the arc and plasma reach their highest temperatures (Fig. 6.56, images 84,
93, and 125). When the phase of the current reverses, the arc rapidly climbs
and moves along the periphery of the wire at its end. The shape of arc is no
longer conical but is cylindrical (Fig. 6.56, image 129). If the droplet has not
fallen to the molten pool during the RP period, it may wander left and right
under the cathode-spot force.The cathode spot wanders simultaneously and
the droplet continues to grow and finally falls into the pool when its diam-
eter reaches 1.5 times the wire diameter (Fig. 6.56, image 154). After this
drop falls, the melted metal on the surface of the wire end flows down, the
wire tip becomes very sharp like a needle as if the wire skin had been
stripped away (Fig 6.56, image 182), and after this, 2–3 fine droplets may
transfer to the weld pool. The cathode spot does not wander as violently at
the later stage of the SP period as it did at the beginning of this stage.

Stage IV – The background duration during the SP period. The needle-
like part of the wire breaks up into short or long segments and falls into
the pool (Fig. 6.56, image 184). The residual molten wire shrinks and
becomes spherical. A neck forms between the molten sphere and the solid
wire.A slightly bright spherical cathode spot can be observed on the spheri-
cal droplet but it is not as bright as it was during the background period of
the RP stage because the arc is more dispersed (Fig. 6.56, image 204).

The current waveform shows that AC MIG welding constitutes alternat-
ing DCRP pulsed MIG and DCSP pulsed MIG welding. But in view of the
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arc form and metal transfer, the AC MIG process is not a simple superpo-
sition of these two welding methods. In the DCRP portion of AC MIG, the
arc form is not very different from the simple DCRP pulsed MIG welding
arc form although the number droplets transferred is greater (3–4 droplets)
and the volume of the first droplet is larger. The arc form in the DCSP
portion of AC MIG welding is different from the simple DCSP pulsed MIG
arc form. First, the cathode spot wanders very violently immediately after
the phase changes and second, the arc climbs much higher. A droplet may
transfer during the pulse. Because the current magnitude is large, the
droplet size is small. The droplet size during the background period also is
very small because the skin of the wire has been stripped off during the SP
period and the solid wire that remains and can be melted has a smaller
diameter.

6.2.4.2 Spatter in AC pulsed MIG Welding

In conventional MIG welding using RP, the arc and metal transfer are stable
and there is little spatter. In SP MIG welding, the arc also is stable, the metal
transfers in large drops, and there is little spatter as well. However, if the
welding current varies widely, very large drops form and heavy spatter is
deposited.

The current variation in AC pulsed MIG welding is larger than that in
DC pulsed MIG welding. Therefore, the spatter loss is larger than that in
DC pulsed MIG welding.

The amount of spatter was measured directly during AC pulsed MIG
welding. The spatter particles were collected in a vessel. The difference
between the work-piece weights before and after welding was taken as the
weight of the deposited metal. The ratio of the weight of the spatter parti-
cles and the deposited metal was defined as the spatter-loss coefficient. The
results are shown in Table 6.3. The time delay between the moment of the
phase change and the start of the pulse was 2ms, as shown in Fig. 6.57.

The table shows that the spatter-loss coefficient is almost as large as in
CO2 welding. The reasons for this can be described as follows:
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Table 6.3 Experimental results of the spatter-loss coefficient while Dt = 2ms

Welding current Deposited Spatter loss Spatter-loss
(A) metal (g) (g) coefficient (%)

110 50 2 4.0
120 35 2 5.7
140 45 1.5 3.3
160 55 2.2 4.0
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(i) Large current variation
In order to ensure arc stability, 280A pulsed current was chosen at
the phase change for a wire diameter of 1.0mm. The current varia-
tion was 560A during the phase change. Therefore, there is a large
variation of arc force and heat energy; the droplet formed in the SP
period accelerates very rapidly, impacts on the molten pool, and pro-
duces spatter. It can be seen from the high-speed film that the spatter
particles fly vertically upward. A lot of spatter accumulates in the
torch nozzle, which helps demonstrate the mechanism. On the other
hand, the droplets formed during the SP period are very big, they
cool during the phase change, and are heated rapidly during the RP
period. Gas produced by metallurgical reactions expands and pro-
duces spatter.

(ii) Larger droplet volume
The droplet volume in AC MIG welding is larger than that in DCRP
MIG welding. Spatter is generated when large droplets fall into the
molten pool. High-speed film shows that a series arc can form
between wire tip, droplet, and the parent metal. The forces exerted
on the droplet by two arcs can push it away from the normal verti-
cal path to form spatter.

(iii) The arc wanders violently when it changes from RP to SP.
When the current changes from RP to SP, the wire tip becomes the
cathode and the arc wanders and climbs up the wire. Because the
droplet forms during the RP period, it has been present for 2ms. It
remains until the SP period starts. The strong arc during the SP
period makes the droplet grow rapidly, wander, and create spatter.

(iv) Spatter is generated mainly when RP changes to SP.
The high-speed film shows that the arc form and its surrounding
atmosphere change violently when it changes from RP to SP. This
produces spatter and explosion of droplets. But they are quite
smooth while the current changes from SP to RP. According to the
observation and analysis made above, a practical experiment was
carried out to measure the spatter-loss coefficient when Dt was 
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6.57 Time sequence of the phase change and current-pulse waveform
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regulated. The coefficient decreased greatly when Dt was extended
to 2.5ms. Table 6.4 shows the experimental results. The phenomena
can be explained as follows. First, because t = 2.5ms, there is time for
the droplet to grow and separate from the wire tip so that after
changing from RP to SP, there is not much molten metal left on the
wire tip for transferring to the weld pool or generating spatter. Also,
there is oxide film on the solid wire surface (but no oxide film on the
melted droplet), so the cathode spot will not wander violently after
changing from RP to SP. Second, in simple SP MIG welding, the
diameter of the droplet does not exceed 1.5 times the wire diame-
ter. Therefore in AC pulsed MIG welding, the droplet formed in the
period Dt¢ will not become spatter (see Fig. 6.58).The droplet formed
in this period can be transferred in the successive RP period. Exper-
iments were conducted by the authors with Dt = 2.5ms and Dt¢ = 1
ms. The metal transfer improved and the amount of spatter
decreased. Longer Dt and shorter Dt¢ improve the mode of metal
transfer; the greater portion of metal transfer takes place during the
RP period.

6.2.4.3 Melting rate during AC pulsed MIG welding

The experimental conditions were 1.0mm diameter H08Mn2Si wire,
1.2m3/hr Ar with 3L/min CO2 shielding gas, 22mm wire extension, and con-
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6.58 Effect of Dt on the mode of the metal transfer

Table 6.4 Experimental results of the spatter-loss coefficient while Dt = 2.5ms

Welding current Deposited Spatter loss Spatter-loss 
(A) metal (g) (g) coefficient (%)

110 65 0.6 0.9
120 35 0.5 1.0
140 55 0.5 0.9
160 60 0.6 1.0
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stant arc length, which was regulated by the wire-feed rate. The results are
illustrated in Fig. 6.59, from which it can be seen that SP produces the
highest melting rate, RP produces the lowest, and AC MIG welding is in
between. These results are understandable based on the nature of metal
transfer that was described in previous sections. It can be concluded that
one of the advantages of AC pulsed MIG welding is the higher productiv-
ity it provides. In other words, less energy input is needed for melting a
given quantity of metal.

6.2.4.4 Bead formation in AC pulsed MIG welding

Experiments were conducted to measure the bead reinforcement during
DCRP, DCSP, and AC MIG welding. The results are illustrated in Table 6.5,
where B represents the bead width, a is reinforcement, and Vw is welding
speed. These results show that the reinforcement coefficient (B/a) of DCSP
welding is less than 3, while that of AC pulsed MIG welding is more than
3. Therefore, AC pulsed MIG welding meets the technological requirement
regarding bead formation.

6.2.4.5 AC DCRP welding

Arc blow occurs most often during root-pass welding in a groove. Experi-
ments demonstrated that AC pulsed MIG welding effectively avoids arc
blow. However, for root-pass welding, small currents are normally used and
the weld-toe angle is large due to less wetting of the groove surface by the
arc. A new welding process was proposed by the author, namely an alter-
native AC plus DCRP welding method. Figure 6.60 shows an oscillogram
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of the current taken during welding. The problem that should be consid-
ered for the present method is how to determine the moment that the
current changes from AC to DCRP or vice versa. The principle that should
be followed in the determination is that the moment of the change should
be during the pulse period in either case. Figure 6.61 is the electrical
diagram for implementation of the control. Figure 6.62 is the time sequence
of the control.

The logic relation may be expressed as
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6.60 Current wave-form for AC/DCRP process

AC pulsed MIG welding

B 12.5 14 13.5 12.5
a 4 4.2 4.5 5
B/a 3.1 3.3 3.0 2.5

(Ar = 1.2m3/min, CO2 = 3L/min)

Table 6.5 Bead width and reinforcement, 
Vw = 135mm/min

DCRP

B 14 15 14 14.5 13.5 15
a 3 3.5 3 3.2 3.5 3.2

DCSP

B 14 14 14.5 14
a 5 5 5.8 5
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The shadow duration is for regulation; the circuit will be triggered only
when the next pulse appears.

Because the melting rates for AC and DCRP welding are different,
ripples which are coarser than those seen in the normal welding process can
be observed on the bead surface. The bead penetration also is different.
Penetration can be controlled by using different ratios of AC and DCRP
periods. This is useful for developing welding technology for one-sided
welding with back-bead formation.

6.2.4.6 Effect of pulse parameters on AC MIG welding arc stability

In AC pulsed MIG welding, the parameters are set according to certain
rules; see Fig. 6.63. The pulse duration during AC MIG welding, tpr1 + tps1 =
tps2 + tpr2, is longer than the pulse duration during normal DC MIG welding.
Because of the need for phase changes, tbr and tbs are regulated according
to the wire-feed rate. Tbr is set to ≥2.5ms in order to facilitate the droplet
transfer before RP changes to SP and stabilises the arc during the transi-
tion. Improper setting of this parameter can produce globular transfer, an

Q CP Q Sn n+ = ◊ +1

S AC DC Qn= ◊
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unstable arc, spatter, and even arc breakdown. tps1 should not be too short
(normally 1ms); too short a value of tps1 will not ensure that sufficient heat
energy is generated to maintain a stable arc before entering into the back-
ground current. The function of tps1 is to create a strong arc that ensures an
ionized atmosphere and facilitates arc re-ignition. From the view of metal
transfer, tps1 should not be too long, as this can result in large globular
droplets (larger than 1.5 times the wire diameter). Only when tps1 is set cor-
rectly (about 1ms) is it possible to avoid an excessive amount of molten
metal and ensure good metal transfer when the arc changes to RP. When
tps1 is chosen, then tpr1 will naturally be determined. There may be 3–4 small
droplets transferred successively in this period due to the heat accumulated
in the SP period. The parameters tbr and tbs can be varied according to the
wire-feed rate. One-knob control is facilitated on the basis of the descrip-
tion in Section 2.2 about the relationship between wire-feed rate and pulse
parameters.

6.2.4.7 Effect of other factors

The effect of shielding gas is obvious. Because CO2 is ionised at high tem-
perature, which can cool the arc, in this sense it is better to use pure Ar.
However, experimental results demonstrated that the bead formation when
Ar is used is bad; the reinforcement and weld toe are too high and the arc
is less stable. Increasing the amount of CO2 increases the oxidizing charac-
ter of the arc atmosphere and forms an oxide film on the wire and parent
metal so that the cathode spot can be stably located on the oxide film, which
has a lower work function. When the CO2 content is increased to 5L/min
while the Ar flow rate is 20L/min, the arc becomes unstable because the
cooling effect plays a major role. Too much CO2 produces too much of an
oxide film on the bead surface, which wastes not only materials, but also
can interfere with succeeding operations. Serious spatter was observed
when too much CO2 was used; gas that was produced by metallurgical reac-
tions in the droplet exploded. After balancing the factors mentioned above,
a CO2 content >3L/min was chosen.
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Stabilisers improve arc stability. Experiments were conducted with
K2CO3 which was spread over the surface of the work piece. Greater arc
stability and less spatter were observed but the melting rate of the wire was
lower. The K2CO3 dissociated and ionised during welding, the K+ ion was
absorbed in the arc, and the work function for electron emission on the
cathode was decreased. This allowed easier re-ignition but less heat was
generated on the cathode and the melting rate was lower.

6.2.5 Summary

1) AC pulsed MIG welding has been successfully developed by applica-
tion of the ‘double-concavity current waveform’ without use of flux-
cored wire, stabiliser, or high-voltage arc-stabilising pulses.The arc was
stable and arc blow was absent.

2) The metal transfer is a mixed mode of spray and droplets, and good
bead formation can be obtained.

3) The pulsing parameters are important factors that affect the arc sta-
bility and metal transfer.A small spatter-loss coefficient (less than 1%)
can be obtained by properly setting the pulsing parameters.

4) An appropriate amount of CO2 added to the shielding gas can ensure
good bead formation.

5) Stabilisers can improve the arc stability but they decrease the melting
rate. The melting rate of AC pulsed MIG welding is in between that of
DCRP and DCSP welding.

6) AC DCRP is effective for avoiding arc blow, and beneficial for the bead
formation on the backside.

7) AC pulsed MIG welding is a new welding method. It has many advan-
tages such as control of bead formation, allowing root-pass welding in
deep grooves without arc blow, and raising productivity.
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Part III
Arc sensors and seam tracking
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7
Sensors for weld-seam tracking

7.1 Status of research and development

Research and development on automatic and intelligent control is 
the future direction of arc welding because it is an important means for
ensuring weld quality, raising productivity, and improving labour condi-
tions.[185–187] Many renowned research institutes and manufacturing firms
devote substantial effort to this field.[186–205] The first problem that should be
solved for the automation of welding processes is weld-seam tracking.[206]

Substantial progress has been made after several decades of study and prac-
tice; emerging seam-tracking sensors have marked that progress.[207]

Sensors for weld-seam tracking can be categorised into the types accord-
ing to their sensing mechanism, shown in Fig. 7.1. Most of the sensors used
in industry are attached to the welding torch for detecting the groove posi-
tion, namely mechanical, electromagnetic, and optical devices. The princi-
ples and features of these sensors are described in the following sections.

7.1.1 Contact sensors

The typical construction of a contact sensor is shown in Fig. 7.2. A probe,
which detects the deviation of the torch from its position in the groove,
slides or rolls in the groove. A micro switch detects the direction of devia-
tion.[208] An electrical potentiometer, electromagnetic device or electro-
optical device also can be used for determining the degree and direction of
deviation.[209–210] This type of sensor is applicable to welds having X and Y
grooves provided there is a reliable contact surface in the grooves, partic-
ularly for long and straight first-pass root-pass welds or corner welds.[211]

The design and operation of such sensors are simple so they are widely used
at the present time.[212] The problem with this type of sensor is that they
need different probes for different groove shapes, the probes wear and
deform, and tack welds pose an obstacle to the probe. The probes are not
suitable for high-speed welding.
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7.1.2 Electromagnetic sensors

The principle of an electromagnetic sensor is shown in Fig. 7.3. A high-
frequency exciting current is sent to the primary coil U1, which induces 
a potential in the secondary coils U21 and U22. The deviation dx results in
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asymmetry of the magnetic path. The difference between U21 and U22

reflects the degree and direction of dx. In order to overcome interference
due to misalignment of the work piece and the presence of tack welds,
magnetic flux-breakage restrain type, potential restrain type, and scanning-
magnetic type sensors have been developed.[209,213–216]

This type of sensor is suitable for butt welds, lap welds, and corner welds.
However, due to their large volume, they are less flexible than others and
are sensitive to magnetic interference and assembly accuracy. This type of
sensor is applied only under non-rigorous conditions.

7.1.3 Optical sensors

Major progress has been made in optical sensors. There are a variety of
operating principles and types of optical sensors. Optical sensors can detect
not only the relative position but also the shape of the groove, arc, and
molten pool.

On the basis of their principle of operation, the object, the light source,
and so on, optical sensors can be categorised as follows:

(i) Single-spot light sensors.
A simple photoelectric device is used to detect the groove or line

marker designated A. A laser-spot light sensor for detecting the edge
of a groove is shown in Fig. 7.4.[217–219,226] There also are sensors that
use infrared, visible, or the arc as a light source.[219–222]

(ii) Linear light sensors.
A line of light is projected through a lens and slit in the envelope

containing the light source onto the surface of the workpiece, per-
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pendicular to the weld seam. Operating at an angle from above the
weld seam so that a curved line is formed on the surface, the groove
shape is defined by the form of the curved line. The image of the pro-
jected line is taken by a CCD camera and processed by a computer
to locate the centreline and the width of the groove,[223–224] as shown
in Fig. 7.5.

(iii) Scanning-light sensors.
A laser beam scans the workpiece across the groove. The image is

obtained synchronously by a CCD camera and processed by a com-
puter to detect the groove shape, size, and centre line, as shown in 
Fig. 7.6. Because the spot of light has greater brightness than a line
of light, the system has a larger signal-to-noise ratio and better resis-
tance to arc-light interference.[213–214]

(iv) CCD-image sensor.
The arc, molten pool, torch, and wire tip are imaged by an ICCD.

This image is processed by computer to measure the width of the
groove, the relative position of the wire to the groove, and the wire
extension.[41,225]

Optical sensors have high accuracy, good repeatability, and they can be
used not only for seam tracking but also for detecting the groove shape,
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width, and cross-sectional area to provide adaptive control of the welding
parameters. Optical sensors are ideal sensors for welding processes.

7.1.4 Features and problems for attached sensors

Although there are many advantages associated with optical sensors, they
are attached sensors, whose shortcomings are discussed below.

• The sensor is ahead of the arc. Except for some arc imaging systems,
the detection point for optical sensors is 50 ~ 100mm ahead of the arc,
which may prevent accurate seam tracking in the case of seams that
change direction significantly over short distances. To overcome this
problem, memory, time delay, and a restoring system must be incorpo-
rated in the control circuit. Sometimes, two separate driving mecha-
nisms, one each on the torch and sensor, can be used for welding. The
separation between the torch and the sensor has to be measured by
another means.All of these requirements increase the complexity of the
system.[23]

• The sensor will not track properly if there is arc blow or cast (perma-
nent plastic deformation due to bending) in the welding wire. While the
attached sensor detects, in fact, the deviation of the welding torch from
the groove centreline, the measured data are taken as the deviation from
the arc to the groove centreline. When there is arc blow or wire cast, the
arc is not coincident with the centerline of the torch.[227]

Both of these constraints can be overcome only by using a sensor having
an arc-image processing system; no other type of attached sensor can track
a welding groove accurately.
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While an arc-imaging system is good for overcoming the above-
mentioned problems, it is sensitive to arc-light interference, ICCD cameras
are expensive, and application conditions are limited. Arc-imaging sensors
are not popular in industry at this time. The arc-sensing systems invented
over the last 30 years are good approaches to solving all of the problems
mentioned above.

Arc sensors have the following advantages:

• The detection point is exactly at the point of welding; there is no
problem caused by the separation between the position of the arc and
the detection point.

• The sensor is not attached to the torch and therefore there is good acces-
sibility of the torch to the weldment.

• There is no influence of arc blow or wire cast on the sensing.
• Arc sensors are inexpensive and reliable.

Great attention has been paid to joint sensing by welding personnel since
the 1980s. The principal types of industrial arc-welding sensors that have
been employed, particularly in Japan, are optical sensors and arc sensors,[228]

as shown in Fig. 7.7. In China, however, arc-welding sensors are still under
development.

7.2 Status of the application of arc sensors 
in industry

It is known that a variety of arc sensors which are suitable for TIG, MIG,
MAG, etc. have been developed around the world, some of which are
presently used successfully in welding production.[229–231]
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7.2.1 Oscillating arc sensors for MIG/MAG welding

The earliest type of arc sensor was the mechanically oscillating sensor.[232]

The torch oscillates across the groove at a low frequency, as shown in 
Fig. 7.8, in which L is the left point of torch movement, R is the right point
of torch movement, and C the centre point of the oscillation. By compar-
ing the arc voltage or current waveform between CL and CR, the deviation
of the torch from the groove centre-line can be detected.This type of sensor
also has been used with the wire bending method (mainly for narrow-gap
welding[233]), the double wire method, and the twist-wire method.[234,235]

7.2.2 Oscillating sensors for TIG welding

Normally, constant-current or steeply dropping characteristics are used for
TIG welding. The voltage variation caused by torch height variation is used
for sensing the groove shape. Figure. 7.9 shows the principle of operation.
An arc-voltage feedback control circuit (AVC) is used for this system. The
height of the torch is automatically adjusted while the torch scans across
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the groove. A potentiometer is mounted on the torch, the output of which
is compared with a preset reference value e0. The potential difference is
used as the measure of the torch-oscillation range. The method can keep
the oscillation center coincident with the groove centreline. Moreover,
it can automatically change the oscillation range as the groove width
varies.[229–236]

7.2.3 Rotating sensors for MIG/MAG welding

The rotating arc sensor shown in Fig. 7.10 was reported first by the NNK
Company of Japan for narrow-gap welding.[236,237] The rotational movement
is achieved using an electrically-conducting tube with an eccentric hole for
passing the welding wire. The principle is the same as an oscillating arc
sensor but its frequency can easily be raised and therefore, higher sensitiv-
ity can be obtained. This kind of sensor has been applied up to the present
for narrow-gap welding and fillet welding.[239,240]

Research on control of bead height by sensing the oscillation range or by
scanning an area has been reported.The application of arc sensors in pulsed
MIG/MAG welding is under development.[241,242]

Arc sensors differ from all other kinds of weld seam-tracking sensors.
They are not independent of the arc-welding power source but are closely
related to the characteristics of the power source. However, up to now, pub-
lished papers and reports worldwide have been qualitative in regard to
understanding and research on these sensors. Another problem with arc
sensors is their application field; they are suitable for fillet welds, butt welds
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with grooves or narrow-gap welds. But they cannot recognise the seam cen-
treline when the seams are lap joints, when they do not have grooves, or
when the grooves are unsymmetrical. These restrictions limit the applica-
tion of arc sensors in production welding.

7.3 Principles of seam tracking with arc sensors

7.3.1 Fundamentals

The fundamentals of arc sensors lie in the variation of welding current while
the arc oscillates across the groove. Figure 7.11 shows the current variation
due to the variation of the torch-to-plate distance (H0). Taking a slightly
drooping power source characteristic as an example, the analysis for a con-
stant-current characteristic is similar. Suppose that the arc is stable at the
arc-operating point A0, arc length l0, wire extension L1, and current I0. If a
step change in the torch-to-plate distance occurs, for example, it moves to
H1, the arc length increases to l1 abruptly, but the wire extension is not able
to follow the change and remains at L1. The arc-operating point jumps to
A1 and the current changes to I1. After the time required for the arc length
to shorten and the wire extension to increase, the electrical resistance of
the welding loop increases. The arc-operating point moves to a new stable
point A2 where the arc length is l2, the wire extension is L2, and the current
is I2.The final result is that both the arc length and wire extension are longer
than they were originally.

Similarly, if a step change happens again, the torch-to-plate distance
changes abruptly from H1 to H0, the arc-operating point jumps from A2 to
A3 (because the wire extension cannot follow the change), the arc length
becomes l3, and the current changes to I3. After the time required for the
arc length to readjust, the arc-operating point returns from A3 to A0. From
this description, it is known that both the arc-operating point and the
current change while the torch-to-plate distance changes. However, there
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are two states, namely static and dynamic states. For example, the dynamic
change of current is DID and the static change of current DIS when the torch-
to-plate distance changes from H0 to H1. In presently available control
systems, the static change of current normally is used whereas the dynamic
change is not used (because the oscillation speed is low). The dynamic phe-
nomena of these sensors have not been studied up to the present. Experi-
ments demonstrate that for F1.2mm wire diameter, 215–280A welding
current, and 26-30V arc voltage, a 1mm change of the torch-to-plate dis-
tance can change DIS by 5A; in other words, a 1.4–2.4% current change may
be obtained for a 1mm change of the torch-to-plate distance. This means
that seam-tracking control can be achieved by monitoring the static-current
change.

The seam-tracking trajectory in welding is three dimensional and can be
resolved into up and down, and left and right movements. Up and down
tracking can be realised simply by moving the welding torch up and down
according to the current variation. Special measures must be taken to recog-
nise the centre-line of the groove and control the left-right movement of
the torch. Figure 7.12 shows two examples used in practice. Two parallel
wires were used in the first example and an oscillating wire was used in the
second example.

From the figure, it can be seen that if the centre point between the two
wires does not coincide with the groove centre different wire extensions
and thus different welding currents will be carried by the two wires. The
deviation of the torch from the groove centre can be judged by the differ-
ence of current, by which left and right movement of the torch can be con-
trolled. Similarly for the oscillating wire, if the centre of the torch is not on
the centre-line of the groove, the wire will have different extensions and
thus different currents when it reaches the left and right sides of the groove.
Seam tracking can be realised by comparing the current on the left side
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with that on the right side. Better bead formation can be obtained and a
simpler control circuit can be used for the first example but synchronous
feeding of two wires and electrical isolation of the two wires from one
another are more complicated. The second example does not have these
shortcomings but it needs an oscillation mechanism. Bead formation
depends on the oscillation so that proper design of the oscillation is helpful
for obtaining better bead formation. Both examples have been applied suc-
cessfully in practice.

7.3.2 Principle of operation

The author, in co-operation with J. Platz,[243] successfully developed a seam
tracking system in 1978 on the basis of the second scheme mentioned above.
Only the hardware for three-dimensional seam tracking has been built.This
development is described in more detail in this section to illustrate the prin-
ciple of operation of a seam tracking system in general.[243] Figure 7.13 is a
mechanical diagram of the system. There are four motors on the welding
tractor. One drives the tractor itself (not indicated in the diagram), one (M1)
controls up and down movement, the third (M2) controls left and right
movement, and the fourth (M3) drives a cam (C) and oscillates the torch.
The oscillating frequency is about 3Hz. The oscillating range is about 
4–6mm. On the other end of M3, an electronic switch is mounted, which
sends a pulse to the control circuit when the torch comes to the left or right
end, so that the current is sampled at those moments. The current signal is
taken from a shunt (200mV/600A). The control circuit takes the sum of
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currents (UL + UR) to control the up and down movement, and the differ-
ence of the currents (UL - UR) to control the left and right movement.

The block diagram of its electrical circuit is shown in Fig. 7.14.The current
signal is amplified first in 1 (60 times) and then is sent to the integration
element 3 via an electronic switch 2. The integration element is an impor-
tant part of the control circuit. Whenever the arc oscillates to the left or
right side of the joint, a signal from A is sent to the electronic switches 2
and 4, and starts the integration. The time for integration is controlled by
an electronic switch that is fixed at 25ms. After the integration, the result
is sent, according to arc position, from left to right, to the sample and hold
circuit (S + H), either 5 or 6. When a signal goes to B, the signal input is
‘sampled’ by the circuit 5. When the signal to B ceases, circuit 5 ‘holds’ the
integrated value. Similarly a signal at C is sampled by circuit 6 and when
the signal to C ceases, circuit 6 holds the last integrated value. When the
welding current fluctuates violently, if the instantaneous current value is
taken at the moment when the arc is at the left or right side of the joint, a
large error will be introduced. Therefore, in the present design, the current
signal is integrated for 25ms, which greatly reduces the error due to current
fluctuation and provides more accurate seam tracking. This design philoso-
phy is important.

The signals produced by 5 and 6 are added and subtracted in the opera-
tional amplifiers 7 and 8. The sums are sent to 10, 13, and 14 to control the
up and down movement of the welding torch.The preset value of the poten-
tiometer at 10 is compared to this sum. When a positive signal is generated
by 10, the output of 13 drives 17 and makes the motor rotate in one direc-
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tion. When the signal generated by 10 is negative, the output of 14 drives
18 and makes the motor 20 rotate in the other direction, which produces
vertical movement of the torch. There is an adjustable potentiometer on
amplifier 9 whose value is compared to the value obtained by subtraction
in 7, which adjusts the centre position of the torch. When the output of 9 is
positive, 11 will send a signal to drive 15 to rotate the motor in the positive
direction. When the output of 9 is negative, 12 sends a signal to drive 16
that rotates the motor in the reverse direction.

The locations A, B, and C shown in Fig. 7.14 are controlled by the elec-
trical circuit shown in Fig. 7.15. A 30ms pulse is generated by 21 when the
torch oscillates to the left side of the joint and another pulse having a 
30ms width is generated by 22 when the torch reaches the right side of the
groove. The front edge of both pulses triggers 23, which produces a 25ms
pulse. Signals from 21, 22, and 23 are received by logic circuit 26, the output
of which controls the electronic switches 2, and 4 (see Fig. 7.14). Whenever
the torch reaches the left or right side of the joint, S1 switches on for 25ms
to operate the integration element and then switches off. The integration
element holds its potential for 5ms. When S2 switches on, the potential on
3 discharges and returns to zero. The back edge of 23 triggers 24 and 25,
which produce a 1ms pulse and triggers 5 or 6 for sampling and holding.
The trigger 24 can be activated only when there is an output signal from
21, and 25 can be activated only when there is output signal from 22. There-
fore 24 sends a signal to B, when the arc reaches the left side of the joint
and 25 sends a signal to C when the arc reaches the right side of the joint.
The signals from B and C are sent to 5 or 6, respectively, so that the sam-
pling operates for 1ms and then initiates the hold. It is obvious that the
output of 5 changes its value whenever the arc reaches the left side of the
joint and the output of 6 changes its value when the arc reaches the right
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side of the joint. Therefore, the new data from the addition element and the
subtraction element are obtained every half cycle of oscillation.

7.4 Scanning arc-welding torches

7.4.1 Osallating-arc torch

The arc-sensing system for MIG welding consists of a welding power source,
the arc, the scanning mechanism, a signal processor, and a wire feeder as
shown in Fig. 7.16. The difference between this and conventional MIG
welding is the torch. As described in previous sections, the arc-sensing
system is based on the current variation that accompanies the scanning of
the torch. Therefore, the core of the arc-sensing system is the scanning
torch. The characteristics of the system depend on the properties of the
torch. A good scanning torch should have the following functions:

• Scanning function. The arc should oscillate across the groove and the
range of oscillation should be adjustable for practical applications.

• Sensing function. The arc current and its corresponding position should
be detectable.

• Usual functions. The torch should provide the usual functions for MIG
welding including conducting electricity, circulating cooling water,
feeding welding wire, and supplying shielding gas.

In the first stage of its development, the oscillating type of arc sensor was
used most often. Figure 7.17 shows the oscillating arc sensor produced by
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OTC of Japan. In this apparatus a rack and pinion are used for the oscilla-
tion mechanism, and a multi-turn potentiometer is used to detect the arc
and torch positions, the output of which is used for closed-loop position
control. The sinusoidal or triangular trajectory of the torch movement can
be obtained by sending a sinusoidal or triangular signal as a set value to the
control system. The features of this system are as follows:

• Easy to control; the range of oscillation can be regulated.
• Because the rack is much longer than the oscillation range, the centre

of oscillation can be adjusted.
• The frequency response of the system is limited to 5Hz. The gain of the

system decreases greatly if the oscillation frequency is higher than 5Hz;
this is shown in Fig. 7.18.
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7.4.2 Rotating-arc torch

The rotating-arc torch is a new development for overcoming the short-
comings of the oscillating-arc torch. In this concept, the arc and the wire
rotate around the centreline of the torch. Figure 7.19 shows the trajectory
of the arc. Obviously, if the rotational speed is much higher than the travel
speed, the arc movement may be interpreted as scanning across the groove,
just like an oscillating arc.

The rotating torch should have all the functions of a normal welding
torch. In addition to these, the primary function of the torch is to rotate the
arc. Figure 7.20 shows a schematic diagram of the rotating torch developed
by H. Nomura.[238]

Inside the torch, a motor rotates an electrically conducting tube. An
eccentric hole is incorporated in the torch tip where the wire passes
through, so that the wire and arc rotate around the centre of the torch. This
torch has been successfully applied in industry. However, there are some
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problems with it. First is the way that electrical power is connected to the
torch. Because the conducting tube is rotating at high speed, a sliding
graphite block is used to transmit current to it. This structure is difficult to
manufacture and has a short service-life. Second, because the wire itself
does not rotate, there is excessive wear of the torch tip so that even when
wear-resistant material is used for making the tip, its the service-life is short.
Third, it is difficult to connect the cooling-water tube to the electrically-
conducting tube. In order to overcome these problems, a new design of
rotating-arc torch was developed by the author and Y. N. Fei in 1980. This
torch was named the RAT-I and is shown in Fig. 7.21.[244] The electrically-
conducting tube does not rotate itself but is mounted on a spherical hinge
made of a ball bearing steel and located at the upper end of the torch. At
the lower end, the tube passes through an eccentric hole of a gear, which is
driven by a motor. Thus, the tube itself does not spin but rather moves as
a generating line of a cone. This design has the following advantages:

(i) There is no relative movement between the conduction tube, wire tip,
and wire, and therefore no friction and wear.

(ii) Because the upper end of the conducting tube B is near to its hinge
A, there is a very small amplitude of rotation at the end of the tube
and, therefore, the power cable can be connected to it directly without
a graphite brush or other means.

(iii) The cooling-water tube can be connected easily to the electrically-
conducting tube.

Figure 7.19 shows the trajectory of the wire tip made by this kind of torch.
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7.4.2.1 Regulation of diameter of rotation

The diameter of rotation or the oscillation range of the arc should be
adjustable for production and experimental purposes. It can be seen that
the rotation diameter of the arc can be adjusted easily by adjusting the
eccentricity of the hole in the gear but this adjustment is rather inconve-
nient. The author and his colleague have developed a simple mechanism
for adjusting the rotation diameter. That mechanism is called a ‘double-
eccentric adjustment mechanism’ and is shown in Fig. 7.22. 01 is the axial
centre of the gear and 02 is the axial centre of the hole on the gear. The dis-
tance between them is E12. A sleeve with an eccentric hole is inserted into
the hole in the gear. The axial centre of the inner hole in the sleeve is 03;
the distance between 03 and 02 is E23. A ball bearing is installed in the inner
hole in the sleeve. Then, the distance between axial centre of the ball
bearing and the axial centre of the gear is E31.The relationships among them
can be written as

[7.1]

Let E12 = E23 = E

then [7.2] 

which means that the eccentricity E31 can be regulated by a. E31 = 2E when
a = 0°. Therefore the range of regulation is 0–2E. In the present design, E
was chosen to be 1mm.This means that the rotation diameter of axial centre
of the sleeve is in the range 0 ~ 2mm and accordingly the range of the rota-
tion diameter of the arc is 0 ~ 8mm.

7.4.2.2 Detection of arc position

The so-called ‘arc position’ is the relative position of the arc or wire end
with respect to the welding torch central axis at a given moment t; see b(t)
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in Fig. 7.23.This is a very important parameter for arc-signal processing. For
this purpose, the author has designed a photoelectric device for detecting
the rotation angle and rotation speed, which is shown in Fig. 7.23. It con-
sists of an optical encoder attached to the gear, and an infrared emitter and
receiver and its electronic circuit. There is one hole for detecting the posi-
tion of the arc and 90 holes for detecting the angle of rotation; neighbour-
ing holes are 4° apart. The electronic circuit output 0/1 is determined by a
shaping circuit according to the infrared signals received. For one rotation
of the arc, a position pulse and 90 angle pulses are emitted, as shown in 
Fig. 7.24. The position hole is drilled on the vertical plane formed by the
torch axis and the vertical axis of the gear. Then the number of angle pulses
N counted after the appearance of the position pulse represents the angle
between the arc or the torch and the position of the photoelectric device,
i.e. the angle of rotation of the torch b(tN) = N ¥ 4°.

The counting is performed by an external interrupt of a single-board 8031
computer and a counter.

Another function of the photoelectric device is to measure the rotation
speed. The F/V converter generates a potential signal proportional to the
pulse frequency received by the photoelectric element. This signal is used
as a feedback signal to the drive motor. This method of controlling rotation
is much more accurate than the conventional closed-loop control based on
the armature-voltage signal.
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The parameters of the RAT-I are as follows: the rotating frequency is
1–50Hz, the rotation radius is 0–4mm, the rated current is 500A, the drive-
motor power is 25W, and the torch is water-cooled.

7.4.2.3 Rotating-arc torch RAT-II

A DC servomotor and a gear-reduction mechanism are used for the 
RAT-I rotating-arc torch. The accessibility of the torch is poor due to its
bulky and heavy gearbox. Moreover, the transmission gears are noisy, par-
ticularly when they are contaminated by welding fumes or are improperly
assembled. To overcome these shortcomings a more reliable and lighter
rotating-arc torch, designated RAT-II, was developed by the author and B.
J. Liao in 1993.[245,246] The special feature of this torch was a driving motor
with a hollow shaft that was used as the main body of the torch.

To make the connection of the power cable, the cooling-water tube, and
the shielding gas lines more convenient, the design based on rotating on a
generating line of a cone was considered best for a rotating-arc torch. The
problem was how to eliminate the gearbox. For this purpose, a new type of
rotating-arc torch was designed as shown in Figures 7.25 and 7.26.[245,246]

The construction of the torch can be described as follows. A hollow-shaft
motor is used as the main body of the torch; the electrically-conducting tube
is inserted with a tilt through the hollow shaft. Similar to the RAT-I, a ball
bearing is used as a hinge for the electrically-conducting tube, which is fixed
on the upper end of the motor body. Similar to that of RAT-I, a disc with
an eccentric hole is mounted on the lower end of the motor. A sleeve with
another eccentric hole is inserted into the hole in the disc. The electrically-
conducting tube passes through the eccentric hole in the sleeve, via a ball
bearing.The eccentricity of the electrically-conducting tube can be adjusted
by the angular position of the sleeve (see also Fig. 7.22). Thus, when the
armature of the motor rotates, the electrically-conducting tube rotates on
the line that generates a cone.

Because both the upper and lower supporting points of the electrically
conducting tube are ball bearings, they are free to rotate. The power cable,
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cooling water line and gas line are connected to the electrically-conducting
tube at its upper end, which is very near to its hinge point.

A double-shield gas nozzle was designed for the torch to provide better
shielding to overcome disturbances of the arc-shielding gas caused by rota-
tion of the wire and arc.

To develop an effective torch, the key problem was how to design the
motor and its speed-control circuit. Detection of the angular position of the
arc is the basic requirement.

7.4.2.4 Hollow-shaft motor

There are two requirements for the motor used in the present design. The
first is that the diameter of the shaft should be large enough and the outer
diameter of the motor should be as small as possible in order to minimize
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the torch diameter. It is hard to find this kind of motor commercially and
it was also impossible to design and manufacture such a special type of
motor. The diameter of the commutator of a conventional DC motor is too
small and making a hollow shaft is impossible. The rotor and commutator
of DC torque motors are larger but their speed is too low and they are too
expensive. Therefore, a conventional single-phase capacitance motor for
axial-flow air pumps was used for this purpose. The motor was a squirrel-
cage type, which has no commutator in its rotor and the armature was made
by casting. Therefore it was possible to incorporate a hole in the center of
the armature.According to a theoretical analysis, in order to drive the torch,
a motor having a torque of 500–700g/cm, a maximum rotating speed of 
3000r/min, and a rated power of 20W was required. A suitable axial-flow
air-pump motor was therefore chosen. This motor had a fan diameter of 
200mm, 62W maximum power, 220V rated voltage, and 2700r/min rated
rotation speed.

Speed control and the reduction of the cross section of the magnetic
circuit of AC motors are the two main problems associated with the motor
that was chosen. An insufficient cross-sectional area of the magnetic circuit
can increase the armature temperature. Voltage control of the motor speed
is not acceptable because the mechanical-output characteristics are too soft.
The first problem was solved by properly choosing the motor so that it had
abundant power and used lower voltage so that the magnetic circuit would
not be saturated. Designing a closed-loop speed feedback-control system
using a photoelectric system for speed measurement and a switching mode
for speed control solved the second problem.

7.4.2.5 Measurement of arc position and rotation speed

The angular position of the torch is the relative position of the torch 
with respect to the groove centre-line. It is important for seam tracking.
Rotational-speed detection is important for feedback control of the 
rotation speed.

A potentiometer and an angle-synchronising motor are normally used to
detect angular position. However, the potentiometer is not suitable for high
rotation speeds and the angle-synchronising motor is too complicated for
this welding application. Moreover, its analogue output is not conveniently
fed to a computer.

Similar to Section 7.4.3, the photoelectric-encoder detection system was
applied to this design. There are two methods for encoding the position. In
the first method, a code is given to each angular position; in the second
method, the position signal of a rotating disc is taken as the starting point
for encoding and then the code is progressively increased for each signal
received subsequently. The first method requires numerous sensors and
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accurate engraving of the graduations on the encoding disc. Therefore the
second method was used for this new design.An encoding disc was designed
as shown in Fig. 7.27; 96 rectangular teeth were cut on the outer ring of the
disc so that 96 pulses would be emitted by the photoelectric device that
used an infrared beam passing through the gaps between the teeth for each
turn. Only one hole, which produces a pulse used as the starting point for
encoding, called a starting pulse, was fabricated in the inner ring of the disc.
For accurate control, the pulses are amplified and shaped by a circuit shown
in Fig. 7.28.

Figure 7.29 shows the relationship between the pulse and the rotational
angle of the torch. When the torch rotates counter clockwise, the angular
position of the torch is taken as 0° when the torch is at the right side of the
joint; thus the angular position of the torch is 135° when it reaches the front
and middle of the path. This point is taken as the sequence number 0. This
means that there is a deviation angle between the starting pulse and the
angular position of the torch.

The frequency of the pulse output by the outer ring represents the fre-
quency of the motor.
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[7.3]

fr Rotational speed (Hz),
n Rotation speed (r/min)
fs Frequency of starting pulse (Hz)
fd Frequency of angular-position pulse (Hz)

7.4.2.6 Circuit for regulation of rotation speed

The synchronous rotation speed of the motor is 3000r/min and the rated
rotation speed is 2700r/min. There are two methods for regulation of the
AC motor, namely regulation by frequency or by voltage. The output
mechanical characteristics of AC motors are too soft; therefore a speed
feedback-control circuit was incorporated. Considering that, at low rotation
speeds, decreasing the voltage is necessary to avoid magnetic-circuit satu-
ration and that a frequency regulation circuit is more complicated, voltage
regulation was used instead. Closed-loop feedback could solve the soft
output mechanical characteristics intrinsic to voltage control.

Accurate rotational speed control can be obtained using a phase-lock or
frequency-lock circuit but these circuits are too complicated, and unstable
rotation can result from loss of steps.

For DC servomotors, series-controlled rectifier circuits are practical. For
AC servo motors, the rectifier circuit and the control device (e.g. transistor,
FET, or SCR) should operate using DC. If bi-directional control is used,
then no rectifier is needed but the triggering and switching circuits are more
complicated and the dynamic properties are poorer.

In the present design, an FET was used in the diode bridge, which is con-
nected in series with the motor as shown in Fig. 7.30. The adjustment device

f f
f

n fr s
d

r= = =
96

60;
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works in an ON-OFF mode so that small capacity is needed and less power
is consumed.

The angular pulses from the encoder are the signals representing the
rotational speed; they are converted by an F/V into an analogue potential
wr, which is compared with the set value wg. The difference between them
is again converted into pulse width, which controls the on-off duration of
the adjustment device and thus the rotation speed. An LM2907 was used
for the F/V converter and a CA3524 was used for pulse-width control.
Because the adjustment FET was connected in the high-voltage circuit, its
control signal was input via an optical coupler. The working frequency of
the circuit was 1kHz.

7.4.2.7 Parameters and operating results

The specification for the rotating-arc torch RAT-II is as follows:
Outer diameter f80mm, rotation frequency 14.5Hz ~ 36Hz, maximum

rotation radius 4mm, maximum welding current 350A. Motor shaft: outer
diameter f20mm, inner diameter f17mm. Electrically conducting tube:
outer diameter f12mm, inner diameter, f7mm, which is the diameter of the
wire-feed tube.

Practical experiments demonstrated that the speed-detection system was
reliable; the speed-control circuit had good properties. The motor opera-
tion was stable between 5Hz ~ 45Hz and it started quickly. For the practi-
cal requirements of welding technology, the range of rotational-speed
regulation was set to 15Hz ~ 35Hz. Long-term observations showed that
the reduced magnetic-circuit cross-section did not impair the motor’s
working, mainly because the actual voltage across the motor was much
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lower than the rated voltage. Table 7.1 shows the effective voltage across
the armature at different rotation speeds. It can be seen that in the range
of 15Hz ~ 30Hz rotation speed, the arc sensor had good sensitivity and the
voltage across the armature was low.

The RAT-II rotating-arc sensor has several advantages compared to
RAT-I; they are as follows:

• It is compact and lightweight; it is very convenient for practical 
application.

• The gear box is eliminated; thus, there is less torsional friction, less 
resistance, and less uneven loading due to improper assembly.

• It produces less noise.
• The speed-detection system and control are reliable.

The fields of application of RAT-II may be as follows:

• Tracking vertical and horizontal weld joints
• Detecting groove shape.
• Providing a dynamic load for measuring welding power-source 

characteristics.
• Improving bead formation and molten pool solidification.
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Table 7.1 Voltage across armature at different
rotation speeds

fr (Hz) 15 20 25 30
U (V) 65 90 121 150
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8
Mathematical models of arc sensors

8.1 Introduction

Design of a highly accurate, sensitive, and multi-functional arc sensor
requires an explicit understanding of the physical mechanism of arc sensors
and the mathematical relationships between the output and input signals.
This means that establishing a mathematical model of the arc sensor is nec-
essary. No information regarding this subject has been published outside
China up to the present. The author and Y. N. Fie presented a theoretical
analysis and an experimental study in 1990.[244,247,379] The principal contents
of this report are described in this chapter.

8.2 Static model

The principle function of either oscillating or rotating arc sensors is to gen-
erate a signal representing the variation of the torch-to-plate distance from
the variation of welding current during the torch travel along the groove.
From the information about the torch-height variation, the relationship of
the torch centre to the groove centreline is detected and the resulting signal
is used as the input for seam tracking. Therefore, the transfer rule relating
torch height to arc current is the basic input and output relationship of these
arc sensors. The discussion of the static and dynamic models of arc sensors
in this chapter is a description of this relationship. In this section, a static
mathematical model, i.e. the relationship between the arc current and the
torch height under stable arc conditions, is discussed. The significance of
this study is as follows:

• The relationship represents the mathematic rule relating torch-height
variation to the arc sensing system, which is the basis for torch-height
control.

• The relationship between the output and input reflects the characteris-
tics of the system (linear or non-linear), which is useful for establishing
the dynamic mathematical model.[248]
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An arc sensor is not a single, separate element; it consists of the scanning
welding torch, the welding machine, etc. The so-called mathematical model
is, in fact, the model of the entire system.

The transfer rule relating torch height to the arc current is performed
through the physical phenomena of the arc. Theoretically, the transfer func-
tion can be derived from the physical parameters of the arc, but, in fact, it
is very difficult to obtain such a quantitative description of the physical
parameters. Therefore, it is impossible to establish a mathematical model
theoretically. For this reason, a mathematical model has been established
by the author in two steps. The first step was to set up the structure of the
model using a theoretical analysis. The second step was to experimentally
determine the coefficients of the derived equations. These experiments
showed that the relationship between the torch height and the arc current
under static conditions was linear. Therefore a simple, linear static model
was established.

8.2.1 Theoretical derivation

In order to explicitly represent the problem, the arc-sensing system was sim-
plified as shown in Fig. 8.1 in which all of the physical parameters are indi-
cated.There are two equilibria in the system, namely, the energy supply and
demand between the welding power source and the welding arc, and the
wire-melting rate and wire-feed rate.

According to the first equilibrium, the output characteristics of the power
source Up and the static characteristics of the arc U are required to inter-
sect at a point, which is shown in Fig. 8.2. For convenience in the theoreti-
cal analysis and the experimental study, the resistance of the welding cable
is included in the internal resistance of the power source and the resistance
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of the wire extension is included in the resistance of the arc. Up represents
the output characteristic of the power source, which is normally constant
voltage or slightly drooping for DC MIG welding. It can be expressed as

[8.1]

where U0 is the open circuit voltage and kd is the drooping slope.The voltage
drop across the torch tip and weld pool consists of the voltage drop along
the wire extension Us and the voltage drop through the arc Ua.

[8.2]

The voltage drop in the wire extension can be written as[74]

[8.3]

where ks is the resistance for a unit length of wire extension.
According to the results of previous studies on static arc characteris-

tics,[249,250] the relationship of arc voltage, current, and arc length can be sim-
plified as

[8.4]

where ka is the potential gradient across the arc column, kp is the equiva-
lent resistance of the cathode and anode spots, and Uc is a constant.

Synthesising Equations [8.1] to [8.4] gives

[8.5]

The second equilibrium, i.e. the equilibrium of the wire-melting rate and
the wire-feed rate can be expressed as

[8.6]

which is the necessary condition for a stable arc. The operator normally
presets the wire-feed rate Vf and the melting rate depends on the arc

V Vm f=

U k I k I k L I k L Ud p s s a a c0 = + + + +

U k L k I Ua a a p c= + +

U k L Is s s=

U U Ua s= +

U U k Ip d= -0
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current and wire extension.The results of a study carried out by L. D. Zhang
and his colleague[114] demonstrated that the wire melting consisted of two
parts. One was the melting due to the energy of the arc, which is propor-
tional to the welding current. The second part was due to the resistive
heating of the wire extension, which is proportional to the length of 
wire extension. An empirical formula was set up by A. Lesnewich as
follows:[119,252,253]

[8.7]

where Kh is the contribution of resistive heating to melting rate and km is
the contribution of arc heating to the melting rate. Combining Equations
[8.6] and [8.7] gives

or [8.8]

Substituting Eq. [8.8] into Eq. [8.5], the arc length can be written as

[8.9]

where

Obviously, the torch height is the sum of Equations [8.8] and [8.9]

which can be written as

[8.10]

where 

Equation [8.10] is the static mathematical model of an arc sensor that was
sought, where ki(i = 0, . . . 4). These coefficients can be determined experi-
mentally, as described below. Once these coefficients are determined, the
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torch height can be calculated if the values of welding current and wire-
feed rate are given. It can be seen from Eq. [8.10] that it is a non-linear
model. The degree of non-linearity is discussed later, after the coefficients
are known. A method for simplifying this model is also proposed.

8.2.2 Experimental study

In order to determine the coefficients of Eq. [8.10], the author conducted
an experimental study. The experimental data regarding torch height H,
current I, and wire-feed rate were processed by regression analysis. Because
a static model was being investigated, all of the data were measured while
the arc was stable. The welding-current signal was taken from a shunt con-
nected in series in the welding loop, the wire feed-rate signal was taken
from a tachometer installed on the wire-feed motor, and the torch height
was manually preset for each series of experiments. The circuit diagram for
the experiment is shown in Fig. 8.3. The RC network was used to filter the
noise and disturbance of the arc current and wire-feed motor during the
experiments.

The experimental procedure was as follows. The wire-feed rate was set
first and then the torch height was manually varied, one step at a time. The
welding current then was recorded for each step of the torch-height varia-
tion, as shown in Fig. 8.4a. After the experiments were completed, welds
were made at another wire-feed rate. The data were recorded using the
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same procedure as that described above and shown in Figures 8.4b and 8.4c.
The data obtained for the conditions, U0 = 38V; kd = 2.25V/100A are listed
in Table 8.1. I-1, I-1Vf, I-2, and I-2Vf were calculated using these data and are
listed in the same table.

Because Vf and I are variables, Xi(i = 1, . . . 5) are irrelevant to the linear-
ity and, therefore, the coefficient of Eq. [8.10] can be determined by regres-
sion analysis.[80–82]

Therefore, the regression function can be obtained using the data listed
in Table 8.1 as

[8.11]

The correlation coefficient is 0.99 and the error is ±1.14mm.
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When Vf = 144 mm/s,

[8.12]

When Vf = 184 mm/s,

[8.13]

When Vf = 204 mm/s,

[8.14]

The results of the calculation of the three functions above are plotted in
Fig. 8.5. Experimental data also are included in the figure. The two sets 
of results are close to each other in the practical applied range of 
H = 15mm–30mm. The difference of the value of H between them is about
1mm, individual data reach 2mm. It can be concluded that Eq. [8.11] is reli-
able for representing the static model of an arc sensor.

8.2.3 Analyses of the model

8.2.3.1 Linearity of the model

It can be see from Fig. 8.5 that a linear relationship exists between H and
I over a wide range. It can be proved that non-linearity is small by a Taylor-
series expansion of Equations [8.12], [8.13], and [8.14] at I = 240A.

H I I I= - + + ¥ - ¥- -189 0 105 7 13 10 6 21 104 1 6 2. . .

H I I I= - + + ¥ - ¥- -189 0 105 6 93 10 5 89 104 1 6 2. . .

H I I I= - + + ¥ - ¥- -189 0 105 6 54 10 5 27 104 1 6 2. . .
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Table 8.1 Experimental data for the static model 

Vf (mm/s) H (mm) I (A) I -1 I -2 I -1Vf I -2Vf

(10-3/A) (10-5/A2) (mm/sA) (10-3mm/sA2)

144 15 250 4.00 1.60 0.576 2.31
144 17 238 4.20 1.76 0.605 2.54
144 22 225 4.44 1.97 0.640 2.85
144 24 215 4.65 2.16 0.670 3.21
144 26.5 208 4.81 2.31 0.692 3.34
144 29.5 190 5.26 2.77 0.758 4.00
144 15 270 3.70 1.37 0.681 2.52
184 20 250 4.00 1.60 0.736 2.94
184 25 230 4.35 1.89 0.800 3.47
184 30 205 4.88 2.37 0.898 4.35
184 33 185 5.41 2.92 0.995 5.36
204 14 285 3.51 1.23 0.740 2.59
204 17 270 3.70 1.37 0.755 2.80
204 20 265 3.77 1.42 0.796 2.99
204 25 242 4.31 1.70 0.847 3.48
204 30 225 4.44 1.97 0.911 4.03
204 34 205 4.88 2.37 1.000 4.85
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For example, according to Eq. [8.12], H(240) = 17.7mm, the first order
derivative of H(I) at (240, 17.7) is H¢(240) = -0.272, and the second order
derivative H≤(240) = 1.44 ¥ 10-5.

Therefore the first three terms of the Taylor-series expansion formula of
Eq. [8.10] is

[8.15]

In the rectangular frame of the H,I diagram, H = [15mm, 30mm], I =
[200A, 280A]

Therefore s can be neglected and the linear form of Eq. [8.12] can be
written as

[8.16]

If the experimental data for (H, I) at Vf = 144mm/s indicated in Table 8.1
are taken for a single variable regression, Eq. [8.17] is obtained and they
are found to be very close.

[8.17]

Similarly if Equations [8.13] and [8.14] are expanded using the Taylor
series and the corresponding data are processed by a single variable regres-
sion, the following results are obtained:

[8.18]

[8.19]H I* . .= -82 3 0 243

V H If = = -184 81 9 0 246mm s, . .
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[8.20]

[8.21]

The curves of Equations [8.16] through [8.21] and the experimental data
are illustrated in Fig. 8.6. They are close to one another.

If Eq. [8.11] is expanded according to Taylor’s formula, taking the first
order at I = 240A, within the range Vf = 144mm/s, to 204mm/s, one obtains

[8.22]

This is the static mathematical model of the arc sensor that is sought.
More generally the static mathematical model can be written as

[8.23]

According to Eq. [8.23] and the experimental data for I, Vf, and IVf, the
regression function of the arc sensor is

[8.24]

This is plotted in Fig. 8.7 together with the experimental data. They agree
closely. In conclusion, there is a linear relationship between H and I and
the system can be regarded as linear.

8.2.3.2 Applicable conditions for the model

The mathematical model given by Eq. [8.24] was obtained by regression
analysis of experimental data.Therefore it is applicable only under the con-
ditions that were used for the experiments, i.e. a drooping characteristic

H I V I Vf f= - + ¥ - ¥- -87 9 0 371 7 3 10 4 72 104 2. . . .

H a b V I a b Vf f= +( ) + +1 1 2 2

H V I Vf f= - - ¥( ) + - ¥- -0 364 6 39 10 86 3 2 39 104 2. . . .

H I* . .= -82 1 0 234

V H If = = -204 81 3 0 231mm s, . .
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with a slope of 2.25V/A and an open-circuit voltage of 38V. The torch
height can be calculated from Eq. [8.24] only under these conditions. The
analysis of Eq. [8.10] shows, however, that the open-circuit voltage U0 and
the drooping slope kd affect only the linear coefficients of Eq. [8.10] and do
not affect the linearity of the function. Therefore, it can be concluded that
Eq. [8.23] is valid universally for all MIG welding.

8.2.3.3 Application of the model for torch-height control

Figure 8.8 shows the torch-height control system. It controls the torch
height and thus the arc current. Therefore it is called an Automatic Current
Control (ACC).[33]

The feedback coefficient Kf can be determined from the mathematical
model expressed by Eq. [8.25].
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[8.25]

According to the analysis given above, Kf is related to the wire-feed rate
and the slope of the power-source output characteristic, the value of which
under the experimental conditions applied in the present case can be given
as follows.

Obviously, Vf does not noticeably affect Kf, which means that its 
effect can be neglected and the system can be designed as a linear 
system.

8.2.4 Summary

• The static mathematical model of an arc sensor is a linear time-
invariant system, which can be expressed as

• When the open-circuit voltage is 38V, and the drooping slope of the
power source is 2.25V/100A, the quantitative expression of the model
can be written as

• The ACC control is a linear time-invariant system; the feedback coeffi-
cient is related to the drooping slope of the power-source output char-
acteristic, which is 4A/mm when the slope is 2.25V/A.

8.3 Dynamic model

An elaborate experimental design for studying the dynamic behaviour of
the arc sensor was developed by the author. The description of the dynamic
behaviour was derived from the quantitative description of the dynamic
relationship between the output and input of the arc sensor. The effect of
welding conditions on the sensitivity of the arc sensor was studied. The
results of the study provided both theoretical and experimental bases for
designing highly accurate and highly sensitive arc sensors.

H I V I Vf f= - + ¥ - ¥- -86 3 0 367 6 39 10 2 39 104 2. . . .

H a b V I a b Vf f= +( ) + +1 1 2 2

V Kf f= =204 4 3mm s, A mm.

V Kf f= =184 4 0mm s, A mm.

V Kf f= =144 3 7mm s, A mm.

K
I
H

a b Vf f= = +( )-D
D 1 1

1
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8.3.1 Introduction

The dynamic mathematical model describes the variation of welding para-
meters (or, more specifically, welding current) when the torch height is
varied in the arc sensing system.The significance of the study and the estab-
lishment of the dynamic model are described as follows:

• The model provides the relationship between the gain and working fre-
quency or between the sensitivity and working frequency of the system,
which are important bases for designing the system.

• The model explains the effect of power-source dynamic properties on
the sensitivity of the arc sensor and thus puts forward the requirements
of the power source for the design of the sensor system.

• The model explains the effect of welding parameters such as average
welding current, average arc voltage, average torch height, and shield-
ing-gas composition, on the sensitivity of the system and thus provides
guidelines for choosing welding parameters.

• The model gives a quantitative description of the properties of the
system and thus provides a deeper understanding of the system, which
makes it possible to further develop it on the basis of theoretical 
guidelines. The numerical simulation of the system for groove-line
recognition described in Chapters 9 and 10 is based on the dynamic
mathematical model established in this chapter.

As discussed in the last chapter, where H and I are linearly related, the
relationship can be written as H = KI + b. Evidently, the change of input
DH and change of output DI will have a linear relationship as well, i.e.
the homogeneous linear equation DH = kDI is tenable. Therefore, it is 
reasonable to establish the dynamic mathematical model using a transfer
function.

Similarly to the static model, both the theoretical analysis and the exper-
imental method were used for the derivation of the model. For this purpose,
an experimental method was proposed. This approach can be used not 
only for the present study but also for quantitative study of arc length 
self-adjustability.

8.3.2 Theoretical derivation

Equations [8.2] to [8.4] describe the static relationship of the physical para-
meters of the system. In order to study the dynamic model it is necessary
to rewrite them in dynamic-equation form. Equations [8.2] and [8.4] can be
expressed as
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[8.26]

[8.27]

Equation [8.27] is, in fact, a mathematical model of the arc but it is tenable
based on the following three assumptions:

Assumption 1: The arc is not an energy-storage element. This means that
the current is proportional to its voltage without any phase difference.
Actually, there is heat-energy inertia but it is small for cold-cathode MIG
welding. The transient process is completed within 1ms; in other words,
the response frequency is 1kHz. In the case of an arc sensor, the scan-
ning frequency is much lower than this and, therefore, it is reasonable to
neglect it.

Assumption 2: The working range of the arc sensor I(t) and Ls(t) is within
a small area around (I0, Lso). Therefore small-signal theory is justifiable
for this analysis. The function can be expanded according to a first-order
Taylor series.

According to this assumption, Eq. [8.3] can be expressed in linear 
form as

[8.28]

where kl = ksLs0, ki = ksI0, C1 is constant.
Equation [8.7] can be simplified as

[8.29]

where kc = km + 2khLs0, kr = khI0, and C2 are constants.
Equation [8.29] is a dynamic function describing the wire melting. The

description can be accepted only on the basis of the following third
assumption.

Assumption 3: The wire melts continuously as small particles in the spray-
transfer mode. The melting rate varies according to the arc-heating and
resistance-heating variation, without any delay. In DC MIG welding, the
metal transfer conforms to this assumption.

For maintaining a stable arc in MIG welding, Vm = Vf is an important
equilibrium condition. However, when the arc length varies in the dynamic
state, this equilibrium no longer exits. Substituting it into the dynamic equa-
tion gives

[8.30]

This means that the arc-length rate of change is the vector sum of torch-
height rate of change, wire-feed rate, and melting rate.

d
d

d
d

H
t

V t V t
L
tm f
a+ ( ) - ( ) =

V t k I t k L t Cm c r s( ) = ( ) + ( ) + 2

U t k I t k L t Cs l i s( ) = ( ) + ( ) + 1

U t k L t k I t Ua a a p c( ) = ( ) + ( ) +

U t U t U ta s( ) = ( ) + ( )
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Taking the Laplace transformation of Equations [8.26] to [8.30], the 
following equations are obtained:

[8.31]

[8.32]

[8.33]

[8.34]

[8.35]

where ka, kp, kl, kc, kr, are constants.
Equation [8.35] can be rewritten as

[8.36]

Equations [8.31] to [8.33] describe the relationships of the electrical para-
meters of the welding loop, which can be illustrated by the block diagram
shown in Fig. 8.9.

P(s) in the figure represents the relationship of the output current and
the input voltage of the power source.[84] P(s) can be expressed in a general
form as

[8.37]

where , i.e. the static output of the power source DI/DU, or the 

reciprocal of the output characteristic slope kd of the power source.

[8.38]

On the basis of Equations [8.34], [8.35], and [8.36], a block diagram
regarding the arc-length variation can be constructed as shown in Fig. 8.10.
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Let Vf(s) = 0, H(s) = 0, i.e. the wire-feed rate and torch height do not vary,
then the block diagram changes to that shown in Fig. 8.11.

This means

[8.39]

Figure 8.11 and Eq. [8.39] manifest the following two points:

(i) Under conditions where the wire-feed rate and torch height do not
change, increasing the welding current results in an increase of arc
length and a decrease of wire extension.This is the well known and very
important rule about arc-length self-adjustability.

(ii) The change of arc length and wire extension lag behind the welding-
current change. This inertial element determines the time constant of
the arc-length adjustability and affects the intensity of the output signal
of the arc sensor.

Combining Figures 8.9 and 8.10, a block diagram of the arc-sensing
system can be obtained, as shown in Fig. 8.12.

If only input H(s) and output I(s) are considered, the system can be 
simplified as shown in Fig. 8.13. From this diagram, the transfer function
between H(s) and I(s) can be derived as

[8.40]G s
I s
H s

k s k P s
k P s s k P s k

a r

N q r

( ) =
( )
( ) =

+( ) ( )
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where 

Equation [8.40] is the theoretically-derived mathematical model of the
arc sensor. The order of the function depends on the output characteristic
of the power source P(s). Supposing that P(s) is an n-order system as
expressed by Eq. [8.37], substituting it into Eq. [8.40] gives

[8.41]

In this equation, the maximum order of the denominator is (n + 1) and
the maximum order of the numerator is (m + 1). Therefore, it can be con-
cluded that the structure of the mathematical model depends on the
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dynamic characteristic of the power source. The order of the mathematical
model equals the order of the transfer function of the power source plus 1.
The number of zeros and the pole of the arc sensor are equal, respectively,
to the number of zeros and poles of the power source plus one.

For example, in the case of a power source having good dynamic prop-
erties, it can be regarded as a proportional element, i.e. P(s) = P0. Then, the
mathematical model of the arc sensor can be written as

[8.42]

where

The coefficients in the equation are determined by experiments that are
described in the following paragraphs.

8.3.3 Experimental study

When a sinusoidal exciting signal is fed into a system, the ratio of the output
and input amplitudes (the gain of the system) and the phase difference
between them change with the change of the input-signal frequency. The
rule by which these parameters change represents the dynamic properties
of the system. The former is called the magnitude-frequency characteristic
and the latter is called the phase-frequency characteristic of the system. On
the basis of these characteristics, the gain, and the position of zeros and
poles, can be found directly and thus the transfer function of the system can
be determined.[5] The author and his colleague have carried out an experi-
mental study on the mathematical model. A key problem in these experi-
ments was how to excite the variation of torch height according to a
sinusoidal waveform.

Two schemes were developed for solving this problem. The first scheme
was based on the mechanism used for oscillating the torch illustrated in 
Fig. 7.17. The oscillation rack was oriented vertically as shown in Fig. 8.14,
and a sine-wave signal was fed into its controller so that the torch oscillated
up and down. The current was recorded during the experiment. The mag-
nitude-frequency characteristic that was constructed on the basis of the
experimental data is illustrated in Fig. 8.15. As the frequency response of
the rack was low, the output was insignificant when the frequency was more
than 5Hz. Therefore, the magnitude-frequency characteristic of an arc
sensor can be obtained only below 5Hz.

In order to raise the torch-height exciting frequency, a new experimen-
tal apparatus was proposed by the author and his colleague. The rotating
torch RAT - 1 (Chapter 7) was installed in an inclined position: its axis was
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inclined 45° to the horizontal steel plate, as shown in Fig. 8.16. Then the
torch height varied according to a sinusoidal waveform while the torch
rotated.

Supposing that the rotating speed is n and the rotation diameter is D,
then the rule of torch-height movement is

[8.43]

Where b0 is the initial angular position of the torch when t = 0, and H0 is
the average height of the torch. The frequency and magnitude variation
were stable within 50Hz, which fully satisfied the requirement of the 
experiments.
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The experimental system is illustrated in Fig. 8.17. A transistorised
welding power source and an electronic control were used: these allowed
easy regulation of its output characteristics.[127] A torque motor drove the
wire feeder and a tachometer was mounted on its shaft for feedback control
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of the wire-feed rate. A stable wire-feed rate could be obtained in this
manner.[254] A tape recorder and a photoelectric speed detector were used
to measure some of the data so that the time and materials required for the
experiments would be economical.

Because the variation of the welding current and voltage is much smaller
than that of their DC components, two differential amplifiers were used to
eliminate the DC components.

After setting the welding parameters and the output characteristic of the
power source, the welding arc was rotated at different frequencies and the
welding current, voltage, and the torch angle were recorded, as shown in
Figures 8.18 and 8.19.

These figures show that the current amplitude increases with frequency.
The magnitude-frequency characteristic can thus be roughly obtained.
However, the recorded current and voltage waveforms consist of many
waveforms having different frequencies. The arc-current change due to arc
rotation is needed. Therefore, an analytical method or apparatus has to be
used. Two ways to solve the problem are described below.[255–258]

(i) Correlation analysis. Mathematical analysis can be used to define the
correlation function between the torch-height movement and the arc-
current output to obtain the component of the current output that is
related to excitation movement and thereby eliminate any unrelated
factors.
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(ii) Power-spectrum analysis. The power spectrum of the excitation 
movement and the output are calculated, from which the magnitude-
frequency and phase-frequency characteristics can be obtained
directly.

Although an accurate characteristic can be obtained by both methods, in
practice there are two problems. The first is that it needs sufficient time to
generate a large amount of data, particularly for low-frequency excitation
(0~10Hz). Five minutes are necessary, which introduces experimental 
difficulty. The second problem is that the analytical instruments (7T17 or
HP3582) are expensive. For these reasons, a third method was used by the
author:

(iii) Tracking filtering. In this technique, the central frequency of a filter
automatically follows the excitation frequency established by the
torch rotation. The digital-vector filter DVF - 2 is a tracking filter.
The bandwidth of the filter is 0.2Hz. It can separate a selected fre-
quency from the signal and generate the magnitude and phase of the
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selected frequency 4 times per second (4Hz). For convenience of
recording and processing the signals, a microprocessor HP - 18B was
connected to the DVF - 2, which provided an arc-signal analyser. A
signal having the same frequency as the rotation frequency, measured
using a photoelectric detector, could be separated and recorded.

8.3.4 Analysis of experimental results

A series of experiments having the following purposes was carried out:

(i) To verify the validity of the theoretical derivation of the mathemati-
cal model.

(ii) To establish the coefficients of the mathematical model.
(iii) To study the effect of various parameters in the system on the math-

ematical model and the sensitivity of the arc sensor.

Because a transfer function is used as the expression of the mathematical
model, it is necessary to discuss the linearity of the system or to prove that
the relationship between the output and the input does not depend on their
magnitude.

8.3.4.1 Linearity of the arc-sensing system

In Section 8.1 it was proved that the arc-sensing system was linear. In the
theoretical analysis given in previous sections, the non-linear elements were
linearised. To verify the correctness of this linearisation, experiments were
carried out to investigate the relationship between DH and DI; the results
are shown in Fig. 8.20. The excitation frequencies were 4, 6, 10, and 35Hz.
It was shown that the relationship between DH and DI was linear when 
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DH < 5mm. Therefore, it can be concluded that the system can be treated
as linear. This conclusion has the following significance:

• For a linear system, a transfer function can be used to describe its
dynamic behaviour. Magnitude-frequency and phase-frequency charac-
teristics can be used to establish its mathematical model.

• The magnitude of the input does not change the gain or the sensitivity
of the system, which is shown in Fig. 8.21. This inference facilitates the
design of the system.

8.3.4.2 A Type 1 arc sensor

It was pointed out in Section 8.3.2 that the order of an arc sensor’s mathe-
matical model is one order larger than the order of the welding power
source. In order to elucidate the behaviour of the arc sensor, experiments
were performed using a highly responsive, transistorised power source.
After these experiments are described, the effect of the dynamic properties
of the power source on the mathematical model of the sensor is discussed.

A torch-height excitation of 4mm and a power source having a droop-
ing characteristic (-1.4V/100A), were used for the experiment. The current
changes were measured and are listed in Table 8.2. To measure the fre-
quency characteristics of the power source, the ratio of its current change
to its voltage change was detected and plotted against the frequency,
as shown in Fig. 8.22. It can be seen from the figure that the ratio of 
current change to voltage change was essentially constant and the phase
angle difference was -180°. These results demonstrated that the power
source was a Type 0 system or a proportional element. It should be pointed
out also that due to magnetic leakage by the power-source transformer and
inductance in the welding loop, the gain curve in Fig. 8.22 drops a small
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amount but from the tendency of the curve, the corner frequency is high.
Therefore,

P s
I s
U s

I
U

P( ) =
( )
( ) = =

D
D 0
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Table 8.2 Experimental data for a first-order model

f (Hz) DI (A) –I (0) DU (mV) –U (0) DI/DH (A/mm)

1.5 13.4 -169 191 9 3.35
2.2 11.7 -166 163 14 2.92
3.7 19.2 -135 287 44 4.97
5.0 28.3 -146 404 33 7.08
6.7 28.3 -140 348 40 7.08
8.5 32.5 -139 449 39 8.13

11 33.3 -152 481 27 8.32
12 36.1 -153 487 27 9.02
14 46.4 -155 619 22 11.6
15 40.0 -144 533 36 10
18 47.6 -157 620 21 11.9
20 40.8 -149 538 30 10.2
23 40.4 -150 539 29 10.1
24 40.0 -158 552 21 10
25 39.1 -168 565 11 9.77
29 38.6 -163 545 12 9.66
32 40.0 -170 572 7 10
38 43.1 -170 576 3 10.8
42 39.1 -173 571 1 9.77
47 42.4 -178 592 0 10.6

Transistorised power source 
1.4 V/100 A Drooping characteristic 
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8.22 Frequency characteristics of the power source
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According to Eq. [8.24] the mathematical model can be written as

[8.44]

It has one zero and one pole, which is denoted an arc sensor fitting a first-

order mathematical model. The frequency at zero is , and fre-

quency at the pole is . If the frequency trends to zero, one obtains

where K is the gain of the system in a static state.
From the data of Table 8.2, the magnitude-frequency and phase-

frequency characteristics can be drawn as shown in Fig. 8.23. In the figure,
the abscissa of the magnitude-frequency characteristic is the gain of H to I;
the unit is dB.

The frequency characteristic can be regarded as a measure of the arc
sensor’s sensitivity. Because it is known that the curves on its fre-
quency characteristic can be approximated by segments of a line for a
linear, time-invariant system, the slope of these segments should be either
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0 or a multiple of ±20dB/10 times the frequency range. The corner points
of these segments are either zero (where the slope increases) or pole (where
the slope decreases). The magnitude-frequency characteristic shown in 
Fig. 8.23 was approximated by dotted-line asymptotes. The frequencies at
the corner were

Zero:

Pole:

Static gain:

A negative value was taken for K because the phase difference between
the output and input is 180°. Using the parameters obtained, Eq. [8.44] can
be written quantitatively as

This is a first-order model of an arc sensor. It is worth noticing that the
model is affected by the slope of the power-source output characteristic.
From the theoretical derivation described in previous sections, it is known
that if the slope is kd(V/A), the coefficients of Eq. [8.44] are

[8.45]

From Eq. [8.45] it can be seen that if the power source has a flat output
characteristic, i.e. kd = 0, then

[8.46]

It is well known that the current decreases when the torch height is
increased in the static state, i.e. K < 0. As it is known that ka > 0,
kr = khI0 > 0, therefore kq < 0. Thus, when kd < 0, the larger |kd| is, or the
steeper the drooping characteristic becomes, the larger |kq + kdkr| is. The
static gain K of the arc sensor will be larger.

It can be seen from Eq. [8.45] that T1 is independent of kd. This means
that it does not depend on the slope of the output characteristic of the
power source. T2 is affected by kd bi-directionally, which can be found only
from experiments.
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The magnitude-frequency characteristics for different power sources are
shown in Fig. 8.24. The parameters of the model are listed in Table 8.3.

From these experiments, the following conclusions were drawn:

• When a responsive power source is used, the mathematical model of the
sensor agrees with Eq. [8.42], which proves that the theory and the
assumptions that were used are correct.

• It is seen from the model expressed by Eq. [8.42] that the frequency of
zero is lower than that of the pole so that the system has ‘high pass’
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Table 8.3 Effect of power source output
characteristics on the parameters of the model

Slope of output Parameters of the model
characteristics

T1 (s) T2 (s) K (A/mm)(V/100A)

Rising 2.4 0.055 0.016 -5.2
Slightly drooping 1.4 0.055 0.019 -3.3
Slightly drooping 2.4 0.055 0.025 -2.6
Drooping 5.1 0.055 0.029 -2.4
Drooping 6.9 0.055 0.036 -2.3
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character. This means that the gain at low frequency is lower and the
gain at high frequency is higher but it remains flat at the high-frequency
end. The sensitivity depends on the rotation frequency; it increases with
the increase of rotation frequency (see Fig. 8.25) but it shows ‘satura-
tion’ after f2 such that the sensitivity no longer changes. This sensitivity
is called the ‘saturation sensitivity’ in this book.

• The effect of the slope of the output characteristic on the parameters of
the model expressed by Eq. [8.42] is illustrated in Fig. 8.26. Its effect on
sensitivity at the low-frequency end (or static sensitivity), and on the 
saturation sensitivity, is shown in Fig. 8.27. This shows that the effect 
on saturation sensitivity is significant.

• From the experimental data it can be seen that the corner frequency is
around 5~10Hz depending on the welding power source that is used.
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To obtain the maximum possible sensitivity, using a frequency 2–3 times
higher than the corner frequency is recommended. It is seen from 
Fig. 8.27 that the sensitivity increases with the slope of the output 
characteristic. But the margin of stability of the arc decreases as the
slope increases. Therefore, using a slightly drooping characteristic is 
recommended.[3] In this case, the sensitivity is about 10A/mm.

8.3.4.3 Second-order mathematical model of an arc sensor

It was pointed out in the previous text that the power source is taken as a
proportional element, which is true for highly-responsive transistorised
power sources. For most conventional power sources, however, the current-
output change lags the voltage change. To study the mathematical model of
an arc sensor with this kind of power source, experiments were conducted
using transistorised power sources, but having an inductance connected in
series in the welding loop. The effect of inductance on the model structure
and parameters were then studied.

Table 8.4 lists the experimental data obtained with inductances L1 =
0.2mH and L2 = 0.4mH. The slope of the output characteristic of the power
source was -1.4V/100A. From these data, magnitude-frequency and phase-
frequency characteristics of the power source were drawn as in Fig. 8.28.
Due to the limitation of the experimental conditions, the maximum fre-
quency that was used was 50Hz. Even though the ratio of the current and
voltage decreased markedly, the current obviously lagged. All of the data
showed that the power source was a first-order inertial element, which can
be expressed as
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[8.47]

According to the results presented in previous sections and Eq. [8.41], the
mathematical model of the arc sensor should be a second-order transfer
function that has two poles and one zero, and can be written as

[8.48]

The frequency at zero is f1 = 1/2pT1, the frequency at the poles f2 = 1/2pT2,
f3 = 1/2pT3, and

G s K
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Table 8.4 Experimental data for the second-order model

(a) Inductance 0.2mH

f (Hz) DI (A) –I (0) DU (mV) –U (0) DI/DH (A/mm)

1.5 12.9 -180 229 5 3.24
2.0 13.2 -175 235 13 3.35
3.5 15.0 -172 283 28 3.76
4.6 19.2 -165 383 37 4.79
6.0 22.0 -160 439 50 5.50
9.0 24.1 -185 509 43 6.03

16 24.1 -192 619 38 6.03
25 24.5 -200 921 37 6.17
32 23.0 -225 988 25 5.75
42 17.5 -230 997 18 4.37
50 14.5 -252 997 3 3.63

(b) Inductance 0.4mH

f (Hz) DI (A) –I (0) DU (mV) –U (0) DI/DH (A/mm)

2.0 12.9 -165 217 15 3.23
3.5 17.9 -160 301 21 4.47
6.0 25.8 -160 448 24 6.46
9.0 29.3 -175 509 17 7.33

16 33.3 -177 664 31 8.32
25 32.5 -190 835 33 8.13
32 30.4 -202 928 29 7.59
42 27.0 -210 954 17 6.76
50 23.8 -232 993 3 5.96

When
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[8.49]

K is the gain at the low-frequency end, which corresponds to the static 
sensitivity.

From Fig. 8.29, the parameters of the model can be obtained as follows:

When 

When 

Comparing these results with the first-order model, the following con-
clusions can be drawn:

• In cases where there is an inductive element in the power source, the
mathematical model of the arc sensor is second-order, as given by 
Eq. [8.48]. The magnitude-frequency and phase-frequency characteris-
tics are shown in Fig. [8.29]. Obviously it has ‘band pass’ character; the

f T f T f T1 1 2 2 3 32 9 0 055 5 4 0 029 34 0 05= = = = = =. , . , . , . , , .Hz s Hz s Hz s

L L= =1 0 4. mH

f T f T f T1 1 2 2 3 32 9 0 055 7 1 0 022 38 0 004= = = = = =. , . , . , . , , .Hz s Hz s Hz s

L L= =1 0 2. mH

Lim LimG s K
T s

T s T s
K

s s
( ) = ◊

+
+( ) +( ) =

Æ Æ0 0

1

2 3

1
1 1

Mathematical models of arc sensors 291

Output characteristic 1.4 V/100 A
Slightly drooping

40

36

32

28

–180°

–90°

–0°

G
ai

n 
(d

B
)

24

L1 = 0.2 mH 

1   2     5     10   20 50 f (Hz)

Phase

L2 = 0.4 mH

8.28 Frequency response of power-source

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



gain remains constant in the frequency range of 10~35Hz. The gain
drops when the frequency is higher than 35Hz. Therefore using this 
frequency range is recommended.

• The effect of the dynamic response of the power source was observed;
both the corner frequency and gain change due to the dynamic proper-
ties of the power source were affected as shown in Table 8.5. Both pole
frequencies (T2, T3) shifted to the left (increase) and the maximum gain
also decreased. Therefore the dynamic properties of the power source
are an important factor in the design of an arc-sensing system.
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8.29 Effect of inductance on frequency characteristic of arc sensor

Table 8.5 Effect of power-source dynamic properties on the mathematical
model

Power-source dynamic Parameters of the mathematical model
characteristics T (s)

T1 (s) T2 (s) T3 (s) K (A/mm)

0 0.055 0.019 0 -3.2
0.008 0.055 0.021 0.004 -3.2
0.013 0.055 0.029 0.006 -3.2
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8.3.4.4 Effect of welding conditions on the parameters of the
mathematical model and the sensor’s sensitivity

The parameters of the model described by Eq. [8.42] can be expressed as

where 

It can be seen that the static operating point of the arc (I0,H0) affects, to
a certain extend, the model parameters and the sensor’s sensitivity, in which
H0 plays a role via Ls0.

The magnitude frequency of the sensing system was experimentally
determined for I0 = 230A and I0 = 300A as shown in Fig. 8.30. It can be
seen that I0 affects the ‘zero’ frequency but not the ‘pole’ frequency or the
sensitivity. The effect of the static value of H0 on the sensitivity is shown in
Fig. 8.31. The saturation sensitivity decreases as the torch height increases.
The reason can be explained as follows:

[8.50]

Because p0 < 0 in the formula and Ls0 increases with H0, consequently the
denominator 1 - (KPKSLs0)P0 increases with H0, so that ksatn decreases 
with the increase of H0. The formula also indicates that ksatn is independent
of I0.

According to Equations [8.42] and [8.50], the system gain is proportional
to the potential gradient ka, which depends mainly on the shielding-gas
composition. Increasing the amount of CO2 in the gas mixture raises the
heat consumption in the arc plasma and thus increases the potential 
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gradient so that the system gain increases. Experimental results shown in
Fig. 8.32 prove this finding.

8.3.5 Summary

From the study of the arc sensor’s mathematical model, the following 
conclusions were drawn.

• The mathematical model of the arc sensor depends on the dynamic
properties of the power source. The order of the sensor’s mathematical
model equals the order of the power source’s transfer function plus one.

The number of zeros and poles in the arc sensor’s transfer function
equals the number of zeros and poles of the power source’s transfer
function plus one. In the case of a sensitive, transistorised power source,
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the mathematical model of the sensor can be expressed by a first-order
transfer function, as shown by Eq. [8.42]. When inductance is included
in the welding loop, the mathematical model is expressed by a second-
order transfer function, as indicated by Eq. [8.48].

• The effect of the static and dynamic properties of the power source, the
welding conditions, shielding-gas composition, etc. on the parameters of
the mathematical model have been studied. The pole frequency f2 and
the saturation sensitivity increase with the increase of the output-
characteristic slope of the power source.The pole frequency f3 decreases
with an increase of the power source’s time constant. H0 and I0 have a
limited effect on the parameters of the model and the sensitivity, but an
increase of the CO2 content in the shielding gas will increase the sensi-
tivity considerably.

• The highest sensitivity is obtained using a scanning frequency of 
15~35Hz, a sensitive power-supply, and a flat power-source output 
characteristic. In such cases, the sensitivity can reach 10A/mm.

• The experimental method and apparatus developed by author were 
suitable. They have been used widely for other investigations of welding
power sources and arc-welding processes.
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9
Processing of arc-sensor signals

9.1 Introduction

Important features of a properly functioning arc-sensing system are resis-
tance to arc light, high temperature, and intensive magnetic fields. It also is
important for the sensor to be readily integrated with the torch and that
the output signals are coincident with the time of any event and the posi-
tion of the torch. Potential weaknesses are poor groove recognition and low
resistance to current disturbances. Many researchers around the world have
studied this problem. In 1978, the author applied the method of determin-
ing the integral difference of current at both sides of groove and clipping
of the short-circuit current to increase the sensor’s sensitivity.[243] The author
and Y. N. Fei first studied the sensor’s ability to recognise the groove line
by numerical simulation in 1990. Simulation of the input and output rela-
tionship was studied in more detail by the author and S. D. Wu in 1997. The
author proposed spatial transformation of signals, recognition of the groove
line by harmonic vectors, and digital filtering methods. A breakthrough in
signal processing was made. The theory and methods of these new tech-
niques are described in this chapter.[260,263–280,379]

9.2 Signal processing of an ideal welding arc

9.2.1 Introduction

To obtain the deviation of a torch from the central line of a groove from
the signals generated by a scanning arc is the goal of an arc-sensing system.
Therefore, understanding the production and conversion of the signals and
the mechanism of detecting torch deviation from these signals is important.
It helps to know the character of the signals and to determine an effective
signal-processing method for detecting the torch deviation. In this chapter,
the practical procedure for signal conversion in the sensing system is dis-
cussed first. A numerical-simulation technique based on the mathematical
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model of the arc sensor described in Chapter 8 are established next. Finally,
the results are analysed.

The procedure for detecting the groove line using an arc-sensing system
can be divided into three steps, which are shown in Fig. 9.1.

9.2.1.1 Modulation of signals

The relative position of the torch can be expressed by two parameters,
namely, the torch height H and its deviation from the central line of the
groove e: see Fig. 9.2. In order to determine e, scanning or rotating the torch
across the groove is necessary. From the viewpoint of signal processing, the
parameters H and e are regarded as modulated by the scanning or rotating
of the torch to produce the torch-height variation h(t). Because the volume
of a rotating torch is more compact and has a higher frequency than a scan-
ning torch, the study of signal processing is based on the modulation of h(t)
by rotation in the following paragraphs.

9.2.1.2 Signal conversion

After the torch position parameters H and e are modulated into a function
of h(t), this function is converted via the power source – arc system into a
function of current i(t). If the conversion function of the power source –
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arc system is written as G(s), then the process of signal conversion can be
expressed as shown in Fig. 9.3.

9.2.1.3 Signal processing

In the process of signal conversion, interference will inevitably be intro-
duced by various kinds of noise and disturbances including the following
items:

(i) Droplet transfer, (ii) molten-metal flow in the pool that alters the
shape of the groove, and (iii) an unstable arc and unstable wire-feed rate.
All of these factors are incorporated into the torch-variation signal h(t).
The conversion function G(s) is inherent to the system; it transforms h(t)
into i(t). In order to determine e by demodulation of i(t), filtering is 
necessary to eliminate noise. Then an effective signal-processing method
should be used to determine e. The study of the method for accomplishing
this is the most important problem for developing an effective arc-sensing
system.

9.2.2 Mathematical model for numerical simulation

9.2.2.1 Introduction

The signal-processing method used at the present time is based on time
domain. Using an actual welding process to study the problem introduces
several difficulties:

• The parameters involved in the welding process, such as the power-
source characteristics, welding parameters, scanning frequency and
range, and groove shape, all fluctuate during sensing and disturb the
analysis of the sensor’s parameters.

• Melting of the groove surface and molten-metal flow alter the mathe-
matical function of the modulated signal H(s).

• Too many experiments are needed to determine the mathematical func-
tion (rule) of the signal conversion.

Therefore, the fastest, simplest and most direct way to study the effect of
various factors on the mathematical function of the arc sensor’s signal con-
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version is the numerical-simulation method, which is helpful for both the-
oretical study and the analyses of experimental results.

9.2.2.2 Determination of the coefficients of the sensor’s model

The first step for analysing the sensing system is to establish the mathe-
matical model. The model was established using control theory and exper-
imental methods, as described in Chapter 8. The following discussion is
based on this model.

The character of the model can be summarised as follows: the order of
the mathematical model depends on the order of power source 
P(s) = U(s)/I(s). For a highly dynamic (responsive) power source (for
example, a transistorised power source), its dynamic characteristics can be
regarded as a proportional element, or P(s) = I(s)/U(s) = P0. The transfer
function of the sensor can be simplified (see Chapter 8) as

[9.1]

It has one pole and one zero; this is called a first-order model of the arc
sensor.

Frequently, when there is inductance in the welding loop, the power
source can be regarded as a first-order inertial element, P(s) = P0/(1 + Tps).
The mathematical model of the arc sensor is second order; there are two
poles and one zero. The transfer function G(s), which converts torch height
H(s) to current I(s), can be expressed as follows:

[9.2]

where K is the gain of the system in the static state, which depends on 
the output characteristic of power source kd(kd = DU/DI), the welding 
materials, shielding gas composition, and welding parameters. The parame-
ters in Equations [9.1] and [9.2] can be experimentally determined as
described in the last chapter, i.e. by exciting the torch-height movement
using a sine wave and measuring the magnitude and phase angle of the
current.

The experiments were conducted as described in Section 8.3.3 of 
Chapter 8.A transistorised power source was used for the first-order model
and an inductance of 20mH was connected in series with the power source
for the second-order model. The Bode diagrams then were plotted to fit
them with Equations [9.1] and [9.2]. For the first order model, the coeffi-
cients are T1 = 0.09 s, T2 = 0.021 s, and for the second order model the coef-
ficients are T1 = 0.09 s, T2 = 0.019 s, T3 = 0.0045 s.
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9.2.2.3 Numerical simulation equations

Theoretically the current output i(t) of the arc sensor can be obtained by
the equation I(s) = G(s)H(s), and the inverse transformation of I(s).
However, because the function h(t) is not a continuous function, applying
a Laplace transformation is not possible so that a solution cannot be
derived analytically.

Obviously the input signal h(t) is a periodic function and the output of
the arc sensor also is a periodic function if the conversion is via a linear
function. Therefore, it would be more convenient to solve the problem in
frequency domain rather than in time domain. Specifically, the input signal
h(t) can be expressed by a Fourier series and a few of its initial terms can
be used as an approximation. The value of each term is obtained and
summed to determine the approximate solution of the sensor’s output. The
error of the solution depends on the number of terms taken for the approx-
imation; the solution becomes more accurate as the number of terms
increases. For convenience of numerical simulation, the input signal is 
converted into digital information by DFT (Digital Fourier Transform) and
the output digital signal is processed by Inverse Digital Fourier transform
(Inverse DFT) to restore it to analogue information. In the following analy-
sis, 256 discrete signals were taken for one cycle of the input and output,
and 128 terms of the Fourier series were used for the approximation. The
process is shown in Fig. 9.4.

The input signal h(t) is determined by the groove shape and torch devi-
ation.To simplify the analysis, it was assumed that the groove kept its shape
during the scanning of the arc without molten metal and the arc axis was
always coincident with the torch centreline. In the following paragraphs,
three typical groove types are analysed, namely single V-groove, I-butt joint,
and a lap joint (see Fig. 9.5). In this figure, the groove and rotating arc,
together with the physical meaning of all of the symbols used in the fol-
lowing text, are illustrated.

Assume that the arc rotates with radius r and period T. At the starting
moment t = 0, it is at the 3 o’clock position of the circle. The variation of
torch height in one period (-T/2 £ t £ T/2) under the condition that the
deviation of the arc from the groove central line is e (-r £ e £ r) can be
expressed by the following equations:
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Sampling DFT G(s) Composition of spectra
h(t) h(n)

Inverse DFT

H(n) I(n) i(n)

Periodic signal
i(t)

9.4 Schematic diagram of signal conversion in the digital mode
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For a single V-groove joint, T-joint, or corner joint,

[9.3]

where q = arcsin(e/r), -p/2 £ q £ p/2, w = 2p/T, Hc, r, a are constant.
For a lap joint

[9.4]

For an I-butt joint

[9.5]

The simulation procedure was as follows. The input signal h(t) was con-
verted into an N (N = 256) discrete data series (see Eq. [9.6]), which was
processed using a discrete Fourier transform (DFT) and converted via the
sensor’s function G(s) so that the discrete data series I(n) was obtained.
Summing up the data series I(n), the output-current data i(n) was derived
using the inverse DFT (see Fig. 9.4).
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a) V-groove b) Lap joint c) I-butt joint

9.5 Schematic diagram of rotating arc in the groove
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[9.6]

The sensor’s transfer function G(s) can be rewritten in the zero and pole
form.

[9.7]

For the angular frequency jw, the amplitude response is

[9.8]

and the phase response is

[9.9]

The results can be written in vector form as

For a first-order transfer function, the term p1 can be neglected.
The flow chart can be illustrated as in Fig. 9.6.

(i) Preset the coefficients of the sensor’s transfer function T0, T1, and T2

and the type of groove, e.g. V-groove, lap joint, or I-butt, and the 
deviation e.

(ii) Derive the function h(t) according to Equations [9.3], [9.4], and 
[9.5].

(iii) Formulate 256 data discrete values of h(t) according to Eq. [9.6].
(iv) Apply DFT to the input signal and take the initial 128 harmonics.
(v) Calculate all 128 harmonics of the output of the sensor’s element

according to Equations [9.8], and [9.9].
(vi) Derive 256 discrete data values of i(t) by using the inverse DFT of

the results obtained from step 5. The analytical value also can be
obtained directly from step 5.

9.2.3 Results and analysis

Using the model described above, the torch-height variation h(t) and output
current i(t) for three groove types, two types of power sources, different 
rotation frequencies,and different magnitudes of arc deviation were numeri-
cally calculated.
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9.2.3.1 Output signal

Figures 9.7a to 9.12a show the variation of the torch height; drawings b and
c of these figures are the output of the sensor for two different sensing
models.

The following observations are made first on the first-order transfer func-
tion, and are depicted in Figures 9.7b to 9.12b showing the output current
variation for different scanning frequencies, different groove types, and dif-
ferent arc deviations.

(i) The sensing system had a differential effect; it distorted the input
signal and the output-current phase led the input torch-height varia-
tion. This was particularly apparent for low-frequency scanning (see
the solid line). The maximum current value appeared to lead the
torch-height variation.

(ii) Due to the differential effect, a current peak appeared. Because the
current waveform was distorted, the symmetry was lost even for a V-
groove without arc deviation.

(iii) The change of the current waveform depended not only on the mag-
nitude of the pole and zero of the transfer function but also on the
scanning frequency.
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Setting parameters of 
the system

Establishing function (t)

Obtaining discrete
values for h(n)

 

DFT

Output of transfer 
element G(s)

Inverse DFT

Current signal i(t)

9.6 Flow chart of numerical simulation
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Due to the distortion that resulted from the transfer function, the current
waveform was different from the torch-height variation. Therefore, misin-
formation could be obtained if the deviation of the arc was judged by the
current signal. For a first-order system, however, the distortion decreased
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9.7 V-groove (corner groove) with deviation
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when the scanning frequency was increased. If the rotation frequency was
much higher than the zero and pole frequencies, large gain and high sensi-
tivity could be obtained. Should the zero and pole coincide with each other,
their effects compensate one another, the phase response would be near
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a) Variation of torch height

b) Current waveform for a first-order system

c) Current waveform for a second-order system
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9.8 V-groove (corner groove) without deviation
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a) Variation of torch height

b) Current waveform for a first-order system

c) Current waveform for a second-order system
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9.9 Lap joint with deviation

180°, and the output signal of the sensor would have no distortion.The scan-
ning frequency for this case depends on the parameters of the sensing system.

Results of analysis of a second-order system are illustrated in Figures 9.7c
to 9.12c. The torch-height variation is shown in figure ‘a’, respectively.
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a) Variation of torch height

b) Current waveform for a first-order system

c) Current waveform for a second-order system
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9.10 Lap joint without deviation

Comparing these results with the results for a first-order system, it is seen
that the effect of a second-order sensing system on current output is much
greater than with the former. Concretely, the phenomena may be described
as the following four points:

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



(i) Because the frequency response of a second-order system is poorer
than that of a first-order system, the gain was decreased and the phase
lagged more. The output current waveform was smoother. The sharp
angle on the waveform was eliminated and distortion was much greater.
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a) Variation of torch height

b) Current waveform for a first-order system

c) Current waveform for a second-order system
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9.11 I-butt joint with deviation
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(ii) At a low scanning frequency, the system presented a differential
effect similar to that shown by a first-order system (see the solid line
in the figure).

(iii) With an increase of frequency, the output current lagged more. There
was greater loss of high and middle-frequency harmonics. The system
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behaved like a low-pass filter and significant distortion can be seen (the
dot-dash line in the figure). For the V-groove it appeared like a low-
frequency sinusoidal waveform (see Figures 9.7c and 9.8c); for lap 
joints and I-butt joints the waveform had a saw-tooth shape (see
Figures 9.7c to 9.12c).The waveform was quite different from a square
waveform.

(iv) The phase-angle change was complicated. For the same system, a dif-
ferent scanning frequency can cause leading or lagging of the phase.
The phase-angle change can reach 45° for the fundamental frequency
at 3Hz to 30Hz. The phase change should be determined for specific
cases. Predicting the current signal of the arc from the rule of torch-
height variation is difficult.

Normally the most representative arc sensing system is second-order;
therefore, phase shift is inevitable in the signal conversion.

The analyses described above were based on an ideal groove shape; the
phenomena are much more complicated if the groove surface melts and the
influence of molten metal is considered.

9.2.3.2 Analysis of results

The variation of torch height is modulated by scanning frequency; it con-
sists of a series of harmonics.The harmonics of the modulated signal (H(s))
depend on the groove shape and the torch deviation. The response of the
sensing element G(s) to the input signal is different for different harmon-
ics. Both the magnitude and phase angle of the harmonics are changed by
the transfer (conversion) function depending on the zero and pole of the
function.

In actual welding, the coefficients of the transfer function can be varied
along with the scanning frequency. Therefore, judging the deviation of the
arc from the output signal of the sensing system in time domain by the mag-
nitude and phase angle of the signal is not reasonable.

9.2.3.3 Integral difference method and its limitation

As described in Section 7.3.1 and 7.3.2 of Chapter 7, the author successfully
developed automatic seam tracking in 1978. The method is applied at
present in most arc sensing systems used in industry. The current signal is
integrated for a short duration when the arc reaches the right side and left
side of the groove. Then the difference between these integrals is used as
the indication of arc deviation and the sum of these integrals is used as the
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indication of torch height.The basic idea of this method is to avoid the inter-
ference caused by noise in the arc current; integrating the current elimi-
nates the effect of accidental current peaks that might be sampled. In order
to investigate the validity of this method, the integral difference of current
at the right and left sides of the groove was calculated by the numerical
method for different groove shapes and different torch deviations, using the
results obtained in Section 9.2.3.1. The data that were obtained are plotted
in Figures 9.13 to 9.15.

The equations used for these calculations are as follows:
For the integral difference of current variation

[9.10]

For the integral difference of torch-height variation

[9.11]

In Equations [9.10] and [9.11], T represents the period of the scanning and
N represents the number of samples in one period.

The results demonstrated that, in most cases, the integral difference did
not represent the actual deviation of the torch except in the case of a first-
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9.13 Integral difference of current and height for a second-order
system – I-butt
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order system with a high scanning frequency. Due to the transfer function,
the integral difference method showed a large error. Taking the second-
order system as an example, the calculated integral difference for a V-
groove can be near to the actual deviation (see Fig. 9.15b, 13Hz) only when
the scanning frequency is in the proper range. It does not reflect the actual
deviation when the scanning frequency is higher or lower. In such cases,
incorrect information about the deviation may be obtained if an improper
scanning frequency is selected.
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9.14 Integral difference of current and height for a second-order
system – Lap joint
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9.15 Integral difference of current and torch height for a V or corner
groove
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For an I-butt groove (Fig. 9.13), due to the distortion of the signal in the
conversion process, the results at low frequency lost their monotonic char-
acter and those at high frequency had considerable inherent error. The 
calculated values for a lap joint did not represent the actual deviation at 
all (Fig. 9.14); they were not monotonic and could not be used for seam
tracking.

It is necessary to point out that the analysis above was based on an ideal
groove shape and welding occurring without various kinds of disturbances.
The analyses of actual welding processes is much more complicated than
the theoretical analysis so it is hard to apply the integral-difference method
for seam-tracking control. A new concept and theory are needed for devel-
oping a suitable signal-processing method.

9.3 Analysis of signal characteristics

The aim of signal-characteristic analysis is to find some characteristic value
that can be used for designing the sensor’s parameters and processing the
signals from the sensor so that closed-loop feedback control of seam track-
ing can be realised.

9.3.1 Introduction

Arc-sensing systems were first studied by welding scientists in the time
domain, i.e. the variation of (U, I) with time. The studies were direct, easy
to understand, and acceptable to technologists. However, due to the dis-
tortion of signals by transfer elements, determining the deviation of the arc
directly by current-time signals was difficult and unreliable. In fact, the
groove shape has fixed parameters; it is not a function of time but becomes
a function of time by the scanning operation having excitation. Therefore,
to study the deviation in time domain is an indirect method, which may
complicate the problem. A better way is to transform the signal in time
domain into a function in another domain that can be directly related to
the deviation.[262,263]

Theoretical study[261] demonstrated that if orthogonal linear space were
chosen as the transformation space, the transformation error was least and
the solution of the problem would be easiest. The choice of space form
depends on the variation rule of the object studied. For periodic functions
or periodic digital data, there are different space forms that can be used.
The space form that can satisfy the study of an arc-sensing signal should 
be determined so that it can be used for the mathematical solution of the
problem.
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9.3.2 Space transform

9.3.2.1 Choice of space form

There is a lot of distortion and noise in the signal from an arc sensor. Fil-
tering can be used but it is still a complicated function of time and is diffi-
cult to express by an analytical function. This is the reason why an ideal
input function representing the torch-height variation was used for study
in the sections above. This was done, even though the current output of the
sensor was quite different from the torch-height variation rule because of
the transfer function of the system G(s). The detected signal from the arc
sensor in time domain was the result of the convolution of the transfer func-
tion to the variation of the torch height.

Based on the linearity of the mathematical model, the following condi-
tion must be satisfied in the choice of a space transform, namely, the char-
acter component in the space keeps its orthogonal property after the signal
transfer by the sensor so that the character component can be operated on
during processing of the response signal i(t). Otherwise there would of no
reason to use a space transform and serious error would be introduced. For
example, the integral-difference method can be regarded as a square-wave
transform of the Walsh method.After the sensor’s transfer, it does not main-
tain the square waveform and cannot be operated on. That is why it intro-
duces error (see Section 9.2.3).

A trigonometric sine transform was first proposed be the author and 
S. D. Wu in 1996, because among all of the transform methods used for 
periodic signals, such as Fourier, slant (ST), Walsh, Legendre, and digital
cosine transforms (DCT), only the Fourier transform can satisfy the
requirement. Moreover, it has explicit physical meaning.

9.3.2.2 Fourier transform

Suppose that f(x) is a periodic integrable function with 2p as its period;
then it can be expressed by a trigonometric polynomial as an optimum
square approximation.

[9.12]

Because the trigonometric-function family {cosx, sin x . . . , coskx,
sin kx, . . .} are orthogonal function groups in [0, 2p], the coefficients of the
polynomial Sn(x) can be obtained as

S x a a x b x a nx b nxn n n( ) = + + + +
1
2 0 1 1cos sin . . . cos sin
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[9.13]

where ak, bk are coefficients of the Fourier series, Sn(x) is the Fourier
formula of f(x).

If the value of the function f(x) is known in its discrete set form 

, then the set is an orthogonal system and 

discrete Fourier function coefficients can be obtained. For a general case,
suppose that f(x) is a function of a complex variable with 2p as its period;

then its values at equally divided N points are j = 0, 1, . . . ,

N - 1.
As eijx = cos(jx) + i sin(jx) ( j = 0, 1, . . . , N - 1), it can be proved that the

function family {1, ejx, . . . , ej(N-1)x} is orthogonal at the discrete point set 

Thus, the least-square Fourier function of f(x) 

at the N discrete set is:

[9.14]

where [9.15]

When n = N, then S(x) is the interpolation function of f(x) at the point
xj(j = 0, 1, . . . . . . N - 1), or S(xj) = f(xj). Then Eq. [9.14] can be written as

[9.16]

Equation [9.15] is the formula to obtain {Ck} from {fi}, which is called a
discrete Fourier transform or abbreviated as DFT. Equation [9.16] is the
formula for obtaining { fi} from {Ck}, which is called an inverse transform.
For N = 2m, there is a rapid calculation method called a fast Fourier trans-
form (FFT).

9.3.3 Characteristic of input signal

As pointed out previously, analysis of the signal characteristic starts with
the input signal, or more specifically, starts from the torch-height variation
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h(t). Due to different dimensions and shapes of grooves, input signals are
greatly different from one another. This is obvious in time domain. In fre-
quency domain, however, the possibility of identifying the torch-deviation
signal is of interest. Studying these problems is important for clarifying
whether it is feasible to apply the frequency-domain method to practical
welding processes.

To establish the characteristic vector of the signals, the torch-height varia-
tion for three typical and ideal grooves is analysed.

The schematic diagrams of the scanning arc above the groove are shown
in Fig. 9.5 with the scanning period T and rotating radius r. All of the
symbols and their physical meanings related to the analysis are indicated
in the figure. For explicitness, the torch-height variation functions are
rewritten as follows. For Fig. 9.5a.

[9.17]

where q = arcsin(e/r), -p/2 £ q £ p/2, w = 2p/T, Hc, r, a are constants. The
periodic function H(t, q) can be written in trigonometric form as

[9.18]

Because 

one can obtain 

[9.19]

Because H(t, q) is an even function, so bk(q) = 0 (k = 1, 2, . . .).
Similarly, for a lap joint (Fig. 9.5b), the torch-height variation is
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[9.21]

The following can be derived.

[9.22]

In the case of an I-butt joint, the derivation is more complicated; the torch-
height variation is

[9.23]

Because the torch-height varies over the full range of |e|, the Fourier series
equation is given in the following text only for |e| £ |r - 0.5w|. In cases when
the deviation is greater than this range, the formula can be derived with ref-
erence to a lap joint (for the variation, see Fig. 9.16).

[9.24]

[9.25]

It is seen from the formulae above that q = arcsin(e/r), and that the har-
monic magnitude an is a function of q; consequently an also is a function of
e. The relationship between the harmonic magnitude for different fre-
quencies and the deviation e is given in Fig. 9.16 (only the magnitude of
several low-frequency harmonics are given; those of the high-frequency
harmonics are not given because they are of no significance to recognising
the deviation). The figures show that for a V-groove or corner groove, the
vector magnitude of the first and third harmonics varies according to the
same rule as the deviation e (a1 varies from positive to negative, a3 varies
from negative to positive); see Fig. 9.16a. For a lap joint, the vector magni-
tudes of the first and third harmonics do not reflect the deviation, but that 
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linear relationship with e. For butt joints, the rule is similar to that of a V-
groove; see Fig. 9.16c. It is necessary to point out that the starting point for
arc scanning is defined at the side half of the scanning circle so the magni-
tude of the harmonic bn is zero. The effect of the deviation on the average
torch height a0 is also shown in Fig. 9.16.

Therefore it can be considered that the first-order harmonic of the input
signal is the characteristic harmonic for a V-groove; its magnitude and phase
angle are

[9.26]

The second-order harmonic is the characteristic harmonic for a lap joint;
its magnitude and phase angle are

[9.27]

For an I-butt joint, the first-order harmonic reflects the deviation. The
third-order harmonic also shows an obvious effect for a small deviation,
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which can be used for reference. The magnitude of the characteristic har-
monic is closely related to the gap width w.

When |e| £ |r - 0.5w|,

[9.28]

If the characteristic harmonic is expressed in vector form as HT accord-
ing to Eq. [9.14], then

[9.29]

Because bn = 0, then ae = aT, qi = 0°.
It can be seen from the description above that when the groove type is

known, the arc deviation can be represented by the characteristic harmonic;
the harmonics at higher frequencies are small and can be neglected.Among
the low-frequency harmonics, only the characteristic harmonic is significant
for recognition of the deviation. For the characteristic harmonic, there 
are two parameters, namely, magnitude and phase angle. The magnitude
depends on the sensitivity of the sensing system and the phase angle depends
on the phase-frequency characteristics of the system. Therefore, it is only
necessary to analyse the characteristic harmonic without consideration of
the frequency response of the entire system and vectors of other harmon-
ics. Thus, a lot of labour can be saved and obtaining the solution is easy.

It should be mentioned that, particularly for lap joints, the optimum scan-
ning frequency will not give the optimum gain for the second-order har-
monic. In the opposite way, a reduced scanning frequency will give better
response of the second-order harmonic. Therefore, for lap joints, a lower
scanning frequency is recommended. A lower frequency also can improve
the stability of the arc. Because the torch height can vary abruptly as the
arc crosses the joint, a larger scanning diameter also is recommended to
increase the stability of the arc. Both of these recommendations are impor-
tant for the application of the sensor.

9.3.4 Detection method by characteristic harmonic

As anticipated at the beginning of this chapter, the characteristic com-
ponent of the input signal was found. This gives the necessary information
regarding the deviation of the arc. As described above, the starting point
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for t = 0 was arbitrarily chosen for the convenience of analysis. With the
proper choice of the starting point, only the cosine components of the
Fourier series remained and a simple series function was obtained.

For convenience of discussion, the characteristic harmonic vector is
defined as the specific harmonic vector that has an exact phase relation with
the input signal and reflects the arc deviation. According to Equations
[9.19], [9.22], [9.25], and the characteristic harmonic vector function
expressed by Eq. [9.29], the magnitude of the vector is expressed by Equa-
tions [9.26], [9.27], and [9.28]. The phase angle is 0°.

As discussed previously, the sensing system can be simplified into a linear
system, viz. I(s) = G(s)H(s).

According to the superposition principle of linear systems, the output
signal of the sensor is the sum of the responses of all of the individual har-
monic components of the input signal. In other words, the output signal is
determined only by the variation of the torch height. Therefore, the har-
monic vector of the output-current signal has the same relation with the
deviation e, which can be determined for seam tracking. The harmonic that
reflects the arc deviation is defined now as the characteristic harmonic and
subsequently defines the way to detect the arc deviation as the detection
method using a characteristic harmonic. No matter how the dimensions of
the groove change the deviation of the arc will be reflected only by this har-
monic. Therefore, detecting this harmonic is necessary for obtaining e. In
this way, any kind of interference other than this harmonic can be avoided
and a high signal-to-noise ratio can be obtained.

The method may be summarised briefly as follows.

• The arc deviation can be detected by two parameters, namely, the mag-
nitude and phase angle of the characteristic harmonic (or abbreviated
as a characteristic vector).

• Because the phase angle of the harmonic will be changed by the trans-
fer element, so the phase angle should be detectable for compensation.

• The deviation also can be detected directly by the response of the char-
acteristic vector. It is known from the theoretical analysis of Section 9.3.3
that the deviation is determined only by the characteristic harmonic.

The method may be expressed more explicitly, i.e. the magnitude of the
arc deviation is proportional to the magnitude of the characteristic harmonic
and the direction of the deviation is judged by the phase angle of the har-
monic; theoretically it is either qi = 0° or qi = 180°, which means the output-
vector magnitude is the negative of the input vector magnitude. However,
the phase angle would not be exactly 0 or 180° for the following reasons:

(i) The phase angle changes due to the transfer function G(s) and the
magnitude of the phase-angle change, qs, depends on the harmonic
frequency.
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(ii) In the case when the welding direction does not coincide with the
groove centreline, the angle between them qe changes the input signal
H(s). Thus the phase angle of the characteristic harmonic qI is no
longer 0, but is qe: see Fig. 9.17a.

(iii) Because the regulation is automatic, the tracking path of the torch is
composed of two parts, namely, the welding direction and the direc-
tion of the regulation: see Fig. 9.17b. The angle between the groove
centreline and the path of the torch movement is qi = qt.

Therefore the initial phase angle of the characteristic harmonic is qi but
not 0.

It is obvious that only the torch-deviation angle qe or the regulation angle
qt can operate in a practical case. Assuming that the phase change due to
the transfer function is qs, then the phase angle of the output harmonic will
be

in open-loop control and

in closed-loop control, which can be represented by Fig. 9.18.

q q q q q0 = + = +s i s t

q q q q q0 = + = +s i s e
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Suppose that the deviation is e and the magnitude of the characteristic
harmonic is ae, which becomes Ae after the transfer function.According the
theoretical analysis and practical experiments, it can be confirmed that 45°
< qs < - 45°, and normally |qe| < 45°, and |qt| < 45°. Therefore, the final phase
angle change would be within ±90°. Thus, it is possible to judge the devia-
tion of the arc without a specific determination of the degree of the phase-
angle change.To detect the deviation direction, only a qualitative evaluation
of the harmonic phase angle is necessary.

The description given above can be summarised as follows.The deviation
of the arc can be determined by the characteristic harmonic vector Ae ◊ ejq0;
the magnitude Ae indicates the magnitude of the deviation. The direction
of the deviation can be judged by q0. When |q0| < 90° (or the vector is in the
first or fourth quadrant), the deviation is on the right side; see Fig. 9.17a.
When -180° £ q0 £ 180° (or the vector is in the second or third quadrant),
the deviation is on the left side.

This method solves the difficult problem of signal processing in time
domain and is simple and easy to handle.

9.3.5 Adaptability of the method to pulsed-MIG welding

The characteristic-harmonic method was derived for ideal scanning-arc
input and transfer function of the sensing system. It is adaptable to spray-
transfer MIG welding, which will be proved later by experiment. However,
the question arose whether it could be used for arc welding processes in
which the current fluctuated violently and substantial noise existed. In this
section, pulsed MIG is analysed as an example.

9.3.5.1 Periodic rectangular pulse

Suppose that the period of the pulse is T and the pulse width is t (t < T),
then the pulse can be expressed by the equation
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According to Equations [9.12] and [9.13], the Fourier series of the equa-
tion in trigonometric form and vector form can be written as follows.

[9.31]

The frequency spectrum of the equation can be plotted as in Fig. 9.19.
The frequency magnitudes, which depend on the ratio t/T, are expressed
by Eq. [9.32]. The phase angle is either 0 or p, which is indicated in the
figure.

[9.32]

9.3.5.2 Modulated waveform

A modulated waveform is obtained by superposing a given signal on the
modulated waveform. Suppose that the periodic signal is expressed by e(t).

[9.33]

Then the modulated signal can be expressed as

[9.34]

where wc is the frequency of the carrier and j0 is the initial phase angle of
the carrier; they are constants.

Using the previous equations, the frequency spectrum of e(t) and a(t)
can be plotted as in Fig. 9.20. Comparing Figures 9.20a and b, it can be found
that the frequency spectrum is shifted by wc. The component spectral line
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of the original signal is split into two lines located on the left and right sides
of wc, but their magnitudes are half of the original. This phenomenon is
called the frequency-shift characteristic of the modulated signal. The spec-
tral lines on both sides are called the upper and lower components of the
frequency-spectral line.

The rule given above also can be obtained from the frequency-spectrum
transformation. Suppose that the frequency spectrum of the function f1(t)
is F1(w), then the frequency-spectrum function of f(t) = f1(t)ejwct can be
written as

[9.35]

which can be expressed symbolically as follow:

[9.36]

In a situation in which the carrier signal is not a sine wave but rather a
square wave, of frequency wc, that consists of series of sine waves with fre-
quencies 0, wc, 2wc, 3wc . . . etc, then the frequency spectrum of the signal
being modulated will be shifted to 0, wc, 2wc, 3wc . . . etc. and split into half-
magnitude spectrum lines on both sides of wc. This is the change rule for
the spectral line when the signal is modulated.

9.3.5.3 Arc scanning signal in pulsed MIG welding

The current signal of the scanning arc is shown in Fig. 9.21. It consists of
three parts, namely a constant current Ia, a periodic square-wave current Ib,
and the current change due to torch-height variation Ic.
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The frequency spectrum of the current is the sum of the frequency spectra
of these three current components. Ib is a periodic pulse, which can be
resolved into a series of sine components; its frequency spectrum was illus-
trated in Section 9.3.5.1. Let Ib be the carrier and Ic be the modulated signal.
Then, according to the frequency-shift rule, each frequency component 
of the scanning arc will move to each frequency-spectral line of the carrier
and on both sides of it. The resulting frequency spectrum is illustrated in
Fig. 9.22.

In the figure, wp is the pulse frequency and w (2pfs) is the arc-scanning
frequency. a1, a2 are the first- and second-order harmonic magnitudes of the
scanning-arc current. They are located on both sides of the carrier spectral
lines 0, wp, 2wp . . . etc. The frequency separation between them is an 
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integral multiple of w. The magnitude of the spectral line on both sides is
proportional to the product of the magnitude of the corresponding har-
monic of the scanning arc current and the magnitude of the corresponding
harmonic of the pulsed current. The phase angle of the spectral line is the
sum or the difference of the phase angles of the above-mentioned two har-
monics of the corresponding signals.

From the figure, it is seen that the spectral line of the scanning-arc signal
wn still exists (when wp = 0). The characteristic harmonic component also
exists, but it is mixed with the spectral lines of the carrier. It can also be
seen that, for a normal groove shape, the magnitudes of the high-order har-
monics are small and can be neglected. But the magnitude of first, second
and third harmonic components are close to the spectral line of the carrier
so they might be mixed and overlapped.

In order to clarify the phenomena and analysis given above, experiments
were conducted by the author and his colleagues on pulsed-arc welding
using different pulse frequencies and a fixed scanning frequency of 
f = 20Hz. The current waveform and its spectrum are shown in Fig. 9.37, in
which Figure 9.37a is for a welding current I = 210A, and a V- groove with
torch deviation and Figure 9.37b is for a welding current I = 130A, under
the same conditions (f = 20Hz). The ordinate is a logarithmic scale. It can
be seen that the contour lines of the spectra a and b obviously are similar
to the dotted contour line in Fig. 9.22. Nonetheless, the phase angle changes
due to the effect of the mix of spectra of the two signals. The experimental
results agree with the theoretical analysis.

From the analysis above, it is known that the arc sensor’s signal in pulsed
welding in time domain is the result of the multiplication of the scanning-
arc signal and the carrier pulsed current signal. In frequency domain it is
the convolution of the scanning-arc signal and the carrier signal, which is a
phenomenon of frequency shifting.

In order to prevent the mixing of the signal-frequency spectrum with the
carrier-frequency spectrum, the frequency of the carrier signal must be
much greater than the frequency of the arc-sensing signal. In actual appli-
cations, the frequency of the former should be 10 times larger than the
latter. Supposing that the arc-scanning frequency is fs = 10Hz and the fre-
quency spectrum within 5fs is considered, which means the maximum fre-
quency considered is 50Hz, then the pulsed-current frequency should be
greater than fp = 500Hz. Obviously this is not acceptable for practical 
applications.

Depending on the method of detecting the characteristic harmonic
vector, only the first- or second-order harmonic vectors are needed. There-
fore the requirement for the pulsed-welding current frequency can be
relaxed. Under the same conditions mentioned above, fp = 10fs = 100Hz,
which is quite possible for welding applications. However this requirement
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is hard to meet for pulsed-arc welding when the average current is low. In
this case, the method used to detect the characteristic harmonic vector is
not reliable. In order to solve this problem, digital filtering of the signal is
helpful. This will be introduced in Section 9.4.

9.3.6 Summary

• For studying a sensing system, an analytical method that can give the
correct output signal on the basis of the input signal is required. Han-
dling the variables in time domain will not meet this requirement. Space
transformation of the signal from time domain into frequency domain
using a trigonometric function can satisfy the requirements and provide
the theoretical basis for the signal processing of the sensing system.

• The input signals for different groove shapes have different character-
istic harmonic components representing the torch deviation. This rule
does not change after the sensing process; therefore, the magnitude and
phase angle of the characteristic harmonic vector can be used as the cri-
terion for detecting the deviation of the arc.

• On the basis of the theoretical analysis, a signal-processing technique is
proposed, namely, a characteristic harmonic-vector detection method.
The method is simple and practical. It has a high signal-to-noise ratio.

• The spectral order of the characteristic harmonic is different for differ-
ent groove shapes; therefore the choice of the scanning frequency
depends on the groove shape. Lower frequencies are recommended for
lap joints.

• The output of the sensing system in pulsed-arc welding can be regarded
as the scanning-arc signal modulated by the carrier, i.e. a pulsed-current
signal. The characteristic harmonic component will not be changed
during the sensing process.Therefore the characteristic harmonic-vector
method still can be used for detection of the arc deviation. However,
there might be interference due to spectrum mixing. This problem can
be solved by digital filtering.

9.4 Filtering of signals

9.4.1 Introduction

In Section 9.3, the characteristic harmonic vector was studied assuming arc
scanning in an ideal groove. In actual welding, the arc current constantly
fluctuates, which inevitably interferes with the signal transfer and reduces
the quality of the output signal. The interference may be random or inher-
ent from the scanning process. Therefore, filtering is important for signal
processing. The aim of filtering is to magnify the useful part of the signal
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and suppress the noise to improve the quality of the signal and facilitate
signal processing.[380]

This section is directed toward improving the quality of the signal and
the reliability of the detection method in CO2 welding and pulsed-arc
welding. Digital filtering has the advantages of flexibility, reliability and
effectiveness. Different digital-filtering methods have been used for differ-
ent welding situations and have given good results. The description pre-
sented below is universally useful. It is used as the basis for processing the
signals from an arc sensor.

Because the number of data samples per rotation of the arc is fixed (64),
implementation of the method described in this chapter does not depend
on the scanning frequency of the arc.

9.4.2 Principle of digital filtering

In this section, some of the conventional linear and nonlinear digital-
filtering methods that are effective are studied. The principles, advantages,
and shortcomings of these methods are described.

9.4.2.1 Local average (smoothing) filtering

Local average filtering can be used either in time domain or in space
domain. Both are easy to use and give good results.

Suppose that the noise h(n) is white noise, its mean value is zero, and the
variance is s2. The signal f(n) is independent of the noise. The signal plus
the noise can be expressed as f ¢(n) = f(n) + h(n).

After local average filtering, it becomes the signal g(n), which can be
written as

[9.37]

where S is the N-point set at the point n.
Two examples are shown in Fig. 9.23.
Besides the assumption given above, it is assumed that the values of the

signals are close to one another. This assumption coincides with the 
actual phenomena of arc-scanning signals. Equation [9.37] is the algorithm
for obtaining a new value of a point by averaging the values of its 
neighbour points. Suppose E{•} is the statistical average and D{•} is the 
variance, then
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[9.38]

The equation illustrates that the average value of the residual noise is 

still zero, the variance s2 is reduced to s2, but the signal f(n) is changed 

to Sf(i). The change results in distortion of g(n). The signal becomes 

smooth and the sharp part becomes indistinct. The degree of indistin-
guishability depends on the size of neighbourhood taken. In order to over-
come this shortcoming, average values can be filtered in space domain.
Figure 9.24 shows the data structure of the sampling during the arc 
scanning.

In Fig. 9.24 there are 64 points in each row, which are the data sampled
in one revolution of the arc. In each column, the data were sampled during
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different rotations of the arc, but they are at the same position of the arc
in relation to the groove. Region A is the neighbourhood in space, (or an
average of several revolutions of the arc) and region B is the neighbour-
hood in time.

The effect of filtering depends on the number of data in the neighbour-
hood. In the choice of N, the filtering speed should be considered.The larger
the value of N, the longer will be the time required for filtering, which is
detrimental to the closed-loop control properties of the system. Normally,
2 to 8 rotations are taken for different scanning speeds. The average filter-
ing method is effective for eliminating the noise of a statistical character
but is not as effective for eliminating the noise caused by factors due to
rotation during scanning.

9.4.2.2 Mean-value filtering

Mean-value filtering is based on an older statistical theory of mathematical
statistics, which is a nonlinear signal processing method proposed by
J.W.Takey in 1971. This method is particularly effective for suppressing the
noise but the characteristic relationship between the output and input has
not been found to date. The method is based on the actual phenomenon
that noise appears predominately in the form of isolated events. The
number of events is small and the actual signal consists of a more continu-
ous data set.

In the case of one-dimensional data, a neighbourhood of odd-number
signals is taken. In the filtering process, the datum at the middle point of
the neighbourhood is replaced by the mean value of all the data in the
neighbourhood. Figure 9.25 shows the data in the neighbourhood in which
the value of the middle point is 250 and the other data are 100, 170, 130,
and 120. The average of all of the data in the neighbourhood is 130; there-
fore, the value of the middle point 250 is replaced by 130. If 250 is a noise
event, then it is eliminated, which is helpful, but if it is a real signal, the elim-
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ination is inappropriate. Therefore mean-value filtering is useful in some
cases but erroneous in others.

Figure 9.26 shows the results of filtering by two methods, namely, the
local-average method and the mean-value method. Figure 9.26a shows a
step signal and the mean-value filtering retains the step character of the
signal. In Fig. 9.26b, which shows a sloping signal, filtering retains the slope
as well. In Fig. 9.26c, a single-pulse signal is eliminated by the filtering.
In Fig. 9.26d, the double-pulse signal also is eliminated by filtering. In Fig.
9.26e, there is no effect on a three-pulse signal by filtering. In Fig. 9.26f, the
triangular signal is distorted but basically retained. Figure 9.26 also shows
the results of local-average filtering in the middle column. It can be con-
cluded that mean-value filtering has no effect on the step signal and the
sloping signal. It suppresses only those signals containing less than 2 pulses.
It is superior to local-average filtering and is effective.

Let Med{•} represent mean-value filtering and k be a constant. The 
properties of the filtering can be expressed as follows:

[9.39]

But [9.40]Med Med Med
j w j w j w

f j g j f j g j
Œ Œ Œ

( ) + ( ){ } π ( ){ } + ( ){ }

Med Med
j w j w

K f j K f j
Œ Œ

+ ( ){ } = + ( ){ }

Med Med
j w j w

K f j K f j
Œ Œ

◊ ( ){ } = ◊ ( ){ }
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Normally three data points are taken as the neighbourhood. If no useful
signal is lost, then the neighbourhood is expanded until the best filtering
effect and the least loss of useful signals is obtained. Iteration also can be
used and a fixed or variable number of data points in the neighbourhood
can be applied. Generally, the width of the neighbourhood will not be
changed once it is found to be suitable. For those neighbourhood widths
that are less than 1/2, the filtering will be continued until its width is greater
than 1/2.

Two-dimensional mean-value filtering also can be used for the data struc-
ture shown in Fig. 9.24. A two-dimensional L ¥ L filter is more effective
than two one-dimension filters that are L ¥ 1 and 1 ¥ L (for horizontal and
vertical data sets).The problem is that an excessively complicated algorithm
must be used. Mean-value filtering by hardware is feasible.

9.4.2.3 Morphologic filtering

Mathematical morphology is a special signal-processing method. It is based
on set theory and tries to describe the signal form in a quantitative way. It
is used to satisfy different applications by transforming, generating for-
mulae, developing algorithms and combining. The concept of the theory is
applied in this section to processing scanning-arc signals.A two-dimensional
signal f(x, y) can be regarded as a function; it corresponds to a three-dimen-
sional point set {(x, y, f(x, y))} of Euclidean space. The expanded third
dimension corresponds to the value of the signal. Umbra is an important
concept of morphology. The definition of Umbra is:

[9.41]

The function f is the surface of U(f), which is the curved surface perpen-
dicular to the z direction; side surfaces are not included.

It is easy to imagine that the result of a union and intersection operation
is

Figure 9.27 is the schematic diagram of these two equations. For simplicity,
only two-dimensional space is shown. x corresponds to a spatial position
and z is the value of the signal at the corresponding point. Obviously there
is no mutual containing relationship between U(f) and U(k). If the two-
dimensional signal indicated in the figure is the arc sensor’s signal, the union
and intersection operation applied to it become an operation to find their

if orU f U k f x y k x y x y R( )Ã ( ) ( ) £ ( ) "( ) Œ, , , W

U f U k U f k U f U k U f k( )» ( ) = ( )[ ] ( )« ( ) = ( )[ ]max , min ,
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upper and lower contour lines. In the case of the data structure shown in
Fig. 9.24, the operation is to find the upper and lower contour surface of
the signal, i.e. the filtering in space. Obviously it is a nonlinear filtering tech-
nique. Let min{•}, max{•} represent the minimum and maximum operations.
Then the filtering of the arc sensor’s output can be expressed by Eq. 9.42
for the intersection operation and Eq. 9.43 for the union operation.

[9.42]

[9.43]

where N is the width of the neighbourhood for filtering. In order to avoid
the effect due to extinguishing of the arc, zero values of arc current are
excluded from the operation.

The data processing described can be accomplished by computer 
programming using C language.

9.4.3 Signal filtering for CO2 welding

In order to obtain a stable arc process, short-circuiting or small-droplet
transfer normally are used for CO2 welding. Short-circuiting transfer is used
most often.

Due to frequent short circuits, the current fluctuates violently. A DC
inductance is normally connected in the welding loop to control the rates
of current rise and fall during short circuiting. The current waveform is
therefore quite different from that obtained in MIG welding. In the fol-
lowing text, the filtering method for the process is described.

a a i N a jj ij ij= = - π{ } =max , , . . . , , , ,. . . ,0 1 1 0 0 1 63

a a i N a jj ij ij= = - π{ } =min , , . . . , , , ,. . . ,0 1 1 0 0 1 63

Processing of arc-sensor signals 333

f (x)

U (f)

U (f) » U (k) U (f)    U (k)

U (k)

k (x)

»

9.27 Intersection and union of umbra

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



9.4.3.1 The current-signal output by the sensor

In CO2 welding, the arc length is short and is sensitive to torch-height 
variation, and the arc stability is poor. Therefore there is a lot of noise.

Because the spatial-sampling method is used for the process and the 
sampling frequency depends on the rotation frequency of the arc, the influ-
ence of the short-circuiting current (frequency of 50–120Hz) therefore will
be different for different arc rotation speeds. Consequently, different filter-
ing methods have to be used for different cases.

For a low scanning frequency ( fs < 7Hz), the sampling frequency is low
and the short-circuiting current appears like a sharp pike, which can be
regarded as random interference. For high scanning frequencies, the sam-
pling frequency is high and the short-circuiting current width is large. The
groove shape has a stronger effect on the current waveform (see Fig. 9.28).
Therefore, it should not be regarded as random interference. Suitable signal
processing should be applied to it accordingly, otherwise a useful signal will
be lost.

For a low-frequency scanning speed, clipping of the short-circuiting
current was proposed by the author in 1978,[51] in which the short-
circuiting current was suppressed completely. Good results were obtained.
The technique was implemented using hardware, but with the development
of computers, the method can now be implemented by software. The short-
circuiting current can be detected from the change of arc voltage or by the
current-rise rate. The variety of welding machines and different scanning
frequencies make it hard to detect short-circuiting current from the current-
rise rate.

The author proposed an improved method in 1996. In this method, the
short-circuiting current, was clipped at the level of 1.5–2 times the welding
current (for high welding current, the lower limit was taken while for low
welding current, the higher limit was taken). In that way, the interference
was eliminated and the variation rule for the current was retained. This
method can be implemented easily using software because the data that are
sampled are digital. Experiments demonstrated effective filtering, as shown
in Fig. 9.29.
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Generally, for high welding currents, clipping the short-circuiting current
is a simple and effective way of signal processing.

Several filtering methods and their effects are described in the following
paragraphs. The clipping method was not used in these techniques.

9.4.3.2 Mean-value filtering for low scanning speeds

At low scanning speeds, the average filtering method can be used effectively
but it causes a delay in the closed-loop control system.Therefore non-linear
mean-value filtering was applied and satisfactory results were obtained, as
shown in Fig. 9.30.

Figure 9.31 shows the frequency spectra of the current waveforms shown
in Fig. 9.30, respectively. The scanning speed was f = 3Hz and welding was
performed on an inclined work piece. In the figure, an and qn represent the
magnitude and phase angle of nth-order harmonic.

The figure shows that mean-value filtering eliminates the interference
due to short circuiting and does not harm the useful signal. It was found
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that high-order harmonics were effectively filtered, the low-frequency char-
acteristic harmonic remained unaltered, and, particularly, the first-order
harmonic a1 remained almost unchanged over the range from 35A to 40A.
However its phase angle changed from -90° to -130°, which illustrated that
mean-value filtering not only filtered the noise but also improved the wave-
form. In low-frequency scanning, short circuiting occurred more frequently
when the arc length was shorter at the side of the groove. The distribution
of the short-circuiting current changed the phase angle of the low-frequency
harmonic, which made the phase lead and increased the magnitude of the
low-frequency harmonic. These effects cannot be obtained using other fil-
tering methods.

Figure 9.31 shows that the greater width of neighbourhood 5 eliminates
high-frequency signals more effectively but does not affect low-order har-
monics. The wider neighbourhood increases the amount of work and the
processing time, which requires a greater hardware investment. Normally
neighbourhoods 3 or 5 are effective for this purpose.

Figure 9.32 shows the current waveform and frequency spectrum for CO2

welding at a scanning speed of 2Hz.This figure shows that after mean-value
filtering, the magnitude of a1 has not changed while the phase angle has
changed by 90°.

The discussion in Section 9.4.2.2, showed that mean-value filtering did
not affect the signal, the duration of which is longer than the width of the
neighbourhood. Therefore, its signal-to-noise ratio can be improved by
mean-value filtering. Figure 9.33 shows the current waveform and frequency
spectrum for CO2 welding in a V-groove with arc oscillation at a scanning
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speed of 5Hz.Although the sensor’s second-order harmonic output changes
most dramatically, the figure shows that mean-value filtering has no detri-
mental effect on this harmonic. Its magnitude is even larger (see a2 in 
Fig. 9.33). The first-order harmonic remains the same as described before.

Normally, low-frequency scanning is not used with a rotating arc because
the sensitivity is lower. However, with an oscillating arc, increasing the 
frequency is difficult and, therefore, mean-value filtering has practical 
significance.

9.4.3.3 Morphological filtering for a high-frequency scanning arc

When high-frequency scanning is used, the amount of data sampled during
short circuiting is greater. Therefore, it requires a wider neighbourhood for
mean-value filtering, which requires greater processing time on the one
hand and suppresses the useful signal on the other hand. However, high-
frequency scanning also allows multi-turn filtering.Taking the data sampled
during two rotations of the arc for morphologic filtering can give useful
results. At very high scanning frequencies, when the short-circuit waveform
changes its appearance, multi-turn morphological filtering (by intersection
of umbra) gives useful results (see Fig. 9.34).
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Figure 9.34a shows the current waveform and its frequency spectrum
during CO2 welding on an inclined surface at a scanning speed of 12Hz.
Figure 9.34b is the waveform and frequency spectrum obtained after mor-
phological filtering (take min operation). It is obvious, by comparison of
these two figures, that a1 is not decreased but, on the contrary, is increased.
The phase angle is changed by 45°; this change obviously is due to the elim-
ination of the interference of the peak current during short circuiting.

In morphological filtering, the number of turns taken depends on the
scanning speed; two turns minimum at a scanning speed of 10Hz gives good
results. Interference due to globular metal transfer can be eliminated.
Figure 9.35 illustrates the results of morphological filtering for frequencies
of 8 and 10Hz. Due to centrifugal force, globular droplet transfer becomes
obvious and the frequency of transfer decreases. Two turns for morphological
filtering are not enough; four turns are necessary for better results. For
example, in Fig. 9.36 ( f = 25Hz), the upper figure shows the original signal
and the lower figure gives the results of filtering. The interference of glob-
ular transfer is completely eliminated.

The discussion above can be summarised as follows. In the case of CO2

welding, different filtering methods should be used for different scanning
speeds. At low scanning frequencies, the short circuiting current can be
regarded as an interference having a sharp current pike, which can be elim-
inated by mean-value filtering. At high scanning frequencies, the short-
circuiting current is influenced by the arc length. Its effect on the output of
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the sensor is twofold. Although either multi-turn averaging, morphological
filtering, or the clipping-current method can eliminate interference effec-
tively, in practice a combination of all three filtering methods gives better
results during CO2 welding.

9.4.4 Signal filtering for pulsed-arc welding

In Section 9.3.5, the pulsed-arc signal was analysed and regarded as a mod-
ulated signal of the scanning arc by the carrier pulsed current (Fig. 9.37a).
Due to the shifting and mixing of the frequency spectrum, the quality of
the sensor’s signal deteriorates, particularly at low welding current (see 
Fig. 9.37b). In this case, how to choose the filtering method and improve the
signal quality becomes an important problem.

Figures 9.37a and b are the current signals and their frequency spectra
for the same groove but different welding currents. It can be seen that at a
low welding current (Fig. 9.37b), only two pulses appear in one turn and the
current waveforms are quite different for different turns. Because serious
frequency-spectrum mixing occurs and a poor output signal appears, this
signal is hard to process. If the signal from several turns is synthesised, the
situation is improved. Normal linear filtering does not improve the signal
very much. Taking advantage of morphology and the union (») of umbra
of the pulsed current over several turns, the pulsed current component is
enhanced and the signal quality is improved substantially. Thus, it becomes
possible to use the sensor at a low welding current. Figure 9.37c shows the
waveform after morphological filtering; not only are the magnitudes of the
low-order characteristic harmonics improved, the phase angle due to fre-
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quency mixing also is corrected (see q1 in the figure). The phase angle
change is shown more clearly in Fig. 9.38. It is obvious that without mor-
phological filtering, picking up the characteristic harmonic of the arc signal
is difficult.
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Figure 9.38a is the waveform of the sensor’s output at 180A welding
current. Comparing Figures 9.38a, b and c shows that the first-order har-
monic magnitude has no obvious change after average filtering, but is
greatly improved by morphological filtering; the magnitude was increased
from 20A to 55A without any change of phase angle. These phenomena
are significant for the sensitivity of a pulsed-arc sensor because they solve
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the problem of frequency-spectrum mixing (see Section 9.3) while main-
taining the gain of the system’s response.

In summary,to avoid frequency-spectrum mixing, increasing only the scan-
ning speed does not help. Choosing reasonable sensor parameters (scanning
speed and diameter), and morphological filtering give satisfactory results.

9.4.5 Summary

In Section 9.4, the principles of filtering and several kinds of digital filter-
ing methods (e.g. average filtering, mean-value filtering, morphological fil-
tering and clipping) were introduced. The effects of their special features
were studied experimentally.

(i) For low scanning-frequency CO2 welding, mean-value filtering can
eliminate the influence of short-circuiting current and give good
results.

(ii) For high scanning-frequency CO2 welding, clipping and multi-turn
morphological filtering can eliminate noise and give good results.

(iii) For pulsed-arc welding, morphological filtering improves the signal
waveform,reduces the effect of frequency-spectrum mixing,and raises
the signal-to-noise ratio of the characteristic harmonic while maintain-
ing the sensitivity of the sensor. This makes it possible to apply the
sensor to low-current pulsed-arc welding at a high scanning frequency.

9.5 Signal processing in a practical welding process

In the sections above, studies of sensor signals and their transfer, and the
method for obtaining the characteristic harmonic for an ideal groove were
described. Different digital-filtering methods were applied for different
welding processes, according to their special features. Good results have
been demonstrated. In this section, practical experiments were conducted
using different welding conditions in order to provide the basis for achiev-
ing closed-loop control of a seam-tracking system.

9.5.1 Orthogonalisation of the characteristic 
harmonic vector

9.5.1.1 Influence of the molten pool on the scanning signal

According to the theoretical analysis, the first-order harmonic for a 
V-groove should be zero, but practical experiments have shown that a
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certain magnitude of this harmonic vector exists (see Fig. 9.39b). It should
not be regarded as an interference and neglected, otherwise it could result
in an incorrect judgment of the arc deviation in practice.

In order to study this problem and to avoid the influence of groove shape,
an experiment on a simple plate was carried out. It was found that this 
phenomenon still existed. Detailed observations demonstrated that the
surface of the molten pool caused the first-order harmonic vector. To
explain this phenomenon, the following experiments were performed (see
Fig. 9.40).

Upward and downward welding were conducted on inclined plates.
According to the analysis given above, the influence of the molten pool is
larger in the case of downward welding and smaller in the case of upward
welding. The results are shown in Fig. 9.41. Obviously the first-order har-
monic (see the dotted line in figure a) is larger in the case of downward
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welding. This phenomenon coincides with the analysis mentioned above. It
proves that this harmonic is not a random interference but, rather, is a signal
related to the scanning of the arc. Special measures must be taken to elim-
inate its influence.

9.5.1.2 Orthogonalisation of the characteristic harmonic vector

Figure 9.42 shows the actual form of the molten pool and the arc rotating
above it. The torch-height variation can be resolved into two components.
The first component is the variation due to the V-groove surface, Hp(s). The
second component is the variation due to the molten pool surface, or 
more specifically due to the molten-metal flow and the difference in the
torch height between the front of the pool and in the body of the pool,
designated Hr(s). The variation of arc length is the superposition of these
two components.

The torch-height variation Dhp is symmetrical to an axis across the
groove; the torch-height variation due to the molten pool is symmetrical to
an axis parallel to the groove. At t = 0 as shown in the figure, the former
can be written as the following equation:

[9.44]

where Cp is a constant that depends on the arc deviation from the groove
centreline.

The latter can be written as the following equation:

H t C k n tp p pn
n

( ) = + ( )
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•
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[9.45]

If the molten pool is an inclined flat surface or a symmetrical dotted line
surface,as shown in Fig.9.42,then the even-order harmonic coefficient is zero.
Only an odd-order harmonic will remain; it is an odd-harmonic function.

It can be shown that the odd-order harmonics of two functions are
orthogonal. Assuming that the characteristic harmonic is first order, then
the magnitude of the characteristic harmonic output by a sensor is the
square root of the sum of the squares of the first-order harmonics of the
two functions. Because Eq. [9.45] is not related to the arc deviation,
the signal exists even when the arc has no deviation. Therefore, detecting
the deviation by the magnitude of the harmonic would be inaccurate; the
molten pool introduces error.

However, regardless of the magnitude of the deviation, the spatial rela-
tionships decide that the two components of the scanning signal are orthog-
onal. If the characteristic harmonic vector is expressed by the magnitude and
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phase angle of the cosine function, and the characteristic harmonic vector of
the groove is expressed by Hp (Fig. 9.43), the characteristic harmonic vector
of the molten pool is expressed by Hr.The phase angle between them is 90°.
After transfer of the sensing system, the characteristic harmonic vectors of
the current Ip and Ir maintain the same relationship; that is, their phase-angle
difference remains 90°. qs in the figure expresses the phase shift due to the
transfer function. Because Ip and Ir are orthogonal, it is possible to find the
component Ip, detect the deviation, and eliminate the interference due to Ir.
Based on the fact that Ip = 0 when the deviation is zero, it is possible to deter-
mine qs using an open-loop experiment. The procedure, called orthogonali-
sation of the characteristic harmonic vector, is as follows.

The phase angle of the characteristic harmonic is measured and calcu-
lated for welding on a plate or in a groove without deviation. The angle
obtained should be the phase angle f for Ir. Then, according to Fig. 9.43 
and the analysis of Section 9.3, the phase angle of the characteristic har-
monic vector Ip for the groove weld is

[9.46]

The magnitude of characteristic harmonic vector of the scanning arc, e jqs,
represents the magnitude of the deviation. According to the theory of
orthogonalisation, it can be calculated using the following equation:

[9.47]

where Ap(A) represents the magnitude of the characteristic harmonic
vector and I(k)(k = 0, 1, 2, . . . , 63) are the values of the sensor’s current
that were sampled.
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According to the theoretical analysis, after the orthogonalisation by 
Eq. [9.47], the influence of the molten pool can be eliminated. Practical
application of the method and its effect are demonstrated by experiments
in the sections that follow.

9.5.2 Signal processing

The principle and method for detecting the arc deviation were discussed in
Section 9.3 and the signal filtering method was discussed in Section 9.4.
Signal processing during actual welding is discussed in this section. First,
the characteristic harmonic should be determined according to the type of
groove. Supposing that the order of the characteristic harmonic is n, then
the filtering method should be chosen according to the welding technology
and the scanning parameters. The practical procedure is as follows:

(i) Confine the current-signal amplitude according to a specific rule. For
example, if the sampled data are aij = I( j) = 0 ( j = 1, 2, . . . , 63) (see
the data structure in Fig. 9.24), then they are replaced by the sampled
data obtained in a previous rotation, ai-1,j. If aij is too large, then it is
clipped, particularly for CO2 welding.

(ii) For MIG/MAG welding, better results can be obtained using a multi-
turn averaging method. Because the MIG/MAG arc is stable, a higher
scanning frequency (for example fs = 20~30Hz) and a neighbourhood
width N = 2~8 gave satisfactory results in experiments.

(iii) In CO2 short-circuiting welding, mean-value filtering is used mainly
at low scanning frequencies and multi-turn morphological filtering
(minimum operation with N = 2~3) is used at high scanning frequen-
cies. In the latter case, the average-filtering method also can be used
in combination.

(iv) For pulsed MIG/MAG welding, multi-turn morphological filtering
(maximum operation, N = 2~5) is used for eliminating the frequency
spectrum mixing; average filtering can be used in addition.

After filtering, the characteristic harmonic component can then be found
from a complete data series. Supposing that the data are (aj, j = 0, 1, . . . , 63),
let the sampled data start at t = 0 (see Fig. 9.42) and be expressed by 
I(0), which is a0 after filtering. Then the average welding current I can be
written as

[9.48]

The imaginary part of the characteristic harmonic vector is

I I j
j

= ( )
=
Â1 64

0

63
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[9.49]

The real part of the characteristic harmonic vector is

[9.50]

The magnitude and phase angle of the vector can be obtained from Equa-
tions [9.48] and [9.49]

[9.51]

[9.52]

Equation [9.52] is the formula for the phase angle, the value of which is
|qn| £ 180°. According to the degree of qn or the positive or negative sign of
the real part Re, the direction of the deviation can be determined. The mag-
nitude of the deviation An can be obtained from Eq. [9.51].

The flow chart for the signal processing is illustrated in Fig. 9.44.
The basic steps in the flow chart are:

(i) Sampling of the current signal and writing to a data file (This step is
described in Chapter 10).

(ii) Filtering using the methods described above.
(iii) Determining the characteristic harmonic vector using Equations

[9.48] to [9.52] after sampling and filtering for the present turn.
(iv) Determination of the deviation e* (digital signal) from the magnitude

and phase angle of characteristic harmonic vector.

In Section 9.5.1.2, orthogonalisation of the harmonic vector to eliminate
the interference of molten pool was introduced. With welding conducted
on a plate or in a groove without deviation and signal processing accord-
ing to Fig. 9.44, the phase angle f of the interference (by the molten pool)
and the harmonic vector can be determined. Subsequently, the phase angle
of the characteristic harmonic vector qs can be obtained from Eq. [9.46].
Replacing Equations [9.49] to [9.52] of the flow chart by Eq. [9.47] to
orthogonalise the characteristic harmonic vector, the result would be Ap (or
e* in the flow chart), which is the representation of the deviation e.

9.5.3 Detection of arc deviation

The relationship between the output of the signal-processing system and
the actual deviation is called the detection characteristic of the system. In

qn m eI R= ( )arctan ,2

A I Rn m e= +2 2

R a n je j
j

= +( )( )
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Â cos 2 1 64
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order to verify the method, an experimental method has been designed as
shown in Fig. 9.45. Keeping the welding speed VW unchanged, the deviation
of the arc changes from (e > 0) to (e = 0) and (e < 0). Thus, the characteris-
tic harmonic vector Ap representing the deviation will be a time-variable
function.

The unit of the sampled data and thus the magnitude of the characteris-
tic harmonic is the ampere (A), which represents e (mm). The relationship
between them depends on the sensitivity of the system (A/mm) and the
type of groove.

The welding conditions that were used were CO2 welding, a wire diame-
ter of 1.2mm, 130A welding current, and 20V arc voltage.

9.5.3.1 Detection in a V-groove or corner welding

The scanning torch travelled as shown in Fig. 9.45a. The diameter of rota-
tion was r = 2mm.

The characteristic harmonic of a V-groove or corner welding is first order.
Figure 9.46 is the output of the sensing system based on the theoretical
analysis. Figure 9.46a shows the change of the phase angle and Fig. 9.46b
shows the detected deviation. It is known from the theoretical analysis that,
|f| < 90° when the deviation is on the right and |f| > 90° when it is on the
left.

Figure 9.47a is the actual phase-angle output without filtering.This shows
that the response is lagging about -30°. Figure 9.47b is the output after fil-
tering; the lagging angle is about -20°. It can be seen by comparison of 
Fig. 9.47b with Fig. 9.47a that the dispersion of the latter is smaller than that
of the former.This is due to the effect of filtering, which suppresses the short-
circuit spike. Moreover, it can be seen that the phase angle after filtering is
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closer to the theoretical value, as shown in Fig. 9.46. When the direction of
the deviation is changed, the phase angle does not have a step change. That
is caused by the influence of the molten pool. Figure 9.48 shows the detec-
tion characteristics. Figure 9.48a is the result obtained by the orthogonali-
sation treatment for eliminating the effect of the molten pool. Figure 9.48b
is the result obtained from the quadrant criterion to judge the direction of
the deviation on the basis of the theory described in Section 9.5.

Figure 9.49 is the deviation output obtained directly by orthogon-
alisation, but without prior phase-angle correction. There is a difference
between the detected error and the actual error. This phenomenon coin-
cides with the analysis by simulation made in Section 9.3.

Therefore, if the gain of the sensing system is sufficiently large and the
groove contour has obvious changes, the characteristic harmonic vector can
be used to detect deviation without prior knowledge of the system, which
is simpler and easier to perform.

Figure 9.50 shows the detection characteristics for a corner joint. For the
corner joint, the output reaches maximum and is saturated while deviation
|e| > r (r = 2mm).
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9.5.3.2 Detection in a lap joint

The schematic diagram for this experiment is shown in Fig. 9.45b. The scan-
ning speed was 8Hz and the plate thickness was d = 2.0mm.

Figure 9.51 shows the variation of the second-order harmonic obtained
by simulation on the basis of the theoretical analysis. Figure 9.52a shows
the relationship between the phase angle of the second-order harmonic
vector and the actually measured deviation e. This shows that the phase
angle is leading. The phase-angle data were scattered when the deviation
was on the left because there was more globular droplet transfer. The dis-
tribution did not change in this quadrant. Figure 9.52b shows the experi-
mental data of the first-order harmonic. It coincides with the theoretical
analysis in that the first-order harmonic does not represent the deviation
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for a lap joint. The phase angles are close when the deviation is either on
the left or on the right (|q| > 90°).

Figure 9.53 shows the results of the second-order harmonic. It coincides
with the theoretical analysis shown in Fig. 9.51 and accurately represents
the actual deviation. There is a step change near the centreline of the
groove. The orthogonalisation gives good linearity between the harmonic
and the deviation (see Fig. 9.53b). It represents the actual deviation.

9.5.3.3 Detection in an I-butt joint

The experiment was conducted as shown in Fig. 9.45c. The plate thickness
was d = 2mm and the gap was w = 2mm. Figure 9.54 is the theoretical analy-
sis of the deviation output showing the first-order harmonic. Figure 9.55 
is the result obtained by experiments. It shows that the phase angle of 
the characteristic harmonic was leading. Because the plate thickness was 

Processing of arc-sensor signals 355

0

–50

50

0

–50

50

–2       –1          0     1         2        –2       –1          0  1     2

(A)*e

Deviation e (mm)Deviation e (mm)

(A)*e

(a) Quadrant criterion (|Ø| < 90° ) (b) Orthogonalisation (Ø = 45° )

9.53 Sensing signal for CO2 welding of a lap joint

90

0

–90

–180

f a
T

0

Theoretical characteristics

–1.0 –0.5 0.0    0.5 1.0 –1.0 –0.5 0.0    0.5 1.0 

Deviation e/r Deviation e/r
(a) Phase-angle change of 
the characteristic harmonic

(b) Deviation output

9.54 Theoretical detection characteristics

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



d = 2mm, the molten pool exerted a greater effect on the characteristic har-
monic. The phase-angle change was different from the theoretical predic-
tion but, because the quadrant criterion (|f| < 90°) is still correct for judging
the deviation direction, so the final results were correct and coincided with
the theoretically predicted values.

Because the variation of the groove shape was small due to small plate
thickness, the sensing current and the magnitude of the harmonics were
small. However, the sensitivity of the system (aT/e) reached 10A/mm, which
is quite satisfactory for detection purposes. Even though CO2 welding
involves short-circuiting transfer, the results illustrated a good signal-to-
noise ratio for the system.

9.5.4 Signal processing for pulsed-arc welding

The experiment was conducted as shown in Fig. 9.45a. The current wave-
form that was recorded is shown in Fig. 9.56. The scanning speed was 20Hz,
the current was 180A, the arc voltage was 28V, the rotation diameter was
2mm, and the groove angle was 90°.

It is known from Section 9.4 that for pulsed-arc welding, morphological
filtering can improve the current waveform, reduce the effect of frequency-
spectrum mixing, and increase the sensitivity of the system. Figure 9.58
shows the phase-angle change obtained directly from the sampled data and
after its filtering. This shows that the filtering not only increased the mag-
nitude of the characteristic harmonic but also eliminated the influence of
frequency-spectrum mixing. Good results can be obtained using the char-
acteristic harmonic detection method: see Fig. 9.59. Because pulsed-arc
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welding is conducted in an argon-rich gas with a long arc length, the molten
pool has less effect on the detection, which can be seen by comparing the
phase-angle changes in Figures 9.57 and 9.58.

For comparison, results obtained by signal processing without morpho-
logical filtering are shown in Fig. 9.60. Figure 9.60a shows the results
obtained by orthogonalisation of the characteristic harmonic, and Fig. 9.60b
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was obtained from the integral difference of the first-order harmonic. Both
cases give inferior results compared to those of signal processing with fil-
tering and are not acceptable.

All of these results demonstrated that morphological filtering is effective
for signal processing of pulsed-arc welding and can be applied in practice.

9.5.5 Summary

From the results described in this section (9.5), the following conclusions
may be drawn:

• The effect of the molten pool on the sensing system is inherent in the
scanning process. It is impossible to eliminate this effect by filtering.The
orthogonalisation introduced in the text is an effective way to solve this
problem.

• Experiments proved that the characteristic-harmonic detection method
can be used for all kinds of grooves. It has good sensitivity for CO2

welding, independent of the dynamic properties of the power source and
is simple to perform.

• Experiments proved that morphological filtering was effective for signal
processing during pulsed-arc welding.
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10
An automatic seam-tracking 
machine with an arc sensor

10.1 Introduction

After several years of study, significant progress has been made in the devel-
opment of an arc sensor. The volume and weight of the sensor have been
greatly reduced and the ability of the sensor to recognise the arc position
has been improved. This has enabled two types of automatic seam-tracking
machines to be developed by the author, Liao, Liu, and Wu.[379] The first
type of machine was constructed using the concept of a conventional arc-
welding tractor. Cross-slides were mounted for guiding the torch up and
down, and left and right. Because the design was simple, it could be used
as the basis for designing a new type of automatic arc-welding machine or
it could be used for modifying an existing automated arc-welding machine.
The second type was designed to be a new type of automatic arc-welding
machine without rails. It has two axes of freedom in the moving plane;
therefore it can follow long and curved seams, even on upward or down-
ward inclined planes. Three design features were problematic. The first was
providing a suitable sensor, the second was designing a flexible travel mech-
anism, and the third was the control method. In this Chapter, the design
developed by the author that overcame these difficulties is introduced.

10.2 Conventional automatic 
seam-tracking machine[251,260]

10.2.1 Configuration of a closed-loop control system

Figure 10.1 shows the schematic diagram of the system. It consists of three
parts, namely, the arc sensor, a regulation mechanism, and a controller.

10.2.1.1 Arc sensor

The sensor consists of a rotating welding torch, an encoder for detecting
the angle of rotation, its control circuit, and a driving mechanism. The fre-
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quency and diameter of rotation of the arc can be regulated. The angular
position of the arc is detected by the sensor used for signal processing. The
arc sensor, power source, and wire feeder as a whole perform the sensing.

The arc sensor for the rotating arc is shown in Figures 10.2 and 7.26. A
torque motor, made using a permanent magnet, is a special feature that was
used for driving the torch that can satisfy the requirements for rotational
speed and torque with low power-consumption. The design also was suit-
able for making a hollow shaft so that a compact and simple torch could be
constructed. The torch was tightly sealed for reliable operation in the
welding environment. It could be applied directly in production.

The design parameters of the arc sensor were as follows. The outside
diameter was 62mm, the length was 200mm, the torque output was 254mm,
the arc-rotation diameter was 0–7mm, the voltage was 27V, and the rota-
tional speed was 0–30Hz.
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The rotational speed was not the only parameter that was considered; the
diameter of rotation should be considered also on the basis of technologi-
cal requirements and groove type. This diameter can be regulated by an
eccentric mechanism, as shown in Fig. 10.3, in which a ball bearing is
inserted into a sliding sleeve, which can be moved horizontally and fixed by
a screw. In this way the phase angle of the arc is not changed when the
diameter is adjusted. The mechanism is simple, compact, and easy to adjust.

An optical encoder was used to detect the angular position of the arc and
provide closed-loop control of the rotational speed. Because the charac-
teristics of the optical device were inadequate at high frequency, a dif-
ferentiation element was used to enhance the gain and a low band-pass
filter was used to eliminate high-frequency interference. The pulse signal
obtained is transmitted along one path to a computer and along another
path to the motor circuit via an f/v converter (PWM) and an amplifier for
closed-loop control of the motor. The principle of the electric circuit is
shown in Fig. 10.4.

The rotational frequency of the torch fs can be obtained from the pulse
frequency of the angular position fd. On the basis of this, a closed-loop
system for control of speed using a variable PWM was designed, which
showed satisfactory control characteristics. The electrical diagram and
waveform of this are shown in Fig. 10.5.

The PWM control system greatly simplifies the hardware and has good
control ability. It is robust, and the rotational speed is stable and capable
of regulation. The starting characteristics are fast. The circuit operates well
in the frequency range of 2–30Hz.
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10.2.1.2 Actuator

The actuator consisted of a DC servomotor and a cross-slide, made using a
guide screw and nut, which moved the torch up and down, and left and right.
The rotating-arc sensor, the cross slide and the tractor made up the com-
plete seam-tracking system.

The actuator is an element of the closed-loop control system. Therefore
the requirement for its drive system was not rigorous. An open-loop circuit
was used for its drive mechanism. There were two windings in the arma-
ture.The motor direction was changed by changing the winding. Figure 10.6
shows the appearance of the tracking machine.

The travel distance of the moving nut depends on s = v ◊ t, where v is the
motor’s speed, and t the running time of the motor. Therefore, either v or t
can be used to control the moving nut. In the present design, the running
duration and direction of rotation of the motor were used for control. A
DC-current drive (instead of PWM) system was implemented for simplic-
ity and fast response. The duration was automatically regulated by the
control system.
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10.2.1.3 Seam-tracking control system

The welding current was sampled by a Hall-effect sensor that was com-
pletely isolated from the main power circuit for welding. The measurement
has good linearity, high accuracy, and fast response. The detected current
data were converted by an A/D converter and input to the computer. The
computer sampled the data using an interrupt mechanism according to the
angular position signal of the arc sensor. After proper signal processing,
outputs were given to the actuator for seam tracking.

The core of the control system was a 386 DX40 computer, which per-
formed sampling, processing, and control, as shown in Fig. 10.7. The real-
time interrupt was used for sampling, processing, and data storage. It had
the advantages of high speed, large storage capacity, ease of programming,
and a convenient I/O interface. All of the inputs were isolated by an optical
coupler. Therefore, it had good resistance to interference and could be used
in a shop environment.

The angular-position signal guaranteed evenness of sampling and the
starting-point signal guaranteed the space relationships of the signal data.
The real-time sampling was performed by an interrupt request. DOS was
used as the operating system because some of peripherals allocated by the
interrupt were not working while sampling was proceeding, so they could
be used as the I/O port for sampling the starting pulse and the angular posi-
tion pulse. INTR7 and INTR5 were used for this purpose.

Because the optical coupler takes a certain amount of time for data pro-
cessing, the sampling speed depended on the transfer speed of the optical
isolator (The transmission frequency was about 5kHz). Considering the
time needed for the interrupt and data processing, the transfer speed of 
the optical coupler was not satisfactory. In particular it was hard to use the
query mode. In order to solve this problem, time-sharing and multiple oper-
ations were used as shown in Fig. 10.8.
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When the angular position pulse was received, the computer sampled and
pre-processed the data, including A/D starting, resetting, reading A/D and
converting data. In order to avoid the waiting time for completion of the
A/D conversion, the initial interrupt was used to start and the next inter-
rupt was used to reset and read the data. The duration between the two
interrupts was sufficient for A/D conversion and establishment of a data file
for the photoelectric device. With the demand on the computer speed
reduced, there was no waiting for a query and more time was available for
the sensor’s signal processing and real-time control.

The output circuit is shown in Fig. 10.9. In order to simplify the hardware,
the outputs were digital (8 bit). They were sent to an MC4516 decoder and
555 timer, via a latch and optical coupler. The current duration and direc-
tion were input to the servomotor. The logic-control circuit controlled the
direction of the motor but there also was manual control, which was a 
priority.

The schematic diagram of the closed-loop control seam-tracking system
is shown in Fig. 10.10. The input to the system was the groove position and
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the output was the torch position. When there was a deviation between the
torch and groove position, e, the control system would produce an output
current with a certain duration and direction to move the torch in the direc-
tion to decrease the deviation e.[380]

The features of the system were as follows:

• A high rotational speed of the arc that increased the sensitivity of the
sensor.

• The characteristic harmonic-vector method that increased the accuracy
of detection.

• A 386 computer-based control system that had a large memory, high
operation speed, and real-time interrupt handling, and which could
effectively process and operate the signals.

The system met all of the requirements for seam tracking and the hard-
ware was simple. Moreover the I/O interface was available and convenient
for other uses.

10.2.2 Control method

It is known from the experiments described in Chapter 9 that the signal
generated by the sensor is linear. Therefore according to the control rule,
Dt = ke*, Dt was used for PID control of the system. Considering interfer-
ence, which may come from the droplet transfer, gaps in the mechanical
parts of the actuator, etc., the control rule shown in Fig. 10.11 was applied.
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It can be seen that there was a dead zone of 0.2mm. When the detected
deviation was between ±0.2mm, the torch was considered to be on the cen-
treline of the groove; no output was sent to the actuator.

Control of the vertical position of the torch was simpler.The torch height
is proportional to the current under a given arc voltage and wire-feed
rate,[244] which can be written as H = kI + b, where k and b are constants,
k < 0.

The torch-height variation can be obtained from the average current vari-
ation and thus be controlled.

Because the detected deviation data can be obtained only once after each
oscillation of the torch, the duration between two output signals depended
on the rotational speed of the torch. Fortunately, the travel speed during
welding was low. Experiments proved that an output frequency of about
3~5 times per second was enough for seam tracking.

10.2.3 Software design

The schematic diagram of the signal-processing circuit is shown in 
Fig. 10.12. The main task of the circuit was to take the angular-position
signal, sample the current signal, judge the short-circuit current, filter the
signal, obtain the deviation signal, and deliver an output-control signal. All
of these processes including sampling, processing, and output were per-
formed using a personal computer.

The flow chart of the control system is shown in Fig. 10.13. The initial
program performed the following tasks.

• Allocation of data and main variables in memory.
• Setting up a data file.
• Setting up control ports, interrupt vector, and protection system.
• Setting up characteristic values and control data.

The initial program for starting the angular-position pulse was
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• Setting up the data pointer and main variables.
• Enabling the interrupt for sampling.

This guaranteed the location of the memory for the data and the integrity
of sampled data for each rotation.

The software provided digital filtering, analysis of harmonic vectors, data
display, operation of data files, real-time data sampling, and processing and
transmission of output control signals, etc.

368 Arc welding control

Initialisation

Set up interrupt and vector

Interrupt enable

Read data

Signal, processing

Output, display, control

Reading state tap

Interrupt?

Operating stop?

Hard interrupt disable 

Storage to data file

Restore DOS to control stat

End

e

Set up pointer for variables and data

Interrupt for sampling enable

EOI command

Return

Interrupt program for sampling

A/D reset 

Read data and preprocessing

Return

Start A/D and EOI command

No

Start
Interrupt program by starting pulse

10.13 Flow chart of the control system

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



10.2.4 Experimental results

A zigzag three-dimensional groove, shown in Fig. 10.14, was used for exper-
iments with CO2 welding. The angle a was 25°. Both the horizontal and 
vertical angles of the weld path were 18°. Figure 10.15 shows the output of
the control system for tracking the seam. Figure 10.16 is a photograph of
the weld, which demonstrated good control characteristics. The welding
parameters were: plate thickness d = 2.0mm, welding current I = 120A,
arc voltage U = 19.5V, and welding speed V = 550mm/min.

Figure 10.17 is a schematic drawing of a sheet butt joint. Figure 10.18 is
the weld that was obtained. Lap joints also were welded using sheet thick-
nesses of 2.0 + 2.0mm and 1.5 + 1.5mm (Fig. 10.19). The results demon-
strated good control.The bead obtained was wide with good formation (see
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Fig. 10.20). In the picture there is a triangle indicating the location of the
tack weld, which means that satisfactory seam tracking could be obtained
without failure even across the tack weld. Figure 10.21 shows the phase
angle of the characteristic harmonic vector. In the first half of the weld, the
torch was closer to one edge of the seam and in the second half of the weld,
the torch was farther away from the edge of seam, so the phase angles had
opposite signs. It can be observed that the phase angle changed significantly
due to the presence of the tack weld.
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10.2.5 Practical application

10.2.5.1 Introduction to a product

A gas storage vessel, shown in Fig. 10.22, was manufactured by an auto-
mobile company. Two heads were welded to the body using lap joints and
automatic CO2 welding. The torch was stationary and the workpiece
rotated. The geometrical variations of the assembly were as follows. Out-
of-roundness was £10mm, plate thickness was 2–2.5mm, the groove devia-
tion was d = 6–8mm, the error of the vessel’s body edge was £3mm, and
the gap between the head and the vessel body was £2mm.The requirements
of the weld were good appearance, a bead width >5mm, no undercut, and
100% qualification by leak testing to an internal pressure of 0.8MPa.

There was inevitable error in the assembly and fixturing of the workpiece.
The turntable may shift the workpiece to the right or the left due to its own
inaccuracy. Therefore, the application of automatic seam tracking was 
significant. In the present production line, the torch position was adjusted
manually using visual judgment. The labour intensity was high and the
welding speed was limited to 600~700mm/min. The quality of the welds
could not be guaranteed and the amount of repair work to salvage rejected
vessels was significant.

Up to the present, no report could be found in the literature worldwide
regarding automatic seam tracking of such a product.The difficulties to that
must be surmounted are as follows:

• Conventional sensing systems do not work well under conditions of high
temperature, high-intensity light, high current, and welding fume that is
generated.

• Interference and spatter are more prominent in CO2 welding.
• Due to the small diameter of the vessel, an attached type of sensor could

not be used readily, particularly for high-speed welding.
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• Because the sheet was thin, it was hard to detect the groove-shape 
variation.

• The small working space required a compact sensor and torch.
• Two-directional seam tracking was required.

The welding parameters used in present experiments were a wire 
diameter of f1.6mm, an arc current of 180~250A, and an arc voltage of
20~25V.

10.2.5.2 Description of the design

An arc sensor was chosen for this application. Because the sensor and the
welding arc were combined, there was no additional attachment. Its resis-
tance to heat, light interference, etc. was high. High welding current could
be used for high welding speed and thus ensure high efficiency. A special
design was made by Tsinghua University; the schematic diagram is shown
in Fig. 10.23.

10.2.5.3 Configuration of the system

(i) Control system. A single-board computer (Intel 8089) was chosen as
the core of the control system; it performed sampling, data processing and
output control-signal transmission. Compared to other types of single board
computers, the 8089 had the following advantages.

• 10 bits for the A/D converter and 22 ms speed.
• Multi-pass high-speed input (HSI) and high-speed output (HSO). The

input signal’s variation could be recorded and the output port’s level
could be changed in real time without the intervention of the CPU.

• Multiplication and division commands at 16 bits, speed 6 ms.
• The master-clock frequency was 12MHz, a high speed of data pro-

cessing. An STD bus and modular construction were used for the 
computer.
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(ii) Arc sensor. The construction of the sensor was described in 
Section 10.2.

(iii) Measurement of arc current. Because there was an A/D converter
inside the 8089, it was simpler. The current was measured by a Hall device
and input into the computer via an optical coupler.

(iv) Actuator. A cross-slide was used for automatic adjustment of the
torch. Because fume was generated by the arc, the mechanism was sealed:
see Fig. 10.24.

(v) Manual control. Manual control is incorporated into the design. All
of the switches were mounted on the control box as shown in Fig. 10.24.
The schematic diagram is shown in Fig. 10.25.

In addition to the parts mentioned above, there was the welding power
source, wire feeder, and tractor, which are the basic components for CO2

welding.
The machine showed good performance in practice.

10.3 Crawling type of tractor[245]

For welding long seams in the field, conventional welding tractors are dif-
ficult to use, particularly for curved seams or seams that have up and down
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slopes. Developing a crawling type of welding tractor is an important area
of welding automation for the future.[349] To realise this goal is difficult
because the sensor, tractor and control system are complicated. The sensor
has been described in detail in the previous three chapters. Therefore only
the tractor and control system are discussed in this chapter.

10.3.1 Structure of the tractor

According to the aims of the design, the tractor should be able to travel up
and down on an inclined surface. It should be able to follow the seam
whether the seam is curved or turns abruptly, using the signal from the arc
sensor while the speed of the welding torch is kept constant (see Fig. 10.26).
Moreover, the attitude of the torch should be changed according to the
position of the torch. In the present design, the attitude in the left and right
direction was adjusted manually and the attitude toward the front and rear
was adjusted by a motor that was controlled manually. In addition, the
tractor should support itself on an inclined surface to overcome its own
weight.

10.3.1.1 Structure of the tractor and the motion analysis

According to the requirements given previously, the following choices can
be considered:

(i) Automobile construction: see Fig. 10.27a.The front wheels are manip-
ulated by a multi-rod mechanism so that their axes intersect the axis
of two rear wheels. The intersection point is the instantaneous centre
of movement. The rotational speed of two rear wheels is adjusted by
a differential gear mechanism so that the tractor turns around the
centre. The direction and speed can be adjusted independently. The
shortcomings are that it is a complicated mechanism and has only a
limited turning radius.
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(ii) Tricycle construction as shown in Fig. 10.27b. A single front wheel
controls the direction. One of the rear wheels is driven and the instan-
taneous centre of turning is the intersection of the axis of the front
wheel and the rear wheel. Both the direction and speed are control-
lable but there is a dead zone; it is impossible to turn the car near the
rear wheel. The problem can be overcome by driving from the front
wheel.The mechanism is complicated because the driving mechanism
and direction control mechanism are on one wheel.

(iii) Two-wheel drive construction: see Fig. 10.27c. Two front or rear
wheels are driven separately; two other wheels are universal. From
kinematics, if two wheels are moving in the same direction, then the
instantaneous centre is on the line (or extended line) connecting the
centre of these two wheels. Changing the speed of the two wheels can
change the travel speed and direction of the carriage. This kind of
mechanism is simple, there is no dead zone of the movement, and the
carriage can turn around any arbitrary instantaneous centre on the
axis line between the two wheels. The driving circuit and control are
the same for both wheels.

As described above, the two-wheel drive mechanism is effective and very
simple in construction and control, but the movement of the carriage on
the plate is by reaction to a frictional force.Therefore, the accuracy of move-
ment control is poor. In order to improve the precision of torch-movement
control, a cross-slide was designed and mounted on the carriage to hold the
torch so that control of the torch movement was based on the slide together
with the carriage movement.

In the design of the mechanism, there were two motors for driving each
of the two wheels, two motors for driving the cross-slides, one motor for
adjusting the altitude of the torch in the front and rear direction, and one
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motor for the arc sensor. Altogether there were six motors for five axes of
freedom. To work on an inclined surface, permanent magnets were used for
the wheel. Rubber wheels, which could be used when magnetic wheels are
not needed, were also available.

The schematic diagram of the tractor’s construction is shown in Fig. 10.28.
The distance between the two wheels is 2c, the torch-to-car centreline dis-
tance is d, and the torch-to-wheel axis distance is a. The movement of the
car can be analysed as follows:

To perform a qualified welding process, the machine is required to follow
the seam automatically on the one hand and keep the welding velocity 
constant on the other hand. Assuming that the effect of cross-slide 
regulation for the torch movement is small and can be neglected, then for
a given welding speed VT, the velocity of the two wheels while the tractor
is turning around the center 0 can be calculated from the following 
equations.

[10.1]

where g is the angle between the travel direction of the torch and the
tractor’s longitudinal axis. It can be seen that in the case where a = 0, it is
impossible to have g π 0. This means if the torch is on the axis of the wheel,
its velocity direction cannot be changed abruptly. Its trajectory is a curve
of a continuous tangent line, i.e. it is impossible to follow a sharply turning
seam. If a > 0 or if the torch is in front of the wheels, it is possible for the
tractor to follow a sharply turning groove line. If a < 0, or the torch is behind
the wheel, the direction of torch movement will deviate from the groove
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line when the tractor is turning. Therefore, it is preferable to set the torch
in front of the wheel axis.

The distance d was determined by the construction of the tractor and
preferably is small; d = 455mm was taken for the nut on the center of the
slide and the attitude of torch f was inclined to the right at 45°. The dis-
tance 2c was determined by the requirement for stability and the magnetic
force needed for the tractor. In the present design, 2c = 222mm. Figure 10.29
shows the outside view of the tractor.

10.3.1.2 Description of the driving mechanism

The normal welding speed is 0.2~0.6m/min, so 1.2m/min was taken as the
upper limit of the tractor speed. According to the kinematics principles for
two-wheel drive systems, the wheel velocity is much higher than the welding
velocity when the instantaneous centre of turning is very near to the tractor.
It can be derived (see Fig. 10.29 and Eq. [10.1]) as the following equations:

where A1 and A2 are the maximum ratios of wheel velocities (left and right)
to the welding speed;

where l1 = d - c, l2 = d + c. When a = 100, 2c = 220, d = 436mm, the ratio 
of the right-wheel velocity to the welding speed can reach A2 = 5.6 when
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the turning angle (to the left) r = 72.90 or rA = 31mm. If a is changed to 
50mm and the other parameters remain unchanged, the ratio A2 reaches a
maximum value of 11.0 when r = 81.4°. Obviously a has great influence on
the ratio. Smaller values of d are preferable but is the values are restricted
by the tractor’s construction. Therefore, it is appropriate to use a larger
value of a.

The wheels were driven by a motor that provided a maximum rotational
speed of 30r/min and a velocity of 7.5m/min for a wheel diameter of 
80mm. A suitable reduction gearbox was used for the driving wheel. The
power of the motor was about 40W.

The possible choices for the motors are DC servo motors, DC torque
motors, step motors and AC servo motors. Although the last two types of
motors introduce complications, they are suitable for light loads and a wide
range of velocities. DC torque motors have lower speed but they have a
large diameter, which increases the height of the tractor, which makes it
inconvenient to travel on a vertical surface. DC servomotors were chosen
for the present design. A closed-loop control circuit was used for the speed
control, which increases accuracy and the response characteristics of the
tractor.

The 70SZ54 motor specification includes ne = 3000r/min and 
M = 1.7N◊cm.

The reduction mechanism had a velocity ratio = 90, one pair of reduction
gears, and a pair of worm gears.

10.3.1.3 Closed-loop control circuit

It can be seen that the velocity of the wheels is an important parameter for
the tractor. In order to obtain accurate control of the tractor, an optical
velocity measuring system and a closed-loop control system were incorpo-
rated. The velocity is stable even at low speed. The system consisted of the
following parts:

• Velocity set value. The output of the computer is the set value for the
velocity after D/A conversion. The tractor also can be controlled man-
ually. There are four modes of movement, namely, (i) travelling along a
straight line; (ii) turning around the centrepoint of the axis between the
two wheels; (iii) turning around any point on the axis of the two wheels;
and (iv) moving according to the set value of the computer.

The set value was -5V to +5V for speeds between -7m/min and 
+7m/min.

The control circuit is shown in Fig. 10.30a. VW is the set value for the
welding speed. Vgl and Vgr are the signals that control the speed of the
left and right wheel, respectively. S1 and S2 are the control signals for
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selecting the mode of movement; they change Vgb and Vgr (the set value
for left and right wheel speeds) via an electronic switch and network.
B1 and B2 represent primary coils of pulse transformers, both lower ends
are connected to the ground. When the first channel is connected, Vgb

and Vgr are equal to Vw and the tractor moves forward along a straight
line. When the second channel is connected, Vgl = Vw/k, Vgr = -Vw/k, the
tractor turns around the centre M (see Fig. 10.28), where 

which is preset for keeping the welding speed Vw constant. When the
third channel is connected, the tractor turns around a centre depending
on the set value RA. When the fourth channel is connected, the velocity
of the wheels depends on the commands of the computer.

• Velocity measurement. There were two choices for measuring velocity,
namely, a tachometer and an encoder. In the present design, a low-cost,
lightweight encoder was chosen. The device is similar to the arc sensor
but the motor can turn in either direction. Therefore, the detecting
pulses should be able to be sensed in some way. Two pairs of optical 
couplers were installed in the motor with a phase-angle difference of
90°. The direction of rotation can be detected by the phase angle. In the
present design, trigger D was used for judging the direction of rotation.

The optical encoder was made of a disc with teeth and mounted
directly on the motor to obtain greater accuracy. There were 72 teeth

k
a d

=
+2 2

,

380 Arc welding control

FLOP

–1

–1

–1

C

a)
b)

From  computer FLIP
D

c)

–1

L
ocker

Monostable
trigger circuit

Monostable
trigger circuit

+

–

Vw
Vg�

Vgr

Vg

Vf

RA

S1
S2

F/V Vf

P
W
M

P
W
M

ENABLE
EN

10 KHz

EN

a

B1

B1

B2

B2

T1 T2

T3T4a b

u

d)

10.30 Wheel-velocity regulation circuit

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



on the disc, which can satisfy the design requirement even at low speeds.
For example, if the wheel velocity is 168mm/min, (a rotational speed of
60r/min, or 1 turn/s) 72 signals can be obtained per second. Increasing
the number of teeth is obviously good for accuracy but manufacturing
the disc is more difficult.

The pulse frequency was converted into an analogue signal by an F/V
device. Taking the pulse series of either phase and connecting with the
F/V circuit, the rotational speed can be obtained.To recognise the direc-
tion of rotation, the output pulses of the two phases were connected
respectively to the data input (D) and the clock input of a D-type flip-
flop (see Fig. 10.30b). The D flip-flop was triggered by the leading edge
of the pulse and its output Q was taken for control. If the signal at D
was leading the signal at the clock, the output was logic 1; in the reverse
case the output was logic 0. This output controlled the electronic switch
Vf, so that the positive or negative value of F/V was connected to the
motor’s closed-loop control circuit.

• Reversible driving circuit (Fig. 10.30c).When the turning radius is small,
reverse rotation of the motor is necessary. It was produced by reversing
the voltage polarity across the armature. A full-bridge circuit with a
MOSFET device was designed for this purpose. The MOSFET worked
in the switching mode and the PWM was used for power regulation. A
pulse transformer was used to isolate the control circuit with power ele-
ments. The parameters of the MOSFET were 9A, 450V. The working
frequency of the MOSFET was 10kHz and the voltage across it was 
48V at 2A.

• PWM and interlock circuit (Fig. 10.30d). This circuit performs subtrac-
tion of the set value from the feedback velocity signal, and amplifies and
transforms it to the pulse width. When Vg - Vf was positive, the upper
PWM operated and output a pulse making the motor rotate in the pos-
itive direction. When Vg - Vf was negative, the opposite was the case. T1

and T3 were conducting when the motor was driven in the positive direc-
tion. Because T1 was in the switching mode, T3 was required to switch
on during the entire duration of the cycle to ensure continuous current
flow. A monostable trigger circuit was used for control. T1 was driven by
the PWM signal from the pulse generator B2. T3 was driven directly by
the corresponding PWM signal. The duty cycle was nearly 100% so that
T3 continued conducting at any time when T1 was triggered. To prevent
simultaneous conducting of T1 and T4 or T2 and T3, an interlock circuit
was designed. The PWM signal of one path was allowed to input only
when the PWM signal of another path reached a low level and after a
certain delay. This means that once there was a driven signal on T1 or
T2, the monostable trigger circuit was prohibited from inputting to the
MOSFET on the same bridge arm.
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Experimental results demonstrated good reliability. The circuit could
adapt to a wide range of load and was stable at low speed. The velocity
range was 90~2700r/min. The MOSFET worked without a heat sink.

In order to obtain perfect symmetry of both the left- and right-wheel
control circuits, debugging was necessary. In the case of closed-loop control,
however, the requirement for symmetry is not rigorous. To ensure the accu-
racy of travel along a straight line, a circuit was specially designed on the
basis of the signal VfL - VfR.

10.3.1.4 The magnetic force

One important aim of the design was to enable the tractor to travel on
inclined or vertical surfaces. Therefore, it needed to have a normal force to
the work-piece from the tractor. A magnetic wheel was designed for this
purpose.

Suppose that the tractor is travelling on an inclined surface, as shown in
Fig. 10.31. The condition for not slipping is

where f is the friction coefficient, G is the tractor’s weight, and N1 and N2

are the reaction forces of the inclined surface to the tractor.

Because

where Fm is the magnetic force of the two left or right wheels, the follow-
ing equation can be derived:
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where

The required Fm is given by: (10.3)

According to available data f = 0.1~0.15.We can show that Fm ≥ 5G when
the tractor is in an almost vertical position because

To avoid tipping over, another condition for equilibrium should be consid-
ered: see Fig. 10.31.

At the critical point of tipping over, N1 = 0, therefore

[10.4]

where

The Fm required is

[10.5]

It can be seen that decreasing the height of the center of gravity and
increasing the distance between the two wheels are effective. In the case of
horizontal welding, the distance between the two wheels is important.

Comparing Equations [10.3] and [10.5], we find that the magnetic force
should be calculated by the principle that sliding should not take place, as
c/e >> f,

Supposing that the tractor weight is G = 10kg, then the magnetic force
should be 100kg, or 25kg per wheel in the case where f = 0.1. The force
should be larger if the speed variation of a wheel on a curved path and
acceleration are considered.

The specification for the electromagnet can be calculated according to a
reference.[282] The results were a 0.56mm wire diameter with 2500 turns, an
outside diameter of the wheel of 84mm, and a pole thickness of 4 mm. The
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actual magnetic force obtained and experimentally measured was 65N,
which was sufficient for a tractor on a 20° inclined surface.

The connection of electrical power to the magnetic wheels is difficult
because the wheels rotate. There is a risk that the tractor may fall down
once the electricity is disconnected. Therefore, it is more reliable to use
high-quality permanent magnets. A larger wheel diameter and a suitable
wheel width are recommended for improved performance.

10.3.1.5 Cross-slide and control circuit

Theoretically the tractor can follow the seam in a horizontal direction but,
due to the large inertia of the tractor, the accuracy of the horizontal track-
ing is poor. Therefore additional horizontal and vertical movement mech-
anisms are necessary for tracking purposes.

There were two choices for the design of the mechanism. The first was
an arm type, shown in Fig. 10.32a. The three rotating pairs r1, r2, and r3 can
control horizontal, vertical and attitude positions by their co-ordinated
movements. However, the control system to accomplish this was compli-
cated. The second choice was a cross-slide mechanism that is shown in 
Fig. 10.32b. The regulation range was smaller than in the former concept
but the horizontal and vertical movements were regulated indepen-
dently of one another. This made the controller simpler. As the tractor
already had two axes of freedom, a large range of regulation by the mech-
anism was not required. Therefore the second choice was selected for the
present design.

The mechanism consisted of DC servomotors, ball screws, and nuts. A
Type DG-12 motor was used for this mechanism. This kind of motor is nor-
mally used for avionics. It was incorporated with a reduction gear and an
internal brake system that can quickly stop the motor. The motor voltage
was 27V, the torque was 15N◊cm, and the speed was 38r/min. The ball
screws had low friction. The range of regulation for both vertical and hor-
izontal movement was ±44mm and the maximum speed was 20mm/s.
Figure 10.33 shows its external appearance.
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Because the servomotor was an element in the closed-loop control
system, there was no necessity to design a complicated control circuit. In
the present design, an open-loop circuit was used. A certain voltage was
applied to the motor and the direction of rotation was changed by revers-
ing the electrical polarity. The motor speed was controlled by the duration
of the current flow.

The motor had two armature windings. The direction of motor rotation
was changed by changing the armature winding. There can be three states:
1 – positive rotation, 2 – stop, and 3 – reverse rotation.There were two input
terminals. For safety there was an interlock circuit so that only one of 
the windings could be connected to the power. Figure 10.34 shows the
schematic diagram of the circuit.The features of the circuit are (i) the speed
in both directions of rotation could be regulated separately, (ii) the
MOSFET worked in a switching mode at 10kHz, (iii) the signals for
forward and reverse rotation were interlocked so that the motor could not
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conduct current if both signals appeared, and (iv) the manual control 
had priority for the purpose of correcting any incorrect operation of the
closed-loop control system. Experiments demonstrated good system 
characteristics.

In the figure, AUTO, P, and N are signals from the computer; P means
positive and N means reverse. MANU, P, and N are from the manual 
control knob. The interlock, as well as the priority circuit, are made using
logic gate devices. When the manual knob is pushed, the motor rotates in
the direction dictated by the signals that come from the computer. If two
manual knobs are pushed at the same time, the motor will not rotate at all.
PWA is the duty-ratio controllable pulse generator made by the time-base
circuit. The priority circuit enabled and disabled the PWA.

10.3.1.6 Attitude regulation and control circuit

As described above, the left and right attitudes of the torch were not needed
for regulation during welding but the front and rear attitude had to be reg-
ulated when the tractor was on an upward or downward inclined surface.
The following paragraphs describe the front and rear attitude regulation
mechanism and control circuit.

A requirement is that the arc position should not change when the atti-
tude of the torch is regulated. Therefore, an arch rail or a multi-rod 
mechanism could be designed for this purpose. However, both kinds of
mechanisms are complicated so that a pivot at the top of the torch was
designed, which was applicable for small inclination angles of the plate, par-
ticularly when slow rates of regulation were needed. This mechanism was
much simpler because the motor could then be mounted on the pivot.

Supposing that 20° of attitude has to be regulated in 1ms, the speed of
the motor will be

A hysteresis synchronous motor at a speed of 4 r/min was chosen for this
purpose.The motor is small and has high torque.The motor direction is con-
trollable. The angle of regulation is controlled by the duration of current
conduction. No automatic regulation is necessary.

The nominal voltage of the motor was 110V AC. There were two wind-
ings inside the motor; one of the windings was connected to the AC power
line directly and the other was connected to the power line via a capacitor.
The phase difference between the two windings was p/2. The motor direc-
tion is changed by reversing the main winding, i.e. by the phase angle change
between the two windings, which can be leading or lagging.

n = =60
20

360
3 3. r min
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Because an AC power supply was used, the reversal of the direction of
the motor was not as simple as with a DC motor. Figure 10.35 shows the
circuit in which an AC solid-state device was used for the power element.
In the figure, P represents positive rotation and N means reverse rotation
P and N interlocked. Manual regulation was designed according to the 
‘Priority’ principle. Both the horizontal and vertical regulation were similar.
When P was at a high level, N was at a low level. The upper winding of the
transformer was connected to the major winding of the armature. The 
secondary winding of the armature was supplied an AC voltage via a 
capacitor, which shifted its phase angle, and the motor rotated in the posi-
tive direction. When P was at a low level, and N was at a high level, the
lower winding of the transformer was connected to the major winding of
the armature, the phase angle of the current was just opposite to that of the
former situation, but the phase angle of the secondary winding of 
the armature remained the same. Therefore, the motor rotated in the
reverse direction.

10.3.2 Microcomputer control

In the tractor there were two driving motors for the wheels, two cross-slide
motors, and one attitude regulation motor that are controlled. The signal
from the arc sensor was complicated and had to be properly processed to
obtain the deviation data of the arc. Because the control was a multi-
input and multi-output system, only a computer could perform the required
functions.

10.3.2.1 Configuration of computer control system

Because the system is used at industrial production sites, the environment
is often bad. Moreover the arc produces a large amount of interference;
therefore, a robust controller that can resist various kinds of interference
without malfunctioning is required. The function of the controller is mainly
sampling, data processing, and generating output signals for-closed loop
control.There is little exchange of information with the operator; therefore,
a single-board computer was chosen for the controller. This type of com-
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puter is used frequently for industrial intelligent control. A single-board
computer provides input and output interfaces, RAM, and EPROM, in
addition to a CPU. Numerous commands are available. Because all of the
functions can be performed on one IC chip, it is reliable and has strong
resistance to interference. The controller-based single-board computer is
convenient.

At the present time, popular, inexpensive, and high-quality single-board
computes applied in intelligent instruments or industrial control are the
MCS series of the Intel Co. The MCS96 has a larger arithmetic unit, higher
speed, and better control characteristics than available single-board com-
puters, and therefore an 8098 chip from that Intel series was chosen as the
control unit.[283–289] It has the following features:

• 256 registers. Except for some special function registers, all of the other
registers can be used as accumulators and execute commands, while in
conventional CPUs there is only one Acc register that can execute arith-
metic commands such as add, subtract, multiply, and divide.

• A 16-bit bus inside and an 8-bit bus outside. They ensure the accuracy
of arithmetic operation on the one hand and a convenient I/O interface
on the other hand.

• 16 bit multiply and divide commands with 6 ms speed.
• 10 bit conversion for the A/D converter; speed 22 ms.
• Multi-channel high-speed input (HSI) and output (HSO); it can record

the input data variation and transmit output data on time without the
intervention of the CPU.

The clock frequency is 12MHz. Due to the features mentioned above,
the quantity of data transfer during operation is very small; the speed is
high. The high-speed output is very adaptable to PID control.

One of the special features of the industrial computer is its modular con-
struction. There are modules for various functions, e.g. analogue input,
digital input, display control, power switching, and output. The socket con-
necter for all of the modules is the same, which is convenient for including
a variety of modules. It has the most popular industrial standard STD bus,
which has 56 leads including addresses, data, and control buses. Because it
allows convenient expansion of the system, an 8098, modular single-board
computer with a STD bus was chosen as the controller. System design
involved selecting proper modules according to the requirements of the
control system.

The CPU module included the following circuits and devices: major IC,
address decoding and an allocation circuit, EPROM for programming,
RAM for data, serial and parallel I/O interfaces, an A/D converter, and a
power circuit for setting the reference value.
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The signal in or out of the CPU should be transmitted via buffers. For
industrial purposes, an optical isolator is necessary. There were analogue-
signal input and output modules, and digital-signal input and output
modules.

• The digital-signal input module. The digital-input data included the
control signal from the isolator, and the detected value of the horizon-
tal position of the cross-slide. It also included the ‘nonaddress’ external
interrupt and signals coming from the HSI via isolators.

• The analogue-signal input module.This included the A/D converter.The
analogue signal was isolated outside this module before it entered the
module. The analogue signals were the preset value of the welding
current, the welding speed, and the wire-feed rate. This module also
accepted the signal from the arc sensor.

• The digital-signal output module. This module included the buffer and
the optical isolator. The signals from this module are mainly the signals
that control the cross-slide and the signal for displaying the state of the
program’s progress. When the HSO was used, only the driving and iso-
lator parts functioned without a buffer.

• The analogue-signal output module. This module included the A/D con-
verter and the optical isolator on the digital side. The signals that were
received were mainly the values of the velocities of the two wheels.

Figure 10.36 shows the circuit diagram of the control system, based on
an 8098 IC and an STD bus.

The microprocessor performed the closed-loop control. Capability of the
I/O interface, reliability and operational speed were the main requirements.
There was no requirement for human–computer interaction. Therefore, no
keyboard or CRT was needed. But in developing the software for the
system, monitoring the execution of the programme and making corrections
were necessary. Therefore, a microcomputer was connected to it. After
debugging, the software was installed in the EPROM. The microprocessor
worked independently.

10.3.2.2 Manual-operation circuit

Although there is little human-computer interaction, starting and stopping
the software and setting values should be input into the controller by
humans. This circuit is used mainly for setting and programming welding
parameters.

The programme circuit initiates and stops the MIG welding process and
the running of software simultaneously. The ‘start’ and ‘stop’ were fed into
the computer by an interrupt so that a corresponding ‘pulse’ would be gen-
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erated. Because the number of Ext interrupt leads was limited, all of the
interrupt input signals were connected to the module via an OR logic circuit
so that the CPU could recognise their functions. Figure 10.37 shows a part
of the schematic circuit diagram.The control circuit for the wire feeder pro-
vided the gas supply in advance of initiating the wire feed.
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The circuit for setting the functions and parameters included a selection
switch for the control programme, the tractor travel mode (straightforward
manual control, and computer control), the welding-speed and wire feed-
rate regulation, the initiation of sampling, and the processing of the cali-
brated interrupt signals.

There were 10 software-programme selections, which were chosen using
a switch having four codes.The different software programmes were for dif-
ferent ways (calibrated methods) to obtain the character quantities. The
identities of these programmes were as follows:

0: Enquiry method for a symmetric groove
1: Same as 0
2: Enquiry method for a lap joint
3: Gradient method for a lap joint
4: Oscillating welding with variable groove width
5: Variable-speed method for variable groove width
6: Judge method using maximum and minimum values
7: Same as 6
8: Teaching mode
9: According to previous parameters

The last two methods were studied in detail.
All of the software selections above had tractor-turning control. In cases

when the tractor turning control was not needed, the travel control switch
could be turned to ‘open’ so that the computer would not control the tractor
speed.

Software selection No.8, the teaching mode, was obtained by sampling
and processing data while the welding was stable with an arc on the groove
centreline. The operation was started manually, i.e. a push knob produced
an external interrupt, which was called a ‘start learn’.

10.3.2.3 Circuit for the analogue input signal

As described in previous sections, there was a high-speed A/D converter
inside the microprocessor but there was no isolator in it. Therefore, the
signal had to be isolated before it was fed into the computer in order 
to avoid a direct power connection between the welding loop and the
microprocessor.

The main requirement for signal isolation was linearity and stability. In
computers used for industrial control, isolation normally is on the digital
side. There was no problem with linearity and little influence of tempera-
ture and other kinds of interference.
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For analogue-signal isolation, a transformer or an optical coupler nor-
mally is used. However, a conventional transformer obviously is not adapt-
able for a low-frequency signal. In order to use a transformer, the
low-frequency signal is converted into a high-frequency signal before it is
fed into the transformer; then it is converted back to low frequency after
leaving the transformer. Transformers are not applicable for very high fre-
quency signals as well because they contain a magnetic core. In the present
design, an optical coupler was used. The problem with using an optical
coupler is its small range of linearity (see Fig. 10.38) and sensitivity to tem-
perature.A special circuit was designed for overcoming these two problems.
Two similar optical couplers were sealed into a single unit. A circuit based
on feedback-control theory was designed as shown in Fig. 10.39.

The principle of the circuit can be described as follows. Supposing that
the output and input relation of the coupler is Va = f(Vi), then, for the second
coupler, Vb = f(V01).

For operational amplifier A2, one can obtain

Because K is very large and V01 is a finite value, Va = Vb, i.e. f(Vi) = f(V01).
Because resistor Rb provides a bias potential, f(Vi) provides a monotoni-

cally increasing function in the range Vi > 0, thus

Obviously, the ratio of signal transfer is 1 : 1. Figure 10.39b shows the mea-
sured results, which demonstrate good linearity in the range Vi Œ [0, 12V].

According to the arc sensor’s working principle, the average welding
current is needed for torch-height control and the instantaneous current
change is needed for horizontal-position control. The two signals are

V01 Average welding current
V02 Instantaneous current

The magnitudes of both signals were designed to be 0~5V so they could
adapt to the reference signal from the A/D converter.

V Vi = 01

V V V Ka b01 = -( ) ◊
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For a stable welding current, V02 = 2.5V DC.
The resistor for sampling the welding current was 4mW, which was ampli-

fied by the operational amplifier A1 with a gain of 3. Therefore, the ampli-
fication coefficient was

[10.6]

After 10 bit A/D transform (the reference is 5V), the amplification coef-
ficient becomes

The gain of amplifier A3 was 5; the amplification coefficient for the instan-
taneous current was

The overall amplification coefficient was

[10.7]

The set value of the welding speed and wire-feed rate were input simply
by their corresponding potential and isolation.

K K KI i A AD1 1 61 5629= ◊ = . I A

K Ki A iA1 5 0 06. .= ◊ = V A

K K K HII iA AD= ◊ = ◊ =0 012 400 2 457. .V A V I A

KiA = =1 2 100 0 012. .V A V A
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10.3.2.4 Allocation of I/O signals

The output and input signals (addresses or leads) were allocated on the
hardware as follows:

Welding current I, ACH4 (Input 4 of the 8098 chip)
Variation part of the welding current I1: ACH5
Set value of the welding speed Vw: ACH6
Set value of the wire-feed rate Vf: ACH7
The start position pulse of the rotating torch P1: HSI.1
The angular position pulse of the rotating torch P2: HSI.0
Selection word of the software and welding condition: 1000 H unit
Welding start, stop, start learn, and interrupt: EXINT
Recognition of the external interrupt, slide position: 1002 H unit
Horizontal tracking signal:To the left, HSO.0 acts at high level;To the right,

HSO.1 acts at high level
Vertical tracking signal: Upward, HSO.2; Downward, HSO.3
Front and rear attitude: Towards front, HSO.4; Towards rear, HSO.5
Wheel velocity: left, D/A4; right, D/A5.
Display: 1004 H unit

Among the above signals, the high-speed signals were effective at high
potential levels, i.e. the corresponding motor moved according to the set
direction. An 8-bit D/A was used for wheel velocity, which can satisfy the
industrial requirements. The output magnitude was 0~5V, corresponding to
the range from the maximum reverse rotation speed to the maximum 
positive rotation speed, i.e. -3m/min to +3m/min.

10.3.3 Principle of fuzzy control[290–294]

Fuzzy control is applied in contemporary industrial applications. The objec-
tive of this type of control is to control complicated systems that are diffi-
cult to analyse. In the present study, the multi-freedom welding machine
with an arc sensor included two wheel controls, a cross-slide control, and
signal processing by an arc sensor. All of the elements are complicated and
difficult to describe accurately. Therefore, using fuzzy control was benefi-
cial. The dynamic response and accuracy of fuzzy control are poorer than
those of normal control but its robustness is greater. It is not sensitive to
the control model and parameter changes. Therefore, it has good adapt-
ability and reliability, which are valuable for industrial applications. More-
over, it does not need an accurate definition of the control model and is
easily implemented.
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For the present purpose, the principle of fuzzy control can be described
as follows.The relative position of the tractor with the weld groove is judged
by the position of the nut on the horizontal screw of the cross-slide and the
tendency of the movement of the nut. On the basis of the position signal,
the turning angle of the tractor is controlled. The signals for controlling the
tractor are delivered synchronously with the signal for controlling the nut
on the screw.The welding torch is fixed on the nut and, therefore, the move-
ment of the torch is the combination of the movement of the tractor and
the nut on the cross-slide.

10.3.3.1 Output and input signals of fuzzy control

As described in last section, the control of the tractor was based on the posi-
tion and signals of the motion tendency of the nut on the slide. In turn, the
movement of the nut was based on the signal output from the arc sensor.
Therefore, the integral value of the current on both sides of the arc EH (in
the present design, the integral-difference method was used for signal pro-
cessing of the arc sensor; see Section 7.3.2) and the position of the nut xD

could be used as the inputs.[380] If xD is used as the input, the rate of 
change of xD is difficult to determine because it requires very precise detec-
tion of xD.When EH is used as the input, the change rate of xD can be found
directly by the microprocessor by computation. However, because the
initial position of the nut is not certain, the nut position obtained by com-
putation is not reliable. Therefore, both EH and xD were chosen as inputs.
The value of xD was detected by a more or less rough method that is not
critical for fuzzy representation. In order to eliminate random interference,
EH was processed by an appropriate low-pass filter and was designated 
as EHF.

In fuzzy control the first problem was to transform the input signal into
a fuzzy representation or to define the membership function. For the nut
position, rectangular-shaped membership functions were used for simplic-
ity; the fuzzy set could be obtained by

(i) Binary value method: xD = {L, R}
(ii) Triple value method: xD = {L, Z0, R}

L represents Left, R represents right, Z0 represents middle. Figure
10.40a,b shows the membership function. The widths of the rectangles were
determined on the basis of the mechanical conditions and the experimen-
tal results.

Input EHF was obtained from the arc sensor as a 16-bit signal. It was
more appropriate to use a triangular-shaped membership function. The
fuzzy set can be obtained by
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(i) Triple-value method: xD = {L, Z0, R}
(ii) Five-value method: xD = {LB, LS, Z0, RS, RB}

Figure 10.40c,d shows its membership function. The top point of the tri-
angle means membership grade 1 when EHF is on it. The abscissa of the
figure is determined by the relationship between the groove-line deviation
angle with EHF and determined from the experimental results. From expe-
rience, the corresponding values of EHF for LB, RB and LS were set at the
groove centre-line deviation angles of ±10°, ±5°, and the corresponding
values of EHF were ±600H, ±200H.

A five-value fuzzy set was taken for the output signal Dg

which meant turn to the left greatly, slightly, no turn, turn to the right
slightly, greatly.

Experience demonstrated[10] that the five-value method was simpler and
had satisfactory characteristics.

The triangular shape also was used for its membership function.
The tops of the triangles were ±2°, ±1°, 0°.
These values can be adjusted in practical experiments.

10.3.3.2 Fuzzy rule

The fuzzy rule is, in fact, a simulation of a human’s mode of thinking. For
example, if the nut (torch) is on the left and the groove line is inclined to
the left greatly (EHF is LS), the tractor should be turned to the left greatly

U LB LS Z RS RB= { }, , , ,1
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or the extent of turning right should be reduced, i.e. let Dg be LS. The fuzzy
conditional statements can be written as the following examples:

IF xD is L AND EHF is LB THEN Dg is LB
IF xD is R AND EHF is RB THEN Dg is RB

Using different methods of defining the fuzzy set, there are different fuzzy
rules that can be illustrated, as in Table 10.1. These logic rules, of course,
should be adjusted based on the results of experiments. For example, if
inputs (xD, EHF) are (L, RB), the output can be Z0 or RS. The effect of the
choice can be found only by experiment.

10.3.4 Fuzzy control system

The hardware and software of the control system are discussed in the fol-
lowing paragraphs.

10.3.4.1 Detection of parameters concerned

As described in the sections above, the nut position x is detected by a
sensing device. An electro-optical method was used for this purpose. Two
obstructing plates divide the nut’s travelling range into four parts.Table 10.2
shows the two ways for defining the position. A two-bit signal was used for
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Table 10.1 Fuzzy-control rules

EHF L ZO R
xD

L L L ZO

R ZO R R

a)

EHF L ZO R
xD

L LB LS ZO

ZO LS ZO RS

R ZO RS RB

b)

EHF LB LS ZO RS RB
xD

L LB LB LS ZO RS

ZO LS LS ZO RS RS

R LS ZO RB RB RB

c)
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expressing the position and was fed into the microprocessor via a parallel
interface. Adjusting the length of the obstructing plate regulated the width
of the control range.

Because there can be many random interferences in EH, digital filtering
should be used. The method of filtering can be expressed by the following
equation

[10.8]

The output Dg was executed by the wheel-drive mechanism, which had
closed-loop control. The set value Vg1, VgR was deduced from theory.

10.3.4.2 Fuzzy algorithm

Figure 10.41 shows the schematic diagram of the fuzzy control system. It
consisted of three parts, i.e. fuzzification, fuzzy-relation computation, and
deffuzzification.

There is a variety of algorithms based on fuzzy-control theory:

(i) Maximum–minimum composition.
The first step, on the basis of the defined membership function and

input value of EHF and xD, is to determine the fuzzy set of EHF and
xD. A column vector B can be set up according to its membership
grade in the fuzzy set L, ZO, R for xD.

ai = mx1
(xD); Xi is membership grade xD at L, ZO, R.

For EHF, a five-column vector B can be set up according to its mem-
bership grade in the fuzzy set LB, LS . . . RB.

b1 = mEj(EHF); Ej is the fuzzy membership grade at LB, LS . . . RB.
According to the fuzzy algorithm, the membership grade matrix of

(xD, EHF) to their subset (L, LB), (L, LS). . . . (R, RB) is

EH n EH n EH nF F+( ) = +( ) + -( ) ( ) < £1 1 1 0 1a a a;
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Table 10.2 Coding of the nut position

xD ¥0 ¥1

x L R

a)Binary value b)Triple value

xD 00 01 1¥

X L R ZO

EHF

xD

U
~ u DgFuzzification

matching
Fuzzy relation 

and computation
Defuzzification 

B
~

A
~

K

10.41 Structure of the fuzzy controller

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



[10.9]

C is a 3 ¥ 5 matrix. It can be rewritten as a 15-column vector C¢. Its
elements are the membership grades of the subset in their corre-
sponding positions.

The second step is to write the control rule in matrix form. That is
the membership-grade matrix for input (L, LB), (L, LS). . . . (R, RB)
and output LB, LS . . . RB. The matrix is a 5 ¥ 15 array. According to
the described rule, the element takes 0 or 1; there is only one 1 in
each row.

The third step is to determine the output fuzzy vector.

[10.10]

R and C¢ are operated by composition.The result is a column vector
of 5 rows, which represents the membership grade of Dg in its subset.

The fourth step is to determine an accurate value of Dg on the basis
of U and the membership function of Dg. Supposing that Dg is in the
universe of discourse of m discrete values and D is the membership-
grade matrix of Dg, then the output membership-grade vector F is

[10.11]

The final, accurate value of Dg is the average of the discrete values
using the element F as a weighting coefficient.

When Dg is a continuous membership function, the method can be
illustrated by Fig. 10.42. Suppose that U = (a1, a2, . . . a5)T, where a1 . . . a5

are numbers between [0, 1], then the membership grade of the output
Dg can be expressed by the shadow area.In the same triangle,for a given
Dg,the shadow line takes the value min(ai, mui(Dg)),i.e.find the minimum
value of Dg in D ◊U for a given value of Dg. In a different triangle, it takes
the highest shadow line, i.e. find the maximum value of D ◊U.

The determination of Dg by calculating the cross-hatched area is
reasonable using the centre-of-gravity method, i.e. the value of Dg at

F D U= ◊

U R C u r cij
k

ik k= ◊ ¢ = ¢( )( )
=

; min ,
, . . . ,

Max
1 15

C A B C a b x EHij i j XE D Fij= Ÿ = ( ) = ( ); min , ,m
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10.42 Principle of the centre-of-gravity method
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the location of the centre of gravity. The other way to determine Dg
is to take the point where it has the highest membership grade.

(ii) Modelling method for the fuzzy set.
A fuzzy number replaces the output of the fuzzy subset LB, LS . . .

described above; the highest point of the triangle is taken as the 
centre point for Dg. The algorithm is as follows

The first step is to find out the membership grade of EHF, xD.
Because the triangular-shaped membership function is used, EHF

would not be zero except in two neighbouring subsets. Suppose they
are mE1

(EHF) and mEi+1
(EHF). If a complementary membership func-

tion is used, then

Because a rectangular-shaped membership function is used for xD,
it is not zero but equal to 1 in only one of its subsets.

Linear interpolation is the second step. Under the conditions
described above, it can be simplified into a one-variable linear 
interpolation

[10.12]

mi, mi+1 are the centre-point values of the output fuzzy subset cor-
responding to the input EHF and m(xD) = 1. The principle of the
control method corresponds to the linear transformation of EHF seg-
ments controlled by xD.

The method is easier to implement but the ability to correct the
control rule and the model is limited.

(iii) Graphical method of max–min composition.
Suppose that the membership functions of xD and EHF are 

rectangular- and triangular-shaped, respectively. Any arbitrary xD

would have a non-zero number in one of its fuzzy subsets, and would
be equal to 1 (see Fig. 10.43).

EHF is non-zero in its two neighbouring fuzzy subsets

Therefore (xD, EHF) is non-zero only in two neighbouring fuzzy
subsets of its region of influence.

m mXE D F j XE D F jij ijx EH b x EH b, , ,( ) = ( ) =+ +1 1

m mE F j E F j ij jEH b EH b( ) = ( ) =+ +, 1

mx Di x( ) = 1

Dg = ( )f EHx FD

Dg m m m= + -( ) ◊ ( )+ +i i i E Fu EHi1 1

m mEi F E FEH EHi( ) + ( ) =+1 1
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According to the fuzzy rule, Dg would be non-zero in only two cor-
responding fuzzy subsets, XEij and XEij+1. One XEij is limited to emit-
ting only one Uij; this means that in the rule matrix R, there is only
one element in each row that equals 1; other elements are zero. Thus

The intercepted height of the triangular-shaped membership func-
tion is the membership grade of the corresponding subset of the output.

The most precise solution for the output normally is obtained by
the so-called centre-of-gravity method. The centre-of-gravity method
is shown in Fig. 10.43. Supposing that the membership grade of one
of the output subsets Uij is bj, the membership grade of the subset of
the defined point Dg is determined by the hypotenuse of the triangle
as mr. Then the smaller of the values of bj and mr will be the weight of
the output Dg. Taking the average of the Dg range according to its
weight, the gravity value of Dg will be obtained as the cross-hatched
area shown in the figure.

The arithmetical method for finding the centre of gravity is as
follows:

The weight (cross-hatched area) is

[10.13]

A t b b b b bm m m j j3 1
1
2

2 0 5= ◊ -( ) = ( )+, min , , .

A t b bj j2 1 12= ◊ -( )+ +

A t b bj j1 2= ◊ -( )

A A A A= + -1 2 3 ;

m g m

m g m
U XE D F j

U XE D F j

ij ij

ij ij

x EH b

x EH b

D

D

( ) = ( ) =
( ) = ( ) =

+

+ + +

1

1 1 1

, ;

,

An automatic seam-tracking machine with an arc sensor 401

Ej
Ej+1

mEj

FEH Composition
Fuzzy
rule

1

1

mxE1

mUij

mUij+1mEj+1

A1
A3 A2

Dg1 Dg2

Dg

Gravity centre
judge

~

xi–2
~

~

xi~

xD

10.43 Schematic diagram for the fuzzy algorithm

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



where t is the distance between the highest points of the triangles
The weight moment (area moment) is

[10.14]

The co-ordinate of the centre of gravity is

[10.15]

10.3.4.3 Fuzzy algorithm suitable for microcomputer control

Although all of the algorithms given above can be used for real-time com-
puter control, a tabulation method is advisable for reducing the amount of
operational work to obtain high speed. If the first algorithm is applied, the
input and output are quantified, the solution is found in advance, and the
results are tabulated. This is convenient for real-time control.

In the tabulation method, xD, EHF, and Dg are quantified. Then, a three-
dimensional control table is created using the results of the computation
and stored in the computer ROM using to a specific format. In the control
operation, the inputs xD and EHF are rounded off to the level nearest to
them in the table.

One of the advantages of this method is that it is possible to correct the
table locally, according to the performance of the control system, without
correcting the population plan.

This method simplifies tabulation. Because the ball screw of the cross-
slide tracks position rapidly, high dynamic sensitivity of the tractor control
system is not needed. The levels of xD, EHF, and Dg can be coarser in the
tabulation and the membership function also can be simplified.

Figure 10.44 shows the schematic diagram of the control strategy. The
output Dg depends on the position of the sliding nut (left, middle, and right)
and the arc sensor’s output EHF. EHF is represented by the slope of the line
in the figure. The results for Dg are then LB, LS . . . RB, which can be pre-
cisely quantified. The division of the regions in the figure is determined by

Dg =
S
A

S A A A= ◊ + ◊ - +( )1 1 2 3 1 2 2D D D Dg g g g
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analysis and experiment. The width of the central region of the nut is deter-
mined by the maximum travel range of the slide and an estimation of the
tractor’s turning speed. The control rule should ensure that the nut would
not travel outside of the maximum range.

The slope of the line EHF on the figure is determined by the possible
angle between the groove centreline, and the travel direction and welding
speed. The magnitude of Dg corresponds to the gain of the closed-loop
control system. It greatly affects the static and dynamic characteristics of
the system. The method used for filtering EH also has a strong effect on 
the dynamic properties. The filtering method should be experimentally
debugged.

10.3.4.4 Implementation

As described above, the tabulation method is used for control. Therefore,
the computer reads the input value xD from the slide and the arc sensor’s
input EH (EH is, in fact, obtained inside the computer), filters the EH, and
then chooses the Dg from the table. Based on Dg, it calculates the speed of
the left and right wheels. Floating-point operation is used for accuracy. The
8089 single-board computer has sufficient floating-point capacity. Because
the CPU has 16 bits, its floating-point operation is very fast.

Both slide control and tractor control are time-based, i.e. after several
rotations of the arc sensor, sampling is stopped for one turn during which
period the CPU processes the input and output signals. They are controlled
synchronously and with the same period.

The flow chart for the tractor-control software is shown in Fig. 10.45. This
subprogram can be initiated after the slide control is completed. The signal
EH is filtered according to Eq. [10.8], in which a is determined by its 
interference-suppressing effect and closed-loop dynamic characteristics.

xD represents the position of slide nut. A change of xD will change the
parameters of the tractor’s turning-velocity control (see Section 6.1 of [245]).
However, if the movement range of the nut is small, the change is relatively
small compared to the turning radius. Setting a different range of xD values
in the software does not have much influence on the precision of the
control.

The set value of the welding speed is read by the computer using a 10-
bit word.After calculation of right and left wheel velocity, the data is output
by an 8-bit word via an I/O interface.

For a finer grade of tabulation, a query-table method was used for pro-
gramming. The table is three-dimensional. Transforming this table into a
two-dimensional table was necessary. The principle was as follows. xD was
transformed linearly into digits and used as the high field of the memory
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address, and EHF was transformed into digits and used as the low field of
the memory address. Values of Dg were then stored in the memory.

For a simple control table, comparing, judging and branching methods
are used for programming.

10.3.5 Debugging and experiments

The main parameters that had to be debugged were the period of regula-
tion, the definition of the input membership function, the filtering parame-
ters of EH, and the definition of the output membership function Dg. In
addition, some structural parameters of the tractor were debugged as
required by the experimental results.

As described above, regulation of tractor turning and the nut movement
were simultaneous. The division of xD was limited by the detection method.
The center part of xD was defined as 36mm while the total slide range was
88mm. If the tractor travelled straight and the groove was inclined 5°, the
slide could regulate the torch alone without turning the tractor for a groove
length of 207mm.

Two structural parameters, a and b, were determined using the following
considerations. If a was increased, the transverse speed of the torch during
turning was increased. This meant that the amplification factor of the 
horizontal-tracking control loop should be increased. If a was too small,
then rA was small for the same value of g. The ratios of VL and VR to VW

were larger, i.e. the ratio of wheel velocity to torch travel velocity was larger.
If d was increased, the variation of wheel velocity was increased and its
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required velocity range was larger. If d was too small, then the calculations
of VL and VR were affected more strongly by the resolution of detection of
xD. Finally, the evenness of the torch travel speed was affected. Due to lim-
itations dictated by torch construction, d could not be too small.

On basis of many experiments that were used to investigate g, VW, and
the effect of a and b on VL, and VR, the parameters were selected as follows.

Range of g ±48° a = 100mm d = 455mm
The first group of experiments was carried out under non-welding condi-
tions. The torch travel was observed while the tractor moved straight and
through turns. The second group of experiments was carried out under
welding conditions. The torch travel and bead appearance were observed.
The results were satisfactory using the parameters given above.

While xD was divided into three regions, namely, left, middle, and right,
the detector divided the middle into two additional parts. On the basis 
of debugging experiments, ±9mm and ±26mm were taken the ranges of
subsets. This meant that the sliding nut was in the ‘left’ region if d was at 
d = 455 + 26mm, while the sliding nut was in the “middle-left” region if d
was at 455 + 9mm. The other definition was analogous to this.

According to the simplified control table described in Section 10.3.4.3,
EHF was divided into 5 levels. On the basis of the relationship between EHF

and the inclination angle of the groove, it was defined in advance, as follows:
LB: EHF £ -800H; LS: -800H £ EHF £ -400H
ZO: -400H £ EHF £ 400H; RS: 400H £ EHF £ 800H;
RB: 800H £ EHF

For Dg, it was defined as
LB = +2°; LS = +1°; ZO = 0°; RS = -1°; RB = -2°
Thus, the control table is as shown in Table 10.1c; the only difference was

that the symbols were substituted by data. The main task of debugging was
associated with the number of subsets for EHF, Dg, and the filtering coeffi-
cient a for EHF.

In order to obtain the most suitable parameters, the following experi-
ments were conducted:

• Experiment (i): EHF dividing-point subsets were changed, the sensitiv-
ity of tractor’s turning was observed, and the change of g was recorded.
After many experiments, the division points for the EHF subsets were
obtained as shown in Table 10.3.

• Experiment (ii): The effect of the filtering coefficient a for EHF was
observed. First, a horizontal corner joint was welded using a = 0.5, a
groove line inclined at an angle of 20°, and welding conditions of 240A
and 28V (Open circuit), a welding speed of 240mm/min, and Dg divi-
sions of ±2°, ±1°, 0°. The results are illustrated in Fig. 10.46 in which the
ordinate indicates the turning angle g (expressed by the phase-shift
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code, 8000H corresponds to 0°). The value of g should be zero if the
tractor reaches a stable state and goes along the seam. It can be seen
from the figure that there was some low-frequency oscillation; the high
frequency oscillation was insignificant.

To investigate changing a and letting a = 0, the welding was conducted
under the same conditions as given above. The results are shown in 
Fig. 10.47. It can be seen that g has less low-frequency oscillation but
more high-frequency oscillation. The reason for this probably was the
interference of EH, which had not been filtered.

The results were somewhat better than those using the former con-
ditions. In both cases, the sliding nut was kept in the middle region. The
time required for the tractor to turn to become parallel to the groove
was 30–40s. Therefore it can be concluded the value of a can be taken
between 0.5 and 1.0.

• Experiment (iii): The amplification coefficient was determined. The
amplification coefficient is the proportional ratio used to transform the
fuzzy-signal output into a precise quantity. For a simplified control table,
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Table 10.3 Fuzzy-control table

EHF <-600H -600H -200H 200H >600H
Dg ~ ~ ~

-200H 200H 600H

xD

00 (L) 20 20 10 00 -10

1 ¥ (Z ) 10 10 00 -10 -10

01 (R) 10 00 -10 -20 -20

8000H

8030H

7FE8H

8018H

7FD0H

32816

32792

32768

32744

32720
0          71         142        213     284      t

DIAGRAM OF D: 0091G  X—71/Div  V—24/Div 

γ

10.46 Process of tractor-angle regulation (1)
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it is the magnitude of Dg. In the case in which the values of Dg = ±2°,
±1°, 0° were taken, the results were shown in Fig. 10.47. When the value
of Dg was decreased to one half of the values given above and the
welding experiments were conducted under the same conditions as in
Experiment (ii), the results obtained were as shown in Fig. 10.48. The
ordinate was expressed by the shift code of 2g. It can be seen that in the
latter case, the time for regulation was longer. It took a travel distance
less than 220mm to complete the regulation for the former while in the
latter case, the regulation was far from completed in a travel distance
of 215mm. Therefore, it can be concluded that 0.8–2 times of ±2°, ±1°,
0° can be taken as the value of Dg.

On the basis of these experiments, the final control table shown in Table
10.3 was obtained.
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To observe the effect of the closed-loop control system further, a corner
joint work piece was designed with a large deflection angle of 43°, as shown
in Fig. 10.49a,b. The first section of the groove had a length of 180mm and
was inclined to the right 14.8°.The second section of the groove had a length
of 280mm and was inclined to the left 28.1°. The maximum deviation at the
starting point was 46mm and at the end point was 132mm, which was much
greater than the range of the slide. The weld was satisfactory, as shown in
Fig. 10.49b. Both the seam tracking and bead formation were satisfactory.
Figure 10.49c is the record of variation of g during the regulation process.
The ordinate indicates g, expressed by the shift code 8000H means g = 0.
The abscissa indicates the number of the regulation. The time between two
regulations was 0.2 s. Figure 10.49d shows the EH value detected by the arc
sensor, expressed by the shift code. It can be seen that the negative value
of EH, at abscissa 210, was large. It corresponded to the abrupt turning
point of the groove. The turning angle at this point also quickly increased
to 48°, which was the maximum value of the turning angle set by the design.
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11
Principles of the colorimetric imaging method

11.1 Introduction

Welding is one of the most important manufacturing processes in modern
industry. The requirements for weldment quality have become more rigor-
ous. The only solution to these demands is to apply automation and intel-
ligence techniques.[1–3] The first challenge is met by sensing technology;
for example, detection of the geometric parameters of the work piece ( joint
gap, weld position, work piece temperature, etc.) and detection of quality
parameters (penetration, bead formation, etc.) Among characteristics that
merit sensing, temperature-field measurement is important because the
temperature field and its dynamic process are key elements for ensuring
weld quality. The temperature field determines the microstructure and
mechanical properties, stresses and strains, and possible defects in the 
joint.The temperature field contains a large quantity of information regard-
ing weld quality. Therefore, real-time detection and control of the tem-
perature field is a basic project in the development of welding technology.
In recent years, welding scientists and engineers have performed research
in this field but, due to technical difficulties, practical application of the
results was not possible. It is still a frontier area in welding-technology
research, which needs to be solved urgently. In the following four chapters,
the research work and the results obtained at Tsinghua University are
described.[295,296]

11.1.1 Status of the research

The thermal process is central to the entire fusion-welding process. All of
the physical and chemical reactions in welding are related to the thermal
process. It determines the stress and strain fields and is closely related to
the metallurgical reactions, crystallisation, and other phase transformations.
The accurate measurement of the thermal process is a prerequisite for
understanding and controlling metallurgical events, and strain and stress.
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Welding researchers have attached great importance to research on this
topic and have performed a lot of work. There are two approaches; the first
is temperature-field calculation using heat-transfer theory and the second
is based on temperature-field measurement.

11.1.1.1 Temperature-field calculation based on 
thermal-conduction theory

As early as the 1950s, Rykalin of the Soviet Union systematically studied
the thermal processes in welding on the basis of the work of Rosenthal,
who established the foundation of heat-transfer theory in welding
processes.[297] Rykalin established a mathematical model using differential
equations under certain conditions to describe the thermal field during
fusion welding.

Adams et al.[298] made many measurements using different plate thick-
nesses and welding parameters. Then, on the basis of physical concepts, he
summarised a series of heat-transfer formulae. Although this method was
more accurate than the analytical method, it required a large quantity of
experimental results and its accuracy depended on the measurement
method.

With the development of the computer, the numerical method was an
important advancement. The finite-difference method[299] and the finite-
element method[300] were developed for solving the differential equations
that describe heat transfer.

Generally speaking, the thermal processes in welding are complicated so
that the nonlinear equations that describe them are difficult to formulate.
In most studies, the thermophysical properties of the materials under con-
sideration are assumed constant and the welding arc is considered as a point
heat source. These assumptions are not realistic. Therefore, the results of
mathematical analyses of various welding heat-transfer situations are not
satisfactory. This is the biggest drawback of the mathematical-analysis
method.

11.1.1.2 Welding temperature-field measurement

(i) Thermocouples.[301,302] This is the conventional high-temperature mea-
surement method. Thermocouple measurements are accurate and are
widely used in research; for example, measuring the thermal cycle at
a point. This method is suitable for measuring temperature at a point
but measuring a temperature field is difficult, particularly for welding
processes, because many thermocouples are needed to map tempera-
tures in three dimensions. Attaching thermocouples and measuring
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temperatures are laborious activities. Moreover, too many thermo-
couples change the temperature distribution and, due to high tem-
peratures, measuring the temperature near the arc is not possible.
Therefore, real-time control using thermocouples is not possible.

(ii) Infrared radiation. This is a non-contact measuring method that is su-
perior to thermocouples because contacting the object is not neces-
sary. The temperature field is not altered by the measuring method
and waiting for temperature equilibration between the sensor and the
object is not necessary. In addition, infrared radiation propagates at
the speed of light; the measuring speed depends only on the response
of the measuring instruments.The particular advantage of this method 
is that measuring the temperature field and realising real-time control
are possible. Before describing the status of welding temperature-field
measurement, conventional temperature measurement methods of
the non-contact type,[301,303] i.e. the brightness method, radiation
method, and colorimetric method, are introduced first.
• Brightness method. The brightness method is based on the princi-

ple that the brightness of a body increases with its temperature. A
standard calibrated light source, for example a heated lamp wire,
is placed next to the object image for visual comparison. When the
lamp wire blends with the object image, the body has the same
temperature as the lamp wire, the temperature of which was
known in advance by calibration.

• Radiation method. The radiation method is based on the principle
that the radiation intensity of a body in a certain wavelength band
corresponds to its temperature. Proper calibration also is impor-
tant for this method.

• Colorimetric method. The colorimetric method is based on the
principle that the ratio of the intensities of two different radiation
wavelengths emitted by a body is a function of its temperature. If
the object is an ideal black body or grey body, the method can give
the true temperature of the object.

Up to now, there have been no reports about the application of the
brightness and colorimetric methods for measuring temperature fields in
welding. (The colorimetric method has been used for detecting tempera-
ture at a point or the average temperature of a small area but not for 
temperature-field measurement.) In Section 11.2, a theoretical analysis and
a comparison of the radiation and colorimetric methods will be discussed.
At the present time, most temperature measuring methods for welding are
based on the colorimetric method.[204,304,306–323] Temperatures typically are
measured only at specific points in the field.[204,304,306–311] In most cases, indi-
vidual devices are used for measuring the field[312–323] from which charac-
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teristic data points in the temperature field are used for welding process
control.

A direct measurement of a complete temperature field can be found
in[304], in which an infrared camera was used.The configuration of the system
is shown schematically in Fig. 11.1.

The measurement system consisted of four parts: an infrared camera
(operating at a speed of 1/60s per picture), an A/D image converter, a
microcomputer, and a display. The measurement procedure was as follows.
First, a thermal image was taken by the camera. The target surface was
made of a semi-conductor material. When the radiation from a high-
temperature location was projected onto the target, the resistance at that
point decreased so that the output of the point on the target was at a higher
potential when an electron beam scanned it. In contrast, if the temperature
was low, the radiation intensity was lower, the resistance of the target point
was higher, and thus the output was at a lower potential when an electron
beam scanned the target. In this way, the camera tube generated a con-
tinuous electric-potential waveform that represented the temperature dis-
tribution. The potential waveform was recorded on a camcorder, which
could be used to analyse the temperature at a single point or over an area.

The image information obtained by the camera was fed into a computer
via an A/D converter. After processing, it was sent to a printer that printed
the temperature values at various points of the field or to a drafting instru-
ment that drew the temperature distribution as a colour image.

The calibration of the system was a big problem; two methods were
applied:

(i) Special calibrator. A calibrator was designed as shown in Fig. 11.2.
The calibrator material was the same as the material of the object.
Current was conducted through it while cooling water was passed
through both ends. The calibrator had a varying cross-section so that
a temperature gradient was established when a current passed
through it.The calibrator was placed with the object so that the images
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of the calibrator and the object were taken by the camera simultane-
ously. After computer processing, the temperature distributions of
both pieces were printed or displayed. Because the temperature of the 
calibrator was known, the temperature of the object could be 
obtained. Although this method is simple, its accuracy is low. Also,
because a calibrator must be used for each measurement, this tech-
nique is cumbersome.

(ii) Calibration using a thermocouple monitor. A thermocouple was
mounted at the centre of the joint on the root side, as shown in 
Fig. 11.3, so that it experienced all of the temperatures of the field.The
output of the thermocouple was recorded by an X - Y recorder. The
position of the thermocouple was detected using two techniques. In
the first technique, a small hole was drilled where the thermocouple
was located and a sharp notch was machined in it.The light at the hole
and the notch indicated the location of the thermocouple when an
infrared camera took an image. In the second technique, a pulsed
signal at a specific frequency was fed into a digital display tube and
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one channel of an X - Y recorder. Thus, an oscillating curve was
plotted on the X - Y diagram, see Fig. 11.4. The camera took the tem-
perature image and presented it on the digital display. In this way, the
temperature at a specific point could be measured. Because the ther-
mocouple monitored the entire range of the temperature field, it could
be used to calibrate the grey-scale range of the field.

The method was successfully used for measuring the temperature
field during welding of 18-8 stainless steel. The results were compared
with the data obtained from the mathematical method based on
Rykalin’s theory. Modifications made in recent times to this mathe-
matical analysis of the temperature field during welding were 
incorporated.

In addition, an optical method has been developed for measuring the
temperature field during welding without requiring calibration.[324] A linear
charge-coupled device (CCD) camera was used, in conjunction with an
optical system, to receive the full range of radiation wavelengths from the
root side of the work piece. Assuming that the temperature distribution
obeyed the rules of the theoretical analysis, after the data collected by the
CCD were analysed, the absolute temperatures across the welding field
were presented. In this detection method, the relationship between tem-
perature and radiation intensity was not used. Rather, the relationship
between the transverse distribution of the welding-temperature field and
the thermal radiation law was used. Compared to the former methods, its
advantage was its simplicity. A problem was that because the difference
method was used for data processing, the bit number of the A/D converter
had a significant effect on its accuracy. Moreover, it was based on the
assumption that the temperature distribution obeyed the theoretical heat-
transfer law, which, in fact, did not agree with the actual behaviour.

11.1.2 Problems with the existing methods using 
infrared radiation

For the image taken by an infrared camera to describe the temperature
field, its calibration is critical. Without calibration, the image is only a 
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radiation intensity field but not the temperature field. Calibration is com-
plicated because the grey levels of the image pixels depend on many factors
such as the radiation wavelength, radiation intensity, conditions surround-
ing the detected point, parameters of the atmosphere through which the
radiation travels, materials, distance, and surface condition. Among these,
the wavelength and radiation intensity are related to the temperature while
the other factors are not related to temperature but affect the grey level 
of the pixels.

All these factors make calibration difficult. All non-temperature factors
must be understood or eliminated in order to calibrate the temperature
accurately; this cannot be accomplished using a theoretical mathematical
method.

Recently, the system was calibrated using an engineering method. In this
method, the calibration was performed when non-temperature factors were
either fixed or being converted. However, the problem exists that an instru-
ment that has been calibrated under one set of conditions is not suitable
for use under another set of conditions; recalibration is required.

It can be seen that calibration is the key problem for temperature-field
measurement and should be solved to successfully implement this mea-
surement method.

To overcome this problem, a colorimetric method using a CCD camera
has been developed by the author with his colleagues, He and Su.[305,325] The
special features of this method are as follows:

• Calibration is done using a mathematical method from which the real
temperature field can be obtained without physical calibration.

• Materials, distance, and surface conditions do not affect the results.
• Because an infrared wavelength is used, it has good resistance to arc

light and other interference.
• Information about the entire temperature field can be obtained quickly;

the computer processes the data rapidly.

11.2 Fundamentals of the colorimetric 
imaging method

11.2.1 Electromagnetic wave spectrum

There are three modes of heat transfer, namely conduction, radiation, and
convection. The contact type of temperature measurement is based on con-
duction and the non-contact type on heat radiation. Before going into the
colorimetric imaging method, the theory of infrared radiation is described
as follows:
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Infrared radiation is electromagnetic radiation with a wavelength
between visible light and microwave radiation; its wavelength is between
0.75~1000mm. Its location in the electromagnetic spectrum is shown in 
Fig. 11.5; it is beyond red visible light and is therefore called infrared.

Infrared radiation is similar to visible light. It is electromagnetic radia-
tion, propagates as a transverse wave, propagates at the same velocity in a
vacuum, and exhibits wave-particle dualism. A heated body emits this kind
of radiation. The infrared wavelength band can be divided into four parts,
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namely near infrared (l = 0.77~1.5mm), central infrared (l = 1.5~6mm), far
infrared (l = 6~10 mm), and very far infrared (l = 10~1000mm).

Infrared radiation commonly is called heat radiation; radiation in this
wavelength range that is absorbed by bodies turns into heat.

11.2.2 The law of black-body radiation

11.2.2.1 Physical parameters describing a radiation field

(i) Radiation intensity. If the radiation power (or radiation flux) of a point
radiation source in a small solid angle DW in a certain direction is DF, then
the limit of the ratio of DF to DW is defined as the radiation intensity of the
point radiation source in that direction

[11.1]

From this equation, the total radiation flux over all space is

[11.2]

If the radiation intensity I does not depend on direction, then f = 4pI.
Equation [11.1] shows that radiation intensity is the radiation power of

a point source in a unit solid angle. It is a physical parameter that describes
the spatial distribution of the radiation intensity power in space; it is
expressed as W/sr.

As with most sources, radiation power varies with direction; therefore, to
measure radiation intensity, the detector must be placed opposite to the
direction that the radiation is propagating.

(ii) Radiant exitance. Radiation intensity is a parameter that describes
the radiation power from a point source. For an extended source, the 
radiation power depends on the area of the radiation source, A. Radiant
exitance is a parameter describing the extended source.

[11.3]

It can be seen from this equation that radiant exitance is the radiation
power by the extended source over the surface of a hemisphere; its units
are W/m2.

(iii) Radiance. Generally, the radiation of an extended source is not only
related to the source area but also to the direction of the observation and
the solid angle. Radiance is a parameter for describing this property. The
radiance of an extended source in an arbitrary direction is defined as the
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power over the unit area of observation in a unit solid angle; its units are
W/(m2◊sr).

[11.4]

where q is the angle between the line normal to the radiation surface DA
and the observation direction. DAq is the projected area that is observed 
in the direction q. This area is called the apparent area of the source;
DAq = DAcos q.

(iv) Irradiance. This describes the power distribution on the receiving
surface of a body.

[11.5]

Irradiance is the radiation power received per unit area of the object.
(v) Spectrum radiation parameters. The radiation power implies that

power consists of radiation at all wavelengths. Often, it is important to know
the radiation properties at some arbitrary wavelength; then the symbol of
the radiation property is the same as mentioned above but with a subscript
l, indicating that the properties are at a wavelength of l.

Suppose that the radiation power in the wavelength range l to l + Dl is
Df, then the spectrum radiation power is

[11.6]

where, fl is the monochromatic radiation power at wavelength l; it is a func-
tion of l.

Similarly, one can obtain spectrum radiation intensity

[11.7]
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11.2.2.2 The radiation law for an absolute black body

A black body has the strongest emission power for a given temperature.
An absolute black body is applied as a standard for evaluating emission
power and is widely used for calibration of infrared instruments, ther-
mometers, and for the measurement of radiation characteristics of various
materials.

(i) Planck radiation formula. The experimental data for black-body 
radiation is plotted as shown in Fig. 11.6.

In order to explain the experimental curve for black body radiation,
Planck hypothesised energy quantisation. Planck regarded the radia-
tion of a black-body cavity as the electromagnetic radiation of a
cluster of oscillating dipoles (or simply oscillators). The energy of the
oscillator cannot have any value; for a dipole of oscillating frequency
g, the minimum energy unit is hg. A dipole in a certain state would
have the energy nhg(n = 0, 1, 2, . . .) where h is the Planck constant,
h = 0.6262 ¥ 10-34(J◊s) and hg is called an energy quantum. Planck con-
sidered that the probability that an oscillator will have a certain 

energy level is proportional to where K is the Boltzman

constant, K = 1.3806 ¥ 10-2 WsK-1 and T represents the absolute tem-
perature. On the basis of these two hypotheses, the famous Planck
radiation formula is written as follows.
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where Ml is the spectrum radiant exitance. C1 is the first radiation 
constant.

where C is the velocity of light, = 2.9979 ¥ 108 (m◊s-1)

The Planck hypothesis, which is contrary to classical physics, suc-
cessfully explained radiation phenomena of black bodies. Planck
assumed that the energy of an oscillator cannot be changed continu-
ously but has discrete levels of energy. Classical physics cannot explain
why the energy should have discrete values. Einstein popularised the
quantum theory and pointed out that light also has a corpuscular
property; a photon is a single quantum of energy. When matter emits
or absorbs light, it emits or absorbs only by single-photon increments.
Thus, this theory explains the photoelectric effect, which classical
physics does not. The Planck radiation formula is an important fun-
damental from which many heat radiation laws can be derived.

(ii) Stefan–Boltzmann law. Stefan observed that the total energy of a
black body is proportional to the fourth order of the absolute tem-
perature of the black body. He derived the formulae on the basis of
Maxwell’s theory:

By integrating Eq. [11.11] over all wavelengths, the total power radi-
ated by a black body over a half sphere of space can be obtained as

[11.12]

This is the Stefan–Boltzmann law, where s = 5.670 ¥
10-8(W◊m-2◊K-4), which is called the Stefan–Boltzmann constant.

It can be seen from Fig. 11.6 that the spectrum radiation power for an
absolute black body has a maximum value at a certain wavelength, which
depends on the absolute temperature of the body. The corresponding 
wavelength is designated as lm. The relationship between T and lm is 
given by

[11.13]

This is the Wien displacement law, where b = 2.897 ¥ 10-3(m◊K).
For temperatures normally encountered, the wavelength corresponding

to its maximum radiation power is in the infrared region.
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11.2.3 Grey-body radiation

Most matter generally is not a black body; it has selective absorption char-
acteristics. The absorptivity is large for certain wavelengths of electromag-
netic radiation. In some categories of matter there is no obvious selective
absorptivity; their emissivity is less than 1 but approximately a constant.
This kind of matter is called a grey body.

For a grey body, the radiation law of a black body is applicable but emis-
sivity should be taken into consideration

Thus, the Planck formula becomes

[11.14]

and the Stefan–Boltzmann formula is

[11.15]

11.2.4 A comparison of two measuring methods that 
use radiation

11.2.4.1 An existing method for measuring the welding temperature field
using thermal radiation

Due to the limitation of spectrum response by the camera and the mea-
sured temperature range, radiation having a certain range of wavelength is
used in existing measurement methods.

Assume that a radiation beam from the object is projected, via an optical
system, onto the receiving element. Its output signal N can be expressed as
the following equation:

[11.16]

where:

l1, l2 Upper and lower limit of received wavelength
K Conversion coefficient of heat to electricity
F Geometric factor of the receiving element and object
e(l, T) Emission coefficient
h(lm) Maximum spectrum sensitivity of the receiving element
h(l) Relative spectrum sensitivity of the receiving element
g(l) Transmissivity of the filter
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j1(l) Transmissivity of the first optical element
j2(l) Transmissivity of the second optical element
jn(l) Transmissivity of the nth optical element
j(l) Product of transmissivity of all optical elements
Ml Radiance exitance of object

It is seen from Eq. [11.16] that the output signal depends on many factors
including F – Geometric factors of the receiving element and object, and
e(l,T) – Emissivity of the object.

The other factors can be found for a given measurement system. Only
these two factors F, and e(l,T) are variables that depend on the distance,
material, and surface conditions (see Chapter 13 for more details on 
Eq. [11.16]).

• The effect of distance. Suppose the other factors are kept constant, only
distance is varied, the radiation intensity of the source S is I, and the
angle between the normal line of the receiving surface and direction of
the radiation is q. Then the radiation power received can be written as
(see Fig. 11.7)

[11.17]

In this equation, d0 is the distance between the point source S and dA.
Therefore the irradiance on dA by S is

[11.18]

The output signal N of the receiver is proportional to the irradiance

[11.19]

It can be concluded, therefore, that the output potential of the
receiver is proportional to cos q and inversely proportional to the 
square of d0.

It is seen that there is a strong influence of distance and q on 
the measurement. Normally it is arranged so that the normal line of the
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receiving surface coincides with the radiation direction, so that the influ-
ence of q can be eliminated.

• Influence of material and surface condition. It is seen that the output
signal depends on the emissivity of the object e(l, T), which is, in turn,
affected by many factors. It varies greatly. Table 11.1 lists the emissivity
of various materials with different surface conditions.
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Table11.1 Emissivity of conventional materials en (in normal line direction)[326]

Material surface condition Temperature (°C) Emissivity en

Aluminium:

Vacuum illuviated Al 20 0.04
Polished Al 50~500 0.04~0.06
Polished Al 225~575 0.039~0.057
Coarse surface Al 20~50 0.06~0.07
Frosted Al 26 0.055
Al plate 100 0.09
Polished Al plate 100 0.05
Oxidised at 600°C Al 200~600 —
Strongly oxidised Al 150~550 0.20~0.25
Heavily oxidised Al 93~504 0.20~0.25
Oxidised Al 500~827 0.42~0.26
Oxidised grey colour Al 25 0.28

Copper:

Rolled brass, natural 22 0.06
Frosted brass 50~350 0.22
Highly-polished brass 100 0.03
Rolled brass, coarse sand wheel ground 22 0.20
Ground brass 100 0.05
Oxidised brass 100 0.61
Oxidised at 600°C brass 200~600 0.61~0.59
Polished 50 0.10
Fine ground, electrolytic copper 80~115 0.018~0.023
Near-mirror copper 22 0.027
Molten copper 1075~1275 0.11~0.13
Rolled, bright Mn-Cu 120 0.05
Copper with heavy oxide surface 25 0.78
Copper with heavy black oxide surface 5 0.88

Iron and steel:

Polished steel 100 0.07
Polished ingot 770~1040 0.52~0.56
Rolled steel plate 21 0.66
Coarse steel plate 38~370 0.94~0.97
Steel with coarse surface 50 0.95~0.98
Newly-rolled steel 20 0.24
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Table11.1 (cont.)

Material surface condition Temperature (°C) Emissivity en

Ground steel belt and plate 910~1100 0.52~0.61
Rolled belt 50 0.56
Molten mild steel 1600~1800 0.28
Rubbed 18-8 stainless steel 20 0.16
Stainless steel oxidised at 800°C 60 0.85
Polished stainless steel 25~30 0.13
Sand-sprayed stainless steel 700 0.70
Rolled stainless steel 700 0.70
Rolled stainless steel 700 0.45
Alloy steel (8% Ni, 18% Cr) 500 0.35
600°C alloy steel 200~600 0.79
Steel plate with coarse oxide film 24 0.80
Steel plate with dense luminous oxide film 24 0.82
Steel with red rust 20 0.60
Strongly oxidised steel 50 0.88
Steel with coarse oxide 40~370 0.94~0.97
Polished iron 420~1020 0.147~0.377
Smooth plate 900~1040 —
Fine-polished iron for welding 40~250 0.28
Hot-rolled iron 20 0.77
Iron with grey surface 130 0.60
Coarse cast iron 830~990 0.60~0.70
Cast iron ingot 1000 0.95
Molten pig iron 1300~1400 0.29
Polished iron 200 0.21
Polished iron 40 0.21
Non-operated cast iron 925~1115 0.87~0.95
Cutting cast iron 830~990 0.60~0.70
Old galvanised wrought iron 20 0.28
301 oxidised wrought iron 215~525 –
Completely oxidised iron plate 19 0.69
Non-luminous oxidised wrought iron 21~360 0.94
Iron oxide 500~1200 0.85~0.95
Oxidised iron surface 100 0.736
Smooth oxidised iron surface 125~525 –
Iron with red-rust surface 20 0.61~0.85
Cast-iron oxidised at 600°C 200~600 0.64~0.87
Coarse strong oxidised cast iron 38~250 0.95
Ferrous sulphate powder — 0.60
Zinc galvanised steel plate 28 0.228
Zinc galvanised steel plate after oxidation 24 0.276
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The table shows that emissivity varies greatly depending on the 
material and surface condition. The amount of variation can be several
orders of magnitude. This is the main factor that affects the accuracy of
the measuring method.

11.2.4.2 A new proposed method

As described previously, with measuring methods available currently, there
is no corresponding relationship between the output potential and the tem-
perature.The distance to the object and surface conditions affect it. In order
to solve this problem, a colorimetric imaging method has been proposed.
It uses a CCD camera to take the image, which is processed by computer
to obtain the two-dimensional temperature field. The principle of the
method is as follows:

From the Planck formula one can obtain

Dividing the first formula by the second:

[11.20]

where R is called the colorimetric ratio, l1, l2 are two wavelengths, and T
is the absolute temperature of the object.

From Eq. [11.20] it can be seen that describing the temperature using the
colorimetric ratio is an improved way because two wavelengths can be
chosen so that the emissivity of the matter at the two wavelengths is similar
and an accurate relationship between R and T can be obtained.

11.2.4.3 The relationship of T to R in the new method

From Eq. [11.16], the output potential of the receiver in the wavelength
band Dl1 near l1 is
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The output potential for the wavelength band Dl2 at l2 is

Dividing the first formula by the second gives the colorimetric ratio

[11.21]

The following can be obtained for metals, because e(l1,T ) = e(l2,T ):

[11.22]

Equation [11.22] means that the potential response of the receiving
element for a grey body is related to temperature and

Among them, all of the factors except temperature are known and fixed
for a given measuring system. Therefore, it can be concluded that tempera-
ture has a relationship with only the colorimetric ratio and has no rela-
tionship with material, distance, surface conditions, etc. Equation [11.22] is
the general formula that describes the colorimetric ratio – temperature rela-
tionship for the colorimetric method.
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12
Study of the colorimetric imaging method

12.1 Introduction

The principle described in Chapter 11 should be proved by practical exper-
iments in order to see whether it is correct in reality. The facilities, experi-
mental procedures, and results of such experiments are described in this
chapter.[295] Figure 12.1 shows the parts that comprised the experimental
system.

12.2 Facilities for acquisition of the infrared image

Designing and fabricating an infrared camera is the key challenge for
achieving a sensitive measuring method.

During welding, the temperature range of the weld pool is about
1000~1600°C. According to the Wien displacement law, the wavelengths
corresponding to the maximum radiance exitance are 2897/(1000 + 273)~
2897/(1600 + 273) (see Eq. [11.3]), which is around 1.55~2.27mm. This is 
in the near-infrared range. Therefore, it is reasonable to use a camera 
sensitive to infrared radiation. This wavelength range also is resistant to
interference.

12.2.1 Comparison of different cameras

The infrared camera is a device that takes a picture in the infrared wave-
length range and transforms it into a visible image. The principle is that it
divides the image of the object into many small pixels using horizontal and
vertical lines, scans all of the pixels, and generates output signals. Recon-
struction of these signals creates the visible image.

There are three types of devices used for pixel division and scanning,
namely

(i) Optical–mechanical camera. The construction of this camera is 
shown schematically in Fig. 12.2. An optical detection device deflects
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up and down, and left and right, so that it scans the full area of 
the object.

(ii) Electron-beam scanning camera. There are several types of cameras
that use electron-beam scanning. The most common type is a pyro-
electric camera.The optical system does not deflect.The whole object
image is projected onto the target of the pyroelectric camera.An elec-
tron beam scans the target surface and picks out the signals using the
pyroelectric effect (Fig. 12.3).
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(iii) Solid-state automatic scanning camera. This camera comprises a two-
dimensional matrix of detection elements. It is manufactured as a
large-scale integrated circuit. The image is projected onto the matrix,
the signal from each pixel is detected, and the device automatically
transmits an output signal (Fig. 12.4).

The solid-state type of camera was developed using large-scale 
integrated-circuit technology. The resolution increases with the density 
of the pixel array. Recently, charged-coupled devices (CCDs) have been
used for this purpose.

Among these three types of cameras, the solid-state automatic scanning
type is superior. Because there is no optical scanning or electron-beam 
scanning as used in the other types, the weight and size are smaller. These
advantages favour its implementation.

12.2.2 The optical response of CCD cameras

CCD cameras are widely used for taking visible-light images.They give very
clear grey (black and white) and colour pictures and have good spectrum
response in the wavelength range of 0.4~1.1mm. Therefore they can be 
considered for recording infrared images.

In the present study, a Type WV-BL200 black and white CCD camera
manufactured by National of Japan was chosen. The camera specifications
were as follows:

Pick up device: 577 (horizontal) ¥ 581(vertical) pixel, line transform 
CCD

Device area: 6.4mm (horizontal) ¥ 4.89mm (vertical)
Scan: 625 lines/50 fields/25 frames
Scan: 2 :1 one-line partition
Signal to noise ratio: 48dB
Focal length: 12mm
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12.4 Schematic diagram of a solid-state scanning camera
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12.3 Sensor for experimental use

12.3.1 Selection of filter

For the colorimetric method, two filters of different wavelengths and with
narrow bandwidths should be used. The characteristics of the filters affect
the measurement accuracy.

Principles for the selection of filters. (i) The wavelength of the filter should
be within the spectrum-response range of the CCD and preferably not in
the visible-light range. Therefore, the possible wavelength range is 0.75~
1.1mm. (ii) The colorimetric method can exclude the effect of neutral media
such as fume, dust etc., but not the effect of selective absorbing media such
as water vapour and CO2. Therefore, avoiding the wavelength of the selec-
tive absorbing media is necessary. The sensor is normally used in air, which
contains mainly symmetrical molecules such as N2 and O2. These gases do
not absorb the infrared radiation over a wide range of wavelengths but H2O,
CO2, and CO in the air absorb infrared radiation. For example, water
vapour’s absorbing wavelengths are 0.94, 1.13, 1.38, 1.87, 2.7, and 6.3mm,
and CO2’s absorbing wavelengths are 2.7, 4.3 and 14.5 mm. Therefore, the
filters have to avoid these wavelengths. (iii) Emissivity e(T) generally is con-
sidered unrelated to wavelength but, in fact, there is an influence of wave-
length on e(T). Therefore, selecting two wavelengths that are close to each
other so that they have similar emissivities is appropriate to ensure mea-
surement accuracy. (iv) The ratio of the radiation power at the two wave-
lengths should be within a certain limit in order that the signals are within
the dynamic-response range of the CCD and bits of the A/D converter. For
example, if the ratio is too high, the CCD output at one wavelength may
be saturated while that at the other wavelength may be very weak so that
the detection system has low sensitivity.

Filter specification. Based on the considerations above, filters having
wavelengths of l1 = 0.8046mm and l2 = 0.8943mm were chosen. The trans-
missivity of the two filters are shown in Figures 12.5 and 12.6, respectively.
It is necessary to mention that the transmissivity of the 0.8046mm filter is
very high at l > 1.2 mm but it does not effect the measurements because the
CCD has no response to wavelengths greater than 1.2 mm.

12.3.2 Construction of the sensor

Design requirements. The measurement system should ensure accuracy,
have small volume and light weight, be inexpensive and have high speed
for real-time measurement of rapidly varying temperature fields during
welding.

Optical system. There are two design choices for the optical system. In
the first design, one detection device is used. The radiation beam projects
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to the device along a single path. In the second design, two detection devices
are used; the radiation beam projects to the device via two optical paths, as
shown in Fig. 12.7.

The advantages of the single-path design are that it is a small and compact
sensor, it is stable, and optical-device adjustment is convenient. Its short-
comings are that its measuring speed is slower and a color modulator is
required.

The advantages of the two-path design are that a color modulator is not
needed and the measuring speed is high. The shortcomings are that the
optical path is complicated, the design is hard to debug, it is heavier and
has a larger volume, and it is more expensive. Moreover, the characteristics
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of two CCDs used in this design are not the same; therefore the measure-
ment accuracy cannot be ensured.

These comparisons show that the single-path design is superior. Consid-
ering the large inertia of the thermal process in welding, the available mea-
suring speed of the single-path design can meet the actual requirements.

Colour modulator and control. The function of the colour modulator is
to alternately change between the two color filters in the optical path so
that the CCD camera can take two images at different radiation wave-
lengths. High speed and accurate positioning are required. Therefore a
Model 36BF-003 stepping motor produced by Changzhou Micromotor
Manufacturing Co. was chosen to position the filters.

In order to reduce the volume of the sensor, a 30° sector instead of a disc
was used as the colour modulator.Two filters were placed in the image path,
alternately, by positive and reverse rotations of the stepping motor. The
control circuit of the modulator is shown in Fig. 12.8. Another design of the
sensor is described in Section 13.6.

A command signal is sent to the pulse-allocation device CH250 via an
I/O, which produces a pulse to control an MOS and drive the motor. The
optical coupler detects whether the color modulator has reached the right
position; if so, it sends a signal to the computer via an I/O.

Due to the torque-frequency characteristics of the stepping motor 
(see Fig. 12.9), the motor driving programme provides low-speed starting 
followed by acceleration so that the alternating between the filters can be
completed within 40ms. The construction of the sensor is shown in 
Fig. 12.10.
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12.4 The colorimetric imaging system

12.4.1 Configuration of the system

The system consists of the sensor, image-sampling board, computer, display,
and colour modulator control, which are shown in Fig. 12.11.

(i) Sensor and colour modulator control
(ii) Image sampling board, the functions of which are:
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• A/D conversion of the image signals.
• Storage of the signal into memory.
• Signal processing including smoothing, filtering, etc.
• Control of the monitor to display monochrome or pseudo-colour images.

An IP-8 pseudo-colour image board made by the Matrox Co. was 
used. The characteristics of this board are as follows: four input channels,
superposition of grey images with VGA, single-screen display, 8¥ ampli-
fication by the hardware with independent X,Y-direction amplification, a
single-channel 8-bit frame memory, high-speed write and read of each 
1024 ¥ 1024 ¥ 8 bit frame, 1/25s frame duration, and 256 grades of pseudo-
colour display.

(iii) Computer. A SUPIX 80386SX/16 computer with 2M memory, 16
MHz master clock frequency, and 40M hard disk was used. The computer
output provided commands to control the colour modulator and the 
image-sampling board for performing the sampling. It performed pro-
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cessing, colorimetric computation, and defined the temperature field. In 
addition, it controlled the hard disk and printer that stored, recorded and
printed the temperature field that was obtained.

12.4.2 Measuring procedure

First the computer initiated the image-sampling board, and then sent a
command to position the 0.8046 mm filter in the optical path. An image was
taken when the filter reached the correct position. After that the 0.8046 mm
filter was moved out of the optical path and the 0.8943 mm filter was posi-
tioned in the optical path. The second image was taken when this filter
reached the correct position. After two images were taken, the data first
were smoothed and filtered, and then the computer performed the col-
orimetry of the two images, i.e. division of each grey pixel of one image with
the corresponding grey pixel of the second image. The colorimetric tem-
perature field image thus was obtained and stored on the hard disk, from
which it could be printed or displayed by the monitor in pseudo colour. The
image could be processed further to define the characteristic parameters of
the temperature field for control of the welding process. The flow chart for
these operations is shown in Fig. 12.12.

12.4.3 Filtering of noise

Noise originated mainly from fluctuation of the power-source voltage,
electromagnetic interference, thermal noise of the CCD, and noise of the
processing circuit. Different measures could be taken to eliminate noise
accompanying sensing temperature fields of different objects.

If the temperature gradient was small, a method that averaged nine
points could be applied. For example, the nine data points can be 
expressed as:

The value of aij (row i and column j) can be calculated as

This is a classical method for eliminating the noise associated with
images. It is effective in cases where the temperature gradient is not 
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large. This technique was used in the calibration experiment utilising a
Gleeble machine for which the temperature gradient is not large. In
welding, however, the temperature gradient is large and this method would
distort the actual temperature-field image. This topic is discussed in later
chapters.
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12.5 Calibration of the system using a 
mathematical method

From Eq. [11.22] it is known that the colorimetric ratio is

Because the temperature range measured is 1000~1600°C,

Equation [11.22] then can be written as

[12.1]

In the present system

Dl1 = Dl2 = 0.01mm (The band width is determined by measurement.) The
bandwidth between the two half-transmissivity points on the transmissivity
curve was taken as the bandwidth of the filter. The transmissivities of the
protection glass used in the optical system for the two wavelengths were
j1(0.8046mm) = j1(0.8943mm) = 82%, the transmissivities of the two 
filters were g(0.8046 mm) = 62.38% and g(0.8943mm) = 44.31%, and the 
spectrum-response curve (relative value) of the CCD camera is shown in
Fig. 12.13. It is seen that h(0.804mm) = 50%, h(0.8943mm) = 24%.

Substituting these value to Eq. [12.1] gives

This is the result obtained from the mathematical calibration.
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12.6 Experimental results and verification

The result obtained from the mathematical calibration should be verified
by actual testing and corrected using experimental data. For this purpose,
a precision heating facility was used. It is described below.

12.6.1 Gleeble-1500 thermal simulation

Figure 12.14 shows a schematic diagram of the machine. It consists of the
body, heating transformer, hydraulic servo system, stress and strain detec-
tion devices, programming device, control board, recorder, computer, etc.

The stress and strain are controlled by a closed-loop servo-hydraulic
system. It can be programmed on a time scale. The heating system also can
be programmed on a time scale and synchronised with the stress-strain
control. The temperature can be measured using either a thermocouple or
an optical pyrometer. Resistance heating is used for heating the specimen.
For this, the specimen is held between two water-cooled copper clamping
blocks through which electricity is conducted. In order to avoid the influ-
ence of the heating current on the temperature measurement by the ther-
mocouple, the heating current stops for a short duration in each cycle of
the alternating current for measuring the temperature. The main charac-
teristics of the Gleeble machine are shown in as follows:
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12.13 Relative response curve of the CCD camera

Maximum heating speed 1700°C/s (Carbon steel, f6mm sample, distance 
between clamps 15mm). 
≥1000°C/s (Commonly the status of affairs)

Maximum cooling speed 140°C/s
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12.6.2 Calibration using the mathematical method

Experimental verification was carried out on the Gleeble machine. The
results obtained by both the colorimetric method and a thermocouple were
recorded and compared:

Experiment conditions. Gleeble-1500, NiCr–NiAl thermocouple,
1Cr18Ni9Ti specimen material, f12 ¥ 100mm specimen dimensions, 475mm
distance between the specimen and the CCD sensor.

Results. Experiments were conducted in the temperature range of
1000~1300°C and measurements were taken each 50°C step.Table 12.1 gives
the numerical data and Fig. 12.15 shows the calibrated mathematical data.
Both the table and curves show that the results of the two methods were
very close;the maximum error was +26.8°C,and the relative error was 2.64%.

Error analysis of the mathematical calibration method. Table 12.1 shows
that the error was larger in the range of 1000~1150°C, as large as 26.8°C,
than at higher temperatures. The reason for this result may be analysed as
follows:

• The mathematical calibration was based on the theoretical formula
which implies that the radiation power over the wavelength band 
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and is the same as the central

wavelength l1 and l2, i.e.

In reality, the formula should be
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12.15 Comparison of results obtained by mathematical calibration and
by experiments

Table 12.1 Mathematically calibrated and experimental results

Colorimetric ratio Mathematically-calibrated Actual Error (°C)
by experiment temperature (°C) temperature (°C)

1.602 1311.2 1300 +11.2
1.536 1254.5 1250 +4.5
1.480 1207.6 1200 +7.6
1.419 1157.9 1150 +7.9
1.363 1113.4 1100 +13.4
1.316 1076.8 1050 +26.8
1.25 1026.4 1000 +26.4
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Moreover the transmissivity in the interval and 

is distributed. Simplification of these factors in the

mathematical calibration produced an error.
• Although e(l1, T) = e(l2, T) was assumed in the mathematical calibra-

tion, in fact they are not equal, which also introduced an error.
• Eliminating all kinds of interferences in image processing was not 

possible.
• The D/A converter was limited because an 8-bit D/A was used; the 

relative error for one-half frame was 0.4%. Thus the sampling itself 
was not accurate. If a 12-bit D/A were to be used for conversion, the
relative error would decrease to 0.023%, which would improve the 
measurement accuracy.

Experimental calibration of the system. The mathematical calibration
formula is T = 1793.6/ln(4.97/R) - 273(°C), which is not convenient for fast
calculation by a computer. For faster calculation and more accurate results,
the experimental results might be fitted to a specific curve so that the 
temperature would be found using the curve obtained by experiments.

The experimental data above show that the colorimetric ratio had a linear
relationship with temperature. Therefore, least squares linear fitting is 
possible.

Let T = a + bR.
From the least squares method,

That is 

Solving the binary linear equation gives

The results calculated using the fitting formula, and their errors, are shown
in Table 12.2, which shows that that predicted temperatures were very close
to the actual temperatures; the maximum error was +6.9°C.

12.6.3 The applicable temperature range for 
experimental calibration

Due to the limitation of possible experimental conditions, the experiments
described above were conducted in the range 1000~1300°C. Afterward, the
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temperature at the bond line of the weld was measured; its colorimetric
ratio was 1.82. If this value was extrapolated on the experimental calibra-
tion curve, the corresponding temperature was 1493°C. The error was only
7°C. It can be concluded then that the applicable range was 1000~1500°C
and it might be extrapolated to 1600°C. Figure 12.16 shows both the math-
ematically calibrated and experimentally calibrated curves. This shows that
the mathematically calibrated curve also is nearly a straight line. There was
only a slight difference between them. (The mathematically calibrated R at
1500°C was 1.807 and the experimentally calibrated R, by extrapolation,
was 1.828.) Both implied that the applicable range was 1000~1600°C.

12.7 Calibration procedure

For any new measurement system, because the characteristics of the CCD,
the wavelength of the filter, and the optical path are different, the ratio 
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Table 12.2 Results by experiment and fitting curve

Actual Colorimetric Error (°C) Temperature obtained by
temperature T (°C) ratio R fitting formula (°C)

1300 1.620 +4.1 1304.1
1250 1.536 -2.94 1247.06
1200 1.480 -1.34 1198.66
1150 1.419 +4.93 1154.93
1100 1.363 -2.47 1097.53
1050 1.316 +6.9 1156.9
1000 1.25 -0.15 999.85

900         1100      1300     1500   1700

Temperature (° C)

2.2
2

1.8

1.6

1.4

1.2

R

Experimentally calibrated

Mathematically calibrated

12.16 Calibration curve obtained by mathematical and experimental
methods

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



R and temperature would have a different relationship, and therefore it
should be calibrated. There are two calibration methods, namely, the math-
ematical method and the experimental method. Because some factors are
neglected in the mathematical calibration, error is introduced. If higher
accuracy is required, the experimental calibration method can be directly
applied.

12.7.1 Mathematical method

First, determine the parameters of all of the elements concerned; the wave-
lengths of the two filters l1, l2; their transmissivities g(l1), g(l2); the band-
widths Dl1, Dl2; the relative response sensitivities of the CCDs h(l1), h(l2);
and the transmissivities of all optical elements, j(l1), j(l2) . . . jn(l1),
jn(l2).

Next, determine the relationship between R and absolute temperature T
using the theoretical formula

12.7.2 Experimental method

(i) Chose a qualified heating machine that can control the temperature
of the specimen accurately (for example a Gleeble-1500).

(ii) Change the temperature of the specimen in 50°C steps on the machine,
detect the temperature using a sensor, and determine the ratio R.

(iii) Repeat the detection n times (for example, five times) and calcu-

late the average value of R:

(iv) Determine the relationship of R and T°K, using a linear fitting
method. If the wavelengths of the two filters are close to each other,
linear fitting can be used; otherwise fitting can be based on the
formula R = aeb/T.

12.8 Effects of measurement conditions

According to Boltzman’s law, the ratio R is related only to temperature and
does not depend on material, distance, and surface conditions. To verify this
prediction the following experiments were conducted.
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12.8.1 Materials

Experimental conditions: Gleeble-1500 machine, NiCr–NiAl thermocouple,
1000°C/s heating speed, 2 s temperature hold time, 1000~1300°C measured
temperature range, 50°C measurement steps, and 475mm distance.

Materials measured: Q235 mild steel, 18-8 stainless steel, and BHW alloy
steel (German).

The results are shown in Fig. 12.17 and Table 12.3.

446 Arc welding control
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BHW–35

R

900 1000 1100 1200 1300 1400
1.1

1.2

1.3

1.4

1.5

1.6

12.17 Relationship between colorimetric ratio and temperature for
different materials

Table 12.3 Colorimetric ratio for different materials

Material Temperature 1000 1050 1100 1150 1200 1250 1300
actual (°C)

Mild steel R 1.25 1.302 1.379 1.426 1.471 1.542 1.591
Temperature 1000 1045 1111 1152 1191 1252 1295� obtained 

by R (°C)
Error (°C) 0 -5 +11 +2 -9 +2 -5

18-8 R 1.25 1.316 1.363 1.419 1.480 1.536 1.602
stainless Temperature 1000 1057 1098 1146 1199 1247 1304
steel � obtained 

by R (°C)
Error (°C) 0 +7 -2 -4 -1 -3 +4

BHW – 35 R 1.27 1.319 1.372 1.406 1.470 1.537 1.592
alloy steel Temperature 1017 1059 1105 1135 1190 1248 1295
(German) � obtained 

by R (°C)
Error (°C) +17 +9 +5 -15 -10 -2 -5
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The figure and table show that the maximum error of temperature was
17°C and the relative error was 1.7%. It can be concluded that the mater-
ial had little effect on the measurement accuracy.

12.8.2 Distance

Experimental conditions: Gleeble-1500 machine, NiCr–NiAl thermocouple,
f10mm Q235 steel, 1000°C/s heating speed, 2 s temperature hold time,
1000~1300°C measured temperature range, 50°C measurement steps.

Measurement distance: 395mm and 475mm.
The results are shown in Fig. 12.18 and Table 12.4.
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12.18 Relationship between R and T for different distances

Table 12.4 Colorimetric ratio for different distances

Distance Temperature (°C) 1000 1050 1100 1150 1200 1250 1300
(mm)

R 1.253 1.293 1.347 1.417 1.459 1.531 1.591
Temperature 1002 1037 1084 1144 1181 1243 1302

395 � obtained 
by R (°C)

Error (°C) +2 -13 -16 -6 -19 -7 +2

R 1.25 1.302 1.379 1.426 1.471 1.542 1.591
Temperature 1000 1045 1111 1152 1191 1252 1295

475 � obtained 
by R (°C)

Error (°C) 0 -5 +11 +2 -9 +2 -5
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Table 12.4 shows that the maximum error was -19°C and the maximum
relative error was 1.58%. It can be concluded that the measurement dis-
tance had little influence on the measured results.

12.8.3 Surface condition

In order to study the effect of surface condition, one group of experiments
was conducted in vacuum so that an unoxidized surface would be main-
tained. The second group of experiments was conducted in air and the tem-
perature hold time was prolonged so that more surface oxide would form.

Experimental conditions: Gleeble-1500 machine, vacuum chamber,
NiCr–NiAl thermocouple, BHW–35 low-alloy steel (German), 1 ¥ 10-4 Torr
vacuum, 1000°C/s heating speed, 2 s temperature hold time (normally).

The results of the first group of experiments are shown in Table 12.5.
The table shows that there was a large difference between the values

measured by the colorimetric method and the values measured directly by

448 Arc welding control

Table 12.5 Results of colorimetric measurement in vacuum

T (°C) by 1000 1050 1100 1150 1200 1250 1300
thermal couple

R 1.366 1.427 1.483 1.518 1.579 1.649 1.706
T (°C) converted 1100 1153 1201 1231 1284 1344 1394

from R
Corrected R* 1.269 1.326 1.378 1.411 1.467 1.532 1.585
Corrected T (°C)* 1016 1065 1110 1139 1187 1244 1290
Error (°C) +16 +15 +10 -11 -13 -6 -10

*Correction for the transmissivity of the vacuum-chamber wall

Sensor

Computer

Gl e e b l e –1 5 0 0 

Thermocouple

Glass vacuum chamber
Image sampling board

12.19 Facilities for colorimetric measurement in a vacuum
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the thermo-couple.This was due to the transmissivity of the vacuum-chamber
wall: see Fig. 12.19. Using a HILGE Analytical instrument, the transmis
sivity of the wall at two wavelengths was found to be different; it was 90%
at l = 0.8943mm and 83.64% at l = 0.8046mm. Therefore, corrections 

had to be made according to the formula The corrected R

and temperature are also listed in Table 12.5. Then, the maximum error was
16°C and the relative error was 1.6%.

Experiments were conducted in air with a prolonged hold time in order
to increase the specimen’s surface oxidation. It was found that, up to 10s
hold time, no difference in R was observed. When the hold time was
extended to 15s, however, the surface of the specimens was crazed and a
big difference was measured between the colorimetric detection and the
thermocouple’s measurement.The temperature of the heavy oxide film may
have been different from the temperature of the metal that the thermo-
couple measured. Anyhow, it can be concluded that oxidation of the steel
surface did not affect the measurement accuracy.

¢ = ◊R R
83 64

90
. %

%
.
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13
Design of a colorimetric imaging apparatus

13.1 Introduction

It was proved in the last chapter that the results obtained by the colori-
metric method were accurate and they did not depend on the material,
distance and surface conditions. It was concluded that the method was
applicable in practice. For industrial application of the technology, however,
there are more problems that need to be solved:

• The narrow dynamic response of CCDs causes the measurable temper-
ature range, 1000–1300°C, to be too narrow. This limits the application
of the method in practice.

• Although the wavelength of the maximum radiation intensity is in the
infrared range, the wavelength range that gives optimum response of
the CCD is the range of visible light.Therefore, choosing the wavelength
that could be overlapped by both and choosing the wavelength for the
filter so as to obtain optimum performance are problems that need to
be studied.

• The volume and the weight of the sensor should be reduced further.

These three problems were the key issues for designing a suitable system.
For this purpose the author and H. Zhang have conducted a systematic
study. In this chapter the theory of the colorimetric method is discussed
further.Then, the principles and the design of the sensor, including the char-
acteristics, stability and reliability of the developed system, are described in
depth.[296,357,379]

13.2 Formation of the thermal-radiation image

Figure 13.1 shows the process of thermal-image formation.[327] The optical
system collects the infrared radiation of the object, via filters, and projects
it onto a sensor’s matrix. The sensor transforms the irradiance into an elec-
trical signal. The system amplifies and processes the signal, and then trans-
mits it to the display monitor.
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In the present system, an ICCD was used to capture the image, as shown
in Fig. 13.2. Suppose that the temperature field (on the back side of the weld
bead) of the object is T( ) and its image is projected onto the ICCD. The
weld area can be regarded as the collection of points of incoherent infrared
radiation source. Their radiation spectrum is different because of the dif-
ferent temperatures and reflectivities. The radiation of each point emits
evenly in a spherical space. When it reaches the lens with a grating, a series
of diffraction waves is produced. These diffraction waves are still spherical
waves but the characteristics of the total wave are produced. The shape of
the lens determines the wave front. The radiation field of an arbitrary point
behind the lens is the superposition of all of the diffraction waves at that
point. Therefore, the corresponding radiation point source on the ICCD
surface is an extended radiation point image. All of such spots with differ-
ent irradiance make up the thermal image.[328]

It is very complicated to determine the irradiance distribution of an
ICCD surface by rigorous diffraction theory. However, the present system 

satisfies the condition of geometrical imaging Therefore the irra-

diance on the ICCD surface can be found by geometrical optics.[329]
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[13.1]

where l ¢ = image distance, l = object distance, f ¢ = focal length,

F = aperture coefficient of the lens, j(l) = transmissivity of the lens, z =
stray light coefficient of the lens, g(l) = transmissivity of the filter, (H) =
vignetting coefficient, w = angle between the light ray of the outer point and 

the optical axis,

Equation [13.1] shows that the irradiance depends not only on the trans-
missivity e(l, T( )) and the radiant exitance MB(l, T( )) of the corre-
sponding temperature of the black body but also on the geometrical
parameters of the optical system and the optical devices.

The factors that affect the irradiance may be listed as follows:

(i) The irradiance E(l, ) is proportional to the fourth order of cosw.
The value of E(l, ) with different values of w would not be the same
even when MB is constant but if the irradiance at the centre has 255
grey levels, it would be 3~4 levels less on the periphery of the field,
which introduces an error. However, when f ¢ is large and the area
imaged by the CCD is relatively small, cos4 w ª 1 and the effect can
be neglected.

(ii) The irradiance E(l, ) is inversely proportional to l¢, which shows
that it is sensitive to the latter. The problem is the same for both
monochromatic light and panchromatic light.

(iii) E(l, ) is inversely proportional to the aperture coefficient.The choice
of this coefficient can effectively regulate the irradiance on the ICCD.

(iv) E(l, ) is proportional to the transmissivity of the filter g(l). Proper
design of transmissivity, including the peak wavelength and its band
width, can determine the spectrum-radiation component and its 
magnitude so that it can match the response of the ICCD.

(v) The irradiance is proportional to the vignetting coefficient H, which
can be approximated as 1 when the aperture is small.

The irradiance mentioned above is converted by the ICCD into an 
electrical-charge signal.

[13.2]
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where h(l) is the spectrum response of the ICCD, A is the area of the ICCD
chip, t is the exposure time, k is the quantum, l 0 is the peak wavelength
and dl is the bandwidth; k¢ is a constant.

The electrical charge Ql 0
(T) is transformed by the driving circuit of the

ICCD into a standard video signal, which is converted by an 8-bit A/D into
a 256-level grey image.

[13.3]

where k0 is the transform coefficient.

13.3 Theoretical analysis of the colorimetric 
imaging method

Multicolour (including monochromatic, two-colour, three-colour, etc.) 
temperature-measuring methods are customary but their theoretical 
foundation and practical application have been research topics until now;
the aim of these studies was mainly to study the dependence of the method
on the emissivity. In the following paragraphs, the dependence of different
methods on emissivity and the error that results from changes of emissiv-
ity are discussed first. Then, the two colour colorimetric imaging methods,
developed on the basis of the two-colour colorimetric method, are
described in detail.

13.3.1 Multi-colour thermal imaging detection methods

There are different advantages and disadvantages for the different multi-
colour methods. These methods are compared in the following text on the
basis of the effect of emissivity on the apparent temperature that is
detected.[53,54,80]

(i) Full-colour detection. Using the Stefan–Boltzmann law, suppose that
the temperature of a real object is T and the object, which is a black body,
has the full-colour radiation power as if it were at temperature Tp. Then Tp

is called the apparent temperature of the body, which has a real tempera-
ture T. The difference between T and Tp, and the error that results from the
difference of emissivity, can be expressed by the following formulae:

[13.4a]

[13.4b]

[13.4c]
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Equation [13.4a] shows that the apparent temperature is affected greatly
by the emissivity, particularly for those bodies that have low emissivity. The
real temperature can be obtained only when e(T) = 1. Otherwise, the error
is expressed by Eq. [13.4b] and the error of the detected value, i.e. Tp, would
be that expressed by Eq. [13.4c].

(ii) Monochromatic light detection. On basis of Planck’s formula, the
radiation power at a certain wavelength can be detected by using a filter.
Suppose the apparent temperature thus obtained is Ts and the real tem-
perature of the object is T. Then the following equations can be expressed.

[13.5a]

[13.5b]

[13.5c]

Equation [13.5a] means that the real temperature can be found by detec-
tion only when e(l, T) = 1. Otherwise, errors will be introduced that depend
not only on the emissivity but also on the apparent temperature and 
the wavelength that was chosen. Equation [13.5c] shows the error in the
apparent temperature that results due to the emissivity of the object.
The error depends on the apparent temperature and chosen wavelength 
as well.

(iii) Two-colour detection. The ratio of the radiation power to the 
temperature can be obtained by calibration.

Derivation showed that

[13.6]

Substituting the Wein formula into the equation above and considering
that dl1 = dl2, the temperature can be obtained as

[13.7]

The apparent temperature, the error between the apparent temperature
and the real temperature, and the error of the apparent temperature caused
by the emissivity are as follows:
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[13.8b]

[13.8c]

Equation [13.8a] shows that when e(l1, T) = e(l2, T) , the apparent tem-
perature equals the real temperature or when e(l1, T)/e(l2, T) is a constant,
the error between the apparent and real temperatures is a constant. This
characteristic makes it possible to obtain the real temperature under certain
conditions. If the conditions are not satisfied, then the error is represented
by Eq. [13.8b]; it depends not only on the emissivity but also on the appar-
ent temperature and the wavelength that was chosen. Equation [13.8c] 
represents the error caused by emissivity, as well as the apparent tempera-
ture and wavelength.

(iv) Three-colour detection. Two colorimetric ratios are measured by
two of the three wavelengths, R12 and R32, and the temperature is obtained
by calibration.

[13.9]

Assuming that dl1 = dl2 = dl3, the measured temperature can be
expressed as

[13.10]

Further, assuming that e(l1, T)e(l3, T) = e2(l2, T), the apparent temper-
ature is

[13.11a]

If the condition e(l1, T)e(l3, T) = e2(l2, T) is not satisfied, the error
between the apparent and real temperatures is:

[13.11b]
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By comparing the four detection methods, it is found that the emissivity
has different effects on different methods; this is illustrated by Fig. 13.3. For
full-colour detection, if the emissivity is less than 1, there is an error
between the apparent and real temperatures. The magnitude of the error
does not depend on the measured temperature. If the real temperature has
to be obtained, the emissivity for the whole wavelength range should be 1;
see ABC in Fig. 13.3. The error caused by emissivity in the case of mono-
chromatic light detection is smaller than that for full light. The required
emissivity for the l used should be 1. It corresponds to one point on ABC
of Fig. 13.3. For the two-colour detection method, the dependence on emis-
sivity is much less. In order to obtain the real temperature, only the emis-
sivity of the two wavelengths chosen must equal one another. Two arbitrary
points on A¢B¢C¢ will satisfy this requirement. Dependence of the three-
colour detection method on emissivity is even smaller. The only require-
ment is that e(l1, T)e(l3, T) = e2(l2, T). This means that any three points
on the line A≤B≤C≤ will satisfy the requirement (see Fig. 13.3).

The greatest advantage of multi-colour (two or more) detection methods is
the small dependence of their accuracy on emissivity.The full-colour or one-
colour methods’ advantage is their simplicity in operation; only one measur-
ing operation is needed. They have high speed, high sensitivity, and high
resolution. The disadvantages of multi-colour detection methods are that
signal processing is more complicated, there is a strong influence of noise on
the accuracy, and their speed is slower.With the development of high-quality
CCD sensors,these disadvantages can be overcome to a certain extent.

13.3.2 Two-colour thermal-imaging 
detection method[342,343,347]

In the previous section, the advantages and disadvantages of multi-colour
detection methods were discussed in view of the radiation properties of the
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object. The influence of other factors was not considered. In this section,
the principles and methods are discussed further. Suppose that the ratio of
grey levels of two points is

[13.12]

Substituting Eq. [13.2] into Eq. [13.3] gives

[13.13]

where K¢ is a constant.
Cancelling all common factors, one obtains

[13.14]

For the purpose of this discussion, it was assumed that the wavelength
was in a narrow band, and e(l, T), h(l), MB(l, T) are slow functions. The
formula can be written as

[13.15]

Thus, from Eq. [13.15] the measured temperature is

[13.16]

The apparent temperature detected is

[13.17]

13.4 Division of the temperature field[336,340]

The temperature field in welding has a large range; the range of interest is
at least 800~1400°C. But due to the limited response capability of the CCD,
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it can detect only a small range of temperature. Therefore, it was proposed
to divide the temperature field into several regions according to the tem-
perature range. Using different exposure times for different regions, the
radiation power of all regions could be limited to the response capability
of the CCD and thus the temperature of the whole field could be obtained.

13.4.1 Dynamic response range of the ICCD

The most important characteristic of the ICCD is its dynamic response
range. This is determined by the maximum electrical charge that can be
stored in the potential pit Qmax and the minimum electrical charge due to
the inevitable noise Qmin.[330] It can be seen that the charge in the pit depends
not only on the irradiance at that point but also on the exposure time (the
time integration of charge by the ICCD). The photoelectric characteristic
of an ICCD is linear in the normal range, as shown in Fig. 13.4. Equation
[13.2] can be rewritten as

[13.18]

where K¢ is the coefficient decided by the optical imaging system.
Q¢ = tE(T, l0) is the exposure quantity; its units are lx.s. The co-ordinates
of the point in space are replaced by its temperature.

In cases when the exposure quantity of the electrical charge is larger than
Qmax or smaller than Qmin, the signal induced by the irradiance would be 
saturated or submerged, respectively, in the noise.

The exposure quantity, by which the quantity of electrical charge is deter-
mined, can be regulated by the irradiance E(T, l0) and the exposure time
t, so that Qmin < Q < Qmax. The irradiance E(T, l0) depends on the image
distance l¢, aperture coefficient F, etc. For a case in which l¢ is unchanged
and F is chosen, then the irradiance is a function of temperature only.

Q T K E Tl t l0 0( ) = ¢ ( ),
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Producing the quantity of electrical charge within the range Qmax – Qmin for
a different temperature range can be accomplished by using a different
exposure time. This means the time should be taken as

[13.19]

Obviously, when the welding temperature field has a large temperature
range, satisfying this requirement using one exposure is difficult.[295]

13.4.2 Method

Assuming that the ICCD has a minimum electrical charge quantity Qmin

and a maximum of Qmax, the corresponding grey level after 8-bit conversion
is Nmin~Nmax. Assuming also that the conversion is linear, as shown in 
Fig. 13.5, then the dynamic-response range can be expressed as Nmax/Nmin.
For the present system, Nmin ª 50, Nmax ª 240. The ICCD has good linearity
in this range.

Suppose that the temperature range is T1~T2 and the wavelength is l,
then the ratio of irradiance on the ICCD can be obtained from Eq. [13.1]
and Eq. [11.11] as follows (the emissivity is not taken into consideration):

[13.20]

For example, for the temperature range T1 = 1073K~T2 = 1673K,
l = 0.78mm, c(l) = 1200. Suppose that the irradiance due to T1 makes up
the Qmin and Nmin, then the Q produced by T2 would be 1200 times that of
Qmin and the grey level would be 1200*Nmin >> 255; obviously the ICCD is
saturated.Therefore, dividing the temperature field into several regions and
using different exposure times is needed to keep the irradiance of the 
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temperature range of all divisions within the dynamic response range of the
ICCD.[336,340]

Suppose that the exposure times are t1, t2, . . . , tm+1, and the temperature
T1 to T2 is divided into m segments, see Fig. 13.6a.

In order to fully use the dynamic response range of the ICCD, the tem-
perature range T1–T2 is divided into m sections T1~T1¢, T1¢~T2¢, . . . , Tm¢ ~T2,
according to geometric ratios, and the corresponding exposure times are 
t1, t2, . . . , tm+1.

Then, the following conditions must be satisfied

[13.21]

Transforming the formula shows that T1¢, T2¢, . . . , Tm¢ are only functions of
T1, T2 and are independent of l.

[13.22]

Substituting Eq. [13.22] into Eq. [13.21] gives

[13.23]

The exposure times t1, t2, . . . , tm+1 should be chosen so that the dynamic
responses on the ICCD for T1~T1¢, T1¢~T2¢, . . . , Tm¢ ~T2 are within the largest
linear range. The corresponding grey levels are shown in Fig. 13.6b.

For l1, the ideal case is:

[13.24]

As to l2, because l2 > l1, then c¢(l2) < c¢(l1), which satisfies the condition
for division given by Eq. [13.21].
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Transforming Eq. [13.23] and combining it with Eq. [13.21] gives

[13.25]

It is seen that, in order to satisfy the requirement of division of 
Eq. [13.21], the exposure time should be decided according to Eq. [13.25].
However, the exposure time of available ICCDs is discrete and the ratio of
any neighbouring two values may not be equal. Anyhow, it is advisable to
satisfy Eq. [13.25] as closely as possible. For a two-colour image, the irradi-
ance of both wavelengths must be kept within the response range. Equa-
tion [13.13] shows that the related factors are wavelengths l1, l2, band
widths dl2, dl1, transmissivities I1, I2 at the peak values of l1, l, and the
response values of the ICCD h(l1) and h(l2).

In order to fully use the dynamic range of the ICCD, locating the elec-
trical-charge quantity in the middle range of the temperature for the two
wavelengths being close to each other, i.e. R(T1)*R(T2) = 1 was proposed,
so that the electrical-charge quantity at the low-temperature and high-
temperature ranges would not be too different for the two wavelengths, and
a larger measurable temperature range could be obtained. In this case, the
parameters of the filter could be found by transforming Eq. [13.15] as follows

[13.26]

Thus, there is a temperature T0 in the range T1~T2 where R(T0) = 1. From
Eq. [13.15] T0 can be determined by the following formula:

[13.27]

The formula shows that T0 can be determined by proper design of the
peak value of the two-colour filter’s transmissivity. In other words, the peak
value of transmissivity is an important factor for the design of the filter.

Combining Equations [13.26] and [13.27], the relationship of T0 and T1,
T2 can be written as

[13.28]

Substituting Eq. [13.27] into Eq. [13.15] gives

[13.29]

From this formula, R(T) < 1 when T > T0 and R(T) > 1 when T < T0.
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13.4.3 Effect of the ICCD dynamic range

In the following paragraphs, the effects of the ICCD dynamic-response
range on the measuring-temperature range, the division number, the choice
of wavelength, and the requirement of exposure time are discussed on the
basis of Equations [13.20], [13.21], [13.22], [13.24].

(i) Exposure-time requirement. The available exposure times for the
ICCD applied in the present design were 16.7, 8, 4, 2, 1, 0.5, 0.25, 0.1ms. The
exposure time should be as short as possible; therefore, t1 = 8, t2 = 2, t3 =
0.5, t4 = 0.1 were chosen. Thus, t1/t2 = 4, t2/t3 = 4, t3/t4 = 5, which satisfy the
requirement of Eq. [13.25]. Due to the exposure times available, dividing
the temperature field into a maximum of four regions was allowed.

(ii) The requirement of l for a given range of T1~T2 and the division
number N. Supposing that a temperature field of T1~T2 is divided into n
regions, cT can be obtained from Eq. [13.22]. Substituting it into Eq. [13.23]
and combining it with Equations [13.21] and [13.20] gives

[13.30]

This equation shows that the smaller the dynamic range of the ICCD, the
longer the l should be.

(iii) Requirement of n for given values of T1~T2 and l. Equation [13.30]
can be transformed as

[13.31]

(iv) The limitations on the lower temperature T1 and the upper tempera-
ture T2 when l and n are given. Similarly, Eq. [13.30] can be transformed as

[13.32]

Obviously, as the dynamic-response range of the ICCD becomes larger,
the measurable temperature range also can be larger.

13.5 Wavelength of the filter[337,341]

The choice of wavelength is important.[331–333] It determines the radiant exi-
tance, the linearity and sensitivity of the colorimetric ratio, etc. The choice
of wavelength was discussed in the last section in relation to how to divide
the temperature region. This issue is discussed again in this section relative
to the colorimetric-ratio response. The object radiation, light transmission
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through filters, and the light received by the ICCD, were simulated using a
computer. The optimum wavelength was derived for a given temperature
range, which could give larger spectrum-radiant exitance, dynamic response
of the ICCD, and larger and more even colorimetric-ratio response.

13.5.1 The grey ratio of the two images

The colorimetric ratio depends mainly on the radiation properties of the
object, the transmissivity of the filter, and the spectrum response of the
ICCD: see Eq. [13.14]. In Chapter 11 and previous sections, the radiation
characteristics of the object have been discussed in detail. Numerical 
simulation was carried out in this section mainly in connection with the
dynamic response of the ICCD and the transmissivity of the filters.

(i) The dynamic-spectrum response of the ICCD.The dynamic-spectrum
response depends on the structure and material of the ICCD. In the case
of a Si substrate, the dynamic-spectrum response range is 0.4~1.1mm.
Figure 13.7 shows the experimentally-determined dynamic-spectrum
response curve.The curve was fitted to a polynomial by a least-squares error
determination as

[13.33]

where N = number of terms and ai = coefficient of fit. Specifically, the numeri-
cal values obtained were a0 = -1.222,a1 = 1.11,a2 = 7.639,a3 = -6.944,and N = 3.

(ii) Characteristics of the interference filter. The two-colour wavelength
was obtained using an interference filter. The centre wavelengths were l1,
l2 and their transmissivities are shown in Fig. 13.8. The transmissivity 
function gi(l) is[85]

h l l( ) = ◊
=
Âai

i

j

N

0
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[13.34]

where i = 1, 2 filters and k = interference order. dlI is determined by lI, etc.
All of the parameters except k were experimentally measured after it was
designed and manufactured.

(iii) Algorithm. For the calculation of Eq. [13.14], the product of three
functions, namely Equations [11.14], [13.33], [13.34], was integrated using
the approximation formula of a trapezoid:

[13.35]

where H(b - a)/N, xk = a + kH(k = 1, . . . , N), a, b are upper and lower limits
of the wavelength.

For l2, a = l2 - dl2/2, b = l2 + dl2/2, dx = dl.
For l1, a = l1 - dl1/2, b = l1 + dl1/2, dx = dl.
With the aid of this formula, the relationship of the system’s dynamic

response and temperature at an arbitrary wavelength and with a specific
bandwidth, can be obtained by numerical simulation considering all of the
factors concerned, e.g. the object’s radiation properties, the filter’s trans-
mission, and the response property of the ICCD.

13.5.2 Selection of wavelength

In the measuring system, the sensitivity, or the ratio of R(T) to T, reflects
more clearly the response characteristics of the system. If the sensitivity is
designated as S(T), then
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[13.36]

where 

The selection of the central wavelength is based mainly on the object’s
radiant exitance, the spectrum response of the ICCD, the effect of sur-
rounding light, the linearity and sensitivity of the system, the tempera-
ture range, and the range of dynamic response of the ICCD. The last two
factors were discussed in the previous section. The wavelength of the
maximum radiant exitance of the object at temperatures of 1100~1800K
are 2.616~1.599mm. Obviously, they are not in the range of the ICCD’s
dynamic response. The optimum response wavelength of the ICCD is 
0.5mm, which cannot be used because of serious interference from am-
bient light (daylight). Therefore, the applicable wavelength is between 
0.77~1.0 mm. In the following text, the rule and method for selecting the 
two-colour wavelengths is described in view of the system’s response and
sensitivity.

(i) The requirement related to the system’s response and sensitivity. R(T)
must be linear with a steep slope in the measuring-temperature range
T1~T2, so that the temperature scale is reasonably even and sensitive. More
explicitly, S(T1) = S(T2) and a large value of S(T) is required. The wave-
lengths of the two colours that can meet these requirements in the tem-
perature range of 1100–1800K were obtained by numerical simulation and
are shown in Fig. 13.9. Any two wavelengths on the figure could have a
stable sensitivity of S(T) in the assigned temperature range. Considering
that the dynamic response of the ICCD should not be too small, and avoid-
ing the visible light range as far as possible, then it is reasonable that l2

could be in the range of 0.90~0.948mm and l1 in the range of 0.77~0.80mm.
The possible combinations are 0.77~0.905mm, 0.780~0.920mm, 0.790~
0.934mm, and 0.800~0.948mm. Figures 13.10 and 13.11 shows the response
R(T) and sensitivity S(T) of the four combinations, determined by numer-
ical simulation. In the calculation, all factors including the radiation inten-
sity, peak value, central wavelength and bandwidth of filters, and the
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response of the ICCD (as shown in Fig. 13.7) were considered. The tem-
perature range for these calculations was 1000~2000K.

Figures [13.10] and [13.11] show that with the increase of wavelength
(combinations), the response ratio becomes larger and steeper, and the sen-
sitivity becomes greater. But too large a wavelength may reach the decreas-
ing end of the ICCD’s response curve (Fig. 13.7).As a compromise between
these two situations, 0.780 and 0.920 mm were chosen for l1 and l2.

(ii) The effect of the central wavelength on R(T). The relationship
between R(T) and T depends on l1, l2 and dl1, dl2. R(T) was obtained by
numerical calculation for different values of l1, l2 , dl1, dl2. The results are
shown in Fig. 13.12a, b, c.

In the case where Dl = l2 - l1 = 0.14mm, dl1 = 0.0235mm, dl2 = 0.0204mm
were kept constant and l1 was varied between 0.68, 0.73, 0.78, 0.83mm, the
relationship between R(T) and l1 was obtained and is shown in Fig. 13.12a.
This shows that when l1 is small, the linearity between R(T) and T was
poorer at the low-temperature end and when l1 was large, the R(T)tended
to be saturated in the high-temperature range. Therefore, choosing 
l1 = 0.78mm for the assigned temperature range of 1000–18000 K was appro-
priate. In the case where l1 = 0.78mm, dl1 = 0.0235mm, dl2 = 0.0204mm 
were kept constant and l2 was varied between 0.84, 0.88, 0.92, 0.96mm, the
relationship between R(T) and T was obtained and is shown in Fig. 13. 12b.
This shows that when l2 was large, R(T) at the low-temperature end was
poorer and when l2 was small, R(T) tended to be saturated at the high-
temperature end. Therefore, using l2 = 0.92mm for the temperature range
of 1000–1800K was recommended. In the case where l1 = 0.78mm,
l2 = 0.92mm were kept constant and dl1, dl2 were varied as dl1 = 0.0435,
0.0335, 0.0235, 0.0135mm and dl2 = 0.0405, 0.0305, 0.0205, 0.0105mm, the
relationship between R(T) and T was obtained and is shown in Fig. 13.12c.
This shows that dl1, dl2 exert an insignificant effect on the R(T)–T
relationship. However, if dl is too large, the ICCD becomes saturated and
if dl is too small, a small signal is produced and, hence, a low signal-to-noise
ratio. Therefore, using 0.01~0.03mm for dl1 and dl2 was recommended.

(iii) The effect of the central wavelength on S(T). Similar to the discus-
sion in the last section, the relationship of S(T) to T was obtained for 
different values of l1, l2, dl1, dl2 and is illustrated in Fig. 13.13a, b, c.
Figure 13.13a shows that S(T), or sensitivity, increases with the increase of
l1 = 0.68, 0.73, 0.78, 0.83 mm while keeping Dl = l2 - l1 = 0.14mm,
dl1 = 0.0235mm, dl2 = 0.0204mm unchanged. But the variation of S(T) is
large for large and small values of l1. Therefore, taking l1 = 0.78mm for the
temperature range of 1100~1800K, was recommended. Figure 13.13b shows
that S(T) increases when increasing l2 or Dl (Dl = l2 - l1) while keeping
l1 = 0.78mm, dl1 = 0.0235mm, dl = 0.0204mm constant. However, because
too small or too large values of l2 causes unstable S(T), l2 = 0.92mm was 
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recommended. Figure 13.13c shows that changing dl1 = 0.0435, 0.0335,
0.0235, 0.0135mm and dl2 = 0.0404, 0.0304, 0.0204, 0.0104 mm, had little effect
on R(T) when l1 = 0.78mm and l2 = 0.92mm were kept constant.

In order to get good linearity and a steep slope of the R(T)–T curve, S(T)
was required to be stable in the temperature range being measured. From
the results described above, it can be concluded that l1 = 0.78, l2 = 0.92mm
satisfy the requirement.

(iv) The effect of the central wavelength on the relative sensitivity (Sr(T))
of the system’s response. The relative sensitivity Sr(T) is defined as
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This is an important parameter, which can reflect the properties of the
system. It can be derived from Eq. [13.14] as follows:
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The Sr(T)–T relationship was calculated by numerical simulation for dif-
ferent values of l1, l2, dl1, dl2. The results are shown in Fig. 13.14a, b, c.
Figure 13.14a shows that Sr(T) decreased with an increase of l1(0.48, 0.58,
0.68, 0.78, 0.88mm) when holding l1 - l2 = 0.14mm and dl1 = dl2 = 0.01mm
constant. Sr(T) increased with an increase of l2 (0.82, 0.87, 0.92, 0.97,
1.02mm) when l1= 0.78mm, and dl1 = dl2 = 0.01mm (see Fig. 13.14b). Sr(T)
slightly decreased when dl1 and dl2 were increased (0.01, 0.02, 0.03, 0.04,
0.05mm) and l1 = 0.78mm, l2 = 0.92mm were kept constant.

13.6 Design of the sensor[295,296]

The design of the two-colour thermal-image sensor determines the quality
of the image. It should be small, reliable, and have fast response. The main
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design problem is how to sample two-colour images in as short a time as
possible. The construction of the optical system, choice of devices, design of
filters, image sampling, and time-sequence control, etc. are described in the
following sections.

13.6.1 Structure

There are two possible types of optical systems for radiation-image forma-
tion as shown in Figures 13.15a and b, respectively, a reflection type and a
refraction type.[334] Because the system works at l1 = 0.78mm, l2 = 0.92mm,
all devices, including the lenses and filters, must have good transmissivity at
these two wavelengths to ensure high image quality. Most, but not all, exist-
ing infrared imaging systems are of the reflection type because there are
few materials that can satisfy the physical, chemical and mechanical prop-
erties needed for an infrared refraction system, and designing an achro-
matic optical system is difficult. The reflection type has no chromatism and
a wider applicable working wavelength.The materials requirements are not
rigorous. However, there are many shortcomings including a small field,
bulkiness and eclipse in the major optical path. Therefore, the refraction
type was chosen for the present design.

For the system, the main aim was to obtain two thermal images. There
were two possible choices for this, namely, a single optical path and a binary
path,[335] as shown in Figures 13.16a and b. In the binary-path design, a spec-
troscope was used that divided the radiation into two paths with different
filters. Two ICCDs were used to form the image. In this way, two thermal
images could be obtained simultaneously. However, very strict synchroni-
sation and accuracy are required for all optical devices in establishing these
two optical paths. Practical experience demonstrated that this type of sensor
was hard to fabricate and also was bulky. The single-path design was much
simpler to construct and had greater system stability but it required a
precise color modulator and two filters.
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The optical system of the present design is shown in Fig. 13.17. Obvi-
ously this is an improved design on the basis of the structure described 
in Section 12.2.2 and Fig. 12.10. On the colour modulator there are two 
half-disc filters. The optical path and all of the devices included were iden-
tical except the wavelengths of the two filters. Therefore, it was simple and
stable. The focal length of the lens was f = 50mm. In the case in which 
the object field was 50 ¥ 40mm and the optically sensitive surface of the
ICCD was 7.95 ¥ 6.45mm, the image distance l¢ and object distance l can
be calculated as

[13.38]

where a is the imagery magnification
A different image size can be obtained by regulating the image distance.

Figure 13.18 shows the appearance of the actual sensor that was designed.
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13.6.2 Sensor components

The main components of the sensor are the lens and the ICCD; their char-
acteristics determine image quality.

Lens. In the choice of a lens, the following factors are considered:

• The focal length is chosen according to the image and object distances,
the image-field size and the space needed for mounting, the required
temperature-field size, etc. For the present design, 50mm was chosen.

• The aperture coefficient F is chosen according to the minimum and
maximum irradiance acceptable to the ICCD and should be co-
ordinated with the exposure time. In the present design, F = 4.5, 5.6, 8,
11, and 16 were chosen. The irradiance of the ICCD decreases by one
half when the F-stop is increased by one step.

• Vignetting coefficient H. H affects the evenness of the irradiance on the
ICCD surface when a uniform source emits and projects radiation to
the lens.

[13.39]

where D is the optical beam diameter projected by a point on the object
located on the principle axis. Dw is the actual beam width projected by
a point located outside of the principle axis. The angle between the
major optical line of the point and the principle axis is w. The beam
width is measured on the intersecting plane formed by the object point
and the principle axis.

Due to the vignetting effect, the irradiance at the periphery of the
image decreases; the bigger the viewing field, the more serious this phe-
nomenon becomes. Because the viewing field is small in the present
case, H may be neglected.

• Geometric parameters and lens quality.

ICCD. An ICCD has many advantages over other imaging systems
including low weight and small volume, low-power requirement, and

H
D
D

= w
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robustness in operation. Moreover, its resolving power, dynamic response,
sensitivity, and real-time scanning and signal transmission also are superior.
The main function of the ICCD is to accumulate and transmit electric
charge. In the present system, a model MTV1881EX was chosen, the char-
acteristics of which are shown in Table 13.1.

13.6.3 Two-colour modulator and filter

The function of the colour modulator is to alternate between the filters in
order to take two images at different wavelengths. Because the temperature
field changes rapidly,high-speed switching between the two filters is required
to minimise the displacement of the temperature field between images.
Figures 13.19a and b show the construction of the modulator. It comprises a
disc with two half-circle holes, as shown in Fig. 13.19a. On the frame of the
disc are two small holes that are called location holes and are used for a pho-
toelectric element. When the hole passes by the photoelectric element, a
signal is produced that instructs the computer to take an image.Figure 13.19b
shows the two half-circle filters having wavelengths l1 and l2. Suppose 
that the centre of the disc is O (see Fig. 13.19c), the outer diameters are R1
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Table 13.1 Characteristics of the ICCD

Item Parameter

Image area 4.8mm ¥ 3.6mm
Pixel 795 (Horizontal) ¥ 596 (Vertical)
Horizontal frequency 15.625KHz
Vertical frequency 50Hz
Scanning system CCIR Standard, 625 line, 50 field/sec
Minimum irradiance 0.0�x for output voltage -6dB at f1.4 lens
Signal to noise ratio >48dB
Resolving power Better than 600 line TV
Shutter Discrete, 8 grades

Hole 2 Positioning 
Hole 1a) b)

2R
A

w

1R
d

r

q

B

c)

O

l1

l2

13.19 Construction of a two-colour modulator
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and R2, the width of the cross-beam between the two half-circles is w, the
centre of the light-beam is at B and its radius is r, the distance between the
disc centre and the centre of the light beam is OB = d, the angle between OB
and the cross-beam is q, and the angle used for taking the image is q0. Then
the values of R1, R2 and q should satisfy the following formula:

[13.40]

It can be seen from these formulae that an appropriate design of the disc
could increase the beam receiving-angle and the switching speed of the
filters. If r + w/2 = d/2, then q0 = 30° and the effective beam receiving angle
would be 180° - (2*30°) = 120°

The maximum exposure time of the ICCD was 16.7ms. In selecting the
rotation speed of the colour modulator, 40ms was considered a satisfactory
time for taking an image. If the switching time of the filters was 20ms, then
the total time for taking two images would be 2*(40 + 20) = 120ms. There-
fore N = 8.33r/s was selected for the rotation speed of the modulator. A 
6V, 2400r/min DC miniature motor having a belt drive was chosen to 
rotate the modulator.

Because the images are taken during high-speed rotation of the filter,
the filters should have uniform quality. Two specially made interference
filters were designed according to the principle described in Section 13.4
and Eq. [13.26]. The filter parameters were l1 = 0.78mm, dl1 = 0.0235mm,
I1 = 0.83, l2 = 0.92mm, dl2 = 0.0204mm, and I2 = 0.662.

13.6.4 Acquisition of the image signals and control[345,352]

For dividing the temperature range, choosing several exposure times, which
are controlled by the computer via an I/O interface, are necessary. The
switching of the imaging is controlled by a photoelectric signal produced
using two small holes. A schematic diagram of the operation is shown in
Fig. 13.20.

Exposure-time control. The exposure time was determined by a four-bit
logic circuit. The logic settings are shown in Table 13.2.

Acquisition of the image. Image acquisition was controlled by the signal
generated from the holes on the modulator disc.When a hole reached a preset
location, the photo-electric device transmited a signal to the computer and
started the sampling of the image.The time sequence is shown in Fig.13.21.

The image signal-processing system. This system, which is shown in 
Fig. 13.22, consisted mainly of an image module and a computer. The image 
was sampled according to the location pulse, which could be sent to the
monitor for display or to the memory of the computer for processing. The
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Sensor 

Location signal

Selection of exposure time

Video signal

Image board 

ComputerI/O Interface

13.20 Two-colour sensor and computer I/O interface

Table 13.2 Exposure-time control

Shutter time J4 J5 J6 J7

Close 0 ¥ ¥ ¥
1/60 (ms) 1 0 0 0
1/125 (ms) 1 0 0 1
1/250 (ms) 1 0 1 0
1/500 (ms) 1 0 1 1
1/1000 (ms) 1 1 0 0
1/2000 (ms) 1 1 0 1
1/4000 (ms) 1 1 1 0
1/10000 (ms) 1 1 1 1

Note: ‘1’ Open-circuit, ‘0’ Short-circuit

Image for l2

Signal for starting l2

1l 1l 1l

2l 2l

Image for l1

Signal for starting l1

Exposure time 

Video signal

t1 = 2 ms t2 = 0.5 ms t3 = 0.1 ms

13.21 Time sequence for imaging
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software selected one of the four channels and the signals were sent to an
A/D converter. After reading the table, the 8-bit image signals were sent to
the buffer memory. At the same time as the signals were sent to the row
buffer memory, they were taken by the computer via a VESA bus and sent
to the computer’s memory or the display module of the VGA for further
processing.

13.7 Effects of measuring conditions[338]

As described in Chapters 11 and 12, the results of measurements by the col-
orimetric method theoretically do not depend on the distance, exposure
time, lens aperture, filter-material uniformity or surface conditions. This
implication is verified in this section for further confirmation of the accu-
racy and reliability of the method. For this purpose, a Gleeble–1500
machine and NiCr–NiAl thermocouples were used. The effect of various
factors, such as material, surface conditions, distance, exposure time, and
aperture, were studied in detail.

13.7.1 Materials and surface conditions

Effect of spectrum emissivity. The colorimetric method has the least depen-
dence on emissivity. If the object is a grey or black body, or the emissivity
equals 1 or is a constant, the measured temperature Tc (or apparent tem-
perature) is identical to the real temperature T. If the object does not satisfy
these conditions, then there is an error between Tc and T. The error can be
obtained by substituting Eq. [13.8a] into Eq. [13.8b].

[13.41]DT
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T T
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The emissivity of real matter depends on the material, surface condition,
radiation direction, wavelength and temperature. For an engineering mate-
rial, and a small difference of l1, l2, it can be regarded as a grey material.
Then, the colorimetric temperature Tc is very close to its real temperature
T. For the wavelengths l2 = 0.78mm, l2 = 0.92mm, the emissivities are not
identical. B = e(l1, T)/e(l2, T) is not equal to 1 and the absolute error
DTc(K) = T - Tc can be calculated as shown in Table 13.3. This table shows
that when (B < 0.85) or (B > 1.15), the error is larger than 50K. Moreover,
the higher the temperature, the larger the error is when B is kept constant.
Therefore it can be concluded that the key problem of ensuring measure-
ment accuracy is to keep the emissivities of the materials at two wave-
lengths as close as possible.

Figure 13.23 shows the experimentally determined relationship be-
tween emissivity and wavelength for some metals. The figure shows that 
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Table 13.3 Difference between Tc and T due to different e for l1, l2

B T (K)

1000 1100 1200 1300 1400 1500 1600 1700 1800

0.85 54.7 65.9 78.0 91.0 105.0 119.9 135.7 152.3 169.9
0.90 36.2 43.6 51.7 60.5 69.9 80.0 90.6 102.0 114.0
0.95 18.0 21.7 25.8 30.2 34.9 40.0 45.5 51.2 57.3
1.00 0 0 0 0 0 0 0 0 0
1.05 -17.7 -21.4 -25.6 -30.1 -34.9 -40.2 -45.8 -51.2 -58.1
1.10 -35.1 -42.7 -51.0 -60.0 -69.9 -80.5 -91.9 -104.1 -117.2
1.15 -52.4 -63.7 -76.3 -90.0 -104.9 121.1 -138.5 -157.2 -177.2

Conditions: l1 = 0.78 mm, l2 = 0.92 mm, B = e(l1, T )/e(l2, T )

Pt
Cr
Mo

Fe

l (mm)

13.23 Emissivity obtained by experiment
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B = e(l1, T)/e(l2, T) is less than 1.033 for Pt, Cr, Mo and Fe. In the present
design, l1, l2 were 0.78~0.92mm; therefore the resulting error could be
neglected.

Effect of materials.Two metal alloys,namely 1Cr18Ni9Ti stainless steel and
Q235 mild steel, were tested in vacuum to avoid oxidation of their surfaces.

The experimental conditions were: An aperture of 8, exposure time of 
2ms, specimen dimensions of 10 ¥ 10 ¥ 150mm, and 310mm distance.

The measurements were repeated three times for each condition.The col-
orimetric ratios obtained are shown in Table 13.4.

The table shows that the sensitivity was 0.74 ¥ 10-3/°C and 0.92 ¥ 10-3/°C,
respectively, for 1Cr18Ni9Ti and Q235. The difference between the two
metals was 4.3°C at 900°C and 14.5°C at 950°C. Also, the grey level of
1Cr18Ni9Ti was greater than that of Q235. This means that the emissivity
of 1Cr18Ni9Ti was greater than that of Q235. However, both were stable
in repeated measurements. The results were reliable and acceptable for
practical application.

Effect of surface condition.The emissivity depends strongly on the surface
condition. Experiments with stainless steel were conducted with two dif-
ferent surface conditions. One was a bright surface and the other condition
was an oxidised surface formed by holding at a high temperature for a long
time. The results obtained at 1100°C and 1150°C are listed in Table 13.5.

The experimental conditions were: An aperture of 11, exposure of 0.5ms,
specimen dimensions of 10 ¥ 10 ¥ 150mm and distance of 310mm.

This table shows that the sensitivity was 0.7 ¥ 10-3/°C and 0.68 ¥ 10-3/°C
for the bright surface and the oxidised surface, respectively. The difference
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Table 13.4 Effect of materials on colorimetric ratios

Test Mild steel 1Cr18Ni9Ti Difference 
No.

Grey Ratio Average Grey Ratio Average
of ratio

l1 l2 l1 l2

1 64 71 0.904 129 140 0.916
900 � 2 65 70 0.930 � 0.919 129 140 0.921 � 0.915 0.004

3 66 71 0.923 128 140 0.907

1 100 104 0.962 182 192 0.952
950 � 2 101 104 0.964 � 0.965 182 192 0.951 � 0.952 0.013

3 102 105 0.969 183 192 0.954

(Conditions: Distance 310mm, Aperture 8, Exposure 2ms)
n.b. l1 and l2 are nearest whole numbers 

Te
m

p
er

at
u

re
 (

°C
)
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between these two surfaces was 8.6°C at 1100°C and 10.0°C at 1150°C.
These results showed as well that the grey level of the oxidized surface was
higher than that of the bright surface. Obviously, the oxide film increased
the emissivity.The grey level for repeated experiments was stable, with little
variation.

13.7.2 Distance

The influence of different measuring points on the object. It is known that
the irradiance at a point depends on the angle w between its principal ray
and the optical axis. When the radiant exitance values of both points is
equal, the ratio of the irradiance between these two points is

[13.42]

The effect of w was calculated and is shown in Table 13.6 (for H = 1). This
table shows that the resulting difference was significant when w > 12°.

E r E Hl l w, , cos
v¢( ) ( ) = ◊0 4
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Table 13.5 Effect of surface condition

Test Bright stainless steel Oxidised stainless steel Difference of
No.

Grey Ratio Average Grey Ratio Average
colorimetric

l1 l2 l1 l2

ratio

1 138 130 1.062 189 180 1.047
1100 2 138 130 1.061 � 1.062 189 178 1.064 � 1.056 0.006

3 138 129 1.064 189 179 1.057

1 178 162 1.096 242 222 1.090
1150 2 179 162 1.097 � 1.097 241 222 1.089 � 1.090 0.007

3 179 163 1.097 241 221 1.090

(Conditions: Distance 310mm, Aperture 11, Exposure 0.5ms)
n.b. l1 and l2 are nearest whole numbers 
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m
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er
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u

re
 (

°C
)

Table 13.6 Effect of w on the irradiance ratio

w 0° 5° 10° 12° 15° 20° 25° 30°

E(l, r ¢
Æ

)/E(l, 0) 1 0.985 0.94 0.915 0.87 0.78 0.675 0.563
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Because only the ratio of grey level was used for the assessment of tem-
perature, the grey-level change due to the angle w would not play a signif-
icant role. However, if an aberration (for example a chromatic aberration)
or a difference of image location existed, the grey level change due to w
would play an important role in the value of the error of R. In the present
system, w < 6°, Dl = 0.14mm << l1 and l2, and the location error between
the two images was less than 2 pixels. Therefore, the error due to the loca-
tion of the point in the viewing field could be neglected. In fact, its influ-
ence was hard to experimentally verify because rigorous experimental
conditions were needed to obtain precise measurements.

Effect of distance. It was demonstrated that in the colorimetric measur-
ing method, the effect of distance on the measured value was theoretically
eliminated: see Eq. [13.15]. To verify this rule, the following experiments
were conducted.The experimental conditions were:An aperture of 8, expo-
sure for 0.5ms, specimen dimensions of 10 ¥ 10 ¥ 150mm, 1Cr18Ni9Ti stain-
less steel material, distances of 290, 310, 355, and 488mm. The grey levels,
their ratios, and the average values were measured three times. The results
are shown in Table 13.7. This table shows that the sensitivities were 
0.68 ¥ 10-3, 0.46 ¥ 10-3, 0.64 ¥ 10-3, and 0.6 ¥ 10-3/°C, for distances of 290,
310, 355, and 480mm, respectively. If the data at a distance of 310 mm is
taken as the standard, the error for distances of 290, 355, and 480mm were
-8.7, -10.9, and -52.2°C at 1100°C and +32.6, +8.71, -37.0°C at 1150°C.
These results also show that the grey level and grey-level ratio decreased
when the distance increased but the error was within only 11°C for a 
distance of 310~355mm, which is a great advantage of this method.

13.7.3 ICCD and lens parameters

Theoretically, the exposure time of the ICCD and the aperture coefficient
have no effect on the grey level ratio but, in fact, the signal-to-noise ratio
changes when the exposure time and aperture coefficient change and, con-
sequently, the grey-level ratio changes.

Effect of aperture coefficient. The aperture coefficient represents the area
of the optical path. A larger aperture coefficient means the area of the
optical path is smaller; the area decreases by one half when the aperture
coefficient increases one grade. Experiments were conducted using two
aperture coefficients at two different temperatures, 1100°C and 1150°C.The
results are shown in Table 13.8. The experimental conditions were: Aper-
tures of 8 and 11, exposure for 0.5ms, specimen dimensions of 10 ¥ 10 ¥
150mm, 1Cr18Ni9Ti stainless steel material, and a distance of 355 mm.

This table shows that the sensitivities were 0.63 ¥ 10-3/°C, and 0.75 ¥
10-3/°C for apertures of 8 and 11, respectively. The error at 1100°C was
30.2°C and at 1150°C was 44.0°C. It is known from Equations [13.2] and
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[13.3] that the grey level for an aperture of 8, theoretically, is 2 times that
for an aperture of 11 at the same temperature (in fact, it is not 2 times).
The data shown in Table 13.8 demonstrates that there is an influence of
aperture on the measurements. In order to eliminate the influence of the
relationship between temperature and colorimetric ratio, calibrating the
sensor using a fixed aperture and storing the results in the computer is rec-
ommended for practical applications.

Effect of exposure. Two exposure times, namely, 2ms and 0.5ms at an
aperture of 11 were selected for the experiments. Measurements were
carried out at 1000°C and 1050°C. The results are shown in Table 13.9.

The experimental conditions were: An aperture of 11, exposure for 2ms
and 0.5ms, specimen dimensions of 10 ¥ 10 ¥ 150mm, 1Cr18Ni9Ti stainless
steel material, and a distance of 310mm.
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Table 13.8 Effect of aperture on measuring results

Temper- Test Ap. 8 Ap. 11 Difference
ature No.

Grey Ratio Average Grey Ratio Average
of ratio

(°C)
l1 l2 l1 l2

1 155 164 0.9450 110 115 0.9553
1100 2 155 164 0.9442� 0.9470 111 115 0.9646� 0.9660 0.019

3 155 163 0.9517 111 114 0.9781

1 203 206 0.9837 145 145 1.0047
1150 2 203 207 0.9807� 0.9785 146 146 1.0014� 1.0035 0.025

3 203 209 0.9711 146 146 1.0044

(Conditions: Stainless steel with a bright surface, Distance 335mm, Exposure 0.5ms)
n.b. l1 and l2 are nearest whole number

Table 13.9 Effect of exposure on measuring results

Temper- Test 2 ms 0.5 ms Difference 
ature No.

Grey Ratio Average Grey Ratio Average
of ratio

(°C)
l1 l2 l1 l2

1 165 172 0.962 65 68 0.955
1000 2 164 170 0.969� 0.963 64 68 0.948� 0.958 0.005

3 162 169 0.959 65 67 0.971

1 228 219 1.039 97 94 1.029
1050 2 226 221 1.023� 1.028 98 95 1.031� 1.030 0.002

3 226 221 1.021 96 93 1.029

(Conditions: Stainless steel with a bright surface, Distance 310 mm, Aperture 11)
n.b. l1 and l2 are nearest whole numbers

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



This table shows that the sensitivities were 1.3 ¥ 10-3/°C and 1.46 ¥
10-3/°C for exposure times of 2ms and 0.5ms, respectively. The errors 
introduced were 3.8°C at 1000°C and 1.5°C at 1150°C.

The grey-level ratios for the two different exposures of 2ms and 0.5ms
at the same temperature should be 4 according to Equations [13.2] and
[13.3], but actually they were less than 3. In practical applications of the
measuring method, the system is calibrated for each exposure so that the
effect of exposure will be eliminated.

13.8 Calibration of the system[344,350]

After temperature-measuring instruments are built, they should be cali-
brated to establish the relationship between the output and temperature,
which is called the calibration function or calibration curve. For conven-
tional instruments, a standard reference should be used, either near the
object or inside the photoelectric scanning device. This requirement is hard
to satisfy, particularly for temperature-field measurements.

The author has proposed a special calibration method. First, off-line cal-
ibration was carried out with a known temperature reference so that the
relationship of the grey ratio and temperature was obtained. In subsequent
actual applications, the instrument was calibrated on-line to establish the
relationship between grey level and temperature. Then the temperature-
field data can be quickly acquired in actual measurements.

13.8.1 Off-line calibration

As described in Section 13.7, a small distance variation within 40mm does
not greatly affect the grey ratio–temperature relationship. Proper selection
of l1, l2 confines the error due to surface conditions to a certain range.
Therefore, the factors that should be calibrated are the exposure of the
ICCD and the aperture of the lens.

The conditions for calibration were: Gleeble–1500 thermal-cycle simula-
tion machine, a lens of aperture 8, an ICCD exposure of 0.1, 0.5, and 2ms,
stainless steel material, specimen dimensions of 12 ¥ 12 ¥ 60mm, and a dis-
tance of 310mm. The schematic diagram of the calibration system is shown
in Fig. 13.24.

Procedure: Two thermal images were taken at the centre of a uniform
temperature field, the data were processed and the grey-level ratios were
determined.

In order to avoid the thermocouple influencing the temperature field, the
athermocouple was mounted on the back of the specimen opposite the
measured point. Measurements were then taken every 50°C. The grey-level
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ratio to temperature relation was recorded for each exposure. Three cali-
bration curves were obtained by fitting the data as shown in Fig. 13.25.

13.8.2 On-line calibration

In the colorimetric method, a lot of time is needed for data acquisition and
processing for each temperature field. The first step is the sampling of two
thermal images, which requires 40ms including the switching of the optical
path. The second step is filtering the image data, which also takes 40ms if
a (3 ¥ 3) pixel average is used. This duration can be shortened if signals of
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only local parts of the temperature field are necessary. The first duration
may be greatly shortened if a single image is used instead of two images.
However, the grey level of a single image is sensitive to distance and cannot
be used directly for assessment of the temperature.

It is known that the grey-level ratio has a definite relationship to tem-
perature, independent of the measurement distance. If the distance and
material are kept constant, there is a definite relationship between the grey-
level ratio and the grey level. In other words, there is a definite relationship
between the grey level Nl1

(T) of the image l1 and the temperature. This
relationship can be calibrated on line for all three exposures. The method
is shown in Fig. 13.26. Thus, the temperature-field data can be established
directly from its grey level from one image. The method is called a ‘two-
colour calibration and one-colour measuring method’. In this way, the
process becomes simple and quick. Figure 13.27 shows an on-line calibra-
tion curve obtained under the following conditions: a distance of 310mm,
stainless steel, an aperture of 16, and exposure times of 0.1, 0.5, and 2ms.
By using these curves, the measuring time is shortened to one half of that
for the two-colour measurement method.

13.8.3 Conclusion

• The core of the colorimetric temperature-field measuring facility is 
the two-colour sensor developed by the author and described in 

486 Arc welding control
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Section 13.6. It is compact, lightweight and reliable.The time needed for
measuring one temperature field is less than 120ms, which is satisfac-
tory for real-time detection.

• The effects of different factors on the measurement accuracy are dis-
cussed in Section 13.7. The results demonstrated that the distance and
emissivity have little effect; this is the greatest advantage of the method
that was developed. The effect of other factors can be eliminated by 
calibration.

• A two-colour calibration and one-colour measuring method has been
developed by the author. It possesses the advantages of the two-colour
measuring method and the results are independent of measuring dis-
tance, emissivity, etc. It also possesses the advantage of the one-colour
measuring method, i.e. high speed. This method provides a good means
for real-time measurement and weld-quality control.
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14
Practical measurement and application

14.1 Experimental apparatus

The system described in Chapter 12 was applied in an automatic welding
machine in which TIG welding was used with the QHT-80 power source
developed by Tsinghua University (see Chapter 4).A two-colour sensor was
mounted toward the back of the weld, which was moving simultaneously
with the welding torch. The temperature field was measured in real time
while welding was in progress. Various parameters of the thermal process
during welding could be monitored and used for closed-loop control of the
welding process, as shown in Fig. 14.1.[339,351,379]

14.2 Measurement of the welding temperature field

The main problems for real-time measurement of a welding temperature
field are the measuring speed and measurable temperature range. Apply-
ing combined off-line and on-line calibration can shorten the measuring
speed for one image to 40ms. Applying several exposures has extended the
measurable range from 250°C to 600°C. Therefore, adequate information
about the welding temperature field can be obtained within 0.5 s, which
makes real-time control possible.

The measuring procedure includes sampling the thermal image, data pro-
cessing and connection of the temperature regions to form a complete field.

14.2.1 Acquisition of temperature-field signals

Measurements were conducted using TIG welding. The experimental 
conditions were flat welding without filler-wire addition, mild steel having
dimensions of 60 ¥ 150 ¥ 2mm, argon shielding gas at a flow rate of 0.5m3/h,
128A welding current, 14V arc volts, 7.07mm/s travel speed, f2.5 mm tung-
sten electrode, a measuring distance of 310mm, an aperture setting of 11,
and exposure times of 0.1, 0.5, and 2ms.
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Two images were taken through the filters designed for wavelengths l1

and l2 at an exposure time of 0.1ms for the high-temperature region, at an
exposure time of 0.5ms for the medium-temperature region, and at an
exposure time of 2.0ms for the low-temperature region. The time sequence
for imaging is shown in Fig. 13.21 and the flow chart is shown in Fig. 14.2.
Because the total imaging time was less than 60ms, the influence of torch
movement could not be determined. Using a two-colour calibration method
and a one-colour measuring method, three images were obtained for l1 at
three different exposures times. Figures 14.3a, b, and c show the three
images for l1 at exposure times of t1, t2, and t3.

14.2.2 Procedure for signal processing

Signal processing can be divided into three procedures: preprocessing of
the thermal image, calibration of the grey level of each of the three regions,
and connection of the three temperature regions.

(i) Preprocessing of the image. In practical measurements, there is con-
tamination on the object’s surface and noise produced by the optical system
itself. Both of these cause error in the measurements; the grey-level ratio is
particularly sensitive to noise. Therefore, filtering the signals is necessary.
The average grey level of 9 neighbouring pixels normally is used, namely

[14.1]

where, N¢(i, j) is the grey value of the row i, column j pixel.

¢( ) = - -( ) + -( ) + - +( ) + -( )[
+ ( ) + +( ) + + -( ) + +( )
+ + +( )]

N i j N i j N i j N i j N i j

N i j N i j N i j N i j

N i j

, , , , ,

, , , ,

,

1 1 1 1 1 1

1 1 1 1

1 1 9
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(ii) Detection of the temperature in different regions. After filtering of
the signals, two images in the high-temperature region, N(l1) and N(l2), are
selected. The pixels that have the same grey level, N1, in image l1 are
selected and the pixels in image l2 that correspond to the pixels of N1 in
image l1 are identified. The average grey value of these pixels, N2(N1), is
calculated using the following formula:

[14.2]R N
N

N N1
1

2 1

( ) = ( )
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Taking advantage of the off-line calibration curve (the R–T relation-
ship curve), the temperature corresponding to N1 can be found as 
T(R(N1)).

In order to eliminate the misalignment of images l1 and l2 (in the present
design, it would be no more than two pixels), the value of T(N1) is aver-
aged with two neighbouring ratio values.

[14.3]

Similarly, from images in the medium-temperature region and the low-
temperature region, T2(N1) and T3(N1) can be obtained in the same way 
as T1(N1).

T N
T N T N T N

1
1 1 11 1

3
( ) =

-( ) + ( ) + +( )
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a) t1 = 0.1 ms

b) t2 = 0.5 ms

c) t3 = 2.0 ms

14.3 Images of l1 for t1 t2 and t3
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It is seen that T1(N1), T2(N1) and T3(N1) were obtained on the basis of
R(N1). However, on the basis of it, the temperature values of the field can
be evaluated directly from N1 obtained from the three l1 images.

(iii) Connection of the temperature regions. In order to obtain the com-
plete temperature field, the three regions are connected together. To make
this connection, the borders of each region have to be defined. The location
where the grey level N1 < 50 in the high-temperature image l1 is defined as
the border of the high-temperature region. Similarly, the location where 
N1 < 50 in the medium-temperature image l1 is defined as the border of 
the medium-temperature region. The location where N1 < 50 in the low-
temperature image l1 is considered as a region that does not give reliable
data. In order to put the temperature fields of the three regions together
and display them as a single image, the temperature data are transformed
into their grey levels. Supposing that the maximum and minimum temper-
atures obtained for the complete temperature field are Tmax and Tmin, trans-
forming them into grey levels from 255 to 0 is required. The formula for
transformation is:

[14.4]

where i = 1, 2, and 3 represent the high-temperature, medium-temperature
and low-temperature regions, respectively.

If the grey level N is known, the temperature can be found using the 
following formula:

[14.5]

After artificially colouring, the picture is obtained as shown in Fig. 14.4. The
maximum temperature in the centre is 1700K and at the periphery is 
1200K. Each colour band represents 50K. A flow chart of the signal pro-
cessing is shown in Fig. 14.5.

14.2.3 Connecting the temperature regions

Figures 14.6a, b, and c, show a three-dimensional diagram of the tempera-
ture distribution in the low-, medium- and high-temperature regions.
Figure 14.6d is the whole picture that incorporates the three connected
regions, where XOY is an isothermal plane. Each colour grade is 50K.

14.3 Mathematical model of the temperature field in
welding based on measurement

The analysis of the temperature field is based mainly on three factors;
namely, the distribution of the heat source, heat transfer laws and the

T T T T
N

= + -( )min max min 255

N T N
T N T
T Ti
i

1
1255( )[ ] =

( ) -
-

min

max min
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boundary conditions of the work-piece. An analytical solution can be
obtained only for the case of a half infinitely thick, half infinitely large or
infinitely long workpiece. The heat source is assumed to have a point, line
or surface shape. Actually, the heat source is not ideally distributed; there-
fore the temperatures cannot be analysed even if the boundary conditions

Practical measurement and application 493

14.4 Artificially-coloured temperature field
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14.5 Flow-chart of signal processing of the temperature field
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of the work piece are ideal. Anyhow, an analytical function has been
obtained when the heat-source distribution is assumed to obey a Gaussian
model, which approximates to a real arc. Zhang proposed a heat source 
following a double elliptical Gaussian model that is closer to a real heat
source than the simple Gaussian model. The analysis was performed using
a finite work-piece thickness. The temperature distribution was obtained by
numerical simulation and checked using the data obtained by actual mea-
surements.[296] It was proved that the proposed heat-source model was
closer to the actual conditions than the simple Gaussian model.

14.3.1 Bi-ellipse Gaussian model

(i) The moving-line heat source and Gaussian-distributed heat source. In 
the welding of thin plates, the heat source is close to a line heat source.
Assume that the effective power is q, the plate being welded is infinitely large,
the heat source moves from the point O0 with constant speed and after t sec
it reaches O, as shown in Fig. 14.7. The temperature distribution is[353]

494 Arc welding control

a) t1 = 2 ms, Low-temperature region  b)  t 2  = 0.5 ms, Medium-temperature region

c) t 3 = 0.1 ms, High-temperature region d) Complete temperature field 
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[14.6]

where r2 = x2 + y2, x = x0 - vt, y = y0, h is the plate thickness, b is the heat-
dissipation coefficient of the plate, v is the welding speed, q is the effective
power of the welding power source, l is the heat-transmission coefficient,
a is the heat-diffusion coefficient, t is the cooling time, and t is the total
welding time.

The period 0 ~ t is divided into P subfields, the centre co-ordinate of the
subfields is ti, and its duration is Dt = t/P.The Gaussian integration is applied
to each subfield. The numerical integration formula can be written as
follows:[353]

[14.7]

[14.8]

where j = 1, 2, 3, N = 4, zj is the coordinate of each Gaussian point, and Hj

is the integration coefficient.
For a half-infinite thick plate and Gaussian heat source, the temperature-

field distribution can be written as[356]

[14.9]
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where q is the effective power of the heat source, r is the material density,
c is the specific heat capacity, w is the Gaussian distribution parameter, v is
the welding speed, a is the thermal-diffusion coefficient, and t is the total
welding time. Similarly, the duration 0~t is divided into P subfields, and a
Gaussian integration is applied to each subfield. The numerical integration
formula can be written as follows:

(ii) The bi-elliptical heat source distribution. The model of the heat
source is shown in Fig. 14.8. The power density of the heat source is

[14.11]

where q is the effective power of the heat source, ff and fr are the coeffi-
cients of the power distribution in the front and rear parts of the molten
pool, ff + fr = 2, v is the welding speed, w x1, wx2, and w y are the distributive
coefficients of the bi-elliptical heat source, and x¢y¢z¢ is the co-ordinate
system moving with the heat source.

(iii) The temperature distribution in a half-infinite thick body. Substitut-
ing the heat-source formula into the heat-flow formula, the analytical
expression for the temperature distribution can be written as

Q x y t
f q
w w

x
w

y
w

x

f q
w w

x
w

y
w

x

f

x y x y

r

x y x y

¢ ¢ ¢( ) = -
¢

-
¢È

ÎÍ
˘
˚̇

¢ >

-
¢

-
¢È

ÎÍ
˘
˚̇

¢ <

, , , exp ,

exp

0
2 2 2

0

2 2 2
0

1

2

1
2

2

2

2

2

2
2

2

2

p

p

T x y z t T x y z
q
c a t N t a t N t w

z

a t N t

x v N t y

a t N t

i i i ij

N

i

P

l

i i

i i

i i

, , , , , ,

exp

( )- ( )=
-( )[ ] -( ) +[ ]

-
-( )

-
-( ) +

-( ) +

Â Â
ÂÂÂ

Â
Â
Â

===-•

•

0
1

4 2

4 4

1 2 211

2
2 2

r p p

22 22w

H
tj

È

Î
Í
Í

˘

˚
˙
˙

D

496 Arc welding control

14.8 Bi-elliptical heat source distribution

[14.10]
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[14.12]

where r is the material density, c is the specific heat capacity, a is the heat-
diffusion coefficient, vt0 is the initial position of the heat source (vt0 = 0),
and t is the cooling time (t = 0).

After integrating the heat source, the temperature distribution formula
can be derived as follows:

[14.13]

when D1, D2, and D3 are as follows:
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Integrating it over time, the temperature distribution can be found as:

[14.14]

(iv) The temperature-field distribution of a finite-thickness plate. For a
plate thickness d, the temperature distribution can be obtained from the
formula above by the mirror-images method[358] as follows:

[14.15]

Dividing the time duration 0 ~ t into p subfields, the numerical 
formula for calculation of the temperature distribution by Gaussian 
integration is

[14.16]

where D1, D2, and D3 are as follows:
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[14.16b]

[14.16c]

The numerical-simulation formulae for calculating the temperature-field
distribution under a bi-elliptical heat source have been defined. If the thick-
ness is considered in Eq. [14.10], then Equations [14.7], [14.10], and [14.16]
can be used to calculate the temperature field for a plate with finite 
thickness but an infinite work-piece size. In the following section, practical
measurements that were carried out are described and the data that was
generated are used to check the theoretical results.

14.3.2 Comparison of calculated results with measured data

(i) Numerical simulation and real time measurement. The conditions for
numerical simulation and measurement are shown in Table 14.1.

D3
1 2

2

2

1
2 2 2

2

2

4 4 2
=

-( ) +
-( )

È
ÎÍ

˘
˚̇ -( ) -( ) +[ ]

Ï
Ì
Ó

¸
˝
˛

Â
Â Â Â

-

p
a t N t w

a t N t w

w y

a t N t a t N t w
i i y

i i y

y

i i i i y

exp

D2

1 2 2

2

1
2 2

2

2

2

2

4 2

2

4

2

2

2

2

2

=
-( ) +

-( )
È

Î
Í

˘

˚
˙ -

-( )
-( ) +[ ]

Ï
Ì
Ô

ÓÔ

-
-( ) +

-( )

Â
Â

Â
Â

Â
Â

-
p a t N t w

a t N t w

w x v N t

M a t N t w

a t N t w

a t N t w

i i x

i i x

x i i

i i x

i i x

i i x

exp
22

2

2

2

2

2

2

2

2

0

2 2

2

2

1
4 2

2

mw x v N t

M a t N t w

a t N t

w x v N t

a t N t w
v N t x v

x i i

i i xm

M

i i

x i i

i i x

i i

-( )
-( ) +[ ]

Ï
Ì
Ó

¸
˝
˛

Ï
Ì
Ô

ÓÔ

¸
˝
Ô
Ǫ̂

¸
˝
Ô
Ǫ̂

-( )
-( )

-( ) +
+ -

Â
ÂÂ

Â
Â

Â

=

exp NN ti iÂÂ ( )
È

Î
Í
Í

˘

˚
˙
˙

Ï
Ì
Ô

ÓÔ

¸
˝
Ô
Ǫ̂

Practical measurement and application 499

Table 14.1 Condition for numerical simulation and experiment

Welding Parameters Conditions for Parameters
conditions numerical simulation

Workpiece Mild steel Material density 7.68g/cm3

(60 ¥ 150 ¥ 2mm3)
Shielding gas Argon (0.5m3/h) Heat diffusion 0.08cm2/s
Voltage 12V Heat dissipation 0

coefficient
Current 60A Specific heat capacity 0.679J/(g.°C)
Welding speed 5mm/s Heat-conduction 0.377J/(cm.s.°C)

coefficient
Electrode Tungsten Heating efficiency 0.75

(F2.5mm)
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The experimental results are shown in Fig. 14.9 in which 8 isothermal
planes (XOY) are illustrated. The interval was 50K, the inner isotherm was
at 1450K and the outer isotherm was at 1100K.

Numerical simulation was carried out for a bi-elliptical Gaussian distri-
bution, a Gaussian distribution and a line heat source using Equations
[14.16], [14.9], and [14.6]. The results are shown in Figures 14.10, 4.11, and
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14.12, respectively.The parameters for the bi-elliptical Gaussian heat source
were wx1 = 0.10cm, wx2 = 0.30cm, wy = 0.14cm, ff = 0.6, and fr = 1.4. The para-
meter for the Gaussian heat source was w = 0.14cm. Eight isothermal planes
designated XOY are shown in all of the figures. The intervals were 50K, the
inner isotherm was at 1450K, and the outer isotherm was at 1100K.

(ii) Comparison of results. Comparing Figures 14.10, 14.11, and 14.12
with Fig. 14.9 shows that the bi-elliptical Gaussian model was the closest 
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to the measured data. The difference between the results using the 
Gaussian model and the measured data was large. The difference between
results for the line heat source and the experimental data was larger than
that for the Gaussian model. In order to compare them in more detail, the
isotherms are given in Table 14.2. The temperature distribution curves in
the longitudinal and transverse directions across the weld pool are plotted
in Fig. 14.13.

The same conclusion can be drawn if the curves in Fig. 14.13 are com-
pared. The Gaussian heat source showed a large difference from the actual
temperature distribution; the line heat source showed an even larger dif-
ference than the former. Therefore, simulating the temperature distribution
using a line heat source is not useful.

Comparing the numerical-simulation results with the measured data is
valuable. The measured results can be used to correct or modify the 
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Table 14.2 Comparison of isotherms

Temperature Width (mm) Error Length (mm) Error 
(K)

Actual Bi-elliptical
(%)

Actual Bi-elliptical
(%)

1100 6.11 6.04 -1.15 13.48 12.35 -8.38
1150 5.54 5.56 0.36 11.52 10.61 -7.90
1200 4.80 4.92 2.50 9.37 9.26 -1.17
1250 4.32 4.42 2.31 8.27 8.00 -3.26
1300 3.75 3.89 3.73 6.74 6.90 2.37
1350 3.18 3.22 1.26 5.39 5.60 3.89
1400 2.69 2.66 -1.12 4.31 4.39 1.86
1450 1.87 1.80 -3.74 2.94 3.10 5.44
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14.13 Longitudinal and transverse temperature distributions for three
different heat sources
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numerical-simulation model. Also, the numerical-simulation model can be
used to analyse the temperature-distribution phenomena for investigation
of the metallurgical and physical processes in welding. For example, the
numerical simulation can be used to find the three-dimensional tempera-
ture distribution or the temperature distribution at low temperatures, which
is not possible using experimental measurements.

14.4 Theoretical results and measured data for
different welding parameters

The factors that affect the welding temperature are the heat source, welding
parameters, thermal properties of the materials, type of work piece, and
heating time. For TIG welding, the current and welding speed have large
effects on the temperature distribution. The temperature distribution
during TIG welding with different welding currents and welding speeds has
been measured. Numerical simulation using a bi-elliptical heat source also
was conducted.

14.4.1 Influence of welding current

Two welding currents, 98A and 120A (the corresponding arc voltages 
were 13V and 14V) were chosen, with the welding speed held constant at
6.38mm/s. The experimental and simulation conditions are the same as
shown in Table 14.1. The experimental and numerical simulation results are
shown in Figures 14.14 and 14.15. Figure 14.14 shows the results for a
welding current of 98A and voltage of 13V. Figure 14.15 shows the results
for a welding current of 120A and voltage of 14V. Isotherms are shown 
on the XOY plane. Each step is 50K. Comparing these two figures shows
that the widths and lengths of the isotherms increase with the increase of
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14.14 Temperature field for a welding current of 98A and a welding
voltage of 13V in TIG welding
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welding current. These results also show that the measured data and 
numerical-simulation results nearly coincide.

14.4.2 Influence of welding speed

Two welding speeds, 6.7mm/s and 8.0mm/s, at a constant welding current
and voltage, 168A and 15V, were chosen for study. The conditions for the
measurements and numerical simulation were the same, as shown in Table
14.1. The results are illustrated in Figures 14.16 and 14.17. Figure 14.16
shows the results for a welding speed of 6.7mm/s and Fig. 14.17 shows the
results for a welding speed of 8.0mm/s. Isotherms are shown on the XOY
plane.The isotherm intervals are 50K.These figures show that the isotherms
becomes narrower and longer as the speed is increased.They also show that
the experimental and numerical-simulation results are similar.
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14.15 Temperature field for a welding current of 120A and a welding
voltage of 14V in TIG welding
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14.16 Temperature field for a welding speed of 6.7mm/s
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14.5 Extraction of the thermal-cycle parameters

14.5.1 Thermal-cycle parameters on the root 
side of the bead

A lot of information may be obtained from the temperature field on the
root side of the bead; for example, isotherms and the temperature dis-
tribution in longitudinal and transverse directions, the thermal cycle at any
arbitrary point in the temperature field, the width of the pool, and the 
characteristic parameters of the thermal cycle. In the following paragraphs,
isotherm parameters, longitudinal and transverse temperature distributions,
and thermal cycle parameters are extracted from the measured tempera-
ture field shown in Fig. 14.9.

(i) Isotherm parameters. The isotherm parameters are the width and
length of the isotherm that reflect the energy input of welding.The isotherm
near the melting point represents the shape of the molten pool. Table 14.3
lists the extracted isotherm parameters from Fig. 14.9.
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14.17 Temperature field for a welding speed of 8.0mm/s

Table 14.3 Isotherm parameters

T/K Width (mm) Length (mm) T/K Width (mm) Length (mm)

1050 6.76 15.52 1300 3.75 6.74
1100 6.11 13.48 1350 3.18 5.39
1150 5.54 11.52 1400 2.69 4.31
1200 4.80 9.37 1450 1.87 2.94
1250 4.32 8.27
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(ii) Longitudinal and transverse temperature distributions. The longitu-
dinal and transverse temperature distributions at the weld pool can be 
identified easily from Fig. 14.9 and are illustrated in Fig. 14.18. In part a) 
of the figure, the X abscissa designates the welding direction. The upper
abscissa values represent the location on the work piece and the lower
figures represent the travel time of the moving torch. The five curves are
the temperature distributions of the point, the Y co-ordinates of which are
-2.4, -1.9, -0.2, 1.6 and 2.1mm. These show that the temperature gradient
at the front is much larger than at the rear. In part b) of the figure, Y rep-
resents the transverse position of the point. The seven curves are the tem-
perature distributions at different cross-lines, the X co-ordinate of which
are 39.2, 41.2, 43.1, 46.0, 48.2, 48.6, and 52.5mm. All of these distributions
are symmetrical.

(iii) Thermal cycle parameters. When the welding parameters are kept
unchanged during the welding process, the temperature field is a quasi-
static field.

The temperature distribution along an arbitrary longitudinal line of the
weld can be regarded as the thermal cycle of any point on the longitudinal
line. Therefore, the five curves in Fig. 14.18a are the thermal cycles of
various points on these five lines. The thermal-cycle parameters can thus 
be found easily from these curves: see Table 14.4. The heating rates and
cooling rates are the values when the temperature is at 1100K. The 
high-temperature hold duration is the time above 1100K. These parame-
ters are valuable for the study of the microstructure, stress and strain of 
the weld.
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14.5.2 Extrapolation of the two-dimensional 
temperature field

Taking advantage of the numerical simulation method, the temperature dis-
tribution in the low-temperature range (lower than the ICCD can measure
by the colorimetric method) can be obtained by extrapolation. Figure
14.19a shows the results obtained by extrapolation using a measured 
temperature field (see Fig. 14.9). The extrapolation extends the tempera-
ture to 700K. Figures 14.19b and c show the longitudinal and transverse
temperature distributions obtained by measurement and extrapolation.
Figure 14.19b shows that the cooling time t8/5 is 3.6 s, which is one of the
most important parameters that determines the microstructure of the heat-
affected zone.

14.6 Three-dimensional welding temperature field

14.6.1 Results of extrapolation

The analytical model for numerical simulation was established using mea-
surements of the temperature field on the root side of the weld bead. The
three-dimensional temperature field can be derived by numerical simula-
tion using this model but this temperature field cannot be experimentally
measured. Figures 14.20 and 14.21 show the results obtained by the ana-
lytical model.They are based on the experimental results shown in Fig. 14.9.
The welding and simulation parameters are listed in Table 14.1. The arc
position was at X = 50mm and Y = 0mm. Figure 14.20a shows the temper-
ature distribution on the transverse plane at X = 46mm. Figure 14.20b
shows 6 isotherms from 1500~1750K at intervals of 50K, and 5 isotherms
from 700~1500K at intervals of 200K. Figure 14.21a shows the temperature
distribution on the transverse plane at Y = 0mm. Figure 14.21b shows 6
isotherms from 1500~1750K at intervals of 50K and 5 isotherms from
700~1500K at intervals of 200K.
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Table 14.4 Thermal cycle parameters

Y (mm) -2.4 -1.9 -0.2 1.6 2.1

Heating rate wH (K·s-1) 427.35 732.60 1121.80 512.82 284.90
Maximum temperature Tm (K) 1243.75 1350.00 1500.00 1312.50 1218.75
High-temperature hold 0.74 2.34 2.72 2.34 0.74

duration tH (s)
Cooling rate wc (K·s-1) 111.48 128.20 106.80 128.20 111.48
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14.6.2 Verification

It is difficult to compare the results obtained by the analytical method 
and the experimental method for the three-dimensional temperature field
because there is no way to measure the three-dimensional temperature
field. However, the results can be verified indirectly by comparing the two-
dimensional temperature field obtained by numerical simulation. Figure
14.22 shows the isotherm width at the front and back of the weld obtained
by both methods. The welding parameters with the welding speed held 
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constant are listed in Table 14.5. The conditions for the numerical simula-
tion are: plate thickness of 2mm, bi-elliptical heat source of wx1 = 0.15cm,
wx2 = 0.35cm, wy = 0.25cm, and the conditions shown in Table 14.1.

The isotherm width also was measured and calculated for different
welding speeds at constant welding current and power (165A, 15.4 V, total
power 2514W). The experimental and simulation conditions were the same
as those for Fig. 14.22. The results for 8 different speeds, namely 3.45, 4.08,
5.13, 5.17, 6.67, 7.41, 8.00, and 8.7mm/s are shown in Fig. 14.23. The figure
shows that the difference between the numerical values and the measured
data at the front of the weld is greater than that at the back. The error is
within 8%. Therefore, the numerical-simulation method can be used to
define the width of the molten pool on the front side.
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Table 14.5 Welding parameters

No. 1 2 3 4 5 6 7 8

Welding 152.5 162.5 172.5 175.0 180 190 200 205
current 
(A)

Welding 14.0 15.2 15.2 16.0 16.0 16.0 16.8 16.8
voltage 
(V)

Total 2135 2470 2622 2800 2880 3040 3360 3444
power 
(W)
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14.7 Closed-loop control of weld penetration[339,348,351]

14.7.1 Control system

A penetration-control system was introduced in Section 5.5 of Chapter 5.
In this section, another penetration-control system, based on the width of
the weld pool determined from the melting-temperature isotherm, is 
discussed. Figure 14.24 shows the width of the isotherm measured during
welding using the colorimetric method, and the width of the molten pool
measured after welding. They agree closely with each other, which suggests
that controlling the penetration in real time using an isotherm width mea-
sured during welding is practical. Similarly, the heat affected zone also can
be controlled using the isotherm width for a selected temperature.
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(i) Schematic diagram of the control system.The system consists of a col-
orimetric temperature-measuring apparatus, a welding machine and the
control loop, which are shown in Fig. 14.25. In part a) of this figure, the input
signal is the isotherm’s width y and the output signal is the temperature
field T(r). The colorimetric apparatus detects the isotherm’s width. The
error e = r - y is used to vary the welding current I so that the isotherm’s
width can be maintained. Figure 14.25b is the simplified block diagram of
the control system where R(z), Y(z), E(z), and I(z) are the z-transfer of r,
y, e and i. Ghp(z) is the z-transfer function of the control object and Ghc(z)
is the z-transfer function of the controller.

(ii) Mathematical model of the control process. Although welding is a
complicated thermal process, the colorimetric temperature measuring
system can acquire a variety of process information. Figure 14.26 shows the
response of an isotherm’s width to a step change of current. The experi-
mental conditions were 5.0mm/s welding speed, a 60 ¥ 150 ¥ 1.5mm thick
mild steel work piece, and shielding gas flowing at 0.5m3/hr. The welding
current was increased from 71A to 85A at t = 1.1 s (in fact, the step output
was performed by the computer via D/A conversion, which introduced a
delay time at the power source). The isotherm width was monitored by the
colorimetric measuring method. It was found that the isotherm width had
a certain time delay, after which it increased gradually until it became stable.

The control system consisted of four parts, namely, the welding machine
(power source and travel mechanism), heating process, colorimetric sensor
and computer for data processing the images. Among these, the heating
process and the signal processing are the key elements of the process.
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14.25 Closed-loop penetration control
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Figure 14.26 shows that the control object is an inertial element with a
time delay. Its transfer function can be expressed as

[14.17]

where kP is the static gain, t is the time constant and td is the delay time.
By measuring the response curve directly, these parameters can be found

approximately: td = AB = 0.22s, t = BC = 0.77s, kp = Dy(t)/Di(t) = 0.23, and
the equivalent time delay td = td + T/2 = 0.275s, where T is the sampling
period, which is 0.11s in the present case.[354]

The z-transfer function of the process with the zero-order hold element
Ghp(z) can be written as

[14.18]

(iii) PID Controller and determination of its parameters.The advantages
of PID controls are their simplicity, stability and robustness. The object of
control is a first-order inertial element with a time delay; the transfer func-
tion is as follows:

[14.19]

where kc is a proportional constant, Ti is an integration constant, Td is a 
differentiaton constant and kd is the differential gain.
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The control is performed by computer. The digital form of the 
formula is

[14.20]

where Ip(n), Ii(n), Id(n) are

The z-transfer function of the PID can be obtained using a bilinear 
transformation

[14.21]

where the four constants f, g0, g1 and g2 can be derived as follows

The important problem in PID control is the determination of param-
eters. A step-response method is used for this purpose. Substituting the
parameters of the object into an emperical formula,[354] the preliminary
parameters of the PID control are determined as kc = 9.466, Ti = 0.676s,
Td = 0.169s and kd is taken as 3.

In order to obtain good control characteristics, the parameters should be
optimised. The controller parameters are optimised by determining the
combination of its parameters so that the required dynamic properties of
the system can satisfy the prescribed criteria for a specific object, control
process and control rule. The optimised parameters are functions of the
characteristic parameters of the controlled process. Normally, deviation
integrals of the dynamic response are chosen as the index.

[14.22]

The system is optimised by ensuring that the indexes above are minimum.
This can be accomplished on line by the computer-controlled system shown
in Fig. 14.25.
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14.7.2 Simulation of the control system

In order to examine the properties of the system, choose the optimum 
parameters and know the adaptability of system, numerical simulation 
was carried out as follows:

(i) Figure 14.25 is a discrete control system; its z-transfer function can
be written as

[14.23]

where constants b0, g¢0, g¢2 can be derived as

Let L = td/T = 2 and, substituting it into Eq. [14.23], the difference equa-
tion of the input and output are

where a1 = b0 + 1 - f , a2 = -(b0 - b0 f - f ), a3 = -(b0 f + g0), a4 = -g1, a5 = -g2,
b3 = g¢0, b4 = g¢1, b5 = g¢2.

For an isotherm-width step-input signal r(k) = 1 (k ≥ 0), the output
isotherm-width (response) signal is

[14.24]

The isotherm-width response signal can be derived from the input
(isotherm width) signal and the initial conditions. Different control-process
parameters and controller parameters will produce a different response, so
that the controller parameters can be optimised for a certain control
process. In other words, the robustness of the control system for a certain
configuration and controller parameters can be determined.

(ii) Numerical simulation of the optimisation of the controller param-
eters. The optimum parameters of the controller can be determined by
numerical simulation. Figures 14.27, 14.28 and 14.29 illustrate the step
response of the system and the deviation-integral value.

Figure 14.27a shows six curves for kc = 6~11. Figure 14.27b shows that the
deviation integration values of ISE and IAE change slightly with the 
change of kc but ITAE varies greatly with the change of kc. It can be found
from these two figures that for the best step response, the optimum value
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14.28 Numerical simulation for different values of ti (kc = 0.94, 
td = 0.169s)

of kc is 8–10 or, more precisely, 9.4. The six curves shown in Fig. 14.28a are
for ti = 0.6~1.1 s. It was found that there was only a slight difference in their
step response. Figure 14.28b shows that all three kinds of deviation-integral
values are satisfactory when ti = 0.45~0.9 s; the optimum value was 0.6 s.
Figure 14.29 shows six curves for td = 0.03~0.18s. Their step responses were
quite different but within the prescribed norm. From the deviation integral
value shown in Fig. 14.29b, the optimum value of td = 0.05~0.2 s or, more
precisely, 0.09s.

(iii) Numerical simulation of robustness. The parameters of the control
object often vary from time to time. These include, for example, variation
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of the welding travel speed and material thickness.The ability of the system
to perform satisfactorily under varying parameters of the object is called
the robustness of the system. Figure 14.30 shows the step response of 
the system when the controller parameters were held constant but the 
parameters of the control object were varied. The controller parameters
were kc = 9.4, ti = 0.6 s, td = 0.09s. The figures show that when kp varied from
0.13~0.25, t1 varied from 0.05~0.275s and t2 varied from 0.8~1.3 s. The 
step response was satisfactory. This means that the controller had good
adaptability or good robustness. Experiments carried out in next section
supported this conclusion when there were variations of welding param-
eters and plate thickness.

14.7.3 Performance of the system and a technological test

(i) Performance test. The performance test included tracking ability and
resistance to interference.
• Command tracking ability. The tracking ability reflects the response

speed of the system. Figure 14.31 shows the isotherm-width response to
the input reference change. The reference value changed from 3~5mm
at t = 120ms and from 5~3mm at t = 220ms. The response delay time
was less than 1 s, which showed satisfactory dynamic behaviour of the
system.

Because welding is a complicated process with a lot of varying 
parameters such as plate thickness, welding speed, materials and so on,
thickness and welding-speed variation were studied, as described in 
the following paragraph.

• Plate thickness. A special specimen was prepared for investigating the
influence of plate thickness on penetration or isotherm width.A 0.5-mm

Practical measurement and application 517

W
id

th
 (

m
m

)

IS
E

-1
   I

A
E

-2
   I

T
A

E
-3

Time (0.11s) td (s)

a) Step response b) Three deviation integrals  

1

6

1.4

1.2

0.8

0.6

0.4

0.2

0
0 10 20 30 40 50 60

1

1–td = 0.03s
2–td = 0.06s
3–td = 0.09s
4–td = 0.12s
5–td = 0.15s
6–td = 0.18s

20

16

12

6

4

6
0 0.05 0.1 0.15 0.2 0.25

1
2
3

14.29 Numerical simulation for different values of td (kc = 9.4, ti = 0.6s)

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



518 Arc welding control

W
id

th
 (

m
m

)

W
id

th
 (

m
m

)

W
id

th
 (

m
m

)

Time (0.11s) Time (0.11s)

a) Different kp (t1 = 0.27s, t2 = 0.77s) b) Different (kp = 0.23s, t2 = 0.77s)

Time (0.11s)

t1

c) Different (kp = 0.23s, t1 = 0.275s)t2

1.6

1.4

1.2

0.8

0.6

0.4

0.2

0
0 10 20 30 40 50 60

1

1.4

1.2

0.8

0.6

0.4

0.2

0
0 10 20 30 40 50 60

1

1.4

1.2

0.8

0.6

0.4

0.2

0
0 10 20 30 40 50 60

1 1

6

1

6

1

3

1–kp = 0.10
2–kp = 0.13
3–kp = 0.16
4–kp = 0.18
5–kp = 0.22
6–kp = 0.25

1–t1 = 0.055s
2–t1 = 0.165s
3–t1 = 0.275s

1–t2 = 0.8s
2–t2 = 0.9s
3–t2 = 1.0s
3–t2 = 1.1s
5–t2 = 1.2s
6–t2 = 1.3s
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deep by 4-cm wide groove was machined across a 1.5mm thick speci-
men (see Fig. 14.32a) and a weld was made in the groove at constant
current and travel speed. Figure 14.32b shows that the isotherm width
varies greatly. Figure 14.32c shows the appearance of the root side of
the welded beam.

In order to obtain uniform isotherm width, the welding current was
controlled during welding. The results are shown in Fig. 14.33. Figure
14.33a is a longitudinal cross-section of the work piece, Figure 14.33b is
the current-output variation by the control system, Fig. 14.33c is the 
variation of the isotherm width and Fig. 14.33d is the appearance of 
the root side of the bead. These results show that this control system
gave satisfactory results for a plate having uneven thickness.

• Welding speed. Welding speed affects the isotherm width when the
current is held constant. Figure 14.34 shows the welding process with
varying welding speed but constant welding current. Figure 14.34a
shows the step change of the welding-speed output by computer. Figure
14.34b shows the variation of the isotherm width (1350°C) that resulted
from the speed change. Figure 14.34c is the appearance of the root side
of the weld bead.

• Figure 14.35 illustrates the control effect. Figure 14.35a is the step
change of welding speed set by the computer and Fig. 14.35b is the
current variation due to the control system. This shows that the current
rises with travel speed. Figure 14.35c is the isotherm width (1350°C)
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obtained by the closed-loop control, and Fig. 14.35d is the appearance
of the root side of the bead, which is uniform.

(ii) Welding test with a closed-loop control system.

• Varying plate thickness. Plates having three thicknesses, 0.8, 1.5 and 
2.5mm were welded. The results are shown in Figures 14.36a, b and c.
In the figure, (1) indicates the variation of current and (2) indicates the
variation of the isotherm width. This shows that the current increased
with the increase of thickness while the isotherm width was held 
constant.

• Varying welding speed. Welds were made at 3.9, 5.4 and 7.5mm/s travel
speed. The results are shown in Figures 14.37a, b and c. In the figure, (1)
indicates the variation of current and (2) indicates the variation of the
isotherm width (1350°C). The figure shows that although the welding
speed changed significantly, the isotherm width was stable.
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• Varying isotherm width. The isotherm width W0 (1350°C) was set sepa-
rately to 3, 4, 5 and 6mm for welding at a constant speed of 5.6mm/s.
The results are shown in Figures 14.38a, b, c, and d in which (1) indi-
cates the variation of current and (2) indicates the variation of the
isotherm width. This figure shows that the welding current increased to
achieve increasing isotherm width.

(iii) I-Butt welding with different specimens and gaps.

• An unsymmetrical plate. One plate had a uniform thickness and the
other plate had transverse grooves, as shown in Fig. 14.39a. The results
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are shown in Figures 14.39b, c and d in which b shows the variation of
current, c shows the variation of the isotherm width (1350°C) and d
shows the appearance of the root side of the weld. These results show
that although there were abrupt changes of thickness along the seam,
the isotherm width remained uniform.

• I-butt joint without a gap. A 210 ¥ 40 ¥ 1.2mm specimen was welded.
The results are shown in Fig. 14.40 in which a indicates the variation of
current, b indicates the variation of the isotherm width and c shows the
appearance of the weld.
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• I-butt joint with an uneven gap. A 180 ¥ 40 ¥ 1.5mm specimen was
assembled without a gap at the starting point and a 0.6mm gap at the
end point. The results are shown in Fig. 14.41 where a is the variation
of welding current, b is the isotherm width and c is the appearance of
the weld bead.

14.8 Summary

1) The welding temperature field can be measured in real time by the 
colorimetric method developed by the author. The measurable tem-
perature range can be extended to 800–1400°C by three exposures;
the measurement duation was less than 0.5 s.

2) The measuring method can be used to check or modify the mathmati-
cal model for numerical simulation of the welding temperature field
and thus promote its application in practice.

3) It was proved by practical measurements that the bi-elliptical 
Gaussian distributed heat source is the theoretical model closest to the
actual welding arc.

4) Important parameters, for example the parameters of the isotherm 
and the parameters of the thermal cycle, can be extracted from the 
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measured temperature-field data. These parameters are important for
the analysis of welding metallurgy in real time.

5) On the basis of the two-dimensional temperature field obtained by
measurement, a mathematical model for a three-dimensional tem-
perature field can be established. Practical numerical-simulation results
demonstrated good agreement with the measured data.

6) A closed-loop control system was developed on the basis of the real-
time temperature-field measuring system. Practical experiments proved
that the system worked satisfactorily. The isotherm width or the pene-
tration can be controlled well in the presence of various interference
factors. The system has been applied in practice with successful results.
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PART V
Automatic path programming of robot
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15
Vision systems and automatic 

path programming

15.1 Recognition of the groove path

Robots have been applied extensively in industry. There are unmanned
workshops in Japan and many robots in these factories are used for 
welding. The advantages of robots are obvious: high productivity,
continuous working, lower manufacturing cost, and suitability for bad 
working environments such as the deep sea, outer space, and radioactive
areas.

Although there are some kinds of sensors such as positional and tactile-
force sensors that have a sensing ability, robots mainly provide playback.
Their advantages are operational simplicity and repeatability. However,
there also are problems:

• Teaching has to be done on-site so that reasonable parameters will be
obtained according to the environment and the work piece.

• In welding production, the dimensions of the individual pieces and the
assembled and welded workpiece are not consistent. In particular,
the welding process introduces distortion.Varying dimensions affect the
quality of welds.

• For accurate seam tracking and welding (play back), a suitable number
of teaching points must be used, which can be time consuming particu-
larly for single-piece manufacturing.

• Teaching is difficult or even impossible in extreme environments.

Therefore research on developing an adaptable robot is important.There
are two approaches to this problem.

The first approach is to use dialogue among the human, robot and com-
puter components so that the robot can be taught, operated and monitored
by remote control.This is a system of human intelligence plus robot control.
The key problems of this system are the signal transmission among the com-
ponents and the accuracy of estimating path parameters. Therefore it has
limitations.
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The second approach is to develop local autonomous functioning of the
robot and use man-machine interaction. In other words, the goal of this
approach is to develop a machine having cognitive ability. It should have
autonomous cognition of the weld groove and path programming, and real-
time rectifying of any deviation, possibly by local, human – computer dia-
logue and manual intervention. This approach is the developing direction
of intelligent welding robots. Figure 15.1 is a schematic diagram showing a
large spherical tank. Because the volume is large, the plate is thick and 
the tank was constructed on site. The dimensional accuracy of the 
assembly cannot be guaranteed. Moreover, the plates must be preheated to
100–150°C for welding. Up to now, the assembly and welding of most tanks
were performed manually. This is labour intensive and requires scaffolding.
Obviously, a normal welding robot cannot be used. Therefore, the author
anticipated developing a robot that is intelligent, has a visual sensor and
can automatically program its path on site.[363,364] The author and his col-
leagues conducted trials in this direction. The results are introduced in this
Chapter. Some work by Q. Chen, J. M. Jing and N. Chen also is described
[359-362] in Section 15.1.1 to Section 15.1.5.

15.1.1 Review of the technology on path programming

In order to achieve path programming, a visual system normally is used,
which includes the following three aspects:

• Two-dimensional (2D) image recognition
• Construction of three-dimensional (3D) information from two-

dimensional images
• Weld-path programming.
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15.1 Anticipated welding method for large spherical tanks
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The visual system discussed here is mainly for welding. Although a lot of
work has been done on the visual system, the studies of 3D vision, 2D image
recognition under arc light and algorithms for constructing 3D co-ordinates
are not yet complete. In this section, typical investigations of conventional
image recognition and 3D visual technology are described.

(i) Image recognition.Traditional image recognition is mainly a module-
matching method and the recognition algorithm is based on border detec-
tion and image segmentation.A lot of excellent work has been done on this.
However, the position of a welding seam is not fixed and there is interfer-
ence from surface rust, etc. Simple module-matching is not suitable for
image recognition during welding. The interference border and the object
border might be confused in the case of border detection and filter opera-
tion, and thus mistakes could result. Therefore, up to the present time, no
effective algorithm has been developed that has a strong anti-interference
ability and that can recognise the object by detection of its border. In order
to improve recognition accuracy and speed, illumination conditions have
been improved recently for suppressing the interference and simplifying
border detection. For example, visual systems with back lighting or struc-
tural lighting have been applied in welding technology. However, there are
special requirements for the lighting source power and light coherence. The
equipment is expensive, the field of view is small, and path programming is
not possible. Developing an algorithm so that the weld-groove position can
be recognized among various interferences under normal environmental
light has the highest priority for research on developing a visual system for
welding robots. This effort is at only the starting stage in this respect.

(ii) Status of research on a 3D visual-system algorithm.The key problem
for developing a 3D visual-system algorithm is the matching of character-
istic points.This is difficult even in non-welding applications. Normally there
are two approaches.

• The first approach is the subjective-triangle method (structural-light
method).The structural light can not only suppress interference but also
simplify the problem of matching the characteristic points by extracting
the stripe of the structural light from only the flat, more or less smooth
surface. The biggest problem is the small viewing field and the require-
ment for suitable surface conditions.

• The second approach is the 3D visual method. This method is based on
the 3D detection method used by human eyes. The basic principle is dis-
tance measurement by triangulation and calculation of distance by the
visual difference between two separated images. The key problem for
this method is still the problem of matching the characteristic points.
Due to this difficulty, 3D vision remains in the research state.The normal
way this method is used is to make a mark on the object or select a
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special geometric characteristic as the characteristic point, thereby 
simplifying the aligning of matching points and increasing the aligning
speed and reliability.

In recent years, with the development of optics and pattern-
recognition technology, restoring shape by movement, veins, restoring
depth by focusing, and the interference-frequency and diffraction
methods are notable techniques for 3D vision. However, due to high
cost or limitations of facilities, it is not suitable for 3D vision by an arc-
welding robot.

The key problem for 3D vision by an arc-welding robot is developing
the correspondence or matching of elements. Because the problem of
matching characteristic points has not been solved, there is no com-
monly used and mature 3D vision.

(iii) Automatic welding-path programming. Because an intelligent 3D
vision system is required for automatic path programming, at the moment
no such 3D vision system is available. Therefore, the problem remains
unsolved. In the following text, weld-groove recognition using a 3D con-
struction method developed by Q. Chen on the basis of line-point match-
ing and weld-path automatic programming are introduced.

15.1.2 Recognition using a 2D image

The recognition of a weld groove or detection of a groove edge is the basic
problem for developing a 3D co-ordinate algorithm and automating path
programming.

(i) Pattern of the weld groove in a 2D image. Comparing various 
interference sources such as rust, stain, scrapes and oxide films using a 2D
image, the groove edge is smooth and continuous while the other interfer-
ence sources are curved edges with discontinuities. Also, in a local small
window, the groove edge can be considered as a straight line while the
normal line of the edge of an interference source is directed in all direction
without any rules; the curvature at various points of the edge is large. For
a conventional V-groove, the image pattern can be established as shown in
Fig. 15.2.

(ii) Histogram statistical method. In order to save time, an image of 100
¥ 100 or 100 ¥ 20 pixels, which includes the groove edge, is taken for pro-
cessing from the whole 512 ¥ 512 image: see Fig. 15.3. The algorithm for
recognition is performed by C-language. It consists of several program
blocks, as shown in Fig. 15.4.

• Smoothing and edge-operator convolution. Various interferences are
eliminated first by smoothing. An edge operator (Sober operator) is
then used to calculate the grey-level gradient for detection of the border
(see Fig. 15.5).
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• Adaptive threshold filtering using a neural network. A back-
propagation neural network is used for this purpose. The structure of
the network is shown in Fig. 15.6. The input was determined by the his-
togram statistics of the gradient field. The inclined part of the right side
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was divided into 11 segments (see Fig. 15.7). The ordinates of these
dividing points were the input. The output of the neural network TH1
was used as the threshold. The gradient field was then filtered by this
threshold. The pixels, which have the gradient G < TH1 were omitted
(see Fig. 15.8).

• Histogram filtering. The intercept on the co-ordinates of the edge line,
corresponding to each remaining pixel after the threshold treatment,
can be found by its edge angle and its location in the window.After these
operations are completed, there are two characteristic values for each
pixel, namely, an edge-inclined angle j and an edge-line intercept b.The
histogram statistics then can be calculated for the edge angle and edge
intercept (on the X-axis or Y-axis; this is not noted further in the fol-
lowing text).

From the 2D image pattern, only the points on the groove edges are
needed. On the angle histogram, the point is located at the peak value;

536 Arc welding control

a) Gradient of grey level b) Gradient direction

15.5 Gradient and gradient direction obtained by edge operator
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15.6 Structure of BP neural network
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on the intercept histogram the point is located at one of two peak values.
Based on this inference logic an ‘AND’ operation is used with two his-
tograms. The pixels that are in the vicinity of the peak value of both 
histograms are retained (see Fig. 15.9).

• Determination of the groove-edge location by cluster analysis. After
using the operations mentioned above, the location of the groove edge
can be found accurately using Hough cluster analysis (see Fig. 15.10).

(iii) Result of groove-image recognition. The algorithm described above
recognizes the 2D weld-groove image taken under mild environmental con-
ditions. For the experiments, a CCD camera was located 400mm above the
groove, which was a V-groove, I-butt joint or a lap joint. The edge of the I-
butt joint was roughened using an abrasive cloth.This preparation was used
as the norm. If the error in recognising the edge point was within 2 pixels
of the real edge, it was considered to be a correct recognition. If the loca-
tion error from the real edge was 3–4 pixels, the result was considered unre-
liable. The results are illustrated in Table 15.1.
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15.9 Image after histogram statistical filtering

15.10 Final result obtained by cluster analysis

Table 15.1 Accuracy of recognition

Groove type No.of pixels Correct Unreliable Correctness
recognised pixels pixels** (%)

V – Groove* (without tack) 140 135 5 96.4
V – Groove* (with tack) 83 76 7 91.6
I – Groove 67 61 6 91.0
Lap joint (unmachined) 56 45 11 80.4
Lap joint (machined) 42 38 4 90.5

*Centreline of V-groove is taken as standard. **Unreliable and incorrect pixels
are included
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15.1.3 Classical algorithm and neural network algorithm of
3D co-ordinates

In the classical algorithm, information from two 2D images should be
matched to construct 3D information. Because the condition for matching
is very rigorous, this method is not applicable.Although marks can be made
on the weldment work piece as characteristic points, the accuracy of the
actual experimental results is poor. In the following three sub-sections, two
algorithms are briefly introduced:

(i) Classical characteristic point-matching method. In a binocular visual
system, let (i(1), j(1)) and (i(2), j(2)) be the co-ordinates in the 2D image of the
point P. Then, for the two CCDs, there are two matrices

[15.1]

[15.2]

where the superscript is the number of the CCD and the values {a} are the
parameters of the prospective transformation matrix.

According to the relationship of prospective transformation, four 
equations incorporating x, y, z, (i(1), j(1)), and (i(2), j(2)) can be derived as
follows.

[15.3]

[15.4]

It is not difficult to prove that there is a unique solution x, y, z that can
be derived from the simultaneous Equations [15.3] and [15.4] if the points
in space are not on the connecting line of the principal points of the lens.
The derivation can be obtained on the basis of three arbitrary functions of
Equations. [15.3] and [15.4] or by the method of least squares applied to
four equations. It can be expressed in matrix form as

[15.5]
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When the co-ordinates of the two images are known for a space point,
its 3D co-ordinate x, y, z, can be found using Eq. [15.5]. This is called the
characteristic point-matching method. In the practical application of this
method, defining the co-ordinates for a certain space point in two images
is difficult and the frequency of mistakes is high. This is a big problem for
this method.

(ii) Use of a characteristic object. Normally, there are no characteristic
points on the weld groove. Although there are rust deposits, scrapes, stains
and oxide films, their shapes are not typical and distinct. Tack welds are
useful but some grooves do not have them. Therefore, placing a standard
geometric piece in the groove to serve as a characteristic body was consid-
ered.The shape of the body can be simple, for example, a cylinder; its centre
of gravity can be used as the characteristic point.

The accuracy of the characteristic-point method depends on the accuracy
of detecting the characteristic point. There are the following problems:

• Recognising the geometric shape is time-consuming and the reliability
of describing its position is poor. A non-symmetrical edge or a single
edge often is detected. Matching the position of its centre of gravity is
unreliable. Table 15.2 shows the results of matching the characteristic
points of 40 images.

• For straight grooves, two characteristic cylinders are needed but for
curved grooves, the number of characteristic cylinders required is 
uncertain.

• It is difficult to differentiate tack welds from characteristic bodies. Two
procedures are needed for this method, i.e. inserting and removing 
the characteristic bodies. This is impossible when welding in harsh 
environments.

In conclusion, using characteristic bodies for the characteristic point-
matching method is unreliable; its accuracy is poor. This is why this method
is difficult to use.

(iii) Artificial Neural Network (ANN) Algorithm. From the point of
view of function mapping, the algorithm for transforming 2D images to 3D

540 Arc welding control

Table 15.2 Error of characteristic-point recognition and accuracy of 3D 
co-ordinates

CCD 1 recognition CCD 2 recognition Error of 3D co-ordinate
error error

i (pixels) j (pixels) i (pixels) j (pixels) x (mm) y (mm) z (mm)

23 19 20 21 13 11 24
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images is the mapping of 2D to 3D. The ANN also has the function of 3D
mapping. Theoretically, an arbitrary three-layer BP network can provide
nonlinear mapping. Q. Chen explored this algorithm for producing 3D co-
ordinates from binocular images using ANN.[359]

The input parameters were the straight-line function’s coefficients on the
CCD2 image and the co-ordinates of the points on the CCD1 image. Thus,
the input parameters are 5-dimensional vectors. For convenience of descrip-
tion, the structure of the network is depicted as follows:

‘Input point number – point number of the first hidden layer – point
number of the Nth hidden layer – output point number’.

Regarding the algorithm of the ANN, the determination of the input
parameters and their pretreatment, reference to other literature is advised.
The following text introduces the 3D results obtained by BP ANN where
K is the slope of the straight line.

In the present method, no characteristic point is necessary but there are
shortcomings in its accuracy. The results show that:

(i) The accuracy of the results is better when the singular solution of
line-point matching is used. This means that mapping from 2D to 3D by
ANN is different from the mapping using a transformation function.

(ii) There is a strong correlation between the parameter of the input
samples and the 3D co-ordinates. The accuracy for x and y is good for all
auto-correlated and hetero-correlated ANN higher than second order.
However, the z co-ordinate is very sensitive to the structure and order of
the ANN. The highest accuracy can be obtained using a third-order hetero-
correlated BP ANN (14-3-1). The 3D maximum error was ±4mm for 
|K| ≥ 1. The maximum error of the x,y co-ordinate also was ±4mm (Table
15.3) for |K| < 1. However, the accuracy of the z co-ordinate was poorer
(Table 15.4).

These tables show that the error is still large. Applying this method is not
practical yet.

15.1.4 Line-point matching method

In response to the special features of welding grooves, a new algorithm for
finding the groove in 3D, called the line-point matching method, was pro-
posed by Q. Chen, and J. M. Jing for an arc-welding robot vision system.

(i) Algorithm based on welding-groove features. From the geometrical
viewpoint, the weld groove can be described by a line or short broken lines
for curved grooves. The algorithm is based on this concept.

Theorem: Suppose that the focus points of two CCDs are F1 and F2,
the image surfaces are S1 and S2, and P is a point on the straight line L¢ in
space. The image of L¢ on surface S2 is L, and P1 and P2 are the images of
P on S1 and S2, respectively. If L and P1 are known, then the necessary 
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and sufficient condition for the uniqueness of a space point p is that the
connecting line F1F2 and L are not on a plane: see Fig. 15.11 (the proof is
omitted).

This theorem suggests a new algorithm for finding the 3D co-ordinate of
a point, which avoids the difficulty of characteristic point matching. The 3D
co-ordinate of a point is found using a point P1 on one image and a straight
line L on the second image, i.e. the matching of a point and a line. The algo-
rithm converts the recognition of a characteristic point to the recognition
of the groove edge. The labour to accomplish this is less. It is called the
‘straight line-point matching method’.

(ii) Line-point matching using a homogeneous matrix. Because the two
elements being matched do not depend on which image is taken, suppose
that a point on CCD1 and a line on CCD2 are taken. The standard straight-
line function can be written as

[15.6]

where S, T and R are the coefficients of the straight-line function; the super-
script is the number of the CCD. Any point (i(2), j(2)) on the straight line
must satisfy Eq. [15.6].

Based on the perspective projection principle, substituting the co-
ordinate of the image point into Eq. [15.6] gives

[15.7]

After derivation, it becomes

[15.8]

That is a function of x, y and z. Taking an image point (i(1), j(1)) on CCD1,
the following equation can be established:
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[15.9]

Solving Equations [15.8] and [15.9] simultaneously, the matrix equation can
be expressed as follows:

[15.10]
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After calibration of the vision system and recognition of the groove on
the image, the coefficients of the Equations [15.10] are known and the x, y,
z values can be found.

(iii) Theorem and criterion for a singularity in the line-point matching
method. In the previous section, the algorithm of the line-point matching
method was described. It was not mentioned that in this method there is a
singularity problem. The theorem and criterion of the singularity are dis-
cussed as follows.

According to the theorem described in Section 15.1.4, the condition for
good line-point matching is that the image line is on a different plane from
the two focus-connecting lines. When the image straight line is on the same
plane as the focus line, the 3D co-ordinate cannot be uniquely determined;
the matching method is singular.

It has been pointed out that to judge whether the singularity happens
depends on the relative positions of the image straight line and the focus-
connecting line. Two criteria are given below (the proof was omitted).

Criterion 1: In the case where the focus-connecting line intersects the
image surface and the image line passes through the intersecting point, then
there is a singularity.

Criterion 2: If the optical axes of the two CCDs are parallel, the focus-
connecting line forms with the I-axis of one image surface at an angle of z
and the straight line on the image also forms with I at an angle z. Then the
straight line on the image and F1F2 are coplanar and there is a singularity.

For convenience of comparison, simulation experiments were conducted
on standard specimens. The structure of the vision system was: the distance
between the CCDs was 150mm, the height of the CCDs was 400mm, the
inclination angle of the optical axis of each CCD < 10° and the revolving
angle of the CCD was 0°.

The accuracy of the algorithm is defined as the error of the calculated co-
ordinates with the actual co-ordinates, which can be expressed as
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The singularity was evaluated by the condition number Cond(M)• of the
coefficient matrix of Eq. [15.10].

The maximum error of the calibrated vision system was 1.3mm.
Experimental results demonstrated that the line-point matching method
was well-behaved.When the condition number of the coefficient matrix was
small, its accuracy was about ±1.5mm. If there was a singularity, the error
was large. The results of the well-behaved calculations are shown in 
Table 15.5.

The statistical results of the well-behaved and singular categories are
shown in Table 15.6.

(iv) Measures for avoiding a singularity. The likelihood of a singularity
is determined substantially by the location of the CCD. The focus-
connecting line is determined by the structure of the vision system. The 
singularity could be turned into a well-behaved category if the focus-
connecting line could be automatically staggered when the singularity
tended to develop. To achieve this, two measures were taken, the first using
three CCDs to form a triple-eyed vision system, and the second using a
binocular vision system on a turntable.

Any two CCDs of the triple-eyed vision system can be used as a 
binocular vision system. Therefore, it corresponds to three binocular vision
systems. If any binocular vision system has a singularity, then another pair
of CCDs can be turned on. The three focus-connecting lines cannot be
coplanar with a straight line in space simultaneously.

15.1.5 Results of path programming

Figure 15.12 shows the projection of a curved-space groove (consisting of
two arcs) on the xy plane and yz plane, obtained by the line-point match-
ing method. The solid line shows the programmed path and the dotted line
is the actual location of the arc-shaped groove. The results show that the
programmed path and the actual path coincide. Some errors are distributed,
mainly in the depth dimension.

Errors of the path programme by the two methods were compared. In
the first method, an exact formula was defined for the groove edge and the
minimum distance of each of the recognised points to the exact curve was
taken as the accuracy criterion. In the second method, the recognised points
were used to find a curve-fitting formula. Then, the accuracy was deter-
mined; the curve-fitting formula facilitated the determination. For the curve
shown in Fig. 15.12, the maximum error was 2.21mm and the average error
was 1.33mm according to the first method. The maximum error was 
1.78mm and the average error was 0.93mm for the second method. The

D D D Dd x y z= ( ) + ( ) + ( )2 2 2

546 Arc welding control
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error statistics in the path programming of 20 curves or straight lines are
shown in Table 15.7.

15.2 A robot with automatic path programming

In order to demonstrate the usefulness of automatic path programming 
of a robot, T. P. Leung, in co-operation with the author, developed a robot
with a 3D vision system that could provide path programming. Although
the scope and field of view were small, its successful operation proved the
possibility of the concept and served as an example.[349,365]

15.2.1 Design of a robot

In this section, the design and fabrication of a servo-controlled robot having
51–2 axes of freedom is described. Similar to all medium-sized industrial
robots on the market, the first-stage 3-axis movements were driven by DC
servomotors so that a larger torque-weight ratio, lower noise and faster
dynamic response could be obtained. A stepping motor drove the opera-
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Table 15.6 Statistics of the results obtained by the line-point matching method
(two categories)

Number of samples according Maximum Distribution of errors
to the slope of line in image error

>4 (3,4] (2,3] (1,2]

Well-behaved 846 1.41 0 0 0 5
Singularity sample 513 967.2 123 11 34 117

15.12 Projections of the programmed path on the xy and yz planes
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tion of the wrist because it was lighter and less expensive in this applica-
tion, where high dynamic response was not required.

The controller was computer based.All of the software, mechanical struc-
tures, interfaces and signal processing were designed in the laboratory.
The software included manual data input, a teaching program, and digital
control of the servo-motors, stepping motor and the manual control. The
software was developed based on a Motorola microprocessor.

15.2.1.1 Mechanical structure

The robot consisted of three parts (see Figures 15.13 and 15.14): an arm
(three axes of freedom), a wrist (two axes of freedom) and a hand or end
effecter. The robot could be bolted on a platform of a carriage.

The heavier parts, such as the three-phase transformer, servo amplifier,
etc. could be mounted under the platform of the carriage so that the struc-
ture was light and stable. The five axes of freedom and their limits were

(i) Turning ±135° around the robot centre.
(ii) Upper arm swing on a vertical plane by ±45°.

(iii) Lower arm swing on a vertical plane by ±90°.
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Table 15.7 Statistics of path programming errors

Groove shape By fitting formula (mm) By exact formula (mm)

Max.error Average error Max.error Average error

Straight 1.92 0.96 1.83 1.12
Curved 2.31 1.24 2.78 1.47

15.13 Side view of the robot
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(iv) End effector bending and lifting for ±90°.
(v) Rotation of the end effector for ±180°.

The robot consisted of two rotating joints and was fixed on a turntable
base. Therefore, there were three axes of freedom for co-ordinate determi-
nation. The upper arm was connected to the lower arm by a toggle and the
lower arm was connected to the foundation by a shoulder joint.

The end effector was linked to the main body of the robot by a wrist.Two
axes of freedom were provided by the wrist using a three-link device. The
structure of the wrist is shown in Fig. 15.15. It could perform bending, lifting
and turning. The wrist mechanism consisted of a pair of chain wheels, a 
stepping motor and a differential gear. The hand turned if the two stepping
motors rotated in opposite directions but at the same speed. Two actions
were performed if the motors rotated at different speeds, regardless of the
direction they rotated. In order to reduce the torque needed for the joint,
the stepping motors were mounted under the joint as near as possible. The
end effector was a two-finger hand (Fig. 15.16). It was operated by com-
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15.14 Vertical view of the robot

Chain

Bending and lifting

Rotating

Differential gear

Motor

15.15 Wrist mechanism
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pressed air and could lift 2kg. The hand consisted of a cylinder having a 
12mm stroke and a clamping mechanism. The compressed air was con-
trolled by valves at each end of the cylinder. When the magnetic coil A was
connected to a 12V source, the clamp released. If coil B was energised, the
clamp gripped (see Fig. 15.17).

15.2.1.2 Control system and trajectory interpolation

The controller of the machine was a single-board MC68010 Motorola
microcomputer with a Model 6800 CPU. A 4-3-4 spline function was 
used for the interpolating function to find all of the points on the curve.
Then, the Cartesian co-ordinates of all points and the angle of the joint 
were calculated. Commands were sent by the controller to drive the DC
servomotors.

15.2.1.3 Transformation of co-ordinates

(i) Geometric method. In the present design, the angle of the joints was
derived using Cartesian co-ordinates. For convenience in practical applica-
tions, the Cartesian co-ordinates of the end-effector are used. The user
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15.16 Two-finger hand

AmplifierMicroprocessor

A B

Release clamp

15.17 Control of valve by microprocessor
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needs to furnish the lifting angle, the rotating angle and the Cartesian co-
ordinates of the arm.[366]

Traditional geometrical formulae were applied. The joint angle was
derived using the given joint length and the arm size with the sine and
cosine laws.

(ii) Comparison of different co-ordinate transformations. Among all of
the available transformation methods, a homogeneous transformation can
introduce a singularity and the number of calculations is large.[367] Two
vector methods can avoid a singularity but are suitable only for changing
direction. None of these three methods can give the physical explanation
of the solution. Analytical geometry, however, can give a clear physical
meaning. In using it, the mechanical structure is the key problem. If the
mechanism is complicated, e.g. eight axes of freedom including rigid and
soft joints, the three former methods are better.

15.2.1.4 Control of trajectory

In order to control the trajectory, calculating the displacement from one
point to the next is necessary. Several of the displacement modes are 
discussed below.

(i) Joint interpolation method. This is probably the basic interpolation
method.[368] In this method, each joint moves in a co-ordinated manner 
from one point to another. The joints accelerate at first and then maintain
a constant speed until they decelerate to the end point. Although this
method passes each point, its path is not controlled; therefore errors often
occur.

(ii) Straight-line interpolation method. In this method, the joint moves
so that the work piece moves along a straight line. Thus the trajectory of
the work piece is controlled.[369] But when the direction changes, the work
piece must stop to avoid an instantaneous change of acceleration. Such a
stop is not acceptable for spraying lacquer and welding.

To avoid such a stop, the trajectory should be rounded. To avoid in-
stantaneous acceleration, the work piece does not pass ideal points. The 
curvature at each point depends on the ideal acceleration; the higher the
acceleration becomes, the smaller the curvature becomes and the better 
the curve is fitted.

(iii) Spline function. The application of a spline function as the inter-
polation function can avoid the shortcomings of the two methods described
above. There are spline functions for different applications.[370,371] Several of
these are discussed below.

• x-spline. In 1978, Chenshaw and Negus explored the x-spline, which was
developed by Bechforooz.[370] It was an extension of the cubic spline. It
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allows a discontinuity of the second-order derivative at a point. There-
fore, the acceleration at every interval does not remain continuous.
However, the x-spline has the advantage that once two of three points
are known, then the trajectory of a local joint can be determined.There-
fore, it is not necessary to solve all points on the trajectory before the
robot starts. The trajectory can be calculated on line.

• Fourth-order spline function. This function has continuity of location,
velocity and acceleration. Similar to the x-spline, the trajectory of the
local joint can be determined by two of three points on the trajectory.
Therefore, the trajectory can be calculated on-line.

• 4-3-4 spline function. According to the literature,[372] a single trajectory
can be divided into three intervals, namely starting interval, central
interval and end interval.

The central interval does not include the start interval or the end inter-
val. In this interval the boundary condition is that the location, velocity and
acceleration are continuous at its ends.Therefore, a third-order function can
be used. For the starting interval, the initial velocity and initial acceleration
are zero and, for the end interval, the ending velocity and ending acceler-
ation are zero. Therefore, a fourth-order function should be used. All spline
functions should be calculated simultaneously. This can be done only 
off-line.

Among the three kinds of spline functions described above, the short-
coming of the x-spline is that there is an abrupt change of acceleration.
Although the fourth-order spline function can be calculated on line, the
error is large. If the on-line calculation is not considered, then the 4-3-4
spline has the fewest shortcomings. This kind of spline function was used in
the present design. The matrix coefficients were strictly diagonal and non-
reduced and the non-inferior solution could be obtained by the Gauss elim-
ination method. Therefore, it can be used directly and completed using a
16-bit computer.

The 4-3-4 spline function guarantees the optimum (shortest) trajectory
and the anticipated location, velocity and acceleration. In the 4-3-4 spline
function, a fourth-order function was used for the interpolation function in
the starting and ending stages.

[15.11]

In the central stage, a third-order function was used as the interpolation
function

[15.12]

where q(t) = angle of the joint at moment t and Ai, Bj = are the coefficients
of the spline function.

q t B B t B t B t( ) = + + +1 2 3
2

4
3

q t A A t A t A t A tt( ) = + + + +1 2 3
2

4
3 4
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The coefficients for the spline function can be found from the boundary
conditions, which are that the velocity and initial acceleration at the start-
ing point and the ending point are zero, and that the location, velocity and
acceleration in the central interval are continuous.

15.2.1.5 Control system

The three main axes of the robot were driven by servomotors and were
closed-loop controlled. The wrist was controlled by a stepping motor and
was open-loop controlled. The end effecter settings (on, off) were con-
trolled by a compressed-air cylinder and magnetic valves.

Figure 15.18 shows the block diagram of the control system. A pair of
gears, the ratio of which was 246 :29, transmitted and amplified the turning
angle of the body to a 10-turn potential meter, which provided output
signals via a 12-bit A/D converter to the computer. The arm and shoulder
joints were connected to an encoder having 1000 pulses per turn. With the
aid of an electronic circuit, the resolution was up to 4000 pulses per turn.
The pulse counter, which provided 12-bit data to the computer, was 
self-designed and fabricated.

The anticipated value (or the reference) of the location can be obtained
using the 4-3-4-spline function. The computer output three signals after the
reference values were compared with the feedback signal, and transmitted
them to the servo-amplifier via a D/A converter. Each of the amplifiers 
was connected to a DC servomotor. For each servomotor there was a
tachometer-generator, which was used to generate the velocity negative
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feed-back signal. The servomotors drove the joints via a worm gear and a
reduction gearbox.

Two control method, namely, P and PI digital closed-loop control, were
used for the drive system.The integral element was used to eliminate errors
while lifting and bending.

All three joints should operate according to the 3D reference value so
that the robot would move according to a definite curve.

Figure 15.19 shows the open-loop control system of the wrist. The refer-
ence values of its lift-bending angle, turning angle, lift-bending velocity and
turning speed were input to the microcomputer using a keyboard.The com-
puter converted the signals into pulse numbers and pulse frequencies to
control the two stepping motors. Because the angular movement of the
stepping motor was stable, no reduction mechanism or control program
were used.

15.2.1.6 Velocity of movement

Because there was no instrument for accurately measuring the 3D trajec-
tory, the movement of each joint was repeated and recorded. The velocity
of the hand was calculated from these data. Figures 15.20, 15.21 and 15.22
show the movements measured for each joint. From these data, the veloc-
ity of the hand was found to be less them 1m/s, which was in the allowable
normal range.

15.2.2 Vision system

Before designing the hardware and software of the vision system, deter-
mining the imaging method and the method for locating its position were
necessary. The camera should be able to locate itself automatically, quickly
and accurately, without human intervention. There are four methods for
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identifying location. The first is the non-shallow full-scale optimizing
method.[373] It is accurate but needs non-shallow searching. This searching
is not independent and also is not effective. The second is the two-plane
method.[374] Its advantage is its high efficiency, but an empirical formula is
needed for the transformation between the object and the image. The third
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is the geometric method.[375] In this method, knowing the focus length is nec-
essary and the calculation is complicated. The fourth method, developed by
Yakimovski and Cunningham,[376] which was used in the present design, was
based on 3D measurement from a stereo pair of TV cameras. The trans-
formation matrix was calculated using linear equations; the linearity was
true if there was no distortion of the image by the lens. Errors in this method
resulted mainly from the linear dependence of the unknown parameters
solved by the linear equations. In the present case, the field of view was not
large.The distance between the object and the camera was short so the error
that resulted was small and acceptable. The other sources of error were the
accuracy of repeatability of the robot, the 3D point and the predetermined
centre point of the work piece. Normally, to determine a space point, a half
line in the 3D space on which the point is located is taken. Because two
cameras were used, the intersection of these two lines was used to deter-
mine the space point.[376] In practice, the two rays may not intersect at a
point. Then, as a remedial measure, the middle point of the shortest line
between these two rays is used to locate the space point. This is the origi-
nal point of the measuring method.

The hardware and software used for the system are described below.

15.2.2.1 Hardware

Vision system. The software program was designed using C language on the
IRID256 vision system (see Fig. 15.23). In the IRID256 vision system, the
computer uses the UNIX operating system. The system consisted of a com-
puter, camera-interface module, video-digitalisation module, image buffer,
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15.23 IRIO256 vision system
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image processor, etc. It can process 256 ¥ 256 pixels with 256 grey levels.
There is a software package called the ‘Image core program package’ that
includes 100 standard vision programs such as image display, extraction of
characteristic objects, strengthening of the characteristic objects and image
segmentation.

Camera. Two Hitachi KP-120U CCD cameras were used (Fig. 15.24).
Their resolution was 240 ¥ 256 pixels. There was a lens that could be used
for focusing, zooming and controlling exposure.

15.2.2.2 Software

Two software packages were needed for the vision system. One program
was developed for the IRID256 system and the other was developed for
the robot. C-language was used for both programs.

(i) Image-recognition program. The program consisted of two parts,
namely, calibration of the camera, and recognition of the weld groove and
control of the welding process. These two programs were called the ‘3D
vision’ program. The function of calibration was to determine the co-
ordinates of the robot and its relation with the parameters of the camera.
The details of this will be discussed in Section 15.2.3.

The flow chart for recognition of the weld groove is shown in Fig. 15.25.
(ii) Trajectory of the weld groove and the robot program. When the rela-

tionship between the camera and robot co-ordinates was determined, the
camera could be used to observe the 3D space lines. According to the 2D
images obtained by the two cameras, the 3D co-ordinates of any space point
could be obtained. Then, the parameters for the joints of the robot can be
calculated using the quaternion criterion. Finally, the 3D co-ordinates and
the joint locations were fed to the location register.

During welding, the work piece was positioned 1.3m from the camera.
After filtering and line grouping, the lines and their intersecting points were
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obtained. The data after the 3D co-ordinate transformation, V-groove 
co-ordinate calculation, and quaternion calculation, were transmitted to 
the IBM AT computer via a subprogram called MITE. This program trans-
mitted the data into the VME single-board computer via an RS232C port
to control the robot. The recognition of the weld trajectory will be intro-
duced in Section 15.2.4.

15.2.3 Calibration of the camera co-ordinates

15.2.3.1 Introduction

The camera was calibrated to determine its inner geometric parameters,
its inherent optical characteristics and the relationship with external 
co-ordinates.

The extraction of 3D co-ordinates from 2D images was an important
capability, for example, for the measurement of component dimensions,
assembly of the mechanical and electronic parts, and welding-path analy-
sis. Calibration provided the method to obtain the 3D point in space from
the images projected by the point to the two cameras.

The model, algorithm and calibration procedure are described first. Then
the data measured in practice are provided.
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15.2.3.2 Model of the camera

The CCD of the camera consisted of 240 ¥ 256 optically sensitive pixels.
The pixels were indicated by (I, J), where 0 £ I £ 239 and 0 £ J £ 255. The
aim of establishing the model was to find the algorithm by which the camera
parameters could be obtained. Thus, the pixel (I, J) could be correlated to
the corresponding ray C + l ·R(I, J), see Fig. 15.26, where C are the 3 D co-
ordinates of focus, l is the distance from C to the space point P, and 
R(I, J) is the unit vector in the direction from C to P.

Suppose that the optical system is linear, which can be obtained using a
high-quality lens and linear sensor, then the 3D model of the vision system
can be illustrated as shown in Fig. 15.27.

In Fig. 15.27, the projected image of the real point P in space on the first
camera is T1 = (I1, J1). C1 and C2 are vectors of the two focus points, which
are measured on the basis of external co-ordinates. Therefore P - C is a
vector from the focus point to P. A1(A2) are unit vectors that point in the
direction of the optical axis of the first camera (or the second). The unit
vectors H¢ and V¢ are two vectors; H¢ is parallel to the camera image 
horizontal line and V¢ is parallel to the camera-image vertical line. A, H¢
and V¢ are three orthogonal vectors.

The co-ordinates of the points on image (I, J) also can be expressed as
(I¢ + I0, J¢ + J0) where (I0, J0) is the centre of the image (see R1, R2 in 
Fig. 15.27). (I¢, J¢) are the deviation from the image centre. In the following
derivation, the properties of the scalar product of vector X, Y, Z and the
scalar C are often used. (X, Y) represents the scalar product of vectors X
and Y. The properties are

[15.13]

[15.14]X Y X Z X Y Z, , ,( ) + ( ) = +( )

C X Y C X Y X C Y◊ ( ) = ◊( ) = ◊( ), , ,
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In the following text, (A, B) represents the scalar product, (A ¥ B) is the
vector product and (C ·Y) is the product of the scalar and the vector; the
other representations are analogues of this.

In the following text, the relationships of 2D co-ordinates (I, J) and 3D
vectors C, A, H¢, V¢ and P were derived, based on the geometry given by
Fig. 15.27.

[15.15]

where �(R1Q1) is the length of R1Q1.
Because �(R1Q1) = �(S1T1) and �(R1¢Q¢) = �(S1¢P), Eq. [15.15] becomes

[15.16]

where S1T1 is the horizontal deviation I¢1 from the image centre to T1.
The length R1C1 is the focus length f1. Because R1C1 and A1 are in the

same direction, A1 is a unit vector. Therefore, the length R1¢C1 can be
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expressed as (P - C1, H1¢). Similarly, because S1¢P is parallel to H1¢, the length
S1¢P is therefore (P - C1, H1¢). Then Eq. [15.16] can be rewritten as

or

From Eq. [15.13] one obtains

Because I1 = I1¢ + I0 one can obtain [15.17]

According to the scalar-product property, Eq. [15.17] can be converted to

From Eq. [15.13]

By Eq. [15.14] the following is shown

[15.18]

From the following relationship, i.e.

the result similar to Eq. [15.18] can be obtained as

[15.19]

Let H1 = f1 ·H1¢ + I0A1 and V1 = f1 ·V1¢ + I0A1

Equations [15.18] and [15.19] can then be rewritten as
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Thus H1 has two components, f1 ·H1¢ and I0 ·A1. The term f1 ·H1¢ is parallel
to the image horizontal line; its length equals the focus length of the first
camera. I0 ·A1 is parallel to A1 and I0 is the image centre; therefore its length
equals one half of the number of pixel’s of the image of each line.

Similarly, the two components of V1 are, first, the length of f1 parallel to
the vertical line of the image component and, second, the length of J0

parallel to the A1 component. For the second camera, H2 and V2 correspond
to H1 and V1. Therefore the following equations can be written:

[15.22]

[15.23]

15.2.3.3 Calibration algorithm

The aim of calibration was to determine C, A, H and V. Each of the two
cameras was calibrated separately.

For calibration, n space points (the co-ordinates of which are known) are
needed to project to both cameras. Their images (i, j) . . . , (im, jm) were
recorded and stored in the memory of the computer. For this purpose, a
special body was made on which a fiducial mark was drawn as a charac-
teristic point. The robot hand grasped the body and moved it to n specific
points. The space co-ordinates of the points Pm could be obtained directly
from the robot control board. The characteristic point could be found auto-
matically by the robot. The images of these points (i, j) . . . , (im, jm) were
then taken from the camera. Substituting Pm, im and jm into Equations
[15.20], [15.21], [15.22] and [15.23], C, A, H and V can be solved.

(i) Establishment of equations. Substituting Pm, im and jm into Equations
[15.20] and [15.22] gives

[15.24]

or

or

According to the scalar product property given by Eq. [15.13], the equation
above becomes

P C i A P C Hm m m- ◊( ) - -( ) =, , 0

i P C A P C Hm m m◊ -( ) - -( ) =, , 0

i P C A P C Hm m m◊ -( ) = -( ), ,

i
P C H
P C Am

m

m

=
-( )
-( )

,
,

J
P C V
P C A2

2 2

2 2
=

-( )
-( )

,
,

I
P C H
P C A2

2 2

2 2
=

-( )
-( )

,
,
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According to Eq. [15.14], the following is obtained:

[15.25]

Let

represent the (x, y, z) components of Pm,C, A, H (where i indicates camera
1 or 2) and let

Then the following homogeneous equation can be established:

[15.26]

Similarly, from Equations [15.21] and [15.23] the following is obtained.

[15.27]

where m = 1, . . . . . . , n n ≥ 6
In order to simplify the formula, one camera is taken as an example and

the note ‘i’ is not indicated. There are 12 unknowns in Eq. [15.27], namely,
A1, A2, A3, H1, H2, H3 and V1, V2, V3, CA, CH, CV. These parameters can be
solved by sampling n observations. The symbol n means n groups of corre-
sponding 3D and 2D data. Because there are 12 unknowns for each camera,
2 equations are needed for each camera in every observation. Therefore n
should be equal to or greater than 6. Equations [15.26] and [15.27] can be
written in matrix form as

P i P i P i P P P i

P j P j P j P P P j

P i P i P i P P P i

P j P
n n n n n n n n n n

n n n
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For an invalid solution, let A1 = 1 (suppose A1 π 0) and rewrite the matrix
equation above as follows.

| [D] | [X] [B]

Thus, the number of equations is more than the number of unknowns in
the observations (n ≥ 6). Using the symbols for matrices, the equation above
can be written as [D][X] = [B]. The solution for the camera parameters can
be solved by multi-linear regression analysis, i.e.

where [D] is a 2n ¥ 11 matrix, [X] and [D]T[B] are 11 ¥ 1 matrices, and
[D]T[D] is an 11 ¥ 11 matrix. Using a Gaussian elimination, the unknowns
can be obtained.

Then, let vector A = [A1A2A3]T = 1. Now, all other parameters can be
described in terms of A. Finally, C = [C1C2C3]T can be calculated by the fol-
lowing equations:

(ii) Co-ordinates of the characteristic point. The 2D co-ordinates on the
image and the 3D co-ordinates in space for each observation must be
known for calibration. Figure 15.28 shows the body where the characteris-
tic point was located at the centre of gravity of the square.

The centre point of the gripper (TCP), that is the characteristic point,
was determined by the characteristic vector pointed at by TCPf (the gripper
centre provided by the robot). The location of the TCP was preset on 
the robot controller. After setting the TCP location, the 3D co-ordinates of
the characteristic points were determined and transmitted to the vision
system.
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Figures 15.29 and 15.30 are the images after digital filtering of the char-
acteristic point on the gripper.

In the meantime, the 2D co-ordinates of the characteristic point can be
obtained using an algorithm for image recognition. First, the object on the
gripper was moved to face the camera.Then, the computer (D256) recorded
this image and converted it into a digital image as shown in Figures 15.29
and 15.30. The grey level of the image was 0–255. In order to find the 
characteristic point, the inner square was separated using the following 
procedure:

a. The computer scanned from the upper-left pixel (i = 0, j = 0). Initially,
i was fixed and j varied from 0–255. Then i was increased until i = 240.
The transition point between white and black was determined.

b. The ratio of white length to black length was determined. Taking 
Fig. 15.31 as an example, let (i1, j1), (i2, j2) and (i3, j3) be the transition
points; then the ratio is

566 Arc welding control

15.28 Characteristic point for calibration

15.29 Image from the first camera
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c. If the ratio was between 0.88~1.12 and (j3 - j2) ≥ 20 pixels, then 
scanning continued at (i1 + 5, j2 - 5). If the white-to-black transition
appeared (Fig. 15.32), and the length ratio for j4,j5,j6 was kept at
0.88~1.12, then the characteristic object was considered to have been
found. The condition that (j3 - j2) ≥ 20 was established to avoid being
unable to recognise the object.The orientation of the object had no sig-
nificant influence because the length ratio would not be changed once
the object could be seen. Because the light intensity could vary over
some range, the range of 0.88~1.12 therefore was selected. The square
cannot be recognised under the following conditions, shown in 
Fig. 15.33. In Example (i), only one line satisfies the length-ratio crite-
rion. In Example (ii), the length-ratio criterion cannot be satisfied
because parts of the square are not on the image. In Example (iii),

Length ratio =
-
-

j j
j j
3 2

2 1
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15.30 Image from the second camera

15.31 Length ratio of black and white lines
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although the length-ratio criterion is satisfied, part of the inner square
is not in the image.

d. The inner square was extracted using the following procedure:
• A certain grey level was applied to the square, for example a level

of 128.
• All of the pixels having a grey level of 255 were removed, which

meant substituting 0 for 255.
Then only the image of square would remain in the image. The charac-
teristic point could then be extracted easily, using the standard vision
program.

15.2.3.4 Determining space points using two images

The parameters obtained by calibration of the camera were used to find the
function representing space points. The image (I1, J1) of point P in the first
camera should satisfy Equations [15.20] and [15.21]. The co-ordinates of P
were derived using these equations as follows:
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15.32 Black and white transition on the characteristic object

15.33 Examples of undetectable characteristic points
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On the basis of Eq. [15.25] and Eq. [15.14], Equations [15.20] and [15.21],
i.e.

can be converted into

Therefore P - C1 and (H1 - I1 ·A1), (V1 - J1 ·A1) are orthogonal and the fol-
lowing equations can be obtained:

or (15.28)

where

Because R1(I1, J1) is a unit vector, when the co-ordinates on image (I1, J1)
are known for a space point P, P must be on the line L1 in space, which can
be expressed as

Projection of any point from this line to the second camera can be found
from Equations [15.22] and [15.23]. Suppose that projections of two points
from this line on camera 2 are Tn(In, Jn) and Tf(If, Jf). Tn(In, Jn) is the point
located nearer to camera 1 and Tf(If, Jf) is a point located farther from
camera 1. Then, the projection of point P on the second camera will be a
point on the line connecting Tn(In, Jn) and Tf(If, Jf).The location of this point
can be found manually by computer scanning or it can be found automati-
cally using an algorithm. Once this point (I2, J2) is found, the 3D co-
ordinate of P can be calculated. (I2, J2) defines a straight line in space.

The methods for defining L1 and L2 were the same (see Fig. 15.34). The-
oretically, P should be located on both L1 and L2. Due to digital error result-
ing from calibration, these two lines may not intersect. In order to find the
point P, first find P1 on line L1, whose distance to L2 is shortest. Then find
P2 on line L2, whose distance to L1 is shortest. Then, the middle point of
line P1P2 is considered to be the point in space that was sought. The dis-
tance from any point X to the straight line C + l ·R is

Let P1 be a point on L1 = (C1 +l ·R1) and suppose that the distance from
P1 to L2 is minimum when l = l1. Then, the square of the distance is

X C X C R- - -( )2 2
,

L C R I J2 2 2 2 2= + ◊ ( )l ,

L C R I J1 1 1 1 1 0= + ◊ ( ) < < +•l l,

R I J V J A H I A1 1 1 1 1 1 1 1 1, //( ) - ◊( ) ¥ - ◊( )

P C R I J= + ◊ ( ) >1 1 1 1 0l l,

P C V J A H I A-( ) - ◊( ) ¥ - ◊( )1 1 1 1 1 1 1//

P C H I A P C V J A- - ◊( ) - - ◊( )1 1 1 1 1 1 1 1, ,= 0 and = 0.

I
P C H
P C A

J
P C V
P C A1

1 1

1 1
1

1 1

1 1
=

-( )
-( ) =

-( )
-( )

,
,

,
,

and
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or

Differentiate the equation by l1 and let it equal zero. This gives

The following is found from Eq. [15.13]:

or

or

From Eq. [15.14]

[15.29]

A similar derivation gives

[15.30]

After substituting l1 and l2 into the equation,

[15.31]

[15.32]

Thus P1 and P2 can be found.
The point P in space can be obtained by averaging the values of P1 and

P2.

P C R I J2 2 2 2 2 2= + ◊ ( )l ,

P C R I J1 1 1 1 1 1= + ◊ ( )l ,

l 2
2 1 1 2 1 2

1 2
2

1
=

- ( ) ◊ -(( )
- ( )

C C R R R R

R R

, ,

,

l1
1 2 1 2 2 1

1 2
2

1
=

- ( ) ◊ -( )
- ( )

C C R R R R

R R

, ,

,

l1 1 2
2

1 2 1 2 2 1 2 11◊ - ( )( ) = - ( ) ◊( ) -( )R R C C R R R C C R, , , ,

R C C R R C C R R R R R1 1 2 1 1 1 1 2 1 2 2 1 1 2
2

, , , , ,-( ) + ( ) = - ( ) ◊( ) + ◊ ( )l l

R C C R R R C C R R R R R1 1 2 1 1 1 2 1 2 2 1 1 2 1 2, , , , , ,- +( ) = ( ) ◊ -( ) + ◊ ( ) ◊ ( )l l

2 2 01 1 1 1 2 1 2 1 1 1 2 2◊ + ◊ -( ) - ◊ ( ) ◊ + ◊ -( ) =R C R C R R C R C R, , ,l l

C R C C R C R1 1 1 2
2
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2

1 2 2
2- - -( ),
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In 3D space, P is the middle point of the connecting line P1P2. Therefore
the 3D co-ordinates of a space point are found from the images of the point
in two cameras and co-ordination of the two images.

15.2.3.5 Calibration procedure

As described in Section 15.2.3.1, six or more observations should be per-
formed and 10 are preferred to reduce error. More observations can be used
to evaluate the accuracy of the calibration. The steps were as follows:

(i) Clamp the characteristic object in the gripper of the robot.
(ii) Connect the robot, vision system and camera to their power sources.

(iii) Set the camera in an appropriate location, adjust the aperture, zoom
in or out from the object and set the focus length.

(iv) Touch ‘3D vision’ on the keyboard to start the calibration program.
(v) Move the object using the control box to a location where it is visible

to both cameras. Push key F1 or F2 so that image 1 or image 2 can be
seen.The moving scope should be in the required working space.The
3D co-ordinates are stored in the robot for calibration.

(vi) Touch the number on the keyboard for the desired number of 
observations.

(vii) Execute the program according to Step 5. Push ‘Return’ so that the
computer takes the images.

(viii) Repeat Step (vii) until the desired number of observations is 
completed.

(ix) Touch the number on the keyboard for the desired number of obser-
vations, which are used for calibration.

The parameters then will be stored on the hard disk. Figure 15.35 shows
the flow chart for the calibration.

15.2.3.6 Calibration results and evaluation of accuracy

Table 15.8 lists the 3D and 2D co-ordinates of the characteristic points.
i1, j1 and i2, j2 represent the 2D co-ordinates of the point in camera 1 and
camera 2, respectively. Twenty observations (the 3D co-ordinates are
known) were performed. Among them, 10 were used for calibration of the
camera parameters.When the camera parameters C, A, H and V are known,
the 2D co-ordinates (ic, jc) of the 20 points can be calculated. The difference
between the calculated 2D co-ordinates and the 2D co-ordinates observed
on the image then can be expressed as

i i
P C H
P C A

ic m
m

m
m- =

-( )
-( ) -

,
,

Vision systems and automatic path programming 571

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



Similarly the difference in j is

where Pm are the 3D co-ordinates of the detected point in space
im, jm are the 2D co-ordinates in the image of the detected point

j j
P C V
P C A

jc m
m

m
m- =

-( )
-( ) -

,
,
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Touch the number of observations (6-20)

Push Return?

Store the 3D co-ordinates of the observed characteristic point

No

Yes

Take the image, find the 2D co-ordinates of the point on the images

Is the required No. of observations OK?

Touch the No. of observation for calibration

Set the camera parameters according to Section 15.2.2.3

Solution by Gaussian elimination

Store the 3D and 2D co-ordinates of the characteristic point and parameters of camera on the hard disk

No

Yes

15.35 Flow chart for calibration
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The error in the 2D image was found to be ±0.26pixel. Because the error
of the vision system itself was ±1pixel, the total error was ±1.26 pixels.

Because the camera parameters C, A, H and V were known, the 3D co-
ordinates of Pm could be calculated from the 2D co-ordinates im,jm by back-
ward reasoning. The maximum error of the 3D co-ordinates was ±1.0mm.
By comparing the calculated 3D co-ordinates with the actual co-ordinates
of Pm, it was found that the maximum error of the 3D co-ordinates was 
±1.0mm.

15.2.4 Interface between the vision system and the
welding robot

15.2.4.1 Robotic welding

In actual applications, all welding robots are of the arm type, which can 
flexibly move the welding point to the work piece. Robotic welding has 
the following advantages compared to manual welding:
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Table 15.8 3D co-ordinates in space and 2D co-ordinates in the image of 20
points

Point 3D co-ordinate Camera 1 Camera 2
No.

x (mm) y (mm) z (mm) i1m (Pixel) j1m (Pixel) i2m (Pixel) j2m (Pixel)

1 829.7 -24.6 763.6 117 96 135 107
2 771.4 -46.9 806.2 52 38 63 94
3 789.1 0.4 802.6 67 101 81 152
4 793.7 23.5 749.8 69 133 85 177
5 790.7 47.3 826.3 65 149 78 223
6 837.7 72.4 754.6 113 215 132 215
7 877.2 48.9 780.4 170 184 187 205
8 892.7 11.0 803.6 200 132 216 175
9 890.9 -58.4 786.9 202 56 222 82

10 825.4 -24.5 783.5 115 86 131 116
11 857.9 -9.9 791.4 155 106 172 141
12 835.7 -6.6 775.7 124 113 141 135
13 857.5 14.4 786.5 151 137 167 167
14 865.9 -23.7 750.1 159 108 179 105
15 835.5 -23.7 750.2 123 103 142 102
16 835.5 10.9 797.3 126 125 141 166
17 876.9 -18.4 808.5 184 92 200 140
18 876.5 0.3 830.1 185 105 199 175
19 783.7 -39.3 799.2 66 53 79 102
20 829.7 -24.6 763.6 117 96 135 107
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• Ability to weld in all positions
• Good weld appearance and quality
• Possibility for using real-time control when an automatic seam-tracking

system is incorporated
• Possibility for working in extreme conditions (for example, at high-

temperatures).

The key problem in promoting intelligent control of welding robots is 
the automatic seam tracking. There are two categories of seam tracking
systems:

(i) A non-vision type of automatic seam tracking. The sensor for this 
category is based on the principle of sound, magnetism, capacitance,
etc. As described in Chapters 7, 8 and 9, an arc sensor is one of the
most promising sensors for seam tracking.

(ii) A vision type of automatic seam tracking. The most popular vision
sensor is a scanning laser or other structured light. A camera takes a
2D image and the groove centreline is obtained from the image by
data processing. This category of sensor is mature and already com-
mercialised, but it is used mainly for small work pieces. It has not been
used for large structures welded at a field site.

15.2.4.2 Vision system and automatic welding

The present study was aimed at welding large structures. It attempts to
apply the methods described in Sections 15.2.1, 15.2.2 and 15.2.3 to weld-
groove recognition and control of robotic welding.

(i) Weld-groove recognition. When the parameters of the vision model
are determined, the straight line or curve in space can be recognised.
However, in an actual welding environment, two problems are encountered.
The first is noise received by the camera from different sources and the
second is that the object is not a simple line or curve but is a V–groove. In
Section 15.1, weld-groove recognition was discussed in detail. A special
groove-recognition method and its software were developed for the present
system.

The program consisted of the following parts:

• Calculate the second-order derivative of the grey level (Laplace opera-
tor) to find the edge of the groove

• Locate the lines from the continuity of pixels
• Identify the lines using: a) length of line and b) the arrangement and

continuity of pixels in each line.
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The following is an example in which a line does exist:

Vision systems and automatic path programming 575

a

b
c
d
e

f
g

    

The following is an example in which a line does not exist:

In addition, slope also is a factor that aids recognition. Slope should be used
carefully because two lines having different slopes can be incorrectly iden-
tified as one line.As an example, the slopes of ac and ad are nearly the same
but the slopes of ac and af have a larger difference. Therefore, the former
are on one line whereas the latter are not on one line.

The other way of filtering noise is by monitoring the number of pixels
that are continuous. Those lines that do not have many continuous pixels
are omitted.

After performing all of the procedures described above, the formula of
the line is found by the least-squares method.
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Acquire image

Enhance image

Identify pixel groups

Filter noise; identify line by continuity and slope

Form groove image by difference of irradiance

Obtain 3D information from 2D images

15.36 Flow chart for groove recognition

The irradiance values at the two surfaces of the edge are different, the
grey levels are different, the first-order derivative is constant at the edge on
both sides but the second-order derivative at the edge is zero.[377]

To eliminate the noise on the image caused by scratches or gouges, a
program was written in which a recognised line was taken to compare with
the line of a scratch. If the slopes were not close to each other, the scratch
line was disregarded.

Once the edge was recognised, the weld groove could be identified with
the input data such as width and groove type. In the case of a curved weld,
the 3D points and the curve can be constructed from the 2D camera images.
Figure 15.36 is the flow chart for groove recognition. Figure 15.37 is the
workpiece displayed on the monitor.

(ii) Signal output from the vision system. After identifying the weld
groove, the IRI D256 vision system stored the data in a database. Because
the D256 could not be connected directly to the single-board Motorola
VME110 computer, an IBM AT microcomputer was used for an interface.
First, the data obtained by the IRI D256 was sent to the IBM AT using the
Modems program MITE. The data were converted into an S–record form
file and then transmitted to the VME110 single-board computer, see 
Fig. 15.38.

A high-level language was used for programming the IBM AT computer
and the program MITE was used as the intermediary for data transfer.
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15.2.4.3 MIG welding system

A MIG welding system consists of a power source and a wire feeder. A
control box designed for operation of the robot provided the following
functions:

• Transfer of the ‘start’ signal from the robot to the welding system.
• Transfer of the welding system ‘ready’ to the robot.
• Check the shielding gas.

For safety, two switches were included on the control board, namely, ‘Start’
and ‘Urgent stop’. In addition, there was an automatic ‘Urgent stop’ control.
The welding path was divided into 14 intervals; 15 points were input into
the robot. Following a specified interval after a problem arose, the robot
would stop.
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15.37 Workpiece displayed on monitor

D256 Vision system

Computer (MITE subprogram) Single-board computer
S—record mode

Database

Data file of 3D weld groove

15.38 Data transfer and intermediary
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15.2.5 Practical welding

15.2.5.1 Welding with an ASEA robot

For welding a large structure in the field, an ASEA IRB6/2 robot was used
for further experimentation. The data were input to the robot from the
D256 vision system as shown in Fig. 15.39. The specimens were 20cm ¥
20cm ¥ 12mm thick and 20cm ¥ 10cm ¥ 12mm thick, with V–grooves.
Welding was performed successfully. The average welding speed was 
18cm/min for improved bead formation. The speed during the starting
period was 27cm/min and the speed during the end period was 14cm/min
for filling the crater.

Because the V–groove depth was large, multi-pass welding was used.
After each pass, the torch was shifted laterally and raised a specified dis-
tance before the next pass was started, as shown in Fig. 15.40.

According to Section 15.2.3.6, the accuracy of the vision system was 
±1.0mm, and the accuracy of the ASEA robot was ±0.5mm. The accuracy
of the torch position was about ±1.5mm when the torch was moved along
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15.40 Multi-pass weld

15.39 ASEA robot and vision system
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the weld groove before actual welding. After welding, the positional accu-
racy of the weld bead was satisfactory. Figure 15.41 demonstrates the
welding process performed by the ASEA robot.

15.2.5.2 Welding with a custom-built robot

After the successful experiments on the ASEA robot, a custom-built robot
(self-made) was used for further experiments. Figure 15.42 shows the exte-
rior of the custom-built robot. Figure 15.43 shows the welding process in
progress and Fig. 15.44 shows the weld made by the robot. Because the
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15.41 Welding carried out by ASEA robot

15.42 Exterior of the custom-built robot
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accuracy of the custom-built robot was less than ±1.0mm, the total error
was around ±2.0mm, which was acceptable for a thick-plate weld.

15.2.5.3 Method for improving accuracy

Weld-path error can be reduced or eliminated using the following 
measures:

• The accuracy of a CCD camera depends on the density of pixels on the
optically-sensitive surface. If a CCD allowing 1024 ¥ 1024 pixels were
to be used instead of 240 ¥ 256 pixels, the accuracy would be improved
greatly.

• The accuracy of the custom-built robot can be improved.
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15.43 Custom-built robot during welding

15.44 Appearance of a multi-pass weld
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• The accuracy increases as the area of the viewing field is reduced. In the
present case, the viewing field was 20cm ¥ 20cm and the distance of the
camera from the work piece was 1.3m. (The accuracy would be even
worse if the distance and the size of the viewing field were increased.)

15.2.6 Summary

• The mechanical structure, control system and the trajectory-control
system of the custom-built robot were good. The repeatable positioning
accuracy was ±2.0mm and the weight that could be grasped was 2kg.
This robot was satisfactory for the present study.

• The hardware and software developed by the authors for the 3D vision
system were satisfactory. The accuracy of the 3D co-ordinates obtained
from 2D images was about ±1.0mm. Because the two rays considered
in the present algorithm did not always intersect, the authors proposed
using the middle point of the shortest line between these two rays as
the intersection point in the 3D space. Experiments proved the cor-
rectness of this concept.

• By combining the robot and vision system, automatic weld-path pro-
gramming was achieved.This work served as an example that illustrated
an approach to arc-welding automation.
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CCD camera, 431
CCD sensor for automatic seam tracking, by

CCD sensor, 238, 239
characteristic harmonic (vector), 319
CO2 current filtering for CO2 welding, 333
colour modulator, 434
connection of temperature regions, 492
constant current AC MIG welding, 203, 213
constant wire feed rate

arc length self-regulation system, 4, 7
control system, 5

DC pulsed MIG welding, DCSP and DCRP,
196, 197, 198, 199

detection method by characteristic
harmonic, 319

detection of groove line deviation, 319, 349
digital filtering, 327
Digital Fourier Transform (DFT), 300
double step output characteristics, 90, 92,

100
alternation of output characteristic, 100,

101
dynamic

response of arc length to disturbance, 73,
80

response range of ICCD, 458, 462
spectrum response of ICCD, 463

emission coefficient, 423, 425
extension

of multi-segmental output characteristics,
147

of welding thermocycle parameters, 505
extrapolation of two-dimensional

temperature field, 507

filter, 432
filtering of welding current for pulse MIG,

340
Fourier transform of signals, 314

Index

AC MIG welding, 194
AC pulsed MIG welding, control method,

202, 207
acquisition of temperature field signals,

488
algorithm for 3D coordinates of weld seam,

539, 541, 560, 563, 568, 571
analysis of signal characteristics, 315
apparent temperature, 453, 456
arc form and metal transfer, 197, 199, 222
arc length self regulation ability, 7
arc sensor

experimental method for measuring
dynamic model, 277

experimental method for measuring static
model, 265

frequency response characteristics, 272,
284, 285

mathematical model for dynamic
response, 275

mathematical model in static state, 271
numerical simulation, 298, 300
oscillating type, 241
rotating type, 242, 250, 254
scanning type, 248
sensitivity, 283, 288, 289, 293
signal processing by integral difference,

245, 310
transfer function, 275, 276

arc simulator, 53, 71, 77
automatic seam tracking machine

conventional, 360
crawl type, 374

automatic transfer of output characteristics
by feedback circuit, 97
by logic circuit, 93

automatic transferring circuit, closed loop
feedback circuit, 143

average filtering, 326

black body, 419

601
www.iran-mavad.com 

مرجع دانشجويان و مهندسين مواد



fuzzy control, welding tractor, 394

grey body radiation, 423

Hannover arc analyser, 60
heat source, biellipse Gaussian model, 494

image
formation, electron beam scanning, 430
recognition, 2D weld seam, 534, 559

instantaneous value of arc length during
disturbance, 8

inverse Digital Fourier Transform (inverse
DFT), 300

inverter for AC MIG, 209
irradiance, 420

mean value filtering, 330
morphologic filtering, 332
movement of arc operating point, 148, 150,
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multi-segment output characteristics, 134

one side welding with both side bead
formation, 168, 170

optic-mechanical camera, 430
orthogonalisation of characteristic vectors,
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output characteristics

constant current characteristics, 108, 113,
115

constant voltage characteristics, 110, 112,
115

output slope
of constant current characteristics, 89, 113
of constant voltage characteristics, 89, 112

penetration control, closed loop, 511
Planck radiation formula, 421
power source

AC pulsed MIG, 207
analytic method for dynamic

characteristics, 20
direct measurement of dynamic
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dynamic characteristics, 19
dynamic properties, 102, 105
magnitude-phase characteristics, 26
measurement of transfer function, 41, 42
rising output characteristic, 150
steady state accuracy, 102, 103
theoretical analysis of transfer function,

26
probability

of arc voltage samples, 61, 62, 63
of short circuits, 64, 65, 66

QH-ARC CO2 (A)
control method, 180
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technology, 183

QH-ARC CO2 (B), control method, 192
QH-ARC101

control method, 88, 117
range of welding parameters, 124
technological behaviour, 117

QH-ARC102
control method, 129
control principle, 129, 131
technological effect, 133

QH-ARC103
control method, 134
control principle, 134
electric circuit, 138

QHT-80, power source
circuit diagram, 116
driving circuit of power transistor, 114
major circuit, 105, 108
output characteristics, 112, 113

radiant exitance, 419
radiation intensity, 419
radiation power, 419
real time detection of temperature field,

492, 503
rectangle output characteristics, 91
regulated wire feed rate system by arc

voltage feedback, 12
rotating arc torch, 250, 251, 253, 254,

255

scanning output characteristics, 134, 152
selection of two-colour wave length, 462,

464
sensor

for automatic seam tracking, laser spot
array, 238

for penetration control, 169, 170
arc sensor, 240, 243
contact type, 236
electro-magnetic type, 237
optical type, 238
photo-electronic scanning type, 238
structure light, 239

spectrum radiant exitance, 420
steady error of arc length, 8
stefan-Boltzmann law, 422, 423

temperature field measurement
by image colorimetric method, 417,
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procedure of signal processing, 489

temperature field measurement,
colorimetric method, 417

calibration, 441, 444, 445
sensitivity of response, 465
system response, 464
sensor, 432, 471
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temperature measurement
brightness method, 413
full colour, 453
infrared radiation, 413
by thermocouple, 412
by three colour, 455
monochromatic light, 454

thermo-image formation, 450
transistorised power source

equivalent electrical circuit, 36
transfer function, 39, 40

transmissivity, 423, 432

vision system, 534, 555

Index 603

welding generator, equivalent electric
circuit, 20, 21

welding robot, 548, 578
automatic path programming, 546, 577

welding temperature field, 411
calculation, 411
measurement, 414
theoretical analysis, 492

welding tractor, multi-freedom, 377
width of isotherm, closed loop control,

524
wine displacement law, 422
wire feed by torque motor, 173, 174
welding temperature field, 3D, 507
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