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Preface

Welding handicraft is one of the most primordial and traditional technics, mainly
by manpower and human experiences. Weld quality and efficiency are, therefore,
straitly limited by the welder’s skill. In the modern manufacturing, automatic and
robotic welding is becoming an inevitable trend. However, it is difficult for auto-
matic and robotic welding to reach high quality due to the complexity, uncertainty
and disturbance during welding process, especially for arc welding dynamics. The
information acquirement and real-time control of arc weld pool dynamical process
during automatic or robotic welding always are perplexing problems to both tech-
nologist in weld field and scientists in automation.

This book presents some application researches on intelligentized methodology
in arc welding process, such as machine vision, image processing, fuzzy logical,
neural networks, rough set, intelligent control and other artificial intelligence meth-
ods for sensing, modeling and intelligent control of arc welding dynamical process.

The studies in the book indicate that the designed vision sensing and control sys-
tems are able to partially emulate a skilled welder’s intelligent behaviors: observing,
estimating, decision-making and operating, and show a great potential and promis-
ing prospect of artificial intelligent technologies in the welding manufacturing.

The book is divided into six chapters: Chap. 1 gives an introduction on de-
velopment of welding handicraft and manufacturing technology; Chap. 2 mainly
addresses visual sensing systems for weld pool during pulsed Gas Tungsten Arc
Welding (GTAW); Chap. 3 mainly address information acquirement of arc weld-
ing process by image processing methods, including acquiring two dimensional
and three dimensional characteristics from monocular image of GTAW weld pool;
Chap. 4 mainly addresses modeling methods of weld pool dynamics during pulsed
GTAW, including identification of linear models and nonlinear transfer function
models of weld pool dynamical process; artificial neural network models and knowl-
edge models for predicting and control of weld pool dynamical characteristics;
Chap. 5 mainly addresses intelligent control strategies for arc welding process, in-
cluding self-regulating PID, fuzzy, PSD controllers, neural network self-learning
controllers, model-free controller and composited intelligent controllers for dynam-
ical weld pool during pulsed GTAW; Chap. 6 mainly addresses real-time control
of weld pool dynamics during robotic welding process, including intelligentized
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welding robot systems with real-time monitoring and control of weld pool dynam-
ics; and an application of intelligentized welding robot systems.

The ordinal reading of this book has two outlines: one reading line is compiled
by current outline, i.e., sensing, modeling and control methodology for welding
process; the other by classifying of welding technics and conditions, or weld-
ing materials, e.g., bead-on-plate, welding with wire filler, gaps variation condi-
tions; steel and aluminium alloy welding workpiece. Bead-on plate welding is ad-
dressed in Sects. 3.1.2.2, 4.1, 5.3.2. Welding with wire filler is mainly addressed
in Sects. 2.2.2, 3.1.2.3, 3.2, 4.3.3, 5.6.4, 6.3. Gap variation condition is mainly ad-
dressed in Sects. 5.4.2, 5.6.2, 6.4.1. Aluminium alloy welding is mainly addressed
in Sects. 2.3, 3.1.3, 3.2, 4.2.1, 4.4.2, 4.4.3, 5.1, 5.2.2, 5.6.3, 6.2.2, 6.3, 6.4. Steel
welding is mainly addressed in Sects. 2.2, 3.1.2, 3.2.3, 4.2.2, 4.3, 5.2.2, 5.3.2, 5.6,
6.1.

The research results in this book were mainly implemented in the Intelligentized
Robotic Welding Technology Laboratory (IRWTL), Shanghai Jiao Tong Univer-
sity, P R China. The content in the book involves the following doctoral disserta-
tions: Dr. Yajun Lou, Dr. Dongbin Zhao, Dr. Guangjun Zhang, Dr. Jianjun Wang,
Dr. Bing Wang, Dr. Laiping Li, Dr. Wenjie Chen, Dr. Quanying Du, Dr. Wemhang
Li, Dr. Xixia Huang, Dr. Hongyuan Shen, Dr. Chongjian Fan, Dr. Fenglin Lv and
Dr. Huabin Chen’s works, etc. As a supervisor of their doctoral dissertations, Pro-
fessor Shan-Ben Chen would like to thank their contributions to this book.

We wish to give expression on acknowledgements for the researched works in
this book supported by the National Natural Science Foundation of China under
Grant No. 50575144 and No. 60474036; and supported by the Key Foundation Pro-
gram of Shanghai Sciences & Technology Committee under Grant No. 06JC14036
and No.021111116.

We would like to thank Professor Tzyh Jong Tarn and Professor Lin Wu for their
directions on the research works included in the book. And last but not least thank
to Dr. Thomas Ditznger for his advice and help during the production phases of the
book.

Shanghai, China Shan-Ben Chen
Jing Wu



Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Development of Welding and Manufacturing Technology . . . . . . . . . 1
1.2 Sensing Technology for Arc Welding Process . . . . . . . . . . . . . . . . . . . 3
1.3 Visual Sensing Technology for Arc Welding Process . . . . . . . . . . . . . 3

1.3.1 Active Visual Sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3.2 Passive Direct Visual Sensing . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.3.3 Image Processing Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.4 Modeling Methods for Arc Welding Process . . . . . . . . . . . . . . . . . . . . 13
1.4.1 Analytical Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.4.2 Identification, Fuzzy Logic and Neural Network Models . . . 14
1.4.3 Rough Set Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

1.5 Intelligent Control Strategies for Arc Welding Process . . . . . . . . . . . . 19
1.6 The Organized Framework of the Book . . . . . . . . . . . . . . . . . . . . . . . . 23
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2 Visual Sensing Systems for Arc Welding Process . . . . . . . . . . . . . . . . . . . 35
2.1 Description of the Real-Time Control Systems with Visual

Sensing of Weld Pool for the Pulsed GTAW Process . . . . . . . . . . . . . 35
2.2 The Visual Sensing System and Images of Weld Pool During Low

Carbon Steel Pulsed GTAW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.2.1 Analysis of the Sensing Conditions for Low Carbon Steel . . 38
2.2.2 Capturing Simultaneous Images of Weld Pool in a Frame

from Two Directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.2.3 Capturing Simultaneous Images of Weld Pool in a Frame

from Three Directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
2.3 The Visual Sensing System and Images of Weld Pool During

Aluminium Alloy Pulsed GTAW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
2.3.1 Analysis of the Sensing Conditions for Aluminium Alloy . . . 44
2.3.2 Capturing Simultaneous Images of Weld Pool in a Frame

from Two Directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
2.3.3 Capturing Simultaneous Images of Weld Pool in a Frame

from Three Directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

vii



viii Contents

2.4 The Chapter Conclusion Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3 Information Acquirement of Arc Welding Process . . . . . . . . . . . . . . . . . 57
3.1 Acquiring Two Dimensional Characteristics from Weld Pool

Image During Pulsed GTAW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.1.1 Definition of Weld Pool Shape Parameters . . . . . . . . . . . . . . . 58
3.1.2 The Processing and Characteristic Computing of Low

Carbon Steel Weld Pool Images . . . . . . . . . . . . . . . . . . . . . . . . 59
3.1.3 The Processing and Characteristic Computing of

Aluminium Alloy Weld Pool Image . . . . . . . . . . . . . . . . . . . . . 69
3.2 Acquiring Three Dimensional Characteristics from Monocular

Image of Weld Pool During Pulsed GTAW . . . . . . . . . . . . . . . . . . . . . 78
3.2.1 Definition of Topside Weld Pool Height . . . . . . . . . . . . . . . . . 78
3.2.2 Extracting Surface Height of the Weld Pool from Arc

Reflection Position . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
3.2.3 Extracting Surface Height of the Weld Pool by Shape

from Shading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
3.3 The Software of Image Processing and Characteristic Extracting

of Weld Pool During Pulsed GTAW . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
3.3.1 The Framework and Function of the Software System . . . . . . 101
3.3.2 The Directions for Using the Software System . . . . . . . . . . . . 102

3.4 The Chapter Conclusion Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

4 Modeling Methods of Weld Pool Dynamics During Pulsed GTAW . . . 113
4.1 Analysis on Welding Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

4.1.1 Transient Responses with Pulse Duty Ratio Step Changes . . 115
4.1.2 Transient Responses with Welding Velocity Step Changes . . 116
4.1.3 Transient Responses with Peak Current Step Changes . . . . . . 116
4.1.4 Transient Responses with Wire Feeding Velocity

Step Changes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
4.2 Identification Models of Weld Pool Dynamics . . . . . . . . . . . . . . . . . . . 118

4.2.1 Linear Stochastic Models of Aluminium Alloy Weld
Pool Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

4.2.2 Nonlinear Models of Low Carbon Steel Weld
Pool Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

4.3 Artificial Neural Network Models of Weld Pool Dynamics . . . . . . . . 126
4.3.1 BWHDNNM Model for Predicting Backside Width

and Topside Height During Butt Pulsed GTAW . . . . . . . . . . . 127
4.3.2 BNNM Model for Predicting Backside Width During Butt

Pulsed GTAW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
4.3.3 BHDNNM Model for Predicting Backside Width

and Topside Height During Butt Pulsed GTAW
Based on Three-Dimensional Image Processing . . . . . . . . . . . 131

4.3.4 SSNNM Model During Butt Pulsed GTAW . . . . . . . . . . . . . . 133



Contents ix

4.4 Knowledge Models of Weld Pool Dynamical Process . . . . . . . . . . . . 137
4.4.1 Extraction of Fuzzy Rules Models of Weld Pool

Dynamical Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
4.4.2 Knowledge Models Based-on Rough Sets for Weld Pool

Dynamical Process Based on Classic Theory . . . . . . . . . . . . . 139
4.4.3 A Variable Precision Rough Set Based Modeling Method

for Pulsed GTAW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
4.5 The Chapter Conclusion Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

5 Intelligent Control Strategies for Arc Welding Process . . . . . . . . . . . . . . 163
5.1 Open-Loop Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
5.2 PID Controller for Weld Pool Dynamics During Pulsed GTAW . . . . 165

5.2.1 PID Control Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
5.2.2 Welding Experiments with PID Controller . . . . . . . . . . . . . . . 166

5.3 PSD Controller for Weld Pool Dynamics During Pulsed GTAW . . . . 168
5.3.1 PSD Controller Algorithms . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
5.3.2 Welding Experiments with PSD Controller . . . . . . . . . . . . . . . 170

5.4 NN Self-Learning Controller for Dynamical Weld Pool During
Pulsed GTAW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
5.4.1 FNNC Control Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
5.4.2 Experiment of FNNC Control Scheme . . . . . . . . . . . . . . . . . . 178

5.5 Model-Free Adaptive Controller for Arc Welding Dynamics . . . . . . . 182
5.5.1 Preliminary of Model-Free Adaptive Control (MFC) . . . . . . . 184
5.5.2 The Improved Model-Free Adaptive Control with G

Function Fuzzy Reasoning Regulation . . . . . . . . . . . . . . . . . . . 186
5.5.3 Realization and Simulation of Improved Control Algorithm . 188
5.5.4 Controlled Experiments on Pulsed GTAW Process . . . . . . . . 190

5.6 Composite Intelligent Controller for Weld Pool Dynamics During
Pulsed GTAW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194
5.6.1 FNNC- Expert System Controller for Low Carbon Steel

During Butt Welding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195
5.6.2 FNNC- Forward Feed Controller for Low Carbon Steel

During Butt Welding with Gap Variations . . . . . . . . . . . . . . . . 200
5.6.3 Compensated Adaptive- Fuzzy Controller for Aluminium

Alloy During Butt Welding . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205
5.6.4 Adaptive-Fuzzy Controller Based on Nonlinear Model

for Low Carbon Steel During Butt Welding with Wire Filler 210
5.7 The Chapter Conclusion Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

6 Real-Time Control of Weld Pool Dynamics During Robotic GTAW . . 221
6.1 Real-Time Control of Low Carbon Steel Weld Pool Dynamics by

PID Controller During Robotic Pulsed GTAW . . . . . . . . . . . . . . . . . . 221



x Contents

6.1.1 Welding Robot Systems with Vision Sensing and
Real-Time Control of Arc Weld Dynamics . . . . . . . . . . . . . . . 223

6.1.2 Weld Pool Image Processing During Robotic Pulsed GTAW 225
6.1.3 Modeling of Dynamic Welding Process . . . . . . . . . . . . . . . . . . 231
6.1.4 Real-Time Control of Low Carbon Steel Welding Pool by

PID Regulator During Robotic Pulsed GTAW . . . . . . . . . . . . 234
6.2 Real-Time Control of Weld Pool Dynamics and Seam Forming by

Neural Self-Learning Controller During Robotic Pulsed GTAW . . . . 236
6.2.1 Neuron Self-Learning PSD Controller for Low Carbon

Steel Weld Pool . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236
6.2.2 Adaptive Neural PID Controller for Aluminium Alloy

Welding Pool . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239
6.3 Vision-Based Real-Time Control of Weld Seam Tracking

and Weld Pool Dynamics During Aluminium Alloy Robotic
Pulsed GTAW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 244
6.3.1 Welding Robotic System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 245
6.3.2 Image Processing During the Robot Seam Tracking . . . . . . . 250
6.3.3 Seam Tracking Controller of the Welding Robot . . . . . . . . . . 256
6.3.4 Experiment Results of Seam Tracking and Monitoring

During Robotic Welding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 258
6.4 Compound Intelligent Control of Weld Pool Dynamics with Visual

Monitoring During Robotic Aluminium Alloy Pulsed GTAW . . . . . . 261
6.4.1 The Robotic Welding Systems with Visual Monitoring

During Pulsed GTAW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261
6.4.2 Image Obtaining and Processing for Weld Pool During

Robotic Welding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 262
6.4.3 Modeling and Control Scheme for Welding Robot System . . 265
6.4.4 Penetration Control Procedure and Results

by Robotic Welding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269
6.5 The Chapter Conclusion Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 271
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 271

7 Conclusion Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 275

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 277



List of Figures

1.1 Key technologies in the control system of the welding process . . . . . . 2
1.2 Weld pool image with the stroboscopic vision sensing system [48]

(a) Schematic diagram (b) Schematic diagram . . . . . . . . . . . . . . . . . . . 5
1.3 Schematic of sensing the image of weld pool using structural light

system [51] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.4 The pool image with structural light sensing system in GTAW [51]

(a) Original image (b) Stripe skeleton and boundary . . . . . . . . . . . . . . 6
1.5 The method of spectral censoring [57] (a) Intensity distribution of

the spectral lines (b) Image of weld pool . . . . . . . . . . . . . . . . . . . . . . . . 8
1.6 Method of coaxial weld pool viewing in GTAW [60] (a) System set

(b) Image of weld pool . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.7 The neural network models of welding process [158] (a) The

forward model (b) The reverse model . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
1.8 Fuzzy neural network control system to control the penetration

depth [198] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
1.9 Close-loop control system of neural network during GTAW [162] . . . 21
1.10 Closed-loop control system of neural network during GTAW [189] . . 21
1.11 Principle diagram for self-learning fuzzy neural control for GTAW

process [215] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.1 The structure diagram of experimental system for pulsed GTAW . . . . 36
2.2 The photograph of experimental equipment . . . . . . . . . . . . . . . . . . . . . . 36
2.3 The sensing system (a) the photograph of sensing system (b) The

light path . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.4 Arc light radiation of GTAW with mild steel anode. (a) The spectral

distribution (b) arc light radiation flux . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2.5 The light path of simultaneous double-side visual image sensing

system of weld pool in a frame . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2.6 A frame complete weld pool image of pulsed GTAW . . . . . . . . . . . . . . 41
2.7 The visual images of the weld pool in different time of a pulse cycle . 41

xi



xii List of Figures

2.8 Influence on the weld pool image during different imaging time (a)
time sequence (b) weld pool images; A – 60 A, convex; B – 50 A,
convex; C – 40 A, convex; D – 30 A, convex; E – 60 A, concave;
F – 50 A, concave; G – 40 A, concave; H – 30 A, concave . . . . . . . . . 42

2.9 Definition for different type of the weld pool surface (a) Concave
type (b) Convex type . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.10 The light path of simultaneous visual imaging system of weld pool
in a frame . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.11 A frame complete weld pool image of pulsed GTAW . . . . . . . . . . . . . . 44
2.12 The weld pool images of different time in a pulse . . . . . . . . . . . . . . . . . 45
2.13 The distribution of characteristic spectrum of Ar . . . . . . . . . . . . . . . . . . 46
2.14 The distribution of characteristic spectrum of aluminium alloy . . . . . . 46
2.15 Response curve of the frequency spectrum of the wideband filter . . . . 47
2.16 Light path structure of double-side sensing systems for Al alloy

weld pool . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
2.17 Pulsed wave of welding current . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
2.18 Images of different time molten pool in a pulse cycle (a) T0 time

(b) T1 time (c) T2 time (d) T3 time (e) T4 time (f) T5 time . . . . . . . . . 49
2.19 The different based current . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
2.20 The aluminium alloy weld pool images of different based current

(a) 70 A (b) 80 A (c) 90 A (d) 100 A . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
2.21 A frame complete molten pool image of Al alloy in pulsed GTAW . . 51
2.22 The visual sensor subsystem (a) Diagram of visual sensing system

(b) The visual sensor for GTAW pool with three light paths [12] . . . . 52
2.23 The structure diagram of visual sensing and control systems for

aluminum alloy pulse GTAW [12] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
2.24 A photograph of the experimental systems for aluminum alloy

GTAW [12] (a) Welding unit (b) Control center . . . . . . . . . . . . . . . . . . 53
2.25 The three-direction weld pool image . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
2.26 The top-front part image . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.1 Definition of the shape parameters of the double-sided weld pool
(a) Topside (b) Backside . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.2 Simulation of the weld pool shape variation during the ignition
period of pulsed GTAW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.3 The characteristics of the low carbon steel weld pool . . . . . . . . . . . . . . 60
3.4 The serial images of different time’s weld pool in a pulse cycle . . . . . 60
3.5 The smoothed image of weld pool with EBS algorithm (a) Original

topside image (b) Topside image smoothed with EBS algorithm
(c) Original backside image (d) Backside image smoothed with
EBS algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3.6 Contrast enhancement of the topside image of weld pool (a) EBS
smoothed image (b) CE (β = 0.5, m = 5) (c) CE (β = 0.5, m = 9),
(d) CE (β = 0.5, m = 13) (e) CE (β = 0.25, m = 5) (f) CE
(β = 0.25, m = 9) (g) CE (β = 0.25, m = 13) . . . . . . . . . . . . . . . . . . . . 63



List of Figures xiii

3.7 Characteristic points of the topside image of weld pool . . . . . . . . . . . . 64
3.8 Characteristic points of the backside image of weld pool . . . . . . . . . . . 65
3.9 Signal flowchart of processing images of weld pool . . . . . . . . . . . . . . . 66
3.10 The shape variation of topside weld pool . . . . . . . . . . . . . . . . . . . . . . . . 66
3.11 Type identification of topside image (a) Convex type (b) concave type 67
3.12 Extracting edge points of topside image (a) Thresholding of

convex image (b) Edge tracing of the thresholding image (c) Edge
extraction of concave image . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

3.13 The results of edges regression for topside pool (a) Convex type
(b) Concave type . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

3.14 Signal flowchart of image processing for topside pool image . . . . . . . 69
3.15 Three kinds of image of the weld pool (a) Intact image (b) Partial

image (c) Degenerative image . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
3.16 The principle of filtering and imaging model . . . . . . . . . . . . . . . . . . . . . 70
3.17 Recovery of the degenerated image (a) The degenerated image

(b) Recovered image . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
3.18 Direction of detected edge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
3.19 Original image . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
3.20 Thinning image . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
3.21 BP network structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
3.22 Sets of the learning patterns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
3.23 The whole flow of image processing of Al weld pool . . . . . . . . . . . . . . 79
3.24 The height parameters definition of the topside weld pool

(a) Concave; (b) Convex . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
3.25 Weld pool image with different surface height of weld pool . . . . . . . . 81
3.26 The height result from image processing topside weld pool

(a) Initial image (b) binary image (c) width calculation (d) height
extraction (e) distance from the tip to nozzlef . . . . . . . . . . . . . . . . . . . . 81

3.27 Comparison between the weld pool images with different imaging
current A – 60A, convex; B – 50A, convex; C – 40A, convex;
D – 30A, convex; E – 60A, concave; F – 50A, concave; G – 40A,
concave; H – 30A, concave . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

3.28 Generalize reflection geometry model . . . . . . . . . . . . . . . . . . . . . . . . . . 83
3.29 Perspective projection of camera on a triangle surface patch . . . . . . . . 84
3.30 Flowchart of calculating the surface height . . . . . . . . . . . . . . . . . . . . . . 86
3.31 The weld pool images with different wire feed speed during pulsed

GTAW with wire filler (a) Vf = 6.0 mm/s (b) Vf = 4.0 mm/s
(c) Vf = 2.0 mm/s (d) Vf = 0.0 mm/s . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

3.32 Reconstructed surface height results from single weld pool
image (a) Vf = 6.0 mm/s (b) Vf = 4.0 mm/s (c) Vf = 2.0 mm/s
(d) Vf = 0.0 mm/s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

3.33 The surface height of the weld pool along axis (a) Along x-axis
(b) along y-axis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

3.34 Images of typical weld pools of low carbon steel (a) Concave type
(b) Convex type . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89



xiv List of Figures

3.35 Reflection geometry of generalized reflectance map model . . . . . . . . . 89
3.36 Weld pool images of mild steel obtained at different times in a

pulse cycle (convex type) (a) curve of welding current in a pulse
cycle (b) image at T1 (c) image at T2 (d) image at T3 (e) image at
T4 (f) image at T5 (g) image at T6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

3.37 Relations between Fresnel function, incident angle and the
refractive index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

3.38 Gray scale histogram of images of weld pool of low carbon steel
(a) Concave type (b) Convex type . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

3.39 Flow Chart of the SFS algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
3.40 Calculation results of low carbon steel weld pool during pulsed

GTAW (a) Concave type (b) Convex type . . . . . . . . . . . . . . . . . . . . . . . 98
3.41 Section height of low carbon steel weld pool during pulsed GTAW

(a) x axis direction of concave type (b) y axis direction of concave
type (c) x axis direction of convex type (d) y axis direction of
convex type . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

3.42 Weld pool Images of low carbon steel with various wire feeding
velocity (a) vf = 7.0 mm/s (b) vf = 5.00 mm/s (c) vf = 3.00 mm/s
(d) vf = 0.0 mm/s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

3.43 Recovery shape of low carbon steel weld pool during pulsed
GTAW (a) vf = 7.0 mm/s (b) vf = 5.00 mm/s (c) vf = 3.00 mm/s
(d) vf = 0.0 mm/s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

3.44 Height of center section of weld pool of mild steel pulsed GTAW
(a) y axis direction (b) x axis direction . . . . . . . . . . . . . . . . . . . . . . . . . . 100

3.45 Height by calculation and measurement (a) Image of weld pool
of mild steel during pulsed GTAW with vf = 0.0 mm/s (b) Image
of a weld beam (frozen state of the weld pool) (c) Comparison of
the calculated height of the weld pool and the measured one of the
weld beam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

3.46 Software architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
3.47 User interface of the software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
3.48 File management module (a) File management menu (b) Extraction

of pixel of the image (in the pixel files, the red part refers to noises
and the blue part refers to the edge of the weld pool) . . . . . . . . . . . . . . 104

3.49 Image recovery (a) Image before recovery (b) Image after recovery . 105
3.50 Weld pool type detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
3.51 Coordinate system definition (a) Workpiece coordinate system

(b) Image coordinate system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
3.52 Weld pool calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
3.53 Image preprocessing module . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
3.54 Gray level changing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
3.55 Smooth coefficient setting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
3.56 Sharpening menu . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
3.57 Thresholding menu . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
3.58 Curve fitting menu . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109



List of Figures xv

3.59 Result of nonlinear curve fitting (a) ellipse-shaped weld pool
(b) heart-shaped weld pool . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

3.60 Weld pool measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
3.61 3D image processing menu . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

4.1 The variation of shape parameters of weld pool . . . . . . . . . . . . . . . . . . 114
4.2 Transient response of backside width with pulse duty ratio

(a) Positive step (b) negative step . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
4.3 Transient response of backside width with welding velocity . . . . . . . . 115
4.4 Transient response of backside width with welding current step

(a) Positive step response (b) Negative step response . . . . . . . . . . . . . . 116
4.5 Transient response of the backside width of weld pool with wire

feeding speed step (a) Positive step response (b) Negative step
response . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

4.6 Stochastic model for Al alloy weld pool during pulsed GTAW . . . . . . 119
4.7 The stochastic input signal of the welding current . . . . . . . . . . . . . . . . . 120
4.8 Al alloy weld pool characteristics under the stochastic current

input (a) The backside width under the stochastic welding current
(b) The topside width under the stochastic welding current . . . . . . . . . 120

4.9 The stochastic input signal of the wire feeding speed . . . . . . . . . . . . . . 121
4.10 Al alloy weld pool characteristics under the stochastic wire feeding

speed input (a) The backside width under the stochastic wire
feeding speed (b) The topside width under the stochastic wire
feeding speed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

4.11 The test result of BWTWC model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
4.12 The testing result of BWPPC model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
4.13 The test result of BWWFS model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
4.14 Hammerstein model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
4.15 The test result of BWHM model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
4.16 Input random signals and measured shape parameters of weld pool

dynamics (a) Peak current (b) Pulse duty ratio (c) Topside height
Ht (d) Backside width Wb . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

4.17 The architecture of neural network dynamic model BWHDNNM . . . 129
4.18 The principle of modeling weld pool with neural network . . . . . . . . . . 129
4.19 Testing results of BWHDNNM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
4.20 Experimental input signal and resultant considered in experiments . . 130
4.21 The architecture of neural network dynamic model . . . . . . . . . . . . . . . 132
4.22 The result of detecting BNNM model . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
4.23 Structure of BHDNNM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
4.24 Testing results of BHDNNM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
4.25 The input signals of white noise (a) Pulse peak current (b) pulse

duty ratio (c) welding speed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
4.26 The double-side size and shape parameters of weld pool (a) S f mid

(b) L f max (c) Wf max (d) Sb (e) Wbmax (f ) Lbmax . . . . . . . . . . . . . . . . . . . 135
4.27 The structure of SSNNM neural network model . . . . . . . . . . . . . . . . . . 136



xvi List of Figures

4.28 The output of SSNNM model (a) Sb (b) Wbmax (c) Lbmax . . . . . . . . . . 136
4.29 Flow chart of the RS based knowledge modeling method . . . . . . . . . . 143
4.30 Flow chart of the Algorithm 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
4.31 Error curve of the experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
4.32 Procedure of the VPRS modeling method . . . . . . . . . . . . . . . . . . . . . . . 153
4.33 Part validation result of random welding current VPRS model of

low carbon steel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
4.34 Part validation result of random welding current VPRS model of

aluminium alloy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

5.1 Geometry of specimens (a) Trapezoid specimen (b) Dumbbell-
shaped specimen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

5.2 The photographs of trapezoid specimen in constant welding
parameters (a) Topside (b) backside . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

5.3 The photographs of dumbbell-shaped specimen in constant welding
parameters (a) Topside (b) Backside . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

5.4 Width curves under varied heat sink in constant welding parameters
(a) Trapezoid specimen (b) Dumbbell-shaped specimen . . . . . . . . . . . 165

5.5 The schematic diagram of PID closed-loop control system for
pulsed GTAW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

5.6 The photographs of trapezoid specimen with PID current controller
(a) Topside (b) Backside . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

5.7 The photographs of trapezoid specimen with PID wire feeding
velocity controller (a) Topside (b) Backside . . . . . . . . . . . . . . . . . . . . . 167

5.8 The control curves of trapezoid specimen using PID controller
(a) PID current control (b) PID wire feeding velocity control . . . . . . . 167

5.9 The photographs of dumbbell-shaped specimen with PID current
controller (a) Topside (b) Backside . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

5.10 The photographs of dumbbell-shaped specimen with PID wire rate
controller (a) Topside (b) Backside . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

5.11 The control curves of dumbbell-shaped specimen using PID
controller (a) PID current control (b) PID wire feeding speed control 168

5.12 Schematic diagram of single neuron self-learning PSD
control system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

5.13 The simulating curve of neuron self-learning PSD controller
(a) Wbmax = 5.0 mm (b) the weight of Wbmax = 5.0 mm . . . . . . . . . . . . 170

5.14 Shape and the size of the work-piece . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
5.15 Curves of neuron self-learning PSD control during pulsed GTAW . . . 171
5.16 Photographs of the PSD control of weld work-piece (a) Topside

(b) Backside . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
5.17 The neuron self-learning PSD closed-loop control curves of

dummy bell specimen during pulsed GTAW . . . . . . . . . . . . . . . . . . . . . 172
5.18 Photographs of dumbbell specimen by neuron self-learning PSD

control (a) Topside (b) backside . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
5.19 The structure of fuzzy neural network controller . . . . . . . . . . . . . . . . . . 173



List of Figures xvii

5.20 Initial membership function of fuzzy subsets (a) Error (b) change
in error . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

5.21 Initial relationship surface between input and output of FNNC . . . . . . 176
5.22 Schematic diagram of FNNC closed-loop control system . . . . . . . . . . 178
5.23 Simulating curve of FNNC (a) Wbmax = 6.0mm (b) Wbmax = 5.0mm 178
5.24 Geometry of arc specimen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
5.25 Weld pool sizes in constant welding parameters . . . . . . . . . . . . . . . . . . 179
5.26 FNNC closed-loop control curves e during pulsed GTAW

(a) Backside sizes of weld pool (b) pulse duty ratio . . . . . . . . . . . . . . . 180
5.27 The membership functions of error and error change (a) Error

(b) change in error . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
5.28 Final relationship surface between input and output of FNNC . . . . . . 181
5.29 Schematic diagram of FNNC controller for butt welding with gap

variation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
5.30 The FNNC closed-loop control curves of varied gap specimen

during pulsed GTAW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
5.31 Photographs of varied gap specimen with FNNC closed-loop control 183
5.32 The structure diagram of fuzzy reasoning regulation . . . . . . . . . . . . . . 187
5.33 The membership functions of input (a) E(B) membership function
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