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Preface

The intelligentized welding manufacturing (IWM) is becoming an inevitable trend.
The intelligentized robotic welding is the key technology in the IWM.

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.

Robotic welding can provide several benefits in welding applications. The most
prominent advantages of robotic welding are precision and productivity. Another
benefit is that labor costs can be reduced. Robotic welding also reduces risk by
moving the human welder/operator away from hazardous fumes and molten metal
close to the welding arc. The robotic welding system usually involves measuring
and identifying the component to be welded, welding it in position, controlling the
welding parameters and documenting the produced welds. To develop an intelligent
robotic welding system that can accomplish useful tasks without human interven-
tion and perform in the unmodified real-world situations that usually involve
unstructured environments and large uncertainties, the robots should be capable of
determining all the possible actions in an unpredictable dynamic environment using
information from various sensors such as computer vision, tactile sensing, ultra-
sonic and sonar sensors, and other smart sensors. From the existing successful
applications, it can be concluded that emerging intelligent techniques can enhance
and extend traditional robotic welding.

In recent years, the intelligentized techniques for robotic welding have a great
development. The current teaching play-back welding robot is not with real-time
functions for sensing and adaptive control of weld dynamical process. Generally,
the key technologies on Intelligentized welding robot and robotic welding process
include computer visual and other information sensing, monitoring and real-time
feedback control of Seam tracking, weld penetration, pool shape, seam forming and
welding quality. Some applications on intelligentized robotic welding technology is
also described in this book, it shows a great potential and promising prospect of
artificial intelligent technologies in the IWM.

This volume is mainly based on the papers selected from the 2014 International
Conference on Robotic Welding, Intelligence and Automation (RWIA’2014),

v



October 25–27, 2014, Shanghai, China. We have also invited some known authors
as well as announced a formal Call for Papers to several research groups related to
welding robotics and intelligent systems to contribute the latest progress and recent
trends and research results in this field. The primary aim of this volume is to
provide researchers and engineers from both academic and industry with up-to-date
coverage of new results in the field of robotic welding, intelligent systems and
automation.

The volume is divided into four logical parts containing 55 chapters. In Part I
(17 chapters), the authors deal with some intelligent techniques for robotic welding.
In Part II (18 chapters), the authors introduce the Sensing of Arc Welding
Processing. Various applications such as vision sensing and control of welding
process are discussed. In Part III (10 chapters), the authors describe their work on
Modeling and Intelligent Control of Welding Processing. In Part IV (10 chapters),
the authors exhibit their works on Intelligent Control and its Applications in
Engineering.

We would like to thank Professors Jiluan Pan, Bo Zhang, Lin Wu, Qiang Chen,
Yuming Zhang and Gu Fang for their kind advice and support to the organization
of the RWIA’2014 and the publication of this book; to Dr. Na Lv, Huabin Chen,
Xizhang Chen, Huanhuan Zhang, Yunxai Chen, Zhifen Zhang, Yuxi Chen, Ji-Yong
Zhong, Cheng-dong Yang, Yiming Huang and Yin Shui He for their precious time
to devote all RWIA’2014 correspondences and to reformat the most final submis-
sions into the required format of the book, last but not least to Dr. Thomas Ditzinger
for his advice and help during the production phases of this book.

October 2014 Tzyh-Jong Tarn
Shan-Ben Chen
Xiao-Qi Chen
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On Intelligentized Welding Manufacturing

Shan-Ben Chen

Abstract This paper presents some concepts on intelligentized welding manu-
facturing, such as the ideas of intelligentized welding manufacturing technology/
systems (IWMT/S), intelligentized robotic welding technology/systems (IRWT/S)
and intelligentized welding manufacturing engineering (IWME), and investigates
the framework and constitution of technologies and systems for intelligentized
welding manufacturing. Furthermore, the paper also shows some new evolutions of
research works in the IRWTL at SJTU on intelligentized welding manufacturing,
which includes multi-information sensing and knowledge modeling of arc welding
process; intelligent control methodology for welding dynamic process; intelligen-
tized technologies for robotic welding and intelligentized autonomous welding
robot system for the special environment. The author wishes to present a system-
atization of intending research framework and constitution on the IWMT/S in this
paper. Some studies on intelligentized welding presented in this paper might
introduce related essential research directions or fields of intelligentized technolo-
gies for modern welding manufacturing.

1 Introduction

With development of modern manufacturing, the intelligent manufacturing (IM),
which is to simulate intelligent behaviors and functions of the human’s sense, brain
and body activity in manufacturing process of various industrial products by the
Artificial Intelligence (AI) technology, is increasingly becoming an inevitable trend
about in recent two decades [1–7], and the intelligentized welding manufacturing
(IWM) undoubtedly is the most representative intelligent manufacturing in all IM
processes.
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As is known to all, welding handicraft was invented more than 3000 years, and
traditional welding was implemented mainly by welder handwork and experiences.
Manual welding operation is not only a burdensome and tedious labor for welder;
moreover, reliability and consistency of welding quality depends on welder’s skills
and experiences, but efficiency of welding production is also limited straitly [1–3].

Studying and simulating intelligent action and function of welder’ operations is
very significant for the development of intelligentized robotic welding [4]. Much
better than any welding robot, a professional welder is highly adaptive to practical
situations through observing the position of welding joint, pool dynamics and
appearance of the welding seam to identify the welding status; and regulating the
parameters to produce high quality welding seam [5–7]. To realize automatic
welding similar to welder, three essential technical approach are inevitable, the first
is to sense and acquire information of the welding process in real time, similar to
human sensing organs for detecting the interior and exterior welding conditions; the
next is to identify characteristics of the welding process, i.e. modeling the welding
process; the third is to develop the human-brain-like controller to reason the con-
trolling strategy [8–10].

With requirements of modern welding manufacturing, it is become an inevitable
trend to realize automatic, robotic, flexible and intelligentized welding technologies
[11–14]. Modern welding manufacturing has developed and evolved from the
original handworked craft to the modern systemic technical science, and it is related
to material, mechanical, electrical, control, computer sciences and other extensive
subject technical fields. As far as easing welder works, one of main functions in
modern welding manufacturing systems is to substitute or partially replace the
physical force and brains doings of a welder with machines. It is one of hot topics in
advanced welding manufacturing technologies to simulate and realize a welder’s
actions by some intelligent machines [12].

Aiming at the bottleneck technological problem of effective control of weld
quality during automatic and robotic arc welding process, this paper will present
mainly researching works on intelligentized methodology for arc welding dynam-
ical process in the Intelligentized Robotic Welding Technology Laboratory
(IRWTL), Shanghai Jiao Tong University (SJTU), which involves
multi-information sensing and feature acquiring, knowledge modeling and intelli-
gent control of arc welding dynamical process [11, 12].

Since arc welding is one of the most representative welding techniques with
wide application in modern welding manufacturing, no loss of generality, this paper
discusses main intelligentized technical problems related to intelligentized welding
manufacturing technology/systems (IWMT/S), intelligentized robotic welding
technology/systems (IRWT/S) and intelligentized welding manufacturing engi-
neering (IWME) combining with an arc welding technics, which could be also
useful to other welding techniques.
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2 The Concepts, Frameworks and Constitutions
of the IWMT/S

In this paper, the intelligentized welding manufacturing (IWM) is preliminarily
defined as for simulating intelligent behaviors and functions of welder’s sense,
brain and body activity in welding process by the Artificial Intelligence technology,
seeing Fig. 1 for composition parts of the IWM process. Furthermore, investigating
the constitution of general intelligentized manufacturing, functions and systems, we
present a pentabasic framework of the IWMS as Fig. 2.

Based on scientific and technical contents related to development of modern
welding manufacturing technology [11–14], the concept on intelligentized welding
manufacturing technology (WMT) as Fig. 3 is introduced in this paper, it shows for
the key scientific and technical formwork of the IWMT, which contains three
advanced manufacturing fields: The virtual and digital welding manufacturing and
technology—V&DWMT including the virtual manufacturing; intelligentized
Robotic Welding Technology–IRWT; and the flexible and agile welding manu-
facturing and technology—F&AWMT; and key technical elements and system
techniques of the IWMT including the network manufacturing.

The IWMT is mainly related to key intelligent technical elements: sensing
welding process for imitating welder’s sense organ function, knowledge extraction
and modeling of welding process for imitating welder’s experience reasoning
function, and intelligent control of welding process for imitating welder’s
decision-making operation function. Figure 4 shows some key scientific methods
and technologies of the IWM.
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3 Intelligentized Welding Technologies and Systems

3.1 Multi-information Acquirement of Arc Welding
Dynamical Process

As is it well known, monitoring and sensing of arc welding dynamic process is very
important for real-time control of welding manufacturing process [15–18]. The arc
welding dynamic process is extremely perplexing, which contains plentiful, com-
plicated and uncertainty information during welding process. Many sensing
methods for arc welding process have been used in consideration of the disturbance
from arc, high temperature, vibration, electromagnetic fields and the features of the
process, such as ultrasonic for penetration [16], arc pressure method and arc light
for vibration information of the weld pool, infrared thermoscope for welding
temperature field, X-ray for shape of welding pool [17], acoustic [18] and visual
sensing [19–25] for penetration and seam, and so on.

In order to obtain the effectual characteristics of arc welding process for
real-time control of weld quality, various signal processing methods have been used
for information of arc welding process, such as processing algorithms for arc
voltage, current, pool, acoustic, visual, spectrum, thermic, optical, mechanical
informations [11]. Figure 5 is a schematic diagram of multi-information sources
during arc welding dynamical process. In recent years, the multi-information fusion
methods has been also introduced into extraction of characteristics of welding
process [26, 27]. Figure 6 is a scheme of multi-information fusion for arc welding
dynamical process, and further investigating research on has been developed in
[28, 29].

Key Technologies 

of Intelligentized 

Welding 

Manufacturing  

Virtual welding manufacturing technology 

Digitization of welding manufacturing process 

Sensing of multi-information in welding process 

Intelligent control of welding process 

Intelligentized  inspection of welding quality 

Flexible and robotic welding technolofy 

Intelligentized network manufacturing for welding

Knowledge modeling of welding dynamics 

Intelligentized technology for welding engineering 

Fig. 4 The key technologies of the IWM
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3.1.1 Visual Sensing and Monitoring of Weld Pool Dynamical Process

Vision is one of main functions of human sensing environment information. In
manual welding process, the welder receives visual information from weld cir-
cumstance, especially weld pool region, and then proper operations are adopted for
controlling good welding quality. Therefore, using the computer visual technology
to realize human vision and image processing functions in welding process is one of
the most important and basic technologies for the IWMT. With development of
computer vision technology, using upside pool visual images to detect dynamical
varieties of weld pool geometry figure and to predict weld fusing depth, penetration
and seam forming has become a hot researching direction [19–24].

In the recent two decades research, we have developed the methodology of
visual monitoring and processing of welding pool image [10, 11]. Recently, we
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have presented a visual attention modeling method based on the characteristics of
images obtained from the experiments, processed only the region of interest
(ROI) [30–32]. The visual characteristics of the pool are effectively extracted and
fused to obtain the ROI parameters of the welding dynamic process, and established
a flowchart of related image processing algorithms. Since only a small visual
attention is processed using the visual attention method, the ROI algorithms of the
image processing are used to detect some welding defects occurring during the
welding process, such as the feature characteristics of non-penetration, weld leak
porosity, slag, and linear misalignment pool images. Figure 7 shows an image
processing of a general Al alloy GTAW pool by the ROI detection [31], and Fig. 8
shows an image processing of AI alloy GTAW pool in the three-path images with
linear misalignment by the ROI detection in real-time [32].

Compared with other sensing methods, the visual sensing is the most prospective
sensing technology since it is not in tough with the welding circuit and workpiece,
thus visual signal detection does not affect the welding process so that the visual
sensing can provide with sufficient information, such as type of joint, welding
edges, type of arc, position of wire and the shape of solidified welding seam.

3.1.2 Audio Sensing and Characteristic Extraction of Arc Sound
Information

Some investigations show that the arc sound signal is an important information for
monitoring of welding dynamics and quality characteristics [33–35], which show

(a) (b) (c) (d) (e)

Fig. 8 Image processing of Al alloy GTAW weld pool with linear misalignment by ROI
detection. a The original, b re-processing, c ROI detection, d ROI processing, e final results

(a) (b) (c) (d) (e)

Fig. 7 Image processing of a general GTAW pool by ROI detection. a The original,
b re-processing, c ROI detection, d ROI processing, e final results
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that the arc sound intensity is used as the variable reflecting changes of welding
status. The time domain, frequency domain and wavelet features were extracted at
different frequency band under different penetration states like partial penetration,
full penetration and excessive penetration. Figure 9 shows different features of weld
penetration states [36]. Also some other algorithms were developed for extraction
of welding status, e.g. penetration characteristics in [35–37].

The Hidden Morkov Model with the wavelet analysis algorithms was developed
for predicting different penetration status based on all the features of arc sound
signal. Figure 10 shows the prediction results of weld penetration based on arc
sound features by the Hidden Morkov Model and wavelet model. The features of
arc sound signal in time domain and frequency domain are essential factors for
setting up a predication model of welding quality control. Further investigations are
shown in [37].

3.1.3 Spectrum Characteristic Extraction of Welding Dynamical
Process

Arc plasma transfers energy from power source to the work-piece and emits large
amount of spectra to the surrounding space [38]. The arc spectra contains the
abundant information related to welding dynamic characteristics and quality status.
The arc spectra during Al Mg alloy pulsed GTAW have been acquired and
investigated [39–42]. Some arc spectra processing algorithms were developed for
characteristic signals extraction from the original spectral information. The rela-
tionships among these extracted signals and the defects caused by wire feed have
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Fig. 11 Spectral characteristic signals of seam with porosities. a Welding seam with porosities,
b IH/IAr profile as well as the base and the peak profiles
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been studied. Figure 11 shows spectral characteristic signals of the seam with
porosities [39, 40]. The defects of seam oxidation are produced by different dis-
turbances, i.e., the oil painted on the surface of the plate and the non-removed
insoluble oxide film of aluminum alloy. And Fig. 12 is the processing procedure of
spectral characteristic signals extraction of arc welding [41, 42].

3.1.4 Multi-information Acquirement and Fusion Extraction
of Characteristics During Arc Welding Process

Reference [26] developed the experimental system with multi-sensor for acquisition
of multi-information of welding dynamical process, combining the three collecting
modules, weld pool image, welding current, arc voltage, welding sound and
spectral features could be collected at the same time. Figure 13 shows the collected
weld pool, current, voltage and sound information in five pulses. From the current,
voltage and sound waveforms, it is apparent that the welding process can be divided
into weld pulse peak period and weld pulse base period.

The multi-sensor fusion model of the three sensors is developed in [27]. The
information obtained from each of the sensors was first processed by
back-propagation (BP) neural networks individually. Because welding process was
influenced by heat inertia, responded to welding parameters with a time delay, the
historical information should also be included to obtain more precise prediction
results for the back-side bead width. The D-S evidence theory was used to combine
the BPAs and obtain the final fusion BPA and obtain the prediction results [28], as
Fig. 14.

The experiment and analysis results shows that the multi-sensors could obtain
better results than a single sensor. The prediction results by fusing three sensors are
better than that by fusing two sensors. It shows that multi-sensor information fusion
could obtain more information about the welding process and therefore describe the
process more roundly and precisely [26–29].

Fig. 12 Procedure of spectral characteristic signals extraction of arc welding
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3.2 Modeling of Welding Dynamical Process

Another function of welder’s brainpower behaviors is to estimate and manage
welding process, it requires welder to be able to understand welding process, handle
experience knowledge and make inference and judgement for manipulating welding
process [10, 11]. As one of intelligent technical elements, developing model of
welding process by maths and knowledge methods is an essential technology for
the IWMT. Such as identification modeling method [8–11, 43, 44] by modern
control theory, artificial neural network (ANN) modeling [8–10, 45] and knowledge
modeling methods [46–51] are used to welding pool process.

Fig. 13 Visual, current, voltage and sound during GTAW welding

On Intelligentized Welding Manufacturing 13



3.2.1 Identification of the Non-linear Hammerstein Model of Welding
Dynamic Process

We investigate the dynamical characteristics of arc welding dynamic process, and
presented and developed a non-linear dynamical model structure for describing heat
resource of welding arc as a static nonlinearity and heat conduction as a linear
dynamics, i.e., so-called the non-linear Hammerstein model (Ham) for arc welding
dynamic process. Figure 15a gives a model schematic diagram of the arc welding
dynamic process [43]. The further study developed a MIMO non-linear Ham model
for Al alloy GTAW dynamic process [44], shown as Fig. 15b.

3.2.2 Knowledge Modeling of Welding Dynamic Process

Intelligentized welding requires knowledge description of human welding manip-
ulating experiences. One of key intelligent technologies is to establish knowledge
model from extracting welder manipulations so that the computer or robotic sys-
tems could play back human knowledge and intelligent decision-making function.

Because of the differences of human describing himself experience capability
and uncertainty in welding process, it is very difficult or almost impossible for one
to directly get enough expert knowledge from welder’s experiences [46–51].
A feasible way is extracting knowledge from measured experimental data by fuzzy
computing, rough set theory and other soft-computing methods. References [8, 9]
obtains a fuzzy rule model of weld pool dynamics in the pulsed GTAW process by
fuzzy identification algorithms. Refs. [46, 47] investigated knowledge modeling
methods for welding process from collected data by the basic rough set (RS) theory,
Refs. [48, 49] developed an improved knowledge model for Al alloy pulsed GTAW
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process by the variable precision rough set (VPRS) theory. Figure 16 shows a
principle of the VPRS theory and the schematic diagram of modeling welding
process by the VPRS method. Furthermore, we have developed the VPRS modeling
software for welding process, and obtained knowledge models of the low carbon
steel and Al alloy GTAW dynamical process [49].

Here is a knowledge model of Al alloy GTAW process by the VPRS algorithm
software.

• A3 is 1 and I is 0 and WB3 is 2 and A is 2 and I2 is 2 then WB is 6.75
• WB1 is 1 and I2 is 0 and TL3 is 0 and WT2 is 0 and A is 1 then WB is 6.75
• WB1 is 2 and TL3 is 0 and I is 0 and WB2 is 1 then WB is 6.75
• I is 2 and WT3 is 2 and WT is 0 and A1 is 1 then WB is 9.75
• A3 is 1 and I is 0 and TL is 2 and WB1 is 1 and TL2 is 2 and I2 is 2 then WB is

6.75
• A3 is 0 and WB3 is 2 and A is 1 and A2 is 1 then WB is 6.75
• WB2 is 2 and TL2 is 2 and WB3 is 1 and i2 is 0 and A3 is 1 then WB is 8.25

Fig. 15 a The Ham model schematic diagram of arc welding dynamic process. b Non-linear
MIMO Ham models for Al alloy GTAW dynamic process
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3.2.3 Mixed Logical Dynamical (MLD) Modeling of Pulsed GTAW
Process

In the control theory research field, a hot topic is the so-called mixed logical
dynamical (MLD) modeling and control method for the complex system, which is
useful to model and control the so-called hybrid systems with interacting physical
laws, logical rules, continuous and discrete variables, and operating constraints
[52]. Our investigation shows the MLD method is highly suitable for welding
dynamical process, particularly, automatic and robotic welding systems [53–56].
Our study in [53] presented a novel MLD modeling framework for robotic welding
process and systems, In Fig. 17, the MLD model is then established and gives a
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Fig. 16 Knowledge modeling welding process by the VPRS method
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good prediction quality of the back bead width of pulsed GTAW process with
misalignment joint during robotic welding. The study in [52] shows that the MLD
framework is a good modeling method for pulsed GTAW process and robotic
welding systems.

The general MLD model is described as:

Wf ðkÞ ¼ f1ðWf ðk � 1Þ. . .Wf ðk � nWf Þ; IpðkÞ. . .Ipðk � nIpÞÞ
Lf ðkÞ ¼ f2ðLf ðk � 1Þ. . .Lf ðk � nLf Þ; IpðkÞ. . .Ipðk � nIpÞÞ
WbðkÞ ¼ f3ðWbðk � 1Þ. . .Wbðk � nWbÞ;Wf ðkÞ. . .Wf ðk � nWf Þ;

Lf ðkÞ. . .Lf ðk � nLf Þ; IpðkÞ. . .Ipðk � nIpÞÞ

8>><
>>:

A MLD model with gap variation (WPG-MLD) is described as:

Wf ðkÞ ¼ 0:6328Wf ðk � 1Þ þ 0:02596IpðkÞ � 0:01143Ipðk � 1Þ
Lf ðkÞ ¼ 0:9542Lf ðk � 1Þ þ 0:007477IpðkÞ � 0:005348Ipðk � 1Þ
WbðkÞ ¼ 0:01666IpðkÞ � 0:001824Ipðk � 1Þ � 0:3246Wf ðkÞ

þ 0:09963Wf ðk � 1Þ þ 0:5567Lf ðkÞ � 0:1341Lf ðk � 1Þ

8>><
>>:

3.3 Intelligent Control Methods for Welding Dynamical
Process

The technical approach imitating welder’s decision-making functions is to develope
intelligent controller for welding process. Intelligent control strategy is mainly
aiming at the objective or process with complex uncertainty. Because of especial
complexity in welding dynamical process, such as strong nonlinear and

Fig. 17 Schematic diagram of closed PID control system with MLD model
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multivariable coupling process, time-variety, randomicity and involving many
uncertain phenomena, it is specially suitable to adopt intelligent control strategy for
it [10–12]. At present, intelligent control methods mainly include fuzzy logical,
artificial neural networks, expert system and their combination control schemes
[9–12, 57–61], showing as Fig. 18.

Under different welding technical conditions, such as based-on plate welding,
butt welding, with filler, with gap variety and uncertainty in welding process, many
intelligent control methods, Such as a self-learning fuzzy neural control, adaptive
fuzzy neural control, compound intelligent controller with feed-forward compen-
sating control methods for gap variety [61], and so on, have been developed for the
penetration, the width of the upside and backside pool and seam, face reinforcement
and fine forming of the weld seam during arc welding process.

The expert system for real-time control of welding process is another important
part in intelligentized welding systems. Although some single technical expert
system has been applied in welding production, advanced autonomous expert
system for control of welding dynamical process should be still investigated for
mode recognition of weld workpiece, environment and seam type; autonomous
programming robotic welding path and technics, intelligent control of welding
process in the IWMT [11, 12].

3.3.1 Closed-Loop Control Schemes Based-on the Knowledge Model
by the RS Theory

Based on the obtained knowledge rule models for weld pool dynamics of aluminum
alloy GTAW by RS methods, a composited intelligent adaptive control scheme
with fuzzy monitor, RS model and MS-PSD controllers was developed for Al alloy
welding penetration; seam forming quality and pool dynamics during Al alloy
pulsed GTAW [62], shown as in Fig. 19.

3.3.2 The Model-Free Adaptive Control of Pulsed GTAW

Arc welding is characterized as inherently multi-variable, nonlinear, time varying
and having a coupling among parameters. In addition the variations in welding
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Fig. 18 Intelligent control methods for welding process
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conditions cause uncertainties in welding dynamics [10]. Therefore, it is very dif-
ficult to design an effective control scheme by conventional modeling and control
methods. A model-free adaptive control algorithm has been developed to control
the welding process [63–65], as Fig. 20, which only needs the measured input
output data and no modeling requirement for controlled welding process. Thus, the
developed model-free adaptive control provides a promising technology for GTAW
quality control as detailed in [64]

UðtÞ ¼ Uðt � 1Þ þ Rþ wðtÞTwðtÞ
� ��1

wðtÞTDYðt þ 1Þ

uiðtÞ ¼ uiðt � 1Þ þ giDUðt � 1Þ
li þ DUðt � 1Þk k2

�
�
Dyiðt þ 1Þ�DUðt � 1ÞTuiðt � 1Þ

�

Fig. 19 The compound control systems with RS and MS-PSD controllers for Al alloy pulsed
GTAW

Fig. 20 The closed-loop MIMO model-free adaptive control of GTAW process
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The above systematized investigation provides effective and realizable technical
approaches for intelligent control of welding pool width, penetration, seam forming
quality and pool dynamics during pulsed GTAW process under various conditions
[11, 12]. It is a key and essential technology for the IWMT to realize intelligent
control of arc welding dynamics.

3.3.3 The Adaptive Control of GTAW Process as a Nonlinear
Dynamics

Based on the non-linear Ham model for arc welding dynamic process as Fig. 15
[43], The nonlinear self-tuning control systems with the Ham model of welding
precess have been developed for adaptive control of penetration and seam forma-
tion [43, 44]. Figure 21a is the principal of a single-input and single-output (SISO)
control system, and Fig. 21b is the a double-input and double-output (DIDO)
control system for the backside width and topside reinforced hight of the weld seam
with welding current regulation and feed-forward compensation [44].

Fig. 21 The nonlinear self-tuning control system with Ham model of welding dynamical process.
a Principal of SISO control system, b DIDO control system for seam formation
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3.4 Intelligentized Robotic Welding Technology

Developing the intelligent welding robot (IWR) is crucial and necessary for reali-
zation of IWMT, generally, the function of IWR system involves visual sensing
welding environment, recognising weld workpiece, seam type, guiding weld start-
ing, tracking seam, instructing technics, programming paths and parameters, dom-
inating welding pool dynamical characters, control seam forming and quality,
diagnosing failures, and so on, shown as Fig. 22, i.e., the IWR is “an atom” in IWMT
systems, a platform integrated by intelligentized welding technologies. Based on
single intelligent welding robot with collaborating positioner, an intelligentized
welding flexible manufacturing cell (IWFMC) could be established [13, 14].
The IWFMC could be considered as “a molecule” in the IWMT systems, which
could autonomously complete a certain welding task and process [11, 12, 66].

3.4.1 The Seam Tracking During Robotic Welding by Visual Sensing

Intelligent welding robots should have some intelligent functions like welder, such
as finding start welding position (SWP), adjusting the welding path and parameters
according to the changing work environment [67–75]. Refs. [68, 69] developed an
welding robot systems with binocular vision calculating three-dimensional (3D)
coordinates of the SWP for autonomous detection and guiding of robotic welding
torch motion, as Fig. 23.

The seam tracking technique and on-line quality control for the curve weld
during robotic pulsed GTAW process was developed based on passive visual
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sensing system [72]. And Fig. 24 shows a robotic welding systems with the visual
sensor for monitoring welding pool and tracking seam during robotic GMAW
process [69, 70].

3.4.2 The 3-D Seam Tracking During Robotic Welding by Combining
Arc Sensing and Visual Sensing

The guiding and tracking seam technique for three dimension (3-D) curve during
robotic pulsed GTAW process was developed by the combination of arc sensing for
torch height or arc length with passive visual sensing for correcting the error of
seam or torch deflexion [76–80]. Figure 25 shows a robotic welding systems for 3D
seam tracking by arc and visual sensing during robotic GTAW process [77].

The arc voltage signals of AC pulsed GTAW in one cycle contain base value and
peak value voltage. The base value voltage is produced during piloting arc process,
which can not be used to characterize the arc length. Whether the quality of welding
is good largely depends on peak currents, while the corresponding peak voltage is
strongly related to the arc length. Another 3D seam tracking welding example
completed by robotic welding system is shown as Fig. 26 [79, 80].

Fig. 23 The autonomous detection and guiding of start welding position for arc welding robot

Weld seam The projection of the 

wire on the workpiece

The widest of the arc

Centerline of the wire

Deviation

Y Welding torch

Fig. 24 Welding robot system with visual sensor for monitoring welding pool and tracking seam
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3.4.3 Application of Real-Time Control of Pool and Penetration During
Robotic Welding by Visual and Arc Sensing

The real-time control of pool and penetration during robotic welding is very
important for achieving intelligentized welding. The visual information and arc
signal could be used for on-line monitoring of the welding quality [81–85].
Figure 27 shows the application experiment by the robotic welding system with arc
and visual sensing for a complicated workpiece [82].

3.4.4 Development of Autonomous Welding Robot System for Special
Environment

In many practical welding manufacturing sites, such as welding for ship structures
and large tanks, there is a need for the autonomous moving welding in a long
distance and complicated space position [11, 12]. It also requires the welding robot
with adsorbent and climbing functions for all position motion and flexible pose

Fig. 25 Robotic welding systems for 3D seam tracking during robotic GTAW process

Fig. 26 3D seam tracking results by robotic GTAW system
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changes for various joints, such as the fillet, lap, vertical, inclined welding, and so
on. Hence, a primary autonomous moving welding robot system with a combina-
tion of wheels and foot for adsorbent climbing and getting across obstacle was
developed [86, 87], shown as in Fig. 28. This robot system can realize some
welder’s intelligent functions, such as detecting and recognizing weld surroundings
by visual sensing technology, identifying the initial position of weld seam,
autonomously guiding weld torch to the weld starting and tracking the seam,
real-time control of arc weld pool dynamics. In order to ensure the
obstacle-crossing and the welding process are conducted in the same time, The
programming tracks of robot obstacle-crossing motion has been studied in [88].

3.4.5 The Complicated Modeling and Control Methodology
for the Intelligentized Welding Manufacturing Systems (IWMS)

The intelligentized welding manufacturing systems (IWMS) is a highly complicated
systems, which contains not only the complex welding equipments, such as welding
robot, welding machine, fixtures and chucking appliance and so on; a large mixed
information variables, such as continuous and discrete variables, logical rules and
operating constraints; and various sensors, information processing units, computing

Fig. 27 Application of robotic welding system for real-time control of penetration

Fig. 28 An autonomous wall-climbing welding robot system
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and intelligent units, and so on [10–12]. The IWMS can be classified as a typical
hybrid system in advanced control theory [52]. One can see that the modeling and
dominating of the IWMS is extremely difficult.

1. A MLD Model for Robotic Welding Systems
Aiming at the hybrid characteristics in the IWMS, mixed with the continuous
and discrete variables, logical rules and operating constraints, Ref. [54] pre-
sented the so-called mixed logical mixed logical dynamical (MLD) models for
the robotic welding systems as following:
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and with 65 inequality constraints.
2. A Petri Net Model for Three-robot Welding Systems

Aiming at the information concurrency in the IWMS, e.g., synchronous conflicts
between information flow and materials flow, Refs. [89–91] presented some
improved Petri net models for multi-robot welding system and welding pro-
duction line, the Petri net modeling method is very suitable for discrete-event
property in the IWMS. Here Fig. 29 shows an improved PN model with sensing
information for three robotic welding systems.

3. A MAS Model for Multi-robot Welding Flexible Production Line Systems
Considering to the intelligent processing functions in multi-robot welding
flexible production line systems with distributed multi-sensors, information
exchange and communications, Refs. [92–96] presented some Multi-Agents
(MAS) models for complicated multi-robot welding system and welding pro-
duction line, the MAS theory and technology has become an important approach
for modeling and control of complex manufacturing systems. Here Fig. 30
shows an improved MAS models with sensing information for complicated
multi-robot welding systems or welding production line.
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Fig. 29 An improved PN modeling of multi-robot welding systems. a Schematic diagram of
3-robot welding systems, b the PN model of 3-robot welding systems
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4. A multi-agents method for IWMS
The MAS modeling and control method, are highly suitable for the IWMS, we
developed an improved MAS model for the IWMS in this paper, as Fig. 31.

3.5 On Intelligentized Welding Manufacturing Engineering

Based on the IWMT related to scientific and technical researching contents, a
concept on intelligentized welding manufacturing engineering (IWME) is intro-
duced for a systematized research and application engineering of the IWMT/S.
Figure 32 shows for a simple subject compositions of the pentabasic IWMT/S
schematic diagram for an intelligentized welding manufacturing workshop
(IWMW), which briefly reveals the main scientific and technical elements of the
IWME [97–100]. And Fig. 33 is an example application of the IWME for the
IWMW of the oceanic drill platform.
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Fig. 31 The MAS model for IWMS. Abbreviations: IWMS intelligentized welding manufac-
turing systems; WP welding process; R robot; P production; QT quality test; W welding; AD
administration; S system; U unit

Fig. 32 The pentabasic IWMT/S schematic diagram for the IWMW. IT informatization
technology; IS intelligent System; DT digitization technology; VS virtuality system; NT
networking technology; DS distributed systems; RT robot technology; FS flexible systems; WT
welding technology; MS manufacturing systems
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4 Conclusion

In this paper, we have presented some concepts on intelligentized welding manu-
facturing (IWM), and the framework and constitution of technologies and systems
for the IWM, such as the intelligentized welding manufacturing technology/systems
(IWMT/S), intelligentized robotic welding technology/systems (IRWT/S) and in-
telligentized welding manufacturing engineering (IWME). The author hopes that it
is instructive to investigate the IWM as a systematization of intending research
framework and constitution on the IWMT/S. This paper has also shown some new
evolutions of research results on the IWMT/S in the IRWTL at SJTU.

At present, there is an evident trend that artificial intelligent technology is widely
used into almost manufacturing and engineering processes. The motivation of
introducing the concepts, IWMT/S, IRWT/S, and IWME, research framework and
constitution of intelligentized welding manufacturing in this paper, is to promote
systematization research for forming an organic combination of modern welding
manufacturing and artificial intelligent technology.
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Effects of Arc-Sidewall Distance on Arc
Appearance in Narrow Gap MAG
Welding

Hu Lan, Hua-Jun Zhang, De-Long Zhao, A-Jing Chen
and Shang-Yang Lin

Abstract Arc appearance is a key factor to sidewall fusion in narrow gap MAG
welding (NG-MAG). By observing arc images with high-speed video and weld
cross-sections at different arc-sidewall distances in NG-MAG vertical welding, it
was discovered that the arc ascended along the groove sidewalls and arc appearance
changed from cone to olive when the arc-sidewall distance was relatively small,
which contributed to large weld concavity and significant “bead separation” phe-
nomenon. On the other hand, arc length and arc appearance were stable as the
arc-sidewall distance was relatively large. Due to not being heated directly and
effectively by the arc high temperature zone, the sidewall penetration was low and
weld was convex. Only when the arc-sidewall distance was controlled in the range
of 2.0 to 3.0 mm, the arc was stable and the weld appearance was concave. Also,
the penetration of groove sidewalls was deep. Thus, the sidewall fusion in
NG-MAG vertical welding is highly sensitive to process parameters under the low
heat input conditions. The laws being discovered above will make a good prepa-
ration for the realization of thick high strength low alloy steel (HSLA) plates with
NG-MAG automatic welding technology in ocean engineering.
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1 Introduction

In recent years, with increasing on the size of welded structures and the thickness of
steel plates, high production efficiency and quality, and excellent joint mechanical
properties are required, which conventional welding methods can not meet [1].
However, Narrow gap MAG welding (NG-MAG) is an energy-saving technology
of welding joints of large wall thickness in a narrow gap with minimum groove
dimensions. Correspondingly, such gaps should result in a decrease in the
cross-section areas of the welding gap, and a decrease in the consumption of
welding consumables, welding time, electric energy, deformation and stresses in
welding structures [2].

NG-MAG, as a special industrial technology, needs to solve a key technical
problem of improving the stability of double sidewall penetration. Studies have
shown that the most direct factor, influencing sidewall fusion, is the heat effect of
arc on the sidewalls [3]. Currently, the main approach to enhance this heat effect is
changing the arc appearance near groove sidewalls, such as bending the wire [4–6],
oscillating the electrode [7–10], moving the arc up and down in the gap [11], swing
the arc transversely and periodically in groove with applied magnetic field [12],
constraining the arc with flux [13] and so on. But it was discovered that sidewall
fusion is sensitive to NG-MAG welding process parameters under low heat input
conditions in practical applications. If the arc-sidewall distance (the distance
between wire tip i.e. the center of arc and the sidewall) is not controlled properly,
short arc-sidewall distance will lead to arc climbing up along the groove sidewalls
and destroy the arc appearance, while long arc-sidewall distance will contribute to
no effective heating to the sidewalls with arc high energy zone. Both conditions
above will result in poor sidewall fusion. Therefore, controlling a reasonable
arc-sidewall distance is the basic premise to maintain a desirable arc heating shape
and the basic guarantee to achieve uniform sidewall fusion.

Reference [14] employed deposition experiments to research two typical visual
arc appearances (conical and wispy) and the characteristics of heating on the weld
pool in pulsed metal arc welding. Reference [15] adopted mathematical derivation
and numerical calculation methods to analyze the heat input distributions in tra-
ditional V-shaped and U-shaped grooves in swing arc welding. Reference [3]
analyzed the errors of the arc-work position in the process of narrow gap welding,
and studied the influence of the arc-work position on the continuous fusion of the
thick wall with corresponding experimental. Reference [16] combined the structure
characteristics of small-diameter thick-walled pipe and the properties of
40CrMnMo steel, applied narrow gap pulsed MAG welding technique to the oil
drill collars and investigated the gas protection, arc morphology, arc stability, and
weld appearance in narrow groove. However, the influence of arc-sidewall distance
on arc appearance and sidewall fusion in NG-MAG welding has not been reported.
Therefore, in order to get the optimal arc-sidewall distance for heat effect of arc on
the wall sidewalls, a large number of experiments about the influence of
arc-sidewall distance on arc appearance in robot NG-MAG pulsed welding were
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conducted in this paper. This would contribute to define the adaptive ranges of
welding process parameters to the errors of groove width and assembly, and pro-
vide technology support for thick plates with NG-MAG automatic welding.

2 Experimental Procedure

In Fig. 1 is seen the robot NG-MAG pulsed vertical welding system with 11
degrees of freedom (DOF). The whole workstation consists of 6-DOF robot system
cooperated with KUKA-KR16, 3-DOF gantry HLV03-13, 2-DOF L-type positioner
HDS50 and power source EWM PHOENIX 521 ForceArc. The arc-sidewall dis-
tance (described by d) experiments were carried out with segmented vertical up
welding, and the base metal is Q345B with a groove of 20 mm in width and 12 mm
in depth and 3 mm in fillet radius. Shielding gas is Ar mixed with 20 % CO2 with
flow rate in the range of 15–18 L/min. The other detailed welding process
parameters are shown in Table 1. The processes of arc-dynamic changes are
recorded by a high-speed video in different arc-sidewall distance experiments.

1

2

3

4

5

6

Fig. 1 Experiment Device of
Robot NG-MAG Welding. 1
3-DOF gantry, 2 welding
power, 3 robot, 4 controller, 5
teach pendant, 6 L-type
2-DOF positioner

Table 1 Process parameters of NG-MAG welding

Pulse
current
(A)

Background
current (A)

Arc
voltage
(V)

Pulse
frequency
(Hz)

Welding
speed
(m/min)

aWeaving
amplitude
(mm)

Weaving
frequency
(Hz)

Dwell
time (s)

400–405 50 21.3–22.2 84–108 0.13 6.0–8.8 0.5–0.6 0.2–0.3
aCorresponding arc-sidewall distance d = 1.2–4.0 mm
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Fig. 2 Torch oscillation positions for measuring arc images

Fig. 3 Arc appearance variation at each torch position for half oscillation cycle of arc-sidewall
distance d = 1.2 mm
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3 Results and Discussion

3.1 Effects of Arc-Sidewall Distance on Arc Appearance

It can be found that the different visual arc appearances are dependent on the
changing process of the instantaneous arc appearances in NG-MAG vertical pulsed
welding by analyzing the photos taken by high-speed video. As illustrated in the Ref.
[14], if the duration of pulse current is long enough, in the vicinity of the weld center,
the bright zone of arc (arc appearance) has a dynamic process of changing from
wispy to conical. Moreover, after the wispy arc appearance changing into conical,
the arc appearance shall keep conical even the role of the pulse current continues
until the pulse current stopped. In order to facilitate the analysis of the influence of
arc-sidewall distance on the arc appearance in NG-MAG vertical welding, photo-
graphs taken in experiments were chosen in accordance with the arc positions shown
in Fig. 2. Among the positions shown in Fig. 2, Point A and Point G are at the weld
center. Point B and Point F are the positions where arc and sidewall are contacting
and detaching with each other in a half cycle of arc swing. While Point C, Point D

Fig. 4 Arc appearance variation at each torch position for half oscillation cycle of arc-sidewall
distance d = 1.6 mm
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and Point E respectively are at the initial, middle, and end position where arc moved
to the edge of weld (maximum swing point). Figures 3, 4, 5, 6, 7 and 8 show the
instantaneous arc appearances when the arc is approaching to and departing from the
sidewall in the range of arc-sidewall distance of d = 1.2–4.0 mm.

As can be seen from Figs. 3 and 4, the phenomenon of arc climbing up was
obvious when the arc-sidewall distance is small (d = 1.2 or 1.6 mm). The arc was
lengthening and changing from conical to olive. Also, the wire tip was ascending
with the arc approximating to the sidewall successively. While the arc length and
arc appearance recovered as the arc was detaching from the sidewall. Generally
speaking, the arc length can be maintained stable by inherent self-regulation with
constant speed wire feeding in gas metal arc welding (GMAW). That means the arc
length can be adjusted by the wire melting rate. In other words, when the arc length
is shortened by some factors, the welding current will increase to accelerate the wire
melting speed immediately to restore the arc length. According to the principle of
minimum voltage, if the arc-sidewall distance was shorter than arc length in the
process of NG-MAG welding, the arc would burn between wire and sidewall.
Although welding current was increasing rapidly, the cathode spot was climbing up
along the sidewall. The ability of self-regulation of arc was lost with the arc

Fig. 5 Arc appearance variation at each torch position for half oscillation cycle of arc-sidewall
distance d = 2.0 mm
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ascending. However, the arc length could be shortened by reducing the wire
melting speed with its inherent self-regulation in the subsequent departure from the
sidewall.

See Figs. 5, 6 and 7, it is clear that the arc was stable with good sidewall fusion,
in the whole process of arc approaching to and departing from the sidewall suc-
cessively, when the arc-sidewall distance d = 2.0–3.0 mm. And the change of wire
extension, arc length and arc appearance was smaller than that of arc-sidewall
distance d = 1.2 or 1.6 mm.

With increasing the arc-sidewall distance d, the arc almost remained conical
shape. However, the heat effect of arc on the sidewalls was weakened. When
d = 4.0 mm, as shown in Fig. 8, the arc edge could just touch the sidewall. In this
case, the sidewall was mainly heated by the arc heat radiation and heat conduction
of weld pool. Comparing to the occasion that the sidewall was heated by the arc
directly (see Figs. 5, 6 and 7), there was a greater chance of emerging poor fusion at
the sidewall due to insufficient heat. That’s because when the arc-sidewall distance
is becoming larger, the high energy zone can not heat the sidewall effectively under
low heat input conditions.

Fig. 6 Arc appearance variation at each torch position for half oscillation cycle of arc-sidewall
distance d = 2.4 mm
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In short, the sidewall fusion has higher sensitivity to process parameters under
low heat input conditions in NG-MAG welding, which also confirms the statements
above. The arc can maintain a relatively stable shape and heat the sidewall effec-
tively and directly when arc-sidewall distance d is controlled in the range of 2.0–
3.0 mm.

3.2 Effects of Arc-Sidewall Distance on Weld Cross Section

By observing the cross section of specimens, see Fig. 9, it’s easy to find that the arc
ascended when the arc-sidewall distance was short (d = 1.2 or 1.6 mm), which
contributed to too much filler metal on sidewall and too little in center, and sig-
nificant “bead separation” phenomenon. While heating the sidewall was limited and
the welding pool could not dissipate timely with long arc-sidewall distance
(d = 4.0 mm), which resulted in high temperature at weld center, the liquid flowing
to the center, weld raised significantly and not being conducive to the subsequent

Fig. 7 Arc appearance variation at each torch position for half oscillation cycle of arc-sidewall
distance d = 3.0 mm
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Fig. 8 Arc appearance variation at each torch position for half oscillation cycle of arc-sidewall
distance d = 4.0 mm

Fig. 9 Weld cross section shape of arc-sidewall distance test: a d = 1.2 mm, b d = 1.6 mm,
c d = 2.0 mm, d d = 2.4 mm, e d = 3.0 mm, f d = 4.0 mm
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welding. Only when the arc-sidewall distance d = 2.0–3.0 mm, the weld could be of
good sidewall fusion and slightly concave weld appearance.

The curve of shape coefficient of the weld cross sections is shown in Fig. 10. As
shown in the figure, the concavity of weld was gradually reduced, and weld
appearance finally transformed from slightly concave (d = 2.0–3.0 mm) to convex
(d = 4.0 mm) with the increasing of arc-sidewall distance d. While the sidewall
penetration kept decreasing with the increasing of arc-sidewall distance d. There
was almost no sidewall penetration when the distance d = 4 mm. The laws are
consistent with the above analysis of influence of arc-sidewall distance on arc
appearance in NG-MAG welding. That is when the arc-sidewall distance d = 2.0–
3.0 mm, continuous and uniform sidewall fusion can be got in NG-MAG welding
under low heat input conditions.

4 Conclusion

1. The process of NG-MAG pulse welding has a high sensitivity to the welding
process parameters under low heat input conditions.

2. The influence of arc-sidewall distance on arc appearance in NG-MAG vertical
welding is significant. If arc-sidewall distance is small, arc will climb up along
sidewall of the groove quickly to the surface. While the sidewall can not be
heated sufficiently as the distance is large, which contributes to large probability
of emerging defects.

3. With the increasing of arc-sidewall distance, the weld appearance gradually
transforms from concave to slightly concave and convex finally. While the
sidewall penetration always shows a tendency of decreasing until it is zero.

4. The welding process is stable and good sidewall fusion can be maintained when
the arc-sidewall distance is in the range of 2.0–3.0 mm.
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Tacked Weld Point Recognition
from Geometrical Features

Fu-Qiang Liu, Zong-Yi Wang, Xing-Jian Wang and Yu Ji

Abstract In order to guarantee that a workpiece is securely fixed during a welding
process, some areas of the workpiece should be tack welded before the formal
welding process starts. Weld seam images captured at these tacked weld points,
however, will be different from normal weld seam images. These differences
present a difficulty when trying to obtain accurate feature points from an image.
Tacked weld point recognition is the key factor of the robustness and stability in the
tracking process of welding. It is easy to distinguish tacked weld points on regular
fillet weld seam images, rather than irregular fillet and overlapped weld seam
images. This paper analyzes the geometrical features of tacked weld points and
introduces the methods to recognize these tacked weld points. Experimental results
show that the methods proposed by this paper are robust and the weld point rec-
ognition is accurate.

1 Introduction

In the welding process, heat accumulates in the workpiece and can’t spread out in a
short time, resulting in possible deformation of the workpiece. In some instances,
these deformations can make workpieces unusable. In other instances deformed
workpieces may need to be tack welded to prevent their dropping out in the hoisting
process.
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Therefore, tack welding is necessary before the formal welding process. Some
additional tacked weld points may be created after the formal welding process. In
captured images, the geometrical features of these tacked weld points will be dif-
ferent from those of the normal weld seams [1]. When the normal weld seam is
covered by tacked weld points, the feature point may not be found at all. This
presents difficulties for the vision tracking process.

There are two ways to address these issues:

1. Ignore the result of image processing at the areas where there are tacked weld
points, or do not adjust based on the error.

2. Make use of the a priori knowledge of the weld seam. For example, if the type
of the weld seam is a line-type or circular-type, then fit the adjustment values of
the weld gun by using the feature point information captured before and after
meeting the tacked weld points.

There are only a few papers and research projects which address tacked weld
point recognition. This paper introduces the geometrical features and recognition
methods for the tacked weld points on the fillet weld seams.

2 Geometrical Features and Recognition Methods
of Tacked Weld Points

In general, there are differences of geometrical features between the images with
and without tacked weld points, including the differences of the slope and position
of the laser light.

This paper analyzes the geometrical features of two types of tacked weld points
on the fillet weld seams.

1. Tacked weld points on the fillet weld seams with regular shapes

We can use a priori knowledge of the weld seam while recognizing the tacked weld
points on fillet weld seams with regular shapes. The structured light image can be
processed with the template matching method, and then be compared with the
template of the matched part in the image. We can recognize the tacked weld point
with the geometrical feature differences between the template and the matched part.

Figure 1 is a picture of a saddle-shape fillet weld seam. This picture was captured
at China International Marine Containers (Group) Ltd., NanTong. The welding
robot designed by Harbin XiRobot Co., Ltd. successfully completed the welding
experiments.

Figure 2a, b are images of weld seams, respectively, without and with tacked
weld point. As can be seen, the middle segment of structured light is especially
short, consequently it is difficult to find the feature point while structured light
encounters the tacked weld point.
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From the two pictures above it can be seen that the structured light is composed
of three line segments. Where there is a tacked weld point, the transition of the two
line segments below becomes smooth. At the same time, the inflection point of the
two line segments below is covered by the tacked weld point, consequently the
inflection point cannot be found by using sliding window method [2]. Because the
shapes of this type of weld seams are regular, the information given by the line
segments in the figure can also be used. This paper finds the feature point using the
template matching method. Figure 3 shows the result of the template matching.

The gray part of Fig. 3 is the template, and the white part is the structured light
after threshold process. From the result of Fig. 3 we can conclude that, because of
the consideration of the global matching degree, the template matching method is
not sensitive to the irregular bend caused by the tacked weld point. After the
template matching process, tacked weld points can be recognized according to the
differences of the feature points on the template and the source image.

Fig. 1 Saddle-shape fillet weld seam

Fig. 2 a Weld seam without tacked weld point. b Weld seam with tacked weld point
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Algorithm 1 Tacked weld point recognition according to the template and the
matched part in the image

1. Get the coordinate of the feature point on the source image (xt, yt).
2. Find the area where the sum of gray value is the maximum between line

(yt − ydelta) and line (yt + ydelta), and this area determines the feature point
position (xr, yr) changed because of the existence tacked weld point.

The circle in Fig. 4 represents the area of feature point after template matching,
and the triangle represents the area of feature point changed because of the existence
tacked weld point.

Fig. 3 The result of template
matching

Fig. 4 Feature point and its
offset
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1. Judge the distance between the circle and the triangle in Fig. 4. If the absolute
value of (xt − xr) is larger than Dis_thresh, there is a tacked weld point,
otherwise there isn’t a tacked weld point.

From Fig. 4 it can be seen that because of the drift of the structured light, there
are few white pixels at the position of template’s feature point. Whether there is
tacked weld point or not can be judged by this geometrical feature.

Algorithm 2 Tacked weld point recognition through the template matching result
and the source image

1. Get the coordinate of the feature point (xt, yt) after template matching process.
2. In the rectangle range determined by point (xt − xdelta, yt − ydelta) and point

(xt + xdelta, yt + ydelta), count the number of pixels whose gray value are larger
than the gray threshold value, namely Num.

3. If Num is smaller than NumThresh, there is tacked weld point. Otherwise, there
isn’t tacked weld point. NumThresh was set in advance.

Figure 5 shows the welding result by using the algorithm proposed by this paper.

2. Fillet weld seam with irregular shape

The image of the weld seam with irregular shape will change at different places,
so that this kind of image cannot be processed by template matching method. In this
case, the recognition method using geometrical features of the weld seam image
needs to be performed.

Figure 6 is the picture with spiral board heat exchanger and the welding robot
designed by Harbin XiRobot Co., Ltd. Figure 7 is the picture of weld seams of
spiral board heat exchanger. The algorithm proposed by this paper has been applied
on the robot and successfully made the robot robust.

Fig. 5 Welding result

Tacked Weld Point Recognition from Geometrical Features 51



Figures 8 and 9 are the images of structured light projected onto the overlapped
weld seams, one with no tacked weld point and one with tacked weld points.

When there isn’t a tacked weld point, the geometrical feature of the structured
light’s position is: up, down, and up again. When there is a tacked weld point, the
structured light almost changes into one straight line, because the weld seam is
filled with the tacked weld point. Tacked weld point can be recognized based on the
change of the structured light’s geometrical feature.

Fig. 6 Spiral board heat
exchanger

Fig. 7 Overlapped weld
seams of spiral board heat
exchanger
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Algorithm 3 Recognize the tacked weld point according to the structured light’s
geometrical feature

1. Set up the region of interest of the image, and find the position of the weld seam
to be tracked.

2. Break the structured light line in the region of interest down into N segments,
then calculate the slope of every single structured light’s segment, finally save
them into array k[].

3. Compare two adjacent elements in array k[]. If two of the elements k[i] and k
[i + 1] satisfy that the absolute value of (k[i] − k[i + 1]) is larger than k_thresh,
there is no tacked weld point in the image. Else, if there are no such two adjacent
slopes, there will be tacked weld point in the image.

Fig. 8 Weld seam image
without tacked weld point

Fig. 9 Weld seam image
with tacked weld point
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Six pictures are randomly chosen from the experimental process, and the
experimental result is listed in this paper.

Figure 10a–f are the images captured in the real welding process.
The experiment is done with N = 9, and calculates N slopes for every picture in

the real-time tracking process, shown in Table 1.
k_thresh is 1.0. Substituting the data in Table 2 into algorithm 3, we can get the

recognition result of the tacked weld point, shown in Table 3.
The result shown above proves the robustness and accuracy of this algorithm.
In the real tracking process, sometimes the recognition result is wrong. When

this occurs we can set k_thresh to be higher, so that the probability of the false
positives can be higher than that of the false negatives.

In reality, when encountering the tacked weld point [3], keeping away from the
positions where there are tacked weld points is a good method, that is, to confirm
whether there is a tacked weld point or not. If there is a tacked weld point, then two

Fig. 10 Welding image captured from the experiment process

Table 1 Structured light’s slopes

No. k[1] k[2] k[3] k[4] k[5] k[6] k[7] k[8]

Figure 10a 0.208 0.1806 0.1828 0.1948 0.187 −1.0137 −0.0923 −0.032
Figure 10b −0.2478 −0.0017 0.3786 −0.2858 −0.2609 0.1007 −0.0669 0.012
Figure 10c −0.1519 0.0985 0.0124 −0.1579 0.0442 −0.0527 0.0409 −0.018
Figure 10d −0.2458 0.1268 −0.1394 −0.2622 −0.0135 −0.0126 0.1001 −0.0344
Figure 10e 0.0818 0.101 0.0249 0.5813 0.1543 −0.0743 −0.5717 0.0456
Figure 10f −0.2473 0.1813 0.1572 0.2373 0.3252 −1.3924 0.0144 0.0177
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images can be captured before and after this position. Generally, the length of the
tacked weld point is particularly short [4], so that there won’t be tacked weld points
again in the images captured before and after the tacked weld point’s position [5].
While planning a robot’s path, using the coordinates of the points newly captured
will help to prevent the robot from encountering the tacked weld point.

If the tracking mode is real-time tracking, capturing images without tacked weld
points before and after the tacked weld point is impossible. In this case, getting the
feature point’s coordinate using template matching method [6] would be a good
choice. If the real weld seam image is irregular and accurate feature point coor-
dinates cannot be obtained through template matching, then the weld gun may not
be adjusted at this time. In a robotics system operating in a real-time tracking mode,
the time interval is short between two images processed, so that, even though the
weld gun is not being adjusted at the current position, it will not tend to be away far
from the weld seam and will be able to reach it in a short time [7]. However, if a
wrong feature point is accepted, and the robot adjusts the weld gun according to this
wrong feature point, the consequence may be very destructive.

3 Conclusion

This paper addresses tacked weld point recognition in the real welding process. The
geometrical features of tacked weld points differ according to the shapes of the weld
seams. To recognize the tacked weld point, the images in which there are tacked
weld points need to be analyzed, and the geometrical features of tacked weld point
and the normal weld seam need to be compared.

The typical weld seam types include angle weld, fillet weld, butt weld, V-groove
weld, and U-groove weld, etc. This paper mainly introduces the analysis and

Table 2 Differences of structured light’s slopes

No. Δk[1] Δk[2] Δk[3] Δk[4] Δk[5] Δk[6] Δk[7] Δk[8]

Figure 10a −0.0274 0.0022 0.012 −0.0078 −1.2007 0.9214 0.0603 0.0402
Figure 10b 0.2461 0.3803 −0.6644 0.0249 0.3616 −0.1676 0.0789 −0.0246
Figure 10c 0.2504 −0.0861 −0.1703 0.2021 −0.0969 0.0936 −0.0589 0.0056
Figure 10d 0.3726 −0.2662 −0.1228 0.2487 0.0009 0.1127 −0.1345 0.0095
Figure 10e 0.0192 −0.0761 0.5564 −0.427 −0.2286 −0.4974 0.6173 −0.0448
Figure 10f 0.4286 −0.0241 0.0801 0.0879 −1.7176 1.4068 0.0033 −0.0459

Table 3 Recognition result

No. Figure 10a Figure 10b Figure 10c Figure 10d Figure 10e Figure 10f

Tacked weld
point

No Yes Yes Yes Yes No
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recognition of the tacked weld point’s geometrical features on the fillet weld. The
geometrical features of the tacked weld point on other kinds of weld seams need to
be summarized in the near future.
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Tracking on Right-Angle Weld with Drain
Holes by Robot

Jian Le, Hua Zhang, Fei Wu and Feng-Yu Yuan

Abstract In order to complete the automatic tracking on the grate weld by robot, it
is necessary to track the right-angle weld with drain holes accurately. To track the
welding seam, the welding current which is collected should be filtered and iden-
tified the deviation. Then the stretch and the indent of the horizontal slider or the
left-and-right-wheels differential movement of the robot should be controlled.
When the robot hasn’t entered the stage of quarter turn, it is based on the tracking
fillet welding of left and right wheels differential movement. When at the stage of
quarter turn, the welding is completed through path planning and tracking fillet
welding based on the horizontal slider stretch. Extinguish the arc when the starting
point of a drain hole has been detected. Ignite the arc after passing through drain
holes with path planning. The accurate identification of intersection is very
important when the robot is in the quarter turn stage. Finally, the correctness of the
algorithm is proved by the experiments of tracking on right-angle weld.

1 Introduction

With the rapid development of shipbuilding industry, high requirements of welding
quality and efficiency are put forward. Poor working conditions and strong arc are
not conducive to workers’ health when welding, so developing a new type of sensor
to track welding seam accurately is essential.
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At present, welding seam is mainly tracked through visual sensor and arc sensor
[1, 2]. However, the visual sensor lags behind and the welding points are not the
testing points so that the tracking of welding seam is not so accurate. On the
contrary, the rotating arc sensor is extraordinarily real-time [3, 4] because it is not
subject to the interference of arc, spatter or electromagnetic field. Grate weld
usually has drain holes, so designing a robot that can track right-angle weld with
drain holes accurately is a necessity.

2 Tracking Weld

2.1 Filtering

The information at the weld groove ought to be converted into the change of the
welding current by rotating arc sensor. Then the hall sensor collects the welding
current and gets 768 continuous current values for each circle. Due to the fluctu-
ations of welding voltage and the instability of the wire feeding speed, there is a lot
of noise in the sampling current both in low frequency and high frequency. Unless
the method of combination filter, it is impossible to remove most of the noise. First
of all, average the sampling current in the four consecutive circles correspondingly
by the means of the spatial averaging filter, to change the four-circle sampling
current into one circle and filter the sampling current in space. Then average the
three adjacent sampling current for each circle and filter the sampling current in
time to make the sampling current with the size of 4 × 768 into 1 × 256. Next,
decompose the sampling current with the size of 1 × 256 by use of wavelet soft
threshold de-noising [5], and deal with the approximation and detail components in
different dimensions respectively. Set the component to 0 when it is less than the
threshold value. Otherwise, set the difference between the component and threshold
value as the component value. This ensures the continuity of the sampling current.
Then is the process of wavelet reconstruction, which can remove most of the noise.
In order to further smooth the waveform of the sampling current, finally is the
median filter, making the sampling current with the size of 1 × 256 to 1 × 64.

Figure 1a is the plate welding experiment which uses the welding robot to weld
the plate.

Figure 1b is the waveform of sampling current for five continuous circles after
combination filter corresponding to the plate welding experiment.

From the diagram, the waveform of the sampling current after filtering is rela-
tively smooth without most of the noise. The cycle of the sampling current is 64
sampling points in the plate welding experiment.

58 J. Le et al.



2.2 Deviation Identification

At present, there are a lot of recognition algorithms of deviation, but they are short
of complexity and poor reliability. The method that identifies the deviation by using
linear fitting has the advantages of high accuracy and a small amount of calculation.
The “absolute difference algorithm” and “least squares” are always used to carry on
the linear regression from the 17th to 48th sampling points of the waveform after
combined filter. The slope of the regression straight line shows the deviation. The
absolute value of the deviation expresses the distance between the welding torch
and the welding seam and the plus or minus of deviation respectively expresses the
deviation direction of the welding torch, left or right.

2.3 Control Algorithm

The control algorithms used to track welding seam mainly include, fuzzy control
algorithm [6], neural network control algorithm and so on. A large number of
experiments find that the fuzzy control algorithm has the merits of relatively little
calculation, easy program and tremendous reliability. Set the deviation and the
change rate of deviation as the input of the fuzzy controller. Then, through the
fuzzification of input, fuzzy reasoning and the clearness of the output, making
numbers of stepper motor pulse as the output of fuzzy controller, so the design of
the fuzzy controller is finished.
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Fig. 1 a Plate welding experiment; b waveform of the welding current for five circles after
filtering
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3 Path Planning

The turning radius is set as S0. When the ultrasonic sensor detects that the distance
between the center of the robot and the steel plate is S0, the robot begins to turn
around.

As Fig. 2 shows, EC section of welding seam is divided into m segments on
average by using the method of numerical analysis. Since the welding speed is
constant, the time that the robot spends on welding each small section of welding
seam is the same, namely Dt.

In order to simplify the process of calculation, it is presumed that when the robot
welds every segments of welding seam, the horizontal slider outstretches or indents
at the same rate, and the angular velocity of the robot is the same. Through con-
trolling the angular velocity of the robot when it is turning, and the speed that the
horizontal slider stretches out or indents, as a result, the orbit of the extremity of the
welding wire is right-angle. The path planning designed for trajectory of EC section
satisfies the following formula:

vDi ¼ w1is1i ¼ v1 cos hi ð1Þ

v1i ¼ v1 sin hi ð2Þ

s1i ¼ s0 þ
Xk

i¼1

v1iDt ð3Þ

hi ¼
Xk

i¼1

w1iDt ð4Þ
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In this formula, v1 stands for the speed of welding. When welding the ith segment
of EC, v1i is the speed when the horizontal slider stretches out. vDi is the speed of
tangential line when the point D which is at the end of welding wire turns around
center point O of the robot. hi refers to the angle the robot turns. w1i represents the
angular velocity when the robot turns. s1i is the distance between the welding points
and the center point O of the robot and Dt is the time the robot spends on welding
each section of welding seam. s0 stands for the turning radius of the robot. m is the
number of EC segments. k is the serial number of the welding seam which is being
welded whose values range from 1 to m.

By simultaneous equations of formula (1) to (4) through using C++ program-
ming, the outstretch speed of the horizontal slider and the rotating angular velocity
of the robot are worked out and the path planning of EC welding seam is com-
pleted. Similarly, this method can be used to carry out the path planning of CB
welding seam. Finally, it will lead to the accomplishment of the path planning for
right-angle turning of the robot.

4 Detection of Welding Seam Endpoint

There will be several welding seam endpoints in the actual welding process, such as
the starting point of the drain hole. So it needs to identify the welding seam
endpoint accurately to make the robot stop welding automatically.

Figure 3 is a detection experiment of welding seam endpoint. The figure shows
that it is the equivalent of welding on a flat plate when the robot is welding to the
welding seam endpoint. It has already been discussed in the case of welding flat
plate in which the deviation of the absolute value is larger than 0.6.

Figure 4 is the deviation curve corresponding to the detection of the welding seam
endpoint. It can be seen from the figure that the welding torch, relatively to the
welding seam, becomes fully left compared to the direction of welding at the
beginning of welding. With the contraction of horizontal slider, the deviation is

Fig. 3 Detection of welding
seam endpoint
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smaller slowly than before. Finally, the deviation is slightly amplitude fluctuated
between −0.6 and 0.6 mm, which shows that the accuracy of tracking on the welding
seam. The deviation value is less than −0.6 when welding the welding seam end-
point. In order to increase the reliability of program, when the three values of
deviation are all less than −0.6, suggest that the robot has arrived at the welding seam
endpoint. The last three deviation values in Fig. 4 are less than −0.6, which suggests
that the robot should extinguish arc and stop welding at the welding seam endpoint.

5 Implementation

Figure 5 is the implementation of tracking right-angle weld with drain holes.
Figure 5 shows that there are two types of drain holes. One is a hole on the side of
the right angle, and the other is the intersection of the right-angle. According to
Fig. 5a, AB section is the tracking of the welding seam based on two rounds of
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differential movement. The distance ultrasonic sensors measured from the center of
the robot to the welding seam FI is s0, which is the quarter turn radius of the robot.
When the robot is welding to point B, weld BC section of the welding seam through
the trajectory planning and tracking on the welding seam that based on the hori-
zontal slider telescopic. When welding to point C, the welding seam endpoint, the
arc should be extinguished. Adopt the method of trajectory planning and using
timer through CD section. Igniting the arc when arrives at the point D. DE section
should be welded through trajectory planning and the tracking on the welding seam
based on the horizontal slider telescopic. Extinguish the arc when the robot welds to
point E, the welding seam endpoint. The method of trajectory planning and using
timer should be used in getting through EF section. Ignite the arc when arrives at
the intersection point F. Weld FH section of the welding seam by trajectory
planning and the tracking on the welding seam based on horizontal slider tele-
scopic. The welding seam of HI section is welded by the method based on two
wheels of differential movement. When the robot welds to the I-spot, the endpoint,
extinguish the arc and stop the robot. Finally complete the tracking on the
right-angle weld with drain holes.

Figure 5b shows that there is one drain hole on the second side of the right angle,
one more drain hole than Fig. 5a. When the robot welds to the G-spot, extinguish
the arc. The path planning and timer are used for passing GH period and ignite the
arc when arrives at the H point. Other process are the same as those in Fig. 5a.

Figure 5c shows that there are two drain holes on the second side of the right
angle. The distance between point E and the straight line FG equals that between
point F and DE straight line. When the robot is welding to point E, the endpoint,
extinguish the arc. Then use the timer and path planning to go through the EF
part. When the end of the wire reaches point F, Ignite the arc. Other parts of the
process are the same as Fig. 5b.

According to the form of right-angle weld with drain holes in the factory, choose
a different tracking program. The tracking on right-angle weld with drain holes is
finally achieved.

6 Experiments

The following are welding conditions. The diameter of the welding wire is 1.2 mm,
and the welding voltage is 24.8 V. The welding current is 198 A. Shielding gas is
made up of 80 % Ar + 20 % CO2. The gas flow is 16 L/min. The welding material
is Q235 whose thickness is 5 mm without overheating processing.

Figure 6 shows the scene of the robot tracking the fillet weld.
Figure 7 is the experiment of tracking right-angle weld with drain holes. The size

of the drain hole on the side of the right angle is 60 mm, and the size of the drain
hole on the intersection of right-angle is 30 mm.
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Figure 7 shows that the welding robot can well track right-angle weld with drain
holes, The welding robot can accurately identify the starting point of drain holes,
the endpoint of drain holes and the intersection point of right-angle weld. The effect
of tracking on the welding seam is better.

7 Conclusion

1. Use the combined filter of the sampling current, after which the result is used to
identify the deviation. Set the deviation and deviation change rate as input and
the speed of the movement of the horizontal slider as output based on the stretch
of the horizontal slider after a fuzzy controller. Set the speed differential as the
output based on the left and right wheel differential motion tracking weld.

2. When the robot makes a turn, complete the track on the right-angle weld by
controlling the horizontal slider speed and rotating angular velocity. Otherwise,
the robot track the weld based on the two wheels differential movement.

Fig. 6 Real figure of the robot

Fig. 7 a No drain hole on the second side of the right angle; b one drain hole on the second side
of the right angle; c two drain holes on the second side of the right angle
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3. Finally, finish the tracking on the right-angle weld with drain holes. It is based
on the tracking on the welding seam by controlling the stretch of the horizontal
slider, the two wheels differential movement of the robot, path planning and the
detection of the welding seam endpoint. The results of the experiment show that
the tracking on the right-angle weld with drain holes by the welding robot has
high accuracy and reliability.
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Welding Robot with Laser Tracking
System Used in High-Mobility Off-road
Vehicle Rack Girder

Xing-Wang Wen, Li-Qin Li, Ying Jing, Li-Hong Yan, Li-Bin Zhao
and Jin-Liang Zhang

Abstract By using a laser tracking system on an arc welding robot workstation,
irregular welding, misalignment, and undercut etc. problems could be solved due to
contour size deviation of the truck rack girder on the high mobility off-road vehicle,
without a very precise trajectory teach. And the welding joint quality is with good
consistency. The ability to control the production process of welding is enhanced,
too. By using an arc welding robot workstation with laser tracking system, instead
of manual welding, welding quality and efficiency are significantly improved, while
labor intensity is reduced, and product quality and reliability are enhanced.

1 Introduction

With the rapid development of welding automation and intelligence, the traditional
teaching playback welding robot has been difficult to meet the high-tech welding
quality, accuracy and efficiency. Due to accuracy error of the welding workpiece,
assembly error, the operating environment and mixed-model assembly line
requirements, the important role of intelligent robot with visual function has
become increasingly prominent in welding.

By means of a laser tracking system, a welding robot could own the following
abilities: real-time sensing to the welding environment, weld seam tracking, auto-
matic identification of the welding joint type, real-time path planning and real-time
adjustment of welding parameters. According to the above functions, welding
quality can be controlled in real-time, and the welding productivity is improved. In
addition, a welding robot with visual function can replace workers in harsh envi-
ronments, reduce the difficulty and danger of workers, and ensure stability and
reliability of the weld quality in special occasions [1].
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2 Features of High-Mobility Off-road Vehicle Rack Girder

2.1 Requirements of Product Process

There are four series of high-mobility off-road vehicles produced in our company
high totally. It is expected to 2000 vehicles/year, and production cycle is 3600 s.
The type of production is mixed-model assembly line. The four series are consistent
with the size of tip contour, only different in the trailing lengths, and the longest
rack girder outside dimensions is 7285 mm × 245 mm × 80 mm. Two U-shaped
Stamping girders are snapped together with the thickness of 6 mm. The two girders
are welded together as a long box structure, and they are shaped by supporting
plates shown in Fig. 1.

2.2 Requirements of Product Quality

The straightness of the rack girder after welding should be controlled within 4 mm,
and the straightness of any section straightness is less than 1/1000. According to
process design requirements, the two straight seam of rack girder is assembly of
total length 2 × 7285 mm. Due to the long weld, heat, it is necessary to use anti
distortion control when welding the rack girder to control deformation. Flexible
structure are used when clamping and fixing the fixture. The rack girder is rigidly
fixed by clamping unit every 500 mm. The position a rack girder fixed is

(a)

(b)

(c)

Fig. 1 Sketch of the rack girder. a The front view. b The top view. c The magnified section
diagram of A-A
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three-dimensional adjustable. According to the rack girder deformation trend when
commissioning the equipment, the spatial position of clamping unit is adjusted. By
changing the corresponding position anti-deformation, the rack girder straightness
would finally meet the design requirements.

2.3 Production Problems

1. Due to the structure of the inner and outer plates and the precision of existing
equipment, the wing surface height deviation is large and unstable after mold-
ing. The maximum deviation is up to ±5 mm. The playback robot can not adapt
to such a large deviation.

2. Welding seam quality is not stable under manual welding. The same posture
during continuous welding make the operator fatigue easily and the stability of
the welding technique is affected, resulting in welding defects. It is not con-
ducive to the process control of the product.

3. Due to the low productivity of manual welding, the production takt is unable to
meet annual needs of 2000 copies of the program.

3 Configuration and Application of the Rack Girder
Automatic Welding System

The rack girder automatic welding system is mainly composed of two ABB
welding robot, Fronius MAG welding machine and related accessories, SLPi laser
tracking system, the robot traverse table and rail mounting base, hydraulic welding
fixtures, PLC controller and touch operator panels.

3.1 Robot Welding Station

The work of Robot welding station is welding after the rack girder point and
anti-distortion. In order to improve efficiency and reduce the cost of equipment
investment, using a duplex station arrangement, shown in Fig. 2. The robot is
disposed at both side of the traverse table. One station is used to manual loading
and unloading, the other is used for welding. The robot keeps working, saving
loading and unloading time, and the utilization efficiency of the robot is fully
enhanced. Hydraulic welding fixtures and robot are linkage controlled. The jaws
could request signals from the robot to open or clamping in accordance.
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3.2 SLPi Laser Tracking System

Due to welding misalignment and undercut may appeared when the deviation of the
win is too large while welding the rack girder, laser weld automatic tracking system
made by META company is equipped for the robot workstation. The position of
laser sensor tracking and welding torch is shown in Fig. 3. Calibration is needed
after the sensor is installed stably and reliably. After calibration, the sensor could be
able to exercise with six-axis coordinately.

Laser tracking systems have the following advantages:

1. Large amount of information and high precision. The joint cross-sectional
precise geometry and spatial position attitude information can be obtained.

2. Due to the detection space range and error tolerance are large, it is possible to
find the joint in a wide range prior to welding.

3. With intelligent features that can automatically detect and select the start and
end of welding, fitting the positioning spot and joint characteristics and so on.

4. Good universality, and it could tracking and control parameters for a variety of
joint types, furthermore, it could also be used for automatic planning multi-layer
welding bead, adaptive control parameters and visual inspection of solder joints
after.

5. Real-time performance is good [2].

It is very important to make a correct choice of sensor field of view only to
achieve good tracking results according to the actual situation of the weld seam.
Selection of the viewing field of the sensor depends on the size of the weld seam,
the tracking accuracy and weld lines move. The sensor with a smaller field of view
is more accurate, it is possible to see a small weld seam [3]. While a sensor with a

Fig. 2 Layout of the welding station
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larger field of view a field of sensor is capable to measure a large weld seam, which
can handle a large change in position of the weld seam. META standard weld types
includes: Left lap, Right lap, Butt, Butt LT, Butt GM Fillet, V-groove, External
fillet, Left edge, Right edge, and Height only. It is possible to select the weld seam
type on the Settings menu directly, or build the weld seam model based on the
actual situation [4, 5]. The laser tracking sensor and the weld information collected
is shown in Fig. 3. It is necessary to make sure the torch trace explicitly and the
joint position, so that to make the weld seam characteristics clear and the object
type the sensor is going to track.

3.3 PLC Controller Design

Siemens PLC is chosen as the automatic welding system master controller to collect
and process the peripheral signal, and driver programs correspondingly according to
the requirements. The system architecture is shown in Fig. 4.

The system controller controls the L/R station, including: unloading motor’s
forward and backward movements, the carriage, opening and closing of all
hydraulic jaws, movement of the robot car, robot program’s starting and stopping.
PLC communicates with the touch screen, while the state of the robot and the
hydraulic cylinders are shown in real time on the touch screen. Because there are
four different length models of high-mobility off-road vehicle, it is necessary to
manually change the tackle position at the end of fixture when producing different
varieties. PLC will select a corresponding welding process based on the tackle
position at the end of fixture and the actual length from the fixture to the rack girder.
When the position of the workpiece and the tackle position do not match, the
system will automatically alarm, prompting the operator to make changes.

Fig. 3 Laser tracking sensor and the weld information collected
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3.4 Offline Programming and Teaching of the Robot
Welding System

The welding sequence should be firstly decided according to process requirements,
and then determine the robot, the robot tackle, each hydraulic cylinder of the fixture
action sequence. These programs can be achieved through the offline programming.
Points used in the program can be calibrated through online teaching.

After the off-line programming, the robot can teach. The teaching-reproduction
mode requires a stable state of the workpiece, while the clamping fixture must be
accurate. No matter what changes occur to the workpiece, the robot always act
repetitively according to the track of teaching, without taking an initiative adjust-
ment. The process of teaching of a robot equipped with a laser tracking device are
essentially different from the traditional teaching and playback mode. Start and end
of the weld by laser tracker sensor active search. The laser tracking sensor can find
the beginning and end of any welding seam on its own initiative.

First, move the welding torch to the starting point and insert point A, point A is
in the visual field of the laser tracking system, and open the laser tracking device
can detect the welding seam characteristics. Move the welding torch to the starting
point again and insert point B, point B is out of the visual field of the laser tracking
system, then open the laser tracking device can not detect the weld properties. Call a
subroutine function “search” to search the welding beam, the weld properties in the
viewing field of the laser tracking system is from nothing to emerge when the torch
moved from point B to point A. At this point the laser tracking system records point
C spatial location automatically as the welding beam starting point. The robot can
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Wire feeder

Control devices 
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Fig. 4 System structure
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use the same methods to find point D as the welding beam end. When From
welding from point C to point D, the laser tracking system can call a “track”
command to real-time control weld quality according to the actual shape of the
workpiece between C and D. When repairing in the position between two welding
seams, the laser tracking system can also call “search” command to find the start
and end points initiatively. But there are differences of the laser tracking sensor
movement pattern: it moves from the welded place to the un-welded place, instead
of the movement from far to near. After the system finding the point with the weld
beam characteristics, the torch may offset to a certain distance as the arc beginning
point. The shift is to make sure the arc starting point could cover the adjacent arc
crater or the arc ignition and obtain a good joint. The torch attitude and the laser gun
stripes are adjusted according to the shape of the workpiece, and the teaching
process is continued until the end of the weld.

Anti-deformation amount should be adjusted constantly according to the weld-
ing, if teaching and reappearing is adopted, the teaching track will be changed
continually. While the teaching method using a laser tracking system can allow C
point vary within a certain range, without repeat teaching, and the debug time will
be greatly reduced.

Since there are small differences among the four types of the rack girder,
teaching program can directly be copied at the same location with a change to the
different place. It could reduce the commissioning time.

3.5 Welding Parameters Commissioning

Fronius TS5000 welder can preset groups of Job, each Job group contains: different
welding power, wire feed speed, arc current, arc current duration, closing arc
current, arc duration closing, pre-ventilation time, stop gas lagging time and other
parameters. Different Jobs stored in the welder could be called according to dif-
ferent needs. After several tests, the rack girder after welding is shown in Fig. 5.

Fig. 5 The rack girder after
welding
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4 Advantages of Laser Tracking System

4.1 Improvement of the Adaptability to Workpiece Deviation

The demand for the precision of the workpiece in the traditional teach-repeat model
robot arc welding was very high. For a wire with a diameter of 1.2 mm, when the
weld position and teach position deviation exceeds 1.5 mm, welding misalignment
and bite edge phenomenon will be happened. Laser tracking device can effectively
solve the problem, laser tracking system can find the weld in ±5 mm or even greater
scope of the teaching position and guideline the torch to adjust automatically. As
shown in Fig. 6a, b, the deviation between the actual position and teaching position
of the two weld was +5 mm and −5 mm, respectively, welding misalignment and
bite edge phenomenon was obvious in the left of the two welds without laser
tracking system, while the right of the two welds exhibit ideal weld state with the
laser tracking system.

4.2 Reduction of Commissioning Time

In order to obtain ideal straightness after welding, anti distortion structure was
adopted in the welding jig. The space position of clamping unit should adjust
continuously according to the deflection of the girder in the process of commis-
sioning, so the location of the weld will change. The robot without laser tracking

welding misalignment Ideal weld

welding misalignment and bite edge phenomenon

Ideal weld

(a)

(b)

Fig. 6 The comparison of welding state with and without laser tracking system when the
deviation between welding position and teaching position is +5 mm (a) and −5 mm (b)
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system cannot adapt to the change and a new teaching was need. However, robot
with laser tracking device can found the weld within a certain range actively, and
guide the welding torch to adjust the trace accordingly. Repeat teaching was saved
and the commissioning time was reduced effectively.

5 Problems of Laser Tracking System in Application

5.1 Mistaken Fixture as Workpiece

Because of the processing accuracy of the inner and outer sheet, a seam tracking
and automatic recognition function is needed on a robot. It is found during the
debugging process that sometimes the laser tracker may mistakenly identify the
seam between the rack girder and the fixture as welding seam. This can lead to a
serious result that the rack girder may scrap and the fixture be damaged. After
several changes to the track, the laser tracking system can be away from the fixture
when finding the welding seam. Furthermore, a more precise welding seam mod-
eling has been built to avoid the problem mentioned above.

5.2 Collision Between Robot and Fixture Due to Large
Workpiece Deviation

Since the outer plate wing of the rack girder deviation is too large, robotic welding
may exceed the safety scope of torch according to the welding seam, resulting in a
collision laser tracking sensor hitting the fixture. Thanks to the bumpers equipped
on the torch, welding process stopped in time and serious damage did not occur to
break the equipment. Although the laser tracking system could overcome the
workpiece size deviation, track the welding seam characteristics, and guide the
torch, it can not accept the deviations of the piror process workpiece unboundedly.
Parts on order deviations should remain within a reasonable range to ensure the
system safe and stable.

6 Conclusion

1. Using a robot equipped with a laser tracking system workstation could solve the
problems such as welding misalignment and undercut caused by large devia-
tions of the workpiece when welding the high-mobility off-road vehicle rack
girder, while the consistency and product stability are ensured, too.
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2. Since the automatic rack girder welding system is equipped the function of
automatic looking for welding seam without accurate teaching, it meets the
requirements of highly flexible production. Rack girder automatic welding
system with a laser tracking system improves the working conditions of workers
and improves the efficiency and quality of welding, with popularization.
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P.R. China.
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Partition Mutation PSO for Welding
Robot Path Optimization

Xue-Wu Wang, Ying-Pan Shi, Xing-Sheng Gu and Dong-Yan Ding

Abstract Many solder joints usually have to be traversed for spot welding robots,
and reasonable welding sequence will improve welding efficiency. Intelligent
optimization algorithms have been used to study path optimization problems in
these years because of their effective optimization abilities. Due to its simplicity,
high search accuracy and fast convergence rate, the particle swarm optimization
(PSO) algorithm was used to study welding robot path planning. A novel hybrid
discrete PSO algorithm was proposed to improve the basic PSO after the partition
operation, mutation strategy were combined. Then, the optimization performance of
the algorithm was used to solve 3-dimensional welding path planning problem.

1 Introduction

Reasonable path planning can reduce working time of welding robot, improve
production efficiency and reduce production costs. Mostly, the welding path
planning is mainly based on the experiences of workers and the product design
documentation, and it was used to guide on-site path planning. This path planning
method is hard to ensure a reasonable planning result. Hence, many researches have
been conducted to realize robot path optimization. Intelligent optimization algo-
rithms were applied for robot path optimization in many cases, and desired effects
were obtained [1–3].

Inspired by the social behavior of animals such as bird flocking, fish schooling
and swarm theory, PSO algorithm was first proposed as a stochastic search
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approach by Kennedy and Eberhart in 1995 [4]. PSO is a kind of heuristic algo-
rithms based on swarm intelligent, and its idea roots in artificial life and evolu-
tionary computation theory. PSO drew much attention in decades due to its simple
computation and rapid convergence capability. It was also used in welding and
assembly fields [5, 6].

To this end, the PSO algorithm is applied to study welding robot path planning
in this paper. Description of welding robot path planning is first given in Sect. 2.
Then, a hybrid PSO based on mutation and partition strategies is given in Sect. 3.
Besides, the hybrid PSO is applied for welding robot path planning in Sect. 4. At
last, the conclusion is given in Sect. 5.

2 Description of Welding Robot Path Planning

Besides improve the productivity, effective path planning can improve the ability of
OLP and accelerate the development of welding automation. How to find an
optimal path to go through all the solder joints is the most concern. Welding robot
path planning problem can be described as finding a reasonable solder joints
sequence for welding robot under some criteria. In general, there are many solutions
for solder joints sequence, and one optimal path has to be selected based on the
certain criteria. The criteria may be the shortest path, the least time-consuming, the
minimum welding deformation, or the minimum energy consumption and so on.
Therefore, the robot path planning is a constrained optimization problem. When
two or more robots exist in the system, the problem will be more complicated
because the cooperation and influence between robots have to be considered.

The optimization problem for one spot welding robot can be described as
follows:

Minimize FðPÞ ¼ fl Pð Þ; fd Pð Þ; fe Pð Þð Þ ð1Þ

where P represents the welding path. fl Pð Þ denotes the length of the welding path,
fd Pð Þ denotes welding deformation, fe Pð Þ denotes energy consumption. The total
length of the welding path can be described as:

fl Pð Þ ¼
XN
i¼1

ðSiÞ ð2Þ

where Si represents the distance between two solder joints. Energy consumption
mainly includes two parts, one is for welding operation, and the other is for robot
travel. The energy consumed for welding operation is up to the welding parameters,
and the energy consumed for robot travel is proportional to the length of welding
path. Welding distortion is affected by change of temperature fields, and welding
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sequence is also an important factor for it. It can be seen that optimized path will
affect above three objectives in Eq. (1).

The welding robot path optimization will be studied as a single objective opti-
mization problem in this paper. Here the shortest path is used as the criteria to
optimize the welding path, and only one robot exist. After the effectiveness of
intelligent optimization algorithm was verified, multi-objective optimization of
welding robot path will be studied then. Hence, the optimization problem is
described as follows.

Considering a solder joints welding task C ¼ ðc1; c2; . . .; cNÞ, the distance
between two solder joints can be described as dðci; cjÞ� 0, where ci; cj 2 C
ð1� i; j�NÞ, ci stands for one solder joint. The task in this paper is to find the best
solder joints sequence fcip 1ð Þ; cip 2ð Þ; . . .; cipðNÞg, where p 1ð Þ; p 2ð Þ; . . .; p Nð Þ is the
full array of 1; 2; . . .;N, to make sure the total path length of the welding robot is
minimum.

S ¼
XN�1

i¼1

d cp ið Þ; cp iþ1ð Þ
� �þ d cp Nð Þ; cp 1ð Þ

� � ð3Þ

Based on above optimization problem analysis, intelligent optimization algo-
rithm will be studied in the following section, and it will be applied to realize
welding robot path optimization.

3 Hybrid PSO Algorithm

3.1 Basic PSO Algorithm

In basic PSO algorithm, a swarm of individuals is utilized, which is called particles.
Assume that there are N particles searching in a D-dimensional space, and they
respectively represent a feasible solution of problems to be optimized. All these
particles are evaluated by the fitness function to be optimized. Initially, particles are
assigned a group of random velocities and positions. They are updated from one
generation to the next. To achieve the optimum, each particle is directed toward the
personal best position, called pbest, found by its own so far, and the global best
position, called gbest, found by all particles in the whole swarm.

In tth generation, the position of the ith particle, which represents the candidate
solution, is characterized as xti ¼ xti1; x

t
i2; . . .; x

t
iD

� �
; i ¼ 1; 2; . . .; n.

The position of every particle is a solution, the fitness could be obtained after the
function was calculated through xi, and the xi can be evaluated based on the fitness.

The velocity of the ith particle is represented as vti ¼ vti1; v
t
i2; . . .; v

t
iD

� �
;

i ¼ 1; 2; . . .; n. Let pti ¼ pti1; p
t
i2; . . .; p

t
iD

� �
represents pbest of ith particle, and ptg ¼

ptg1; p
t
g2; . . .; p

t
gD

� �
denotes gbest.
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After pbest and gbest were obtained, the ith particle update its velocity and
position in t þ 1ð Þ generation as follows:

viðt þ 1Þ ¼ wviðtÞ þ c1r1 pi tð Þ � xiðtÞð Þ þ c2r2 pg tð Þ � xiðtÞ
� � ð4Þ

xi t þ 1ð Þ ¼ xi tð Þ þ viðt þ 1Þ ð5Þ

where w is inertia weight. It introduces the weight of the current velocity on the
next generation velocity. Inertia weight usually declines with the iteration. c1 and
c2, namely acceleration factors, are two positive constants. They can accelerate the
searching speed of the particle, and usually are assigned as 2. r1 and r1 are random
numbers uniformly distributed in [0, 1]. c1r1 and c2r2 provide stochastic effects of
pi tð Þ � xiðtÞð Þ and pg tð Þ � xiðtÞ

� �
, respectively. In the searching process, all these

particles cooperate and compete with each other, and finally the optimal solution
was achieved while the fitness function is optimized [4].

3.2 Discrete PSO

Above conventional PSO algorithm has fast convergence, strong optimization
capability to solve continuous optimization problems, but it cannot be used for
welding robot path planning directly because it is a discrete optimization problems.
Therefore, in order to make use of PSO to solve discrete optimization problems,
appropriate discrete transformation of PSO is necessary. Kennedy and Eberhart
proposed a binary particle swarm optimization (BPSO) based on the basic PSO for
discrete space [7]. In Ref. [8], Clerc proposed a discrete PSO specifically for the
TSP problem by introducing the swap operator, swap sequence, and redefinition of
the PSO operation rules.

When discrete PSO algorithm is applied to the welding robot path planning, one
solder joints in sequences is represented as one element in a particle. For example,
there are N solder joints in a welding task, particle i can be expressed as
C ¼ ðc1; c2; . . .; cNÞ. If N = 5, the particle i would be Ci ¼ ð1; 2; 3; 4; 5Þ, which
means that the welding path is 1–2–3–4–5.

The main idea of the PSO algorithm is that every particle in the swarm will be
affected by pbest and gbest. Since the discrete particle swarm cannot use Eqs. (4)
and (5) to update particles, cross method is used here to realize the discrete PSO.
The impact of pbest can be expressed as the crossover between the particle and
pbest. When n = 5, paticle i is Ci ¼ ð1; 2; 3; 4; 5Þ, its history optimum
pbesti ¼ ð4; 2; 1; 5; 3Þ, if the crossover code is 3–5, that means exchange the ele-
ment 3, 4, 5 of Ci ¼ ð1; 2; 3; 4; 5Þ and pbesti ¼ ð4; 2; 1; 5; 3Þ, the result should be
Ci ¼ ð2; 4; 1; 5; 3Þ. Make a comparison of its current fitness value and the last
fitness value, if the current fitness value is better, then the particle’s position will be
replaced by its current position. Similarly, the global optimization crossover results
can be obtained.
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Based on the above discrete particle swarm optimization, mutation and partition
strategies will be introduced to improve the algorithm optimization ability in fol-
lowing sections.

3.3 Effective Mutation Operation

In order to improve the global optimization ability of particle swarm optimization
algorithm, mutation operator is applied in the algorithm to make the algorithm jump
out of local optimal solutions. Most mutation methods can improve PSO algorithm
more or less, but these mutation methods are based on random operation.
Sometimes mutation will decrease the fitness of particles, and reduce the quality of
the swarm. Hence, an effective mutation strategy is proposed to ensure better fit-
ness. This mutation operation gives proximity solder joints more chance to be
together. For a welding task which includes N solder joints, solder joint k is
selected in the random selection process, and the shortest solder joint to k is solder
joint j. Before mutation operation the particle is

Ci ¼ ðcp 1ð Þ; cp 2ð Þ; . . .; cp að Þ; cp jð Þ; cp bð Þ; . . .; cp cð Þ; cp kð Þ; cp dð Þ; . . .; cp Nð ÞÞ;

where p 1ð Þ; p 2ð Þ; . . .p Nð Þ is the full array of 1; 2; . . .N. In the mutation operation,
we need to compare the distance between d cp kð Þ; cp að Þ

� �
and d cp kð Þ; cp bð Þ

� �
, if

d cp kð Þ; cp að Þ
� �� d cp kð Þ; cp bð Þ

� �
, then cp kð Þ will be inserted to the place between

cp að Þ and cp jð Þ, and particle i will become Ci ¼ cpð1Þ; cpð2Þ; . . .; cpðaÞ; cp kð Þ; cp jð Þ;
�

cpðbÞ; . . .; cp cð Þ; cp dð Þ; . . .; cp Nð ÞÞ, otherwise Ci ¼ cpð1Þ; cpð2Þ; . . .; cpðaÞ; cp jð Þ; cp kð Þ;
�

cpðbÞ; . . .; cp cð Þ; cp dð Þ; . . .; cp Nð ÞÞ.

3.4 Partition Strategy

The basic discrete PSO has a good ability to find optimal solution for small scale
problem, but it is hard to get the optimal solution when a lot of solder joints exist.
Hence, the partition PSO will be used to solve large scale solder joints path
planning problem.

For N-dimensional welding path optimization problem, the number of the pos-
sible solutions is (N − 1)!/2, when N = 20, there will be more than 1016 possible
solutions. For larger scale, the number will grow explosively. If the N-dimensional
problem is divided into several small scale problem, which are described as

n1; n2; . . .; nk , the number of the possible solutions will be n1�1ð Þ!
2 þ n2�1ð Þ!

2 þ � � � þ
nk�1ð Þ!
2 , the search space will be reduced greatly. Hence, partitioning is an effective

way for large solder joints path planning problem.
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Partitioning principle for particles is based on the distance between different
particles. Particle Xi ¼ ðxi1; xi2; . . .; xiDÞ will be divided into k zones as Xi ¼
xi11 ; xi12 ; . . .½ �; xi21 ; xi22 ; . . .½ �; . . .; xik1 ; xik2 ; . . .½ �ð Þ according to the partition principle.

The first step of partition is to find the boundary points, and define k reference
points from the boundary points. In order to ensure that the solder joint can get a
reasonable allocation, these k reference points should be defined as decentralized as
possible.

In Fig. 1, A is a boundary point and B is not a boundary point. If there are
m boundary points, we need to find k reference points, in order to make it easier to
divide all points, and the distance of loop of the k reference points should be as long
as possible. There are 4 reference points in Fig. 1 and it means this is a four
partition problem. Every point should be divided along with the nearest reference
point. Evenly divided points will be useful for us to find optimal solution.

Based on the above operation, all the element in particle i can be divided into k
zones. Then, PSO algorithm is used to obtain optimal solder joints sequence for
different zones separately. In order to ensure the global optimal, the distance of
adjacent areas in the zones should be shortest, it means that the last element in a
zone and the first element in the next zone should be the nearest.

The process of partition PSO is described as follows. The partition operation is
conducted to divide the large scale solder joints first. Then, the connection solder
joints are determined to ensure the distance of adjacent areas in the zones is
shortest. At last, the PSO is used to get the optimal sequence of every zone, and the
optimal solutions in every single zone are obtained. Figure 2 shows the result of
partition-PSO algorithm, all points are obviously divided.
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4 Path Planning Based on Hybrid PSO

4.1 Algorithm Strategy

Welding robot path planning here is to find a solder joints sequence to ensure path
length is shortest or near shortest. For a welding tasks of D solder joints, particle i
can be represented as Xi ¼ ðxi1; xi2; . . .; xiDÞ, xij means this solder joint will be
welded by welding robot in the j-th time. All the elements in Xi are different
positive integer between 1 and D, hence each particle is a closed loop path. The
steps of optimization process for one zone are given as follows:

1. Initializing the particle swarm, including random position and population size of
the particles. X1 ¼ ðx11; x12; . . .; x1DÞ is defined, and it represents a possible path
sequence of the solder joints. According to the partitioning method discussed
above, X1 ¼ x111 ; x112 ; . . .½ �; x121 ; x122 ; . . .½ �; . . .; x1k1 ; x1k2 ; . . .½ �ð Þ. Xi can be got
after all welding joints were randomized in each zone, and every zone holds an
identical serial number.

2. Obtaining the connection points of two adjacent zones which are the nearest
welding points in the two adjacent zones.

3. Using PSO algorithm to search optimal zone sequence.
4. Evaluating the fitness, the total welding path length is defined as the fitness

function, and the shorter length means better fitness.
5. Calculating pbest and gbest.
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6. Conducting crossover operation with pbest. If the fitness became better, the
crossover would be accepted.

7. Conducting crossover operation with gbest. If the fitness became better, the
crossover would be accepted.

8. Conducting mutation operator. If the fitness became better, the mutation would
be accepted.

9. Optimization operation will end if it reaches the maximum number of iterations.
Otherwise, return to step (4).

4.2 Welding Path Planning

A car door with 115 solder joints is used for older joints sequences optimization in
this paper. Figure 3 shows partition result of welding joints and four red points in
the picture are reference points. Figure 4 is the path planning result of the path
planning result of PM-PSO, the final total path length is 466.9176. Comparison of
the three algorithms is given in Table 1, the simulation results show that the
PM-PSO is better than the basic PSO algorithm and P-PSO for welding joints
sequence optimization. It also shows that the convergence speed of PM-PSO is
faster obviously.

PM-PSO converts massive solder joints path optimization into several
small-scale computing, simplify the search space, and can quickly converge at
the optimal solution. Besides, the optimal solution is easier to be found after the
effective mutation operation was combined. Hence, the final result shows that the
result of PM-PSO is greatly improved compared to the basic PSO.
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5 Conclusion

A hybrid PSO algorithm was presented for welding robot path planning. After the
effective mutation operation was combined with the basic PSO in PM-PSO, the
diversity of the particles was increased, and the overall fitness of the particles was
improved. Partition strategy converts massive solder joints path optimization into
several small scale computations, which greatly reduces the computational com-
plexity and improves search accuracy. The simulation results show that the
improved hybrid PSO algorithm is effective for welding robot path optimization,
capable for solving large scale optimization problem especially.
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Influence of Heat Input on the Performance
of Joint with Filling Wire Laser Welding
5A06 Aluminum Alloy

Yangchun Yu, Yanling Xu, Guodong Xu, Ajing Chen
and Shanben Chen

Abstract 5A06 aluminum alloy sheets were welded using a 4 kW fiber laser with
SAl-Mg5 filler. Processing parameters such as laser power, welding speed and wire
filler speed were optimized with the objective of producing a welded joint with
complete penetration and smooth welding profile. Influence of heat input on
microstructures and mechanical properties of butt joints have been studied. The
results show that the microstructure of the welding seam was dense columnar
crystals near to the fusion area and fine dendrites in the center. The crystal of heat
affected zone (HAZ) was coarsening and increased slightly with increasing heat
input, but the width of HAZ was only about 80 μm. With increasing heat input, the
mechanical properties of butt joints were improvement and the damage position
was migrating from HAZ to base metal. Scanning electron microscope
(SEM) observation on the fracture surface of welded joint showed that the pores
exerted a great influence on the reduction in strength and elongation, but the
microstructure of the welding seam hardly affected the tensile properties.

1 Introduction

5A06 aluminum alloy belongs to Al–Mg alloy, which is one of the most widely
used aluminum alloy in the welded structure because of its good corrosion resis-
tance, high specific strength, and good weld ability. It has been widely used in
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many industrial fields such as aerospace, automotive, machinery manufacturing,
electrical and chemical industry. Until now, the welding of this alloy is mainly
using the conventional arc welding methods such as metal-arc inert-gas (MIG),
tungsten inert-gas (TIG) and so on. However, due to the low melting point, high
heat conduction coefficient, low density, large linear expansion coefficient and other
characteristics of the 5A06 aluminum alloy, it is very easy to formation the pores,
cracks, heat distortion, and other welding defects in the weld and heat affected zone.
In particular, the softening of heat-affected zone after going through arc welding
thermal cycle lead to the joint strength of arc welding is often much lower than the
base material strength, which seriously restricted its application in industry [1].

Use high-energy laser beam to welding the aluminum alloy can greatly improve
the performance of joints because of its high energy density, but it can also lead to
the evaporation of high-temperature volatile alloying elements (such as Mg), which
greatly reduce the performance of weld joints. In addition, the burning of alloying
elements in laser welding can result in some weld shape defects such as undercut,
crack and porosity, which further lead to a decline in mechanical properties of joints
[2, 3]. Added the filling wire in laser welding can eliminate the above problems, and
many studies about it have been carried out [4–7]. However, the relationship
between laser welding heat input and performance of joints are still lack of sys-
tematic research.

In this paper, 5A06 aluminum alloy sheets with thickness of 2.0 mm were
welded using a 4 kW fiber laser with SAl-Mg5 filler. The relationship between laser
welding heat input and performance of joints were studied through the tensile test
and microstructure observation of weld joint.

2 Experimentations

The base material used in this study was 5A06 aluminum alloy with thickness of
2.0 mm. SAl-Mg5 aluminum wire (1.0 mm in diameter) was used as filler wire. The
chemical compositions of base material and filler wire are exhibited in Table 1. The
welding direction is along the rolling direction of the aluminum alloy plate
(150 mm × 100 mm). Argon gas was used as shielding gas and the flow rate was
16 l/min.

Experiments were carried out by using a 4 kW YLR4000 IPG fiber laser and a
VR7000 fronius wire feeder. The filler wire was supplied just ahead the laser beam
at an angle of 30° with respect to the surface normal, which can avoid laser leaking

Table 1 Composition of 5A06 and SAl-Mg5 (%)

Alloy x (Si) x (Fe) x (Cu) x (Mn) x (Mg) x (Zn) x (Ti) x (Al)

5A06 0.4 0.4 0.1 0.5–0.8 5.8–6.8 0.2 0.02–0.1 Bal.

SAl-Mg5 0.4 0.4 – 0.2–0.6 4.7–5.7 – 0.05–0.2 Bal.
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through the gap of the butt joint. The focus point of the laser beam was set at the
substrate surface, as shown in Fig. 1. The parameters of the laser welding experi-
ments are shown in Table 2.

3 Results and Discussions

Laser power and welding speed are two main factors that affect the quality of the
joints in laser welding. The matching relationship between them has a directly
affection on the geometric morphology, microstructure and mechanical properties
of the joints. In order to better understand the synergistic effect of laser power and
welding speed on the quality of welded joints. The ratio of laser power and welding
speed has been defined as K. when the unit of laser power (P) is watts (W) and the
unit of welding speed (VW) is mm s−1, the unit of K is J mm−1.

The geometric shape and mechanical properties of the weld joint with different
heat input is respectively shown in Tables 3 and 4.

The fracture location of tensile specimen with different heat input is shown in
Fig. 1.

The geometric shape of joints and the fracture location are both changed with the
decrease of heat input. The geometric shape of joints is similar “I” type when the
heat input (K) is higher or equal to 76 J mm−1 and the fracture occur in base metal,
therefore, it is safe to think that the mechanics properties of weld joint is equivalent
to the base materials. When the heat input decrease down to 58 J mm−1, the

(a)

(c)

(b)

(d)

Fig. 1 Fracture position of tensile specimen (a, b in base metal and c, d in HAZ)

Table 2 Laser welding parameters

No. Laser power P/W Wire feed speed
VF/mm s−1

Welding speed
VW/mm s−1

Heat input
K/J mm−1

1 2700 100 33 81.8

2 3800 130 50 76

3 3400 120 58 58

4 2700 120 50 54
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geometric shape of joints change into a “T” type, and the fracture location is also
migrating to HAZ, then, the joints tensile strength and elongation is lower than the
base materials.

Based on the above results, it can be say that the geometric shape of joints,
mechanical properties and fracture location are all closely related to the heat input.
The increase of heat input is beneficial to the formation of the geometric shape of
“I” type. Its upper weld width is approximately equal to the lower and the transition
between the seam and base material is relatively smooth in the joint of “I” type,
therefore, the stress concentration in the joint is relatively small, which is the reason
for fracture occurred in the base metal rather than the weld metal (see Fig. 2). With
the decrease of heat input, the joint of “T” type shall be get. Its upper weld width is

Table 4 The mechanical properties of the weld joint with different heat input

No. Heat input K/J mm−1 Tensile strength
σb/MPa

Elongation
δ/%

Break
location

1 81.8 310.75 25.27 Base metal

2 76 303.46 23.41 Base metal

3 58 286.76 17.47 HAZ

4 54 280.42 15.29 HAZ

1

Fig. 2 Microstructures of typical joint of “I” type
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bigger than the lower and a mutation between the seam and base material lead to a
very high stress concentration in the joint, which is the cause of that the fracture
occurred in the HAZ (see Fig. 3).

3

Fig. 3 Microstructures of typical joint of “T” type

pores

(a)

(c) (d)

(b)

Fig. 4 Fracture SEM images of No. 1 (a, b) and No. 3 (c, d)
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As for the joint of “T” type, the fracture location in the HAZ, both its strength
and elongation are decreased, the strength reduced less than 10 %, while the
elongation is reduced to about 40 %.

In order to further analyze the effect of heat input on the performance of the
joints, the SEM of tensile fracture surface for sample No. 1 and No. 3 (see Fig. 4)
has been made to further analysis of the fracture properties of joint. According to
Fig. 4, it can be see that the uniform distribution of dimples (see a, b in Fig. 4) is the
dominating character of the fracture surface except for scattered porosity in
No. 3 (see c, d in Fig. 4).

The uniform distribution of dimples in the fracture surface indicating the fault
belongs to plastic fracture; therefore a higher strength and elongation have been
getting for No. 1. The scattered porosity (see c, d in Fig. 4) may be the reason for
the decrease of strength and elongation in No. 3.

4 Conclusion

1. Heat input have an important influence on the geometric shape and mechanical
properties of joints. When the heat input (K) is higher or equal to 76 J mm−1, the
geometric shape of joints is similar “I” type which has the low stress concen-
tration due to the smooth transition between the weld seam and base metal, and
the fracture occur in the base metal with a high tensile strength. On the contrary,
when the heat input (K) is less than or equal to 58 J mm−1, the geometric shape
of joints change into a “T” type which has severe stress concentration due to the
cross-section mutation for the joint, and the fracture location is also migrating to
HAZ with a low tensile strength.

2. With the decrease of heat input, the escape of hydrogen bubbles become difficult
due to rapid solidification of weld pool during the laser welding 5A06 aluminum
alloy with filling wire, the formation of pores in the joint lead to significantly
reduced in the joint elongation.
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Feature Extraction from Arc Signal
for Height Tracking System of P-MAG
Welding

Zhen Ye, Hua-Bin Chen, Fang Gu and Shan-Ben Chen

Abstract An experimental system is established to acquire and process the arc
signal. Possible Features and a signal process method are proposed by analyzing the
characteristics of the pulse power supply. The best feature is selected by applying
the feature selection method and the relational model between the feature and the
torch height is established. Experiments are conducted to confirm the accuracy of
the model and its application in height tracking system.

1 Introduction

Nowadays, fewer and fewer people want to be welders because of the hostile nature
of the welding environment and extreme physical demands of the welding process.
To address the shortage of welders, welding robots have been widely used and
proves to be a good substitute. However, most of current welding robots can only
follow predefined actions and have no ability to deal with variations in the weld
seam positions caused by natural welding factors [2]. Therefore they may not meet
the requirement of high welding quality.

To solve the problem, many intelligent welding systems have been proposed by
researchers [8, 12]. In these systems, passive vision method becomes the focus
because of its low cost, non-contact to the weld pool and rich information of the
welding process it collects. Most research on passive vision based seam tracking
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technology only focused on acquiring the 2-dimensional planar information while
ignoring the third dimension (height) information [9, 10]. However, in some con-
ditions, the height variation exists and it should be considered because it can affect
the weld pool formation and the weld bead geometry.

Arc sensors have been designed for detecting the electrical signal during the
welding process as the arc electrical signal has been found to have a certain rela-
tionship with the welding torch height. For example, [3] found that arc voltage can
be modeled as a linear function of the arc length in GTAW. Kim et al. [5–7]
developed a mathematical model to predict the welding current change in response
to variation of tip-to-workpiece distance in GMAW. Then Kim et al. [5–7] pro-
posed an empirical model to represent the relationship between the welding current
and tip-to-workpiece distance under different welding voltage and wire feed speed.
Based on these relational models, the weaving arc sensors [4–7] and the rotating arc
sensors [11] are designed to realize the seam tracking for groove shape joint and
fillet weld joint. Bao et al. [1] and Zhu [13] designed a method to detect the torch
height via measuring the wire electrode extensions during the metaphase of
short-circuit according to the characteristic of CO2 welding.

However, existing research focused only on the standard arc welding. The power
supply of pulse welding, which has less heat while providing stable arc and superior
welding quality, is quite different. Thus, the method to realize the torch height
tracking for pulsed MAG welding needs to be further studied. The main contri-
bution of this paper is to study the relationship between the electrical features of the
pulse welding and the welding torch height, and find the best feature to represent
the torch height based on the feature selection method.

The rest of this paper is organized as follows. In Sect. 2, a height tracking system
is introduced based on the arc sensor, which can effectively acquire arc current and
arc voltage signals. In Sect. 3, several electrical features and a signal processing
method are proposed by analyzing characteristics of the pulse power supply. Then
best feature is selected by applying the feature selection method. The relational
model between the feature and the torch height is established. In Sect. 4, experi-
ments are conducted to confirm the feasibility of the method.

2 System Descriptions

Our experimental system includes a “teach and play back robot”, a current sensor
and a voltage sensor, welding equipments, a digital signal processor (DSP) and an
industrial computer. The schematic diagram is shown in Fig. 1. Firstly, the sensors
generate signals proportional to the welding current and the welding voltage. Then
the signals are read by the A/D converter module of the digital signal processor.
Finally, the signals are transferred to the computer for saving or further processing
via serial communication.

This research focuses on the low carbon steel-Pulse MAG welding. In order to
acquire and process the data in real time, the sampling frequency is set at 1800 Hz.
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Figure 2a, b show the electrical signals collected during the welding process when
the welding torch height is constant. Figure 2c, d are the local enlargements of
Fig. 2a, b and show the waveform of the signals. From Fig. 2, we can see that even
when the torch height is constant, the current and the voltage still change with time.
The current ranges from 50 to 450 A, the voltage ranges from 20 to 30 V. The
original electrical signal cannot represent the torch height directly. Therefore, the
signals must be processed to extract the features which can accurately represent the
torch height.

3 Feature Extraction from the Arc Signal

3.1 Feature Expression

In this paper, pulse MAG power supply uses the Constant Current (CC) mode
during the pulse peak duration and the Constant Voltage (CV) mode during the base
duration. The CC mode is characterized by large change in voltage for small current
change while CV mode is characterized by large change in current for small voltage
change. Such characteristics of the power supply produce the peak voltage change
and the base current change in response to the variation of the welding torch height.

current
sensor

workpeace

voltage
sensor

dsp

Welding
equipments

Robot
Controller

Welding Robot

Fig. 1 Schematic diagram of the system
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Additionally, any variation in welding torch height will result in the change of
the arc length. To ensure the stability of the welding process, the power source
needs to regulate the arc by modifying pulse frequency, which in turn modifies the
average current. Therefore, the average current can also represent the welding torch
height.

From the above analysis, the base current, the peak voltage, and the average
current are selected to be possible features in determining the torch height. Besides,
the ratio of the voltage to the current is also considered. The equations of these
features are given in Table 1.

In Table 1, I is the current, U is the voltage, t is the time, R is the ratio between
voltage and current, subscript b, p, a are for base, peak, and average, respectively.

(a) (b)

(c) (d)
BasePeak

One Cycle

Peak Base

One Cycle

Fig. 2 The electrical signal of the welding process. a Original current, b original voltage, c current
wave form, d voltage waveform

Table 1 The equations of features

Base current Ib ¼ 1
tb
R
tb
Idt Base voltage Ub ¼ 1

tb
R
tb
Udt

Peak current Ip ¼ 1
tp
R
tp
Idt Peak voltage Up ¼ 1

tp
R
tp
Udt

Average current Ia ¼ Ip �tpþIb �tb
tpþtb

Average voltage Ua ¼ Up �tpþUb �tb
tpþtb

Base U/I Rb ¼ Ub

Ib
Peak U/I Rp ¼ Up

Ip
Average U/I Ra ¼ Ua

Ia
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In order to testify the relationship between the torch height and possible features,
an experiment is conducted, in which the robot is strictly taught along the contour
line and the welding torch height changes from 20 to 17 mm, as shown in Fig. 3.
Features of the signal are calculated according to the equations in Table 1 and the
results are shown in Fig. 4. From Fig. 4, it can be found that all features have a
significant change when the torch height decreases from 20 to 17 mm. Such results
confirm the feasibility of possible features.

3.2 Filtering

From Fig. 4 it can be seen that in addition to the information of welding torch
height, the collected signals contain significant amount of noise. The noise is due to
welding environment, like surface conditions of the workpiece, unstable airflow and

Move direction of the torch

20mm 17mm
45o

Fig. 3 The schematic diagram of step response

Fig. 4 The processing results using equations in Table 1. a Base current, b peak voltage,
c average current, d base U/I, e peak U/I, f average U/I
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changing speeds of the wire feeding. It is also caused by the characteristic of the
welding, like the change of the arc length and wire extensions happening with the
droplet transfer. All these factors may lead to the fluctuation of the signal even
under constant torch height, and therefore interfere with the precision of tracking. In
order to reduce such interference, the collected signals are analyzed and it is found
that some variations of feature values are results of the abnormal cycles, which are
caused by the unsatisfied droplet transfer but not the change of welding torch
height, as shown in Fig. 5. Experiments show that the peak duration during the
normal welding process should range from 2 to 3 ms, and the base duration from 7
to 10 ms. Therefore, some abnormal feature values can be eliminated first by
eliminating abnormal cycles.

Additionally, a moving average filter is applied to process the signal to further
reduce the noise. The moving average filter operates by averaging a number of
points from the input signal to produce each point in the output signal, the equation
of which is given by Eq. 1. The smoothing action of the moving average filter
decreases the amplitude of the noise, but also reduces the sharpness of the edges.

yðiÞ ¼ 1
M

XM�1

j¼0

x½i� j� 8i ¼ M;M þ 1; . . . ð1Þ

where x[i-j] is the (i-j)th input signal, y(i) is the ith output signal, and M is the
number of points in the moving average window.

Figure 6 shows the processing results of the feature value in Fig. 4 after
abnormal cycle elimination and moving average filter. From Fig. 6, it can be found
that the fluctuation of the processed feature value is much smaller while the change
of the feature value in response to the variation of torch height is persisted.

Abnormal Cycle Fig. 5 Schematic diagram of
the abnormal cycle
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3.3 Feature Selection and Parameter Optimization

Since the features introduced in Sect. 3.1 are redundant and the time allowed to
process the signal is limited, a proper feature selection method is required to find the
best feature. In addition, the moving average window size, M, also needs to be
determined properly.

To select the best feature for the torch height, a series of experiments are con-
ducted to acquire the electrical signals under different height from 13 to 23 mm,
which cover the main range of allowed welding torch heights. Meanwhile, we
define the ith type of signal as the signal collected when the torch height is at
(12 + i) mm, where i = 1, 2,…, 11.

3.3.1 Evaluation Function

A good feature for the welding torch height should be as stable as possible when the
height is constant and change as large as possible when the height is different.
Therefore, the evaluation function we design is as Eq. 2.

Fig. 6 The processing results of Fig. 4 by a moving average filter: a base current, b peak voltage,
c average current, d base U/I, e peak U/I, f average U/I
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JðFk;MÞ ¼ min
dðiÞðiþ1ÞðFk;MÞ

SiðFk;MÞ þ Siþ1ðFk;MÞ
� �

ð2Þ

where Fk is the feature in Table 1; M is the number of points in the moving average
window; J (Fk, M) is the criterion value; dij (Fk, M) is the Euclidean distance
between the ith type of signal and the jth type of signal, which is used to describe
the sensitivity of the feature to the change of the height, and is given by Eq. 3; Si

(Fk, M) is the inside distance of the ith type of data, which is used to describe
the degree of fluctuation of the feature under the constant height, and is given
by Eq. 4. In order to distinguish the height change, a lager di(i+1)/(Si + Si+1) is
required. Therefore, to ensure that all heights can be distinguished, the minimum
value of di(i+1)/(Si + Si+1) is chosen to be the criterion value, J.

dijðFk;MÞ ¼ XiðFk;MÞ � X jðFk;MÞ
��� ��� ð3Þ

where dij (Fk, M) is the same as that in Eq. 2; XiðFk;MÞ is the average value of the
ith type of signal when the feature Fk is selected and the number of points in the
average is set as M.

SiðFk;MÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
l¼1 Xi

lðFk;MÞ � XiðFk;MÞ
� �2

n

vuut
ð4Þ

where Si (Fk, M) is the same as that in Eq. 2; XiðFk;MÞ is the same as Eq. 3; Xl
i (Fk,

M) is the lth data of the ith signal when the feature Fk is selected and the numbers of
points in the average is set as M; n is the number of the data of the ith signal.

3.3.2 Search Algorithm

On one hand, the feature and the number of points in the average should make the
criterion value (J) as large as possible so that different heights can be distinguished
more clearly. On the other hand, the number of points in the average window
(M) should be as small as possible to make the signal more responsive to real time
change. However, the above two targets can not be reached at the same time
because J increases with the increase of M. Therefore, the compromise is to find the
smallest M under the condition that signals at different heights can be distinguished.
In order to distinguish signals at different heights, J should be no less than 2. This
threshold value is chosen as it is the minimum requirement to make a clear dis-
crimination between different heights. A search algorithm is developed to select the
proper M and Fk. The flow chart of the searching method is shown in Fig. 7.
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Using this method, the optimal feature and the best moving average window
size, M, are determined and presented in Table 2. Also presented in the table is the
selection criteria value J obtained using these selections.

3.4 Linear Fitting

To establish a model between the welding current and the welding torch height,
Fig. 8 is constructed to show the distribution of the average current under different
heights. From Fig. 8, it can be found that the average current reduces with the
increase of the torch height, and there is a linear relationship between the height and
the average current. Additionally, it should also be noted that the average current
has certain variation under a constant height. The main reason for such variations is
the characteristic of the welding process, such as the change of stick-out length
caused by droplet transfer, where the variation is within a small range and can be a

N

Y

N

N

Y

N

Y

Y

NY

Set M=1

Calculate J(Fk, M)
and sort Fk  in descending order

according to the value of J

If J(Fk, M)>2

Set M=M+1

Calculate J(Fk, M)

If J(Fk, M)>2

Set k=k+1

Set k=1

If J(Fk, M)>JF

Set JF=J(Fk, M)
MF=M, kF=k

Set M=M-1

Start

End

Set M=M+1

If k¡Ü6

If M<MF

Fig. 7 The flowchart of the
searching method

Table 2 The result of feature
selection

Selected feature M J

Average current (Ia) 82 2.0021
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part of the model. Consequently, the relational model between the welding current
and the torch height can be fitted by straight line and the model is given by Eq. 5.

H ¼ �0:3291� Iþ 62:6539� 0:6 ð13�H� 23Þ ð5Þ

4 Experiments and Results

4.1 Verification of the Model

In order to test the accuracy of the proposed model relating to the welding torch
height, an experiment is designed as shown in Fig. 9. The robot was strictly taught
to move along the contour line in the experiment without any adjustments. In
particular, the torch height changed gradually from 14 to 20 mm. Table 3 shows the
welding condition and Fig. 10 shows the collected original signal. Figure 11 shows
the results obtained using the proposed method. Figure 12 shows the real height and
the calculated results using the model proposed in this paper. From results, it can be
seen that the model represents the relationship accurately between the welding torch
height and the average current. It is also worth noting that there is a large fluctuation
at the beginning of the welding. This is expected as at the beginning of the welding,
the current is determined by the welding equipment and cannot be modified.

Fig. 8 The distribution of the
average current under
different heights

Move direction of the 
torch

14mm
20mm

Fig. 9 The schematic diagram of the verification test
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Table 3 The welding
condition

Material Low carbon steel

Wire feed speed (m/min) 3.7

Current (A) 140

Voltage (V) 24

Welding speed (m/min) 0.3

Fig. 10 The original current

Fig. 11 Processing results of
the signals in Fig. 10

Fig. 12 The calculated
results of Fig. 11 using the
proposed relational model
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4.2 Tracking Experiments

Using the proposed model, we implemented a control algorithm for automatic seam
height tracking in P-MAG welding of low carbon steel. The algorithm uses the arc
sensor signal to infer the current welding height and drive the robot to adjust the
position of the welding torch to maintain a constant height of the torch. In order to
avoid the interference of the large current of arc at the beginning of the welding, we
only begin seam tracking 1 s after the welding has started. Besides, in order to keep
the welding process stable, the height is only corrected when the difference between
the detected and the set heights is larger than 0.6 mm. We calculate the height
difference once every 20 cycles (approximately 200 ms).

The taught path, desired path and tracked path is shown in Fig. 13 and the
welding result is shown in Fig. 14. From Fig. 13, it can be found that the largest
error is 1.2 mm, and the average error is 0.545 mm, which is adequate to meet the
requirement of the welding.

Fig. 13 The schematic
diagram of the robot path

Fig. 14 The welding result
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5 Conclusion

1. An arc sensing system was established, which can acquire the electrical signal
during welding process.

2. Several features related with the welding torch height were proposed, and a
method to reduce the noise was introduced in this paper.

3. The best feature was selected to represent the torch height, and the relational
model was established between them.

4. The verification experiment confirmed the feasibility of the model, and the
tracking experiment showed that the developed system can realize the seam
tracking function.

Acknowledgments This work is supported by the National Natural Science Foundation of China
under the Grant No. 51075268 and Shanghai Sciences & Technology Committee under Grant
No. 11111100302, P.R. China.
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Research of Laser Hybrid Welding
for T-Joint in the Box Girder

Yang-Chun Yu, Kong Bao, Yan-Ling Xu, A-Jing Chen,
Hua-Jun Zhang and Shan-Ben Chen

Abstract T-joint is widely used in box girder structure of lifting machinery and
bridges. The welding of T-joint by use of manual arc welding has many problems,
such as large deformation, operational difficulties inside the box, low productivity
and so on. To solve these problems, the technical feasibility of welding for T-joint
by use laser hybrid welding has been study. The results show that the single face
welding-double face forming of T-joint for box girder structure can be achieved by
use laser hybrid welding, and the weld quality and productivity is greatly improved.

1 Introduction

Lifting machinery play an important role in the construction of shipping, metal-
lurgy, chemical industry, power plants, bridges, and so on. As the main parts of
lifting machinery, box girders have to withstand a variety of complex loads during
the working, so its manufacturing quality is critical to the security. Welding is the
key to the box girders manufacturing, more than 90 % of welding is related to
T-joint. The welding of T-joint is usually with manual arc welding which has many
problems, such as large deformation, operational difficulties inside the box, low
productivity and so on. Laser beam welding technology may be a promising
solution to these problems because of its high welding speed, low distortion, and
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easy automation, but the high cost of processing and harsh demand of beveling
hindered its industrial application in the welding of plate. As a highly efficient,
energy-saving, high-quality, economical welding method, laser hybrid welding
shows great potential in the welding of lifting machinery.

Figure 1 is the schematic of laser-arc hybrid welding. In the laser-arc hybrid
welding, the energy of laser beam source and arc has been work together to form a
welding pool. Both laser beam welding and arc welding have long been used for
industrial production and each of them has its specific areas of application and
advantages. The laser radiation can lead to a very narrow heat-affected zone with a
large ratio of welding depth to joint width (deep-weld effect) and reach a high
welding speed, but the gap bridging ability is very low due to its small focus
diameter. The arc welding process has a much lower energy density and a slower
speed of processing, but the gap bridging ability is good because of a bigger focal
spot on the surface of the work piece. By merging both these processes, useful
synergies can be achieved. Ultimately, this makes it possible to achieve both quality
advantages and production engineering benefits, as well as improved cost effi-
ciency. The merged process offers interesting and economically attractive appli-
cations in the shipbuilding industry, not least because higher tolerances are
permitted on the weldments, higher joining rates are possible, and very good
mechanical/technological values can be achieved [1–3].

A large number of research about laser hybrid welding for thick plate have been
carry out in the Europe [4–8], such as Switzerland, Germany, France, Denmark and
so on. The single penetration of laser-arc hybrid welding is up to 30 mm and the
wieldable steel yield strength is from 180 to 690 MPa. Laser hybrid welding have
been report to partially replace arc welding in the shipbuilding by the Werft
Shipyard, U.S. Naval Institute, Bender Shipbuilding and General Electric Boat
Equipment.

However, until now, industrial applications of laser-arc hybrid welding for
lifting machinery, marine engineering had hardly been reported in the literature. In

Laser

Arc

Weld pool

Fig. 1 Schematic of laser-arc
hybrid welding
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order to promote the industrial applications of laser hybrid welding in the lifting
machinery manufacturing, the single face welding-double face forming of T-joint
for box girder structure has been study in this paper.

2 Experimentations

The base material used in this study was A709-50-2 low-alloy steel with a thickness
of 8.0 and 10.0 mm. JM-56 low-alloy steel wires (1.2 mm in diameter) was used as
filler wire. The chemical compositions of the base material and filler wire are listed
in Table 1. Argon gas was used as shielding gas with a flow rate of 25 l/min.
Experiments were carried out by YLR-8000 CW Ytterbium Fiber Laser and a
digital arc welding power for robot. The filler wire of arc welding was supplied just
ahead of the laser beam, the angle can be free adjustment between 45° and 75° with
respect to the normal surface. The focus point of the laser beam was set at the
substrate surface (Fig. 2). The parameters of the laser welding experiments are
shown in Table 2.

Fig. 2 Laser hybrid welding equipment. a Digital arc welding power. b Hybrid welding head.
c Fiber laser

Table 1 Composition of A709-50-2 and JM-56 (%)

Alloy C S Si Mn P Ni V Mo Nb Cr Ti Cu Al

A709-50-2 0.15 <0.002 0.3 1.42 0.19 0.01 0.008 <0.01 0.018 0.02 0.01 0.02 0.028

JM-56 0.08 0.018 0.9 1.48 0.014 0.01 0.002 0.002 – – – 0.09 –
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3 Results and Discussion

3.1 The Matching of Laser and Arc Power

In order to study the optimal matching between the laser and arc power, the laser
hybrid welding of butt joints with a thickness of 8.0 mm has been carrying out. The
changes in weld penetration have been comparing with the single laser welding and
arc welding. The parameters of laser hybrid welding condition have been used is
within the ranges that shown in Table 2, the details of welding parameters is shown
in Table 3.

The appearance morphology and cross-sectional shape of laser hybrid welding
of butt joint is shown in Fig. 3. The contrast of joint’s cross-sectional shape
between the laser hybrid welding and single source welding is shown in Fig. 4.

According to Figs. 3 and 4, under the optimization parameters, the joint of
laser-arc hybrid welding has a smooth surface and a deep penetration. The
cross-sectional of the laser-arc hybrid welding joint can be divided into two parts,
the upper half has a shape of bowl as same as the characteristics of arc welding, the

Table 2 Parameters of laser hybrid welding condition

Df (mm) aL (°) DA (mm) αA (°) DL−A (mm)

−2 to +2 0–5 15–20 45–75 2–6

Table 3 Welding procedures

No. Laser power
P (kW)

Wire feed speed
VF (m/min)

Welding speed
VW (m/min)

Sheet
thickness
(mm)

Gap
(mm)

1 0 4 0.4 8 0

2 4.5 0 0.8 8 0

3 4.5 4 1.0 8 0

3

(a) (b)

Fig. 3 Weld appearance of laser hybrid welding of butt joint
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lower half has the shape of finger as same as the characteristics of laser welding. So,
the characteristics of laser-arc hybrid welding can be think a synthesis of laser
welding and arc welding. It is show that the good energy coupling of laser and arc
source has been getting in the laser-arc hybrid welding. Combines the advantages of
the laser and arc, the laser hybrid heat source can achieve the high-speed welding of
the thick plate with lower beveling requirements.

3.2 Laser Hybrid Welding of T-Joint

With the optimization parameters, two laser hybrid welding tests of T-joint were
carried out, the details of welding parameters are shown in Table 4, the inclination
degrees of hybrid welding head with respect to the normal surface of webs is
respectively 10° and 30°. The weld appearance morphology is shown in Figs. 5 and 7.

According to Table 4 and Fig. 5, when the inclination degrees of hybrid welding
head with respect to the normal surface of webs is 30°, the weld surface forming is
smooth and the cross-sectional of joint is the typical morphology of the laser-arc
hybrid welding, the weld penetration is greater than the carbon dioxide gas shielded
arc welding. As shown in Fig. 6, because of the shallow penetration of single arc
weld, the middle part of webs is difficult to form an effective connector even with
symmetrical weld on both sides. The lack of fusion defects in the webs equivalent to
a pre-penetration crack in the joint which have a great damage to the joint per-
formance. On the other hand, due to the deep penetration of laser welding, the not

1 2 3

(a) (b) (c)

Fig. 4 The contrast of joint’s cross-sectional shape. a Arc welding. b Laser welding. c Laser
hybrid welding

Table 4 Laser hybrid welding parameters for T-joint

No. Laser
power P
(kW)

Wire feed
speed VF

(m/min)

Welding
speed VW

(m/min)

Sheet
thickness
(mm)

Inclination
degrees of hybrid
head (°)

TH-1 4.5 4 0.8 8/14 30

TH-2 7.6 6 0.8 8/14 10
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connected part of laser-arc hybrid welding joint is greatly reduced which is bene-
ficial to the mechanical properties of joints. But, the weld penetration of laser-arc
hybrid welding has not been fully utilized because of the angle between the axis
weld and the normal surface of webs is about 30° which is depending on the
inclination degrees of hybrid welding head, so the webs of T-joint cannot achieve
full penetration.

In order to high-efficient utilization of the welding penetration for the connecting
of T-joint, the inclination degrees of hybrid welding head with respect to the normal
surface of webs is reduced from 30° to 10°. On the other hand, the laser power and
arc energy matched is also increased to ensure the full penetration of the web. When
the laser power is increased from 4.5 to 7.6 kW and the wire feed speed is increased
from 4.0 to 6.0 m/min, the full penetration of the web is achieved (see in Fig. 7).

Fig. 5 Macroscopic morphology of laser hybrid welding T-joints (TH-1)

Fig. 6 The contrast of cross-section morphology. a Carbon dioxide gas shielded arc welding.
b Laser/arc hybrid welding
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According to Fig. 7, both sides of the weld surface is smooth which means the
connection of T-joint can be achieved from one side by use of laser hybrid welding
rather than from two side by use of arc welding. On the other hand, due to the high
penetration of laser, the large groove which is need in the arc welding can be
avoided or can be replaced by a small groove. The decrease of bevel area means the
decrease of weld filler metal and the energy savings. By use laser-arc hybrid
welding instead of arc welding, the single face welding-double face forming of
T-joint can be achieved, with which the inside welding of box girder structure can
be reduced or even completely avoid.

3.3 Microstructure

The microstructure of the heat affected zone (HAZ) for the arc welding joint and
laser hybrid welding joint is respectively shown in Fig. 8a, b. The microstructure of
the HAZ is mainly uniform distribution of ferrite side-plate and acicular ferrite. As

Fig. 7 Macroscopic morphology of laser hybrid welding T-joints (TH-2)
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shown in Fig. 8, the geometric dimensions and percentage of ferrite side-plate in the
HAZ of laser hybrid welding joint (see Fig. 8b) is lessen than the arc welding joint
(see Fig. 8a). On the contrary, the percentage of acicular ferrite in the HAZ of laser
hybrid welding joint is greater than the arc welding joint. So the mechanical
properties of laser hybrid welding joint is higher than the arc welding joint because
of the good mechanical properties of acicular ferrite.

As shown in Fig. 9a, the microstructure of weld zone for arc welding joint is
mainly ferrite side-plate and a small amount of acicular ferrite, so it can be

Fig. 8 Microstructure of heat-affected zone for a arc welding and b laser hybrid welding

Fig. 9 Microstructure of weld zone for a arc welding and b laser hybrid welding
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considered ferrite side-plate-based. On the contrary, in the weld zone of laser hybrid
welding joint (see Fig. 9b), the microstructure can be regard as acicular
ferrite-based. The microstructure of acicular ferrite-based can resulting in greatly
improved to the mechanical properties of joints, especially the impact toughness of
joints. That is mean the quality of joint which is get by use of laser hybrid welding
can be better than the joint which is get by use of traditional arc welding because of
the high welding speed and low heat input of laser hybrid welding.

4 Conclusion

According to the laser hybrid welding of low alloy steel A709-50-2 with T-joint,
following conclusions can be obtained.

1. Due to the deep penetration of laser hybrid welding, the single face
welding-double face forming for a T-joint with 8 mm thick in the webs have
been achieved, with which the inside welding of box girder structure can be
reduced or even completely avoid.

2. The microstructure of laser arc hybrid low alloy steel A709-50-2 is mainly fine
acicular ferrite and ferrite side-plate, the fine acicular ferrite can resulting in a
good mechanical properties, especially the excellent impact toughness.

References

1. Olsen FO (ed) (2009) Hybrid laser-arc welding. Elsevier, Amsterdam
2. Bagger C, Olsen FO (2005) Review of laser hybrid welding. J Laser Appl 17(1):2–14
3. Kutsuna M, Chen L (2003) Interaction of both plasmas in CO2 Laser-MAG hybrid welding of

carbon steel. In: LAMP 2002: international congress on laser advanced materials processing.
International Society for Optics and Photonics, pp 341–346

4. Kristensen K (2001) Laser welding in shipbuilding—a challenge to research and development
for more than a decade. In: 7th international Aachen welding conference

5. Roepke C, Liu S, Kelly S et al (2010) Hybrid laser arc welding process evaluation on DH36 and
EH36 steel. Welding J 89(7):140–149

6. Roland F, Manzon L, Kujala P et al (2004) Advanced joining techniques in European
shipbuilding. J Ship Prod 20(3):200–210

7. Cao X, Wanjara P, Huang J et al (2011) Hybrid fiber laser—arc welding of thick section high
strength low alloy steel. Mater Des 32(6):3399–3413

8. Webster S, Kristensen JK, Petring D (2008) Joining of thick section steels using hybrid laser
welding. Ironmaking Steelmaking 35(7):496–504

Research of Laser Hybrid Welding for T-Joint in the Box Girder 117



Development of Laser Processing Robot
Integrated System Solution (LAPRISS)
for Remote Laser Welding

Jing-Bo Wang, Tatsuyuki Nakagawa, Yasushi Mukai,
Hitoshi Nishimura, Makoto Ryudo and Atsuhiro Kawamoto

Abstract A newly developed laser processing robot integrated system solution
(LAPRISS) is reported. LAPRISS is comprised of a next generation of high bril-
liance direct diode laser (DDL), a novel laser scanning head directly mounted on
robot manipulator and a light load robot. The motion of robot manipulator, laser
oscillation including its output power and irradiated laser pattern on work piece are
fully controlled by the robot controller. The optics in the laser scanning head is
specially designed to form any shapes of irradiated laser pattern on work piece, for
example a circle, a spiral, a C-shape, a line or etc. With a circle or a line shape of
weld bead, LAPRISS could replace conventional resistance spot welding (RSW) or
arc welding (AW) both of which are widely used in automotive manufacturing
industry. A laser welding (LW) navigation function is built in LAPRISS for helping
operators select welding conditions automatically, which makes LAPRISS more
competitive as a next generation of remote laser welding (RLW) system.

1 Introduction

Due to the emergence of high power, high beam quality and high efficiency solid
state lasers (SSLs) like fiber laser (FBL) and thin disk laser (TDL) about ten years
ago [1, 2], laser welding (LW) becomes more and more popular in manufacturing
industries such as automotive, shipbuilding, heavy industry and etc. The excellent
beam quality of these state-of-the-art SSLs makes them more attractive from the
view point of both application and optics design. During welding, laser with a high
beam quality could be focused to a smaller spot on work piece, which makes a
welding more efficient because of its high coupling rate by a narrow and deep
keyhole [3]. For designing optics, it is possible to deliver a high beam quality laser
with a small core diameter of optical fiber and, to select a small collimating or
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focusing optics, or to use a long focal length optics with a same size of optics [4, 5].
Eventually, a laser head becomes more accessible to a welding point even in a small
space like the case of car assembly and, the optics in the laser head becomes more
difficult to be contaminated by fumes or spatters. By using a long focal length laser
head, it is also possible to undergo remote laser welding (RLW) whose focal length
is generally said to be above 300 mm [6].

RLW was introduced by combining a long focal length with a laser spot
refection on work piece with mirrors, generally called scanner, from 1990s [7]. In a
typical scanner, the laser beam is scanned with a pair of fast moving galvano-mirror
to form any shapes of pattern on work piece [6, 8, 9]. During welding period,
traveling speed of laser spot is characterized by welding phenomena itself and
nearly the same as a conventional LW. But during moving period from one welding
point to another, laser spot can move very fast. Up to now, work distance of this
type of RLW is approximately 500–1000 mm for a SSL system and about 1500 mm
for a CO2 laser system [9, 10]. For increasing the usage and flexibility of scanner a
robot based RLW system was introduced by using SSLs which could be delivered
with an optical fiber [6]. A more complex but efficient RLW, welding on-the-fly is
in progress [6, 11]. In all of these cases, weight of the scanner is generally over
30 kg [9], which makes it necessary to use a heavy load robot.

A little later after the appearance of FBL or TDL, kilowatts class of direct diode
laser (DDL) becomes available in commercial base whose beam quality is even
competitive to FBL or TDL and, whose powers are increasing with the progress of
development and production technology [12, 13]. Before the emergence of this
DDL, concepts for scaling diode laser (DL) beams by polarization or wavelength
combining technologies had been proposed [14, 15]. Up to now, lasers designed
with these ideas have been available in commercial base [16]. But their application
to industry is being mainly limited to surface treatment [15, 17], and sometimes for
welding thin sheet materials [18]. This is because their beam quality is even poorer
than conventional Nd:YAG laser, which makes it difficult to become a competitor
to other existing SSLs [15]. Recently, conventional DL is at first time reported to be
applicable to RLW [16]. Even though this, its beam quality is nearly equal to Nd:
YAG laser and still poorer than FBL, TDL or DDL. Comparing with conventional
DL, high beam quality DDL is mainly contributed to a novel laser beam combining
method called wavelength beam combining (WBC) by which there are no degra-
dation of beam quality when scaling lase power [12, 13]. It is this WBC technology
that makes it possible for DDL to be used in high speed RLW [19].

In this paper, concerning with the above mentioned issue of conventional RLW,
the authors report a newly developed laser processing robot integrated system
solution (LAPRISS). LAPRISS is a wholly robot based RLW system in which both
the laser oscillation including its output power and irradiated laser pattern on work
piece are fully controlled by robot.
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2 Outline of LAPRISS

The outline of LAPRISS is shown in Fig. 1. It is comprised of a high brilliance
DDL, a novel laser scanning head mounted directly on robot manipulator and a
light load robot. The robot motion, laser oscillation including its output power and
irradiated laser pattern on work piece are all controlled by robot controller.

2.1 Laser Source, DDL

A 4 kW DDL is used in LAPRISS. As a next generation of high power laser for LW
or cutting, DDL has a high beam quality even competitive to FBL or TDL and higher
wall-plug efficiency than FBL or TDL which were all achieved by a newly devel-
oped WBC technology [12, 13]. The schematic of WBC is shown in Fig. 2. The
elements of WBC are a diode bar array, a transform lens, a diffraction grating and an
output coupler. The resonator cavity is comprised of a reflector on the back facet of
the diode bar arrays and an output coupler. Transform lens collimates the laser beams
from each diode bars and focuses the diffracted laser beams from diffraction grating
onto output coupler. These 4 elements construct an external resonator cavity partially
out of the diode bar array. The resonation wavelength is characterized by the dif-
fraction grating and focal length of the transform lens. Because all of the laser beams
from diode bar array are diffracted to a same direction according to Bragg’s dif-
fraction condition [20], laser beams can be scaled without degrading their beam
qualities which is different from other conventional DL.

Fig. 1 Outline of LAPRISS (components and connection)
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2.2 Laser Scanning Head

The laser scanning head is specially designed to irradiate laser beam on work piece
to form any shapes of pattern. The schematic of laser scanning head and irradiated
laser pattern are shown in Fig. 3. In Fig. 3a, a fiber connector is supported with a
QBH type one. A specially designed optics is driven by two AC servo motors
which are all controlled by robot controller. In Fig. 3b, all of these irradiated laser
patterns could be programmed from a teaching pendant as shown in Fig. 3c. A lens
unit is water-cooled one so that it could be used with a heavy duty cycle. A cover
glass unit and an air-knife nozzle using pressure air are both mounted near the outlet
of laser beam for preventing the optics from contamination. The cover glass unit is
changeable without any special tools.

2.3 Laser Welding Robot

In conventional RLW, a laser head generally weighs over 30 kg [9]. It is necessary
to carry it with a heavy load robot manipulator. Concerning with the control of laser
source and RLW head, the situation is more complicated. In most commercial RLW
robot system, not only are the robot, laser source and LW head made by different
manufacturers, but also are the interfaces different. It is difficult for users to con-
struct a system by themselves without the knowledge of interfaces. In many case,
this is done by a system integrator.

In LAPRISS, the robot, laser source and laser scanning head are all made by
Panasonic. The laser scanning head is designed less than 5 kg. It is possible to carry
it with a light load robot manipulator. As Panasonic robot, a load capacity of 6 kg

Fig. 2 Schematic of WBC
technology [12]
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one called TM-1400 could be used in this system. During welding in production
line, many troubles concerning with electrical cable, cooling water or air hoses may
occur. In LAPRISS, all the electrical cable, cooling water or air hoses are built in
robot arm. The robot controller designed for LAPRISS is based on AW robot
system, TAWERS from Panasonic. Users could operate it easily like running an
AW robot. The laser resonation including its output power and irradiated laser
pattern on work piece are fully controlled by the robot controller. The irradiated
laser pattern could be programmed to form any shapes like a circle, a spiral, a
C-shape, a line or etc. as shown in Fig. 3c.

A LW navigation function is supported in LAPRISS. Its schematic is shown in
Fig. 4. This function could be selected from a teaching pendant and easily operated

Fig. 3 Laser scanning head, typical irradiated patterns. a Image of laser scanning head. b Several
typical patterns formed on work piece. c Programming a irradiated pattern from teaching pendant
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as running an AW robot. By this function, operators could input a plate thickness
and a joint shape to obtain welding conditions like laser power, welding speed, etc.

2.4 Comparison with Conventional RLW Scanner

In conventional RLW scanner [6] as shown in Fig. 5 and mentioned above, a laser
beam is reflected by a pair of galvano-mirrors very quickly not only during welding
period but also during moving period from one welding point to another.
In LAPRISS, the scanning speed during welding period is characterized by LW
phenomena itself and is the same as conventional RLW scanner. But the traveling
speed between two welding points is determined by the maximum traveling speed

Fig. 4 Image of LW
navigation function

Fig. 5 Schematic of a
conventional RML
scanner [6]
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of a robot and is generally slower than the one in conventional RLW scanner. From
the view point of reducing cycle time, conventional RLW scanner is superior to
LAPRISS. On the other hand, from the view point of equipment and running costs,
LAPRISS is superior to conventional RLW scanner. This is because both the
galvano-mirrors and expensive cover glass are not necessary in LAPRISS.

3 Experiment Results and Discussions

As shown in Fig. 3, any shapes of irradiated laser pattern on work piece can be
obtained by controlling laser scanning head from robot controller. It is easily to
consider that with a circle or line shape of welding bead, LAPRISS could replace
conventional RSW or arc welding (AW) both of which are widely used in auto-
motive manufacturing industry. Replacing RSW with LW has been applied to
automotive manufacturing industry, for example to the roof welding from about
2000 years [21]. Among the many merits of RLW, how LAPRISS could reduce
cycle time is discussed by comparing with conventional RSW.

On the other hand, in LW without filler addition the most difficult thing is how to
increase its gap tolerance especially when using a high beam quality laser because
of its small laser spot. This becomes more important in a production line, for
example in automotive manufacturing industry. How LAPRISS could increase gap
tolerance is discussed by comparing with conventional LW.

3.1 Decreasing Cycle Time

Cycle times by RSW and LAPRISS were evaluated with a mild steel of 0.8 mm in
thickness. The nugget diameters of RSW and circle diameter in LAPRISS are both
set to 4 mm. Welding times of each action in both processes were measured and
shown in Table 1. The average times for one welding are 2.85 and 0.675 s
respectively in RSW and LARPISS. The cycle time by LAPRISS is only 1/4 of
RWS. Supposing the total number of welding spots in one car body is 3500–7000,
the total welding time could be saved from 10,000–20,000 s to 2400–4800 s.

The tensile shearing strengths of a lap spot joint by RSW and LAPRISS with
mild steel of 0.8 mm in thickness were evaluated. The results are shown in Fig. 6.
Both in RSW and LPARISS, the joints fractured in base metal near the heat affected
zone (HAZ). There are no difference in tensile shearing strength between RSW and
LAPRISS.

In conventional RSW the distance between two spots is mainly determined by a
so-called a shunt effect from pre-welded spot [22]. In LAPRISS there are no any
limits, which is very important in automotive manufacturing industry. By replacing
RSW with LAPRISS it is possible to increase the total number of welding spots so
that the stiffness of a car body can be increased.
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Table 1 Cycle times of conventional RSW and LAPRISS

(a) Conventional RSW

Resistance spot welding material: mild steel/t 0.8 mm (lap joint)
Nugget diameter: 4 mm

Action Time (s)

Robot moving 1.00

Gun moving 0.50

Pressurizing and holding 0.20

Welding current ON 0.15

Pressure holding (cooling) 0.50

Gun moving 0.50

Total 2.85

(b) LW by LAPRISS

Laser welding material: mild steel/t 0.8 mm (lap joint)
Circle diameter: 4 mm

Action Time (s)

Robot moving 0.425

Laser irradiation 0.25

Total 0.675

Fig. 6 Tensile shearing test results of lap spot joint by RSW and LAPRISS
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3.2 Increasing Gap Tolerance

When applying LW to automotive manufacturing industry, many thin sheet work
pieces are produced by shearing or press. Especially in the case of parts made from
high strength steel, how to maintain a gap between two work pieces as small as
possible becomes important because the spring back in high strength steel is gen-
erally larger than in mild steels [23]. This is because that even though a LW can
easily be done from one side of a work piece, the work pieces could not be clamped
like an electrode gun in conventional RSW.

Concerning with the above mentioned issue of gap tolerance, LAPRISS has
prepared two standard scanning functions to increase gap tolerance.

3.2.1 Increasing Gap Tolerance by a Spiral Scanning

Spiral scanning welding is a method that laser is irradiated on work piece from one
point and then scanned to draw a circle but the circle diameter increases gradually.
During the spiral scanning, robot itself stops at one welding point. The optics in
laser scanning head is controlled by robot to run the scanning. After finishing one
welding, the robot moves to another welding point. The welding results with
a circle scanning and a spiral scanning both by LAPRISS are shown in Fig. 7.
The pre-gaps are all set to 0.5 mm. In the case with a circle scanning, burn-through
occurred because of the shortage of molten metal. The maximum gap tolerance by a
circle scanning was only 0.3 mm. On the other hand, in the case of spiral scanning
even though the pre-set gap was 0.5 mm a sound bead was obtained. The maximum
gap tolerance by a spiral scanning was 0.5 mm.

The spiral scanning welding is mainly used to replace RSW. By replacing RSW
with a spiral scanning welding the cycle time can be reduced to 1/4.

3.2.2 Increasing Gap Tolerance by a Spin Scanning

Spin scanning welding is a method that laser is irradiated on work piece and
scanned to draw a circle with a same diameter during robot motion. The irradiated
laser track on work piece is like a projection of spring on a plane. The molten pool
size is determined by the scanning circle diameter. By changing this scanning circle
diameter, many weld beads with different bead widths (molten pool size) can be
obtained. The effect of spin scanning welding was evaluated in a butt joint with
mild steel of 0.8 mm in thickness by comparing with conventional LW. The laser
spot on work piece was set to the contact surface of two plates, or with an offset of
0.2 mm perpendicular to the welding direction. The pre-gaps were all set to 0 or
0.2 mm. The welding conditions are shown in Table 2. When a pre-gap = 0 mm, the
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permitted offset was only 0.2 mm by the conventional LW, but increased up to
0.5 mm by the spin scanning welding. When a pre-gap = 0.2 mm, the permitted
offsets was 0.45 mm by the spin scanning welding which is 9 times of the con-
ventional LW of 0.05 mm. The bead appearances at the conditions of
pre-gap = 0.2 mm, offset = 0.4 mm are shown in Fig. 8.

The spin scanning welding is mainly used to replace conventional AW. By
replacing AW with a spin scanning welding the welding speed can be increased up
to 2–3 times.

Table 2 Welding conditions used in spin scanning test

Conventional laser welding Spin scanning welding

Plate thickness (mm) 0.8 0.8

Pre-gap (mm) 0 and 0.2 0 and 0.2

Welding speed (m/min) 2.0 2.0

Laser power (kW) 1.25 1.25

Circle diameter (mm) – 0.5

Fig. 7 Joints by conventional circular LW and spiral scanning welding
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4 Summary

A newly developed laser processing robot integrated system solution, LAPRISS
was reported. The outline of LAPRISS and the evaluated welding results are
summarized as followings.

1. LAPRISS is comprised of a next generation of brilliant direct diode laser
(DDL) whose beam quality is even competitive to the existing state-of-the-art
solid state lasers (SSLs) like fiber laser (FBL) and thin disk laser (TDL), a novel
laser scanning head mounted directly on a robot manipulator and a robot. The
laser source, laser scanning head and robot are all manufactured by Panasonic
itself, and their control is fully conducted by robot controller. This makes it
possible for users to connect them easily without taking care of any interfaces.

2. In LAPRISS, it is possible to form any shapes of irradiated laser pattern on work
piece like a circle, a spiral, a C-shape, a line or etc. by controlling the specially
designed optics in laser scanning head. With a circle or a line shape of welding
bead, LAPRISS could replace conventional resistance spot welding (RSW) or
arc welding (AW). By replacing RSW with a spiral scanning welding the cycle

Fig. 8 Joints by conventional LW and spin scanning
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time can be reduced to 1/4, and by replacing AW with a spin scanning welding
the welding speed can be increased up to 2–3 times.

3. In LAPRISS, a laser welding (LW) navigation function is supported. By this
function, the operator is only needed to input a plate thickness and a joint shape
so that he or she could obtain a series of proposed welding conditions like laser
power, welding speed or etc. This function could be selected and operated easily
from a teaching pendant just like running an AW robot.
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On the Mechanism and Detection
of Porosity During Pulsed TIG Welding
of Aluminum Alloys

Yiming Huang, Zhifeng Zhang, Na Lv and Shanben Chen

Abstract Porosity is the remarkable barrier to realize the high efficient automatic
welding of aluminum alloy. The paper provides new insights into the nucleation
mechanism of porosity formation during pulsed TIG welding of aluminum alloys.
Firstly, the model of bubble’s nucleation based on inclusions is proposed. The
calculated pore minimum radius shows large sensitivity to pulse duty cycle as well
as welding current. Then a novel method based on spectral analysis to detect
porosity is developed. The relationships among the extracted signals and porosity
defection are discussed, and the results show that Ar and HI spectral lines can be
used as an aid to determine the most likely position of the porosity.

1 Introduction

Aluminum alloy is widely used to make low density and high strength structures in
aerospace, military-industrial sectors due to its high comprehensive mechanical
properties and good conductive heat conduction [1, 2]. These structures are of great
significance, which require higher welding quality. But as a result of big thermal
expansion coefficient, strong oxidizing, easy to inhale, a weld is inclined to
deformation, crack, oxidation as well as porosity. And porosity is most likely to
occur among those common defections in aluminum alloy welding process [3, 4],
the morphology and distribution of which is one of the important factors that affect
the material performance and microstructure.

Porosity widely exists in all kinds of welding methods, including MIG welding,
laser welding, TIG welding and so on. Therefore, in the past several decades the
study of porosity has been the hot spot in welding researches.
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Haboudou et al. [5] studied the influence of mechanical surface preparation as
well as dual spot on porosity formation during Nd:YAG laser welding of A356 and
AA5083 aluminum alloys. It is recognized that cleanliness of base metal is extre-
mely important for reaching aluminum sound welds. Matsunawa et al. [6] found the
type of shielding gas employed in high power CW CO2 laser welding causes large
differences in penetration and the formation of porosity defects. That is to say, the
penetration depth of base metal is the deepest and a number of characteristic pores
are formed with an inert shielding gas. Morais [7] evaluated the influence of dif-
ferent GMAW metal transfer modes on porosity generation in an AA5052 alloy
using the gravimetric method. He concluded that pulsed GMAW leads to lesser
porosity than welds carried out with the standard transfer modes. Da Silva and
Scotti [8] proposed that the double pulsed GMAW technique does not increase the
porosity susceptibility in aluminum welding in spite of having theoretically higher
potential for porosity generation.

As to the detection of porosity, the main methods are acoustic emission testing
and radiographic inspection. Aboali et al. [9] and Tao et al. [10] respectively
determined several kinds of weld defections, including lack of penetration, porosity
and slag, by using acoustic emission testing technology. The results show that the
distribution range of AE parameter value caused by porosity is bigger, but the
amount of AE signals caused by welding porosity and other defects is roughly in
the same order of magnitude. Sun et al. [11] and Valavanis and Kosmopoulos [12]
respectively presented a method based on real-time X-ray image for detecting and
discriminating discontinuities that may correspond to false alarms or defects such as
porosity, linear slag inclusion, gas pores, lack of fusion or crack. However, the
detection methods mentioned above both have some limitations. The result of
ultrasonic testing is often judged by experience; X-ray inspection has a higher
requirement to equipment. So it urgently needs a new NDT technology which can
quickly inspect inside porosity defection.

The key to reduce porosity lies in understanding the mechanism of the porosity
formation and how the welding parameters affect the forming of porosity quanti-
tatively. However, the researches on the mechanism are relatively few. Seto et al.
[13] explored the influence of keyhole and pulse on porosity formation, but the
reason is expounded.

The objective of this work is to explore the mechanism of porosity initial for-
mation during pulsed TIG welding of aluminum alloys and to discuss the rela-
tionship between porosity and spectrum signals.

2 Porosity Formation Mechanism

As the initial stage of solidification of welding pool, bubble nucleation determines
the distribution and size of pores, especially the minimum size of porosity.
Therefore, factors influencing on porosity can be found by studying the bubble
nucleation.
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2.1 Nucleation Model

Liquid metal solidification of welding molten pool is similar to casting solidifica-
tion process. But it has some unique characteristics, which consist of small size, fast
cooling speed, solidifying with the moving heat source. Solidification of welding
molten pool starts from the boundary to weld center in columnar crystal form. In
view of the fact that cooling speed of aluminum alloy is very fast, non-equilibrium
crystallizing process happens. Hydrogen precipitated during the welding process is
not likely to be diffused evenly to the molten pool but to attach to high melting
point inclusions. In the molten pool bubble heterogeneous nucleation is facilitated
by inclusions, such as Al2O3 high melting point oxide, which reduced resistance of
bubble nucleation because of its not wetting or partially wetting.

It is assumed that nucleation is conducted on the plane surface of inclusions,
schematic diagram shown in Fig. 1.

2.2 Theoretical Calculations

Bubble is presumed to be spherical with radius R. The Gibbs free energy DG of
whole system is composed of two parts, including the reduction of volume free
energy �4pR3DGv=3 and the increment of interfacial free energy 4pR2rLG

(Fig. 2). DGv is described to be the work by draining away per unit volume of liquid
metal. Therefore, formula (1) is obtained:

DG ¼ 4pR2rLG � 4
3
pR3Pb ð1Þ

According to Henry’s law, the gas-liquid interface keeps thermal dynamic
equilibrium. When in balance state, in consideration of capillary pressure and arc
force, relationship between internal pressure and external pressure of bubble can be
gotten as formula (2):

the direction of welding TIG torch

base metal

liquid metal

bead bubble

Fig. 1 Schematic of
nucleation based on the plane
surface of inclusions
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Pb ¼ Pat þ Ps þ PC þ Par ð2Þ

The static pressure of the bubble from the melt:

Ps ¼ qal � g � h ð3Þ

qal is 2400 kg=m
3, g is 9.8 N/kg, h is considered to be constant (3 mm) in contrast

to the height of base metal (5 mm).
As it’s known that capillary pressure is caused by surface tension, so

PCdV ¼ rLGdS

PC ¼ 2rLG

R

ð4Þ

Par is caused by arc force, which consists of electromagnetic force, plasma flow
force and gas evaporation force. However, the last force is usually neglected
because it is far smaller than the first two forces. Therefore, it is expressed as
formula (5).

Par ¼ Fe þ Fp
S

ð5Þ

It is presumed that the projection on the pool is approximate to a circle with
radius Rb, Ra is regarded as the radius of tungsten electrode.

S ¼ pR2
b ð6Þ

The arc shape is simplified to circular truncated cone, as shown in Fig. 3. And
the assumption is made that current I goes evenly through each section of the arc.
Therefore, magnetic induction intensity is B

B ¼ l0H ¼ l0i
2pri

ð7Þ

i is the current going through the circle with radius ri.

Fig. 2 Relationship between bubble radius and DG
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The component of electromagnetic force per unit length dl in the direction from
tungsten electrode to the molten pool is df?, with the following expression:

df? ¼ sinu � df ¼ dr
dl

� B � di � dl ¼ l0ididri
2pri

ð8Þ

The integration of df? in radial direction:

dF ¼
ZRb

Ra

df? ¼ l0idi
2p

ln
Rb

Ra
ð9Þ

Then Fe is obtained by integrating dF:

Fe ¼
Z I

0

dF ¼ l0I
2

4p
ln
Rb

Ra
ð10Þ

For TIG welding, when arc length is more than 2 mm, radial distribution of
plasma flow force is in concordance with the hyperbolical curve. That is to say:

fp ¼ Fmaxexpð�a rj jÞ ð11Þ

dl

Rb

Ra

df

dr

ϕ

Fig. 3 Schematic diagram of
simplified arc shape
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Fmax is arc force in central axis, proportional to the square of the current; a is
concentration factor of the distribution curve as well as constant; r is the radial
coordinate value

Fp ¼
Z2p
0

ZRb

0

1
2r

fpdrdh ¼ pa2Fmax

2R2
b

ZRb

0

r3e�ardr
1� e�arð1þ arÞ ð12Þ

Fmax ¼ eI2 ð13Þ

e is proportionality coefficient as well as constant.
Alternating current pulse TIG welding process is chosen in the experiment, Tp

and Tb are period of peak value and base value current respectively.

I ¼ Ipn Tp þ Tb
� �� t� n Tp þ Tb

� �þ Tp

Ibn Tp þ Tb
� �þ Tp � t� nþ 1ð Þ Tp þ Tb

� �
(

ð14Þ

From the classical solidification nucleation theory, it’s known that the maximum
of ΔG corresponds to the critical embryo.

DðDGÞ
dR

¼ 8pRrLG � 4pR2Pb � 4
3
pR3 dPb

dR
¼ 0jR¼Rc

ð15Þ

By solving the above equation set, the critical radius of bubble is obtained as
following expression:

Ro ¼ 2rLG

3ðPat þ qalghþ ParÞ

When current is equal to base value Ib, Rb ¼ 1:5Ra

Par ¼ Fe þ Fp
S

¼ 1
pR2

b

l0I
2
b

4p
ln
Rb

Ra
þ pεa2I2b

2R2
b

ZRb

0

r3e�ardr
1� e�arð1þ arÞ

2
4

3
5

When current is equal to peak value Ip, Rb ¼ 3Ra

Par ¼ Fe þ Fp
S

¼ 1
pR2

b

l0I
2
p

4p
ln
Rb

Ra
þ pεa2I2p

2R2
b

ZRb

0

r3e�ardr
1� e�arð1þ arÞ

2
4

3
5
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3 Results and Discussions

3.1 Experimental System

The diagram of the experimental system is shown in Fig. 4, which consists of two
subsystems. The welding subsystem is worked with an OTC INVERTER ELESON
500P-type TIG welding power, a fixed water-cooled gas tungsten arc (GTA) torch.
The data collection subsystem can obtain image, sound and spectrum information.
The latter is studied in our research and acquired by a 3648 linear CCD spec-
trometer HR4000 UV-NIR, with spectral resolution of 0.02 nm (FWHM). Table 1
shows the chemical compositions (wt%) of 5A06 aluminum alloy and ER5183
welding wire.

Fig. 4 Schematic diagram of the experiment system

Table 1 Chemical compositions of 5A06 Al alloy

Element Mg Mn Fe Si Zn Cu Al

5A06 5.8–6.8 0.5–0.8 ≤0.4 ≤0.4 ≤0.2 ≤0.1 Bal.

ER5183 4.3–5.2 0.5–1.0 0.4 0.4 0.25 0.1 Bal.
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A commercial 5A06 sheet was sheared into sample sizes of 260 × 50 × 4 mm3.
99.999 % pure argon gas with a flow rate of 12 L/min was selected as the shielding
gas. In order to remove oxide film on the surface of the aluminum alloy, reduce the
loss of tungsten electrode, control energy, experiments of 5A06 aluminum alloy are
done by AC pulse TIG welding method. Through the test, the welding parameter is
gotten shown in Table 2.

Table 2 Normal welding parameters

Pulse
frequency
(Hz)

Peak
current
(A)

Base
current
(A)

Welding
speed
(mm/s)

Electrode
diameter
(mm)

Ar flow
(L/min)

Pulse
duty ratio
(%)

1 170 50 3 3.2 12 50
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Fig. 5 a Welding seam, b intensity of HI 656.28 nm, c intensity of Ar I 675.41 nm, d ratio of
HI 656.28 nm and Ar I 675.41 nm
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3.2 Detection of Porosity Based on Spectral Analysis

Under normal atmospheric pressure, hydrogen partial pressure of arc atmosphere is
determined by hydrogen content of arc atmosphere. Hydrogen of arc atmosphere
generates radiation spectrum under the effect of electric arc heat, and the content of
hydrogen is positively related to the intensity of the spectrum. Given that hydrogen
of arc atmosphere is in dynamic equilibrium with hydrogen in the molten pool, the
detection of porosity can be achieved by the measurement of hydrogen spectral
intensity.

To obtain apparent porosity defection, artificial boreholes are made and
hydrocarbons are added in Fig. 5a. The spectral signals of HI 656.28 nm and Ar I
675.41 nm are collected by spectrometer, shown in Fig. 5b, c. It’s obvious that the
intensity of spectrum line becomes greater and greater through the welding process.
And the intensity of HI 656.28 nm has a steep rise in the position where defection
happens, while Ar I 675.41 nm is completely on the contrary to HI 656.28 nm. To
eliminate the effect of welding heat input on the intensity of H spectrum line and
avoid wrong judgment, the ratio of intensity of HI 656.28 nm and Ar I 675.41 nm is
used to determine the defection.

Fig. 6 a The upper of section 1, b the bottom of section 1, c the left side of section 2, d the right
side of section 2
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3.3 Observation of Internal Surfaces of Porosity

Transaction is selected along the vertical welding direction of specimen from the
welding defection B (shown in Fig. 5a) every 2 mm. Microstructure and mor-
phology are investigated by means of the optical microscopy, shown in Fig. 6. The
upper of section 1 exists several porosity defections, one of which is bigger because
of the combination of multiple holes. There is crack defection in the bottom of the
welding seam. And pores distribute intensively in the both left and right sides of the
root in section 2.

4 Conclusions

The principal conclusions obtained from this study may be summarized as follows:

1. New insights into the nucleation mechanism of porosity formation during pulsed
TIG welding of aluminum alloys are proposed. As parameters are constant or in
accordance with specific welding conditions, the relationship between critical
radius and current is acquired by theoretical deduction. The critical radius can be
regarded as the minimum radius of porosity, which shows large sensitivity to
pulse duty cycle as well as welding current.

2. The content of hydrogen in the arc atmosphere can be monitored by H spectrum
line. To eliminate the effect of welding heat input on the intensity of H spectrum
line and avoid wrong judgment, the ratio of intensity of HI 656.28 nm and Ar I
675.41 nm is used to determine the content of hydrogen. It indicates serious
porosity defection when the ratio is greater than 1.
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Design of a Scalable Wall Climbing Robot
for Inter-plane Traversing

Yuan Chang and Xiaoqi Chen

Abstract This paper describes a new concept of scalable wall-climbing robot
which integrates wheeled locomotion and Vacuum adhesion mechanism. The robot
consists of two modules connected by an active joint. The joint is equipped with a
motor, which can drive the joint to the desired direction. The robot also adopts a
balance tail to avoid rolling over. These mechanisms enable the robot to make
transition between walls. The mechanical analysis and kinematic calculation based
on the proposed concept are presented. The robotic device will have a wide range of
industrial applications, such as inspection in narrow duct, bridge, and storage tank.

1 Introduction

Wall-climbing robots, which have been developed in the last few decades, are
mainly employed for the tasks which are hazardous and/or costly when performed
by humans due to the harsh environment. These tasks include remote maintenance
of large storage tanks [1], inspection of large concrete structures such as bridge
pylons, cooling towers or dams [2] and inspection in narrow spaces [3, 4].

One essential element of wall-climbing robot is the adhesion mechanism, which
decides the adhesion capability of the device on the vertical wall or ceiling. The
adhesion mechanism of present wall-climbing robots can mainly be categorized into
magnetic adhesion [5, 6], Van Der Waals force adhesion [7], electrostatic adhesion
[8, 9] and vacuum adhesion [10]. An overall survey for adhesion mechanism is
provided in [9].

Vacuum adhesion is widely employed in the wall-climbing robot technology, as
it has advantages such as simple structure and the ability to adapt to various types of
surfaces. However, vacuum adhesion mechanism is limited in safety because the
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suction pads are usually stiff and may not attach well to a rough surface, thus
causing air leakage [7, 9]. In this study, the proposed climbing robot adopts a
vacuum adhesion mechanism as shown in Fig. 1 [7], which includes actuators,
spring mechanisms and suction pads, supported on a chassis. This adhesion
mechanism introduces a control system to re-prime pads when necessary by sensing
the level of air leakage for each pad.

Another crucial element of wall climbing robot is locomotion mechanism, as it
decides the motion capability. The current locomotion mechanisms of the
wall-climbing robot include tracked locomotion [6, 11], legged locomotion [10, 12]
and wheeled locomotion mechanism [2, 5].

Among these mechanisms, robots with wheeled locomotion are more flexible in
changing direction. In comparison with legged locomotion robot [10, 12], they do
not need to be designed with multi-degree-of-freedom and gaits controlling, which
results in a simple structure and control.

However, wall climbing robot technology has a challenge in making transition
between walls. Few studies have focused on wheeled locomotion robot which can
transit from one surface to another.

The object of this research is to address the problem of the current wheeled
locomotion robot in making transition, and develop a new robotic system that can
travel between two angled surfaces. A concept of wall-climbing robot, which
consists of several re-configurable modules, has been studied.

Fig. 1 The adhesion mechanism [7]
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The paper is organized as follows. Section 2 introduces the modeling and pre-
sents its motion planning. Section 3 analyzes the factors influencing the perfor-
mance of the device, and demonstrates the feasibility. Finally, the conclusion of this
study is made in Sect. 4.

2 Concept Design

2.1 Basic Mechanical Structure

Figure 2 shows the 3D CAD model of a scalable robot, which consists of two small
modules connected by a motor-driven active joint. Each module has one suction
pad for adhesion. The two compact modules will not only increase the flexibility,
but also reduce the weight of the device. As a result, the device will have wide
range of applications, such as narrow duct inspection and bridge maintenance.

The wheeled locomotion robot has three pairs of wheels, two of which (front
wheels and real wheels) are driven by two separated motors. The third pair of free
wheel is mounted on the middle active joint.

The robot adopts a balance tail, which is connected with the rear module by a
joint (Fig. 2). The joint utilizes a torsion spring which can prevent the robot from
rolling over.

Fig. 2 CAD model of scalar
robot

Design of a Scalable Wall Climbing Robot … 147



2.2 Typical Operation Scenarios

For inter-plane traversing, two typical operation scenarios are studied, as shown in
Fig. 3.

(a) Traversing an Inner Corner
When the device traverse an inner corner, the front wheels will climb up the
wall and the front suction pad will lose its adhesion to the wall. Meanwhile, the
motor of the middle joint drives the joint to rotate. During this process, the rear
module keeps moving ahead and the front module folds continuously around
the joint. The front module will lose its adhesion until it folds to the desired
angle (i.e. the angle of two climbing surfaces), and then the suction pad under it
adheres to the next surface. After this folding action, the motor of the middle
joint rotates in the opposite direction, thus allowing the front module to keep
moving ahead and the rear module rotate to touch the next surface. During this
rotation, the suction pad under the rear module loses its adhesion, and the whole
device will rely on the front module to adhere to the climbing surface.

(b) Traversing an External Corner
When the device traverse an external corner, the driving wheel on the rear
module pushes the device to move ahead; meanwhile the motor of the middle
joint will drive the front module to rotate and touch the next surface. After this
rotating process, the front module adheres to the next wall, and the front wheel
will drive the device moving ahead. Then the rear modules will lose its suction
force, and the middle joint will enable the device to rotate the rear module to
touch the next surface.

Fig. 3 a Traversing an inner
corner; b traversing an
external corner
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3 Mechanical Analysis and Calculation

3.1 Adhesion Mechanism

As shown in Fig. 1, the robot adopts a vacuum adhesion mechanism [7]. This
mechanism includes actuators, spring mechanisms and suction pads, supported on a
chassis. The actuators are capable of exerting forces on the suction pads towards the
climbing surface in order to force out the air between the pads and the climbing
surface. The spring mechanism provides a force on the pads in the direction
opposite to the climbing surface. As a result, the mechanism is able to supply a
vacuum adhesion between the suction pads and the climbing surface by forcing out
the air and then pulling the pads.

This adhesion mechanism introduces a control system to re-prime pads only
when necessary by sensing the level of air leakage for each pad. The control
system, using a servo and spring mechanism, is able to minimize the power
requirement for adhesion mechanism, thus enabling the device be actuated by a
battery. This control system also makes the adhesion mechanism more efficient and
reliable. This adhesion can maintain a required suction force on various types of
surfaces, such as steel, glass and concrete.

In this device, each module has one suction pad, and the front pad and rear pad
provide suction force F1 and F2, respectively. Figure 4 shows the scenario of the
robot transiting from ceiling to wall. When the rear pad begins to lose the suction
force, to make the device stay at the wall, it should have:

lF1 [M ðl\1Þ ð1Þ

where µ is the sliding friction coefficient between the wheel and the wall.

3.2 Motor Torque Analysis

A rubber wheel is considered. Its friction force of rolling on a surface is:

f ¼ dN ð2Þ

Fig. 4 Transition from
ceiling to wall
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where d is the coefficient of rolling friction of the wheel and wall, and N is the force
on the wheel and perpendicular to the contact surface.

When the robot climbs up the wall, it has the maximum resistance, as shown in
Fig. 5. The rolling friction is:

f ¼ d F1 þ F2ð Þ ð3Þ

To drive the robot with payload of M, the motors of the wheels need to provide
torque:

T1 þ T3 � r d F1 þ F2ð Þ þM½ � ð4Þ

where r is the wheel radius, and T1, T3 are the torque of front motor and rear motor,
respectively.

Before the front pad begins to lose the suction force at an extern corner, as
shown in Fig. 6, the rolling friction is:

f2 þ f3 ¼ d F1 þ F2ð Þ ð5Þ

To drive the robot, it requires

T3 � r ðf2 þ f3Þ þM½ �¼r d F1 þ F2ð Þ þM½ � ð6Þ

During the transition from floor to wall, when the front module adheres to the
front surface, as shown in the Fig. 7, we have:

f 02 þ ff ¼ dðN 0
2 þ Nf Þ ¼ d T3=r � ðf2 þ f3Þ þ F1½ � ð7Þ

Fig. 5 Climb up the wall
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To lift the rear module, the following condition should be satisfied:

T1=r � ðff þ f 02Þ �M � F2 [ 0 ð8Þ

By substituting Eq. (7) into Eq. (8), it can be obtained:

T1 [ r dðT3=r þ F1Þ � d2 M þ F2ð Þ� �
=ð1þ d2Þ þM þ F2

� � ð9Þ

3.3 Joint Analysis

As shown in Figs. 8 and 9, a motor mounted on the middle joint allows the joint to
rotate, enabling the front module to fold to the desired direction at corners. The
torque of the joint motor is a constant Tr, and the angular displacement θ are:

h ¼ at2=2 ð10Þ

Fig. 6 Climb up to an
external corner

Fig. 7 Rear module
transition from floor to wall
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a ¼ Tr=Ifro ð11Þ

where α is angular acceleration, Ifro is the moment of inertia of the front module. By
substituting Eq. (11) into Eq. (12), it can be obtained:

Tr ¼ 2Ifroh=t2 ð12Þ

As shown in Fig. 10a, β is the angle of the front module need to rotate when the
robot raises a distance of r; c is the radius of the suction pad; and b is the distance
from middle wheel to the front suction pad. It can be expressed as:

b ¼ sin�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ c2

p

b

 !
¼ h ð13Þ

If the speed of the robot is 0.1 m/s, then

Fig. 8 Section view of joint

Fig. 9 Parts of the joint
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t ¼ r=0:1 ð14Þ

Substitute (13) and (14) into (12), the torque of the joint motor is:

Tr � 0:02Ifro sin�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ c2

p

b

 !" #,
r2 ð15Þ

When the rotate speed of the motor is n, then

n ¼ b
t
60
2p

¼ 3sin�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ c2

p

b

 !,
prð Þ ð16Þ

The case of Fig. 10b is similar to the case of Fig. 10a.
Figure 11 illustrates the force analysis of the robot on an inner corner. The

friction force and the driving force of the motors Fm are:

Fig. 10 a Front pad loses suction force; b rear pad loses suction force
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f ¼ d M þ F1 þ F2ð Þ
Fm ¼ ðT1 þ T3Þ=r

ð17Þ

Then at point “a”, we have

Nf ¼ Fm � f ¼ ðT1 þ T3Þ=r � d M þ F1 þ F2ð Þ ð18Þ

ff ¼ dNf ¼ d T1 þ T3ð Þ=r � d M þ F1 þ F2ð Þ½ � ð19Þ

Then the motive force at point “a” is:

Fa ¼ T1=r � ff ¼ T1=r � d ðT1 þ T3Þ=r � d M þ F1 þ F2ð Þ½ � ð20Þ

When “c” is the pivot, the torque caused by Fa is:

Ta ¼ Fa d þ rð Þ ¼ d þ rð Þ T1=r � d T1 þ T3ð Þ=r � d M þ F1 þ F2ð Þ½ �f g ð21Þ

Assume the suction force and the gravity of the front module has the same
moment arm “R”, the torque Tb is

Tb ¼ R F1 þMfro
� � ð22Þ

To raise the front module, the torque Tr of the joint motor, should satisfy

Tr [ Tb � Ta ð23Þ

Fig. 11 Transition at an inner
corner
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Fig. 12 Transition from wall
to ceiling

Table 1 Technical specifications

Parameter Value

Payload 1 kg

Climbing speed of the robot s = 0.1 m/s

Front module 50 mm (width) × 75 mm (length)

Rear module 50 mm (width) × 80 mm (length)

Wheel radius size r = 21 mm

Coefficient of rolling friction δ = 0.6

Coefficient of sliding friction µ = 0.8

Suction force F1 = F2 = 11 N

Motor of wheels T3 = 0.6 N m

T1 = 1 N m

n1 = n2 = 46 rpm

p1 = 5 W

p2 = 5 W

Motor of joint Tr = 0.1

nr = 31 rpm

pr = 1 W

Balance tail spring Fp = 8 N
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3.4 Balance Tail Analysis

In the case of Fig. 12, during the transition from wall to ceiling, when the front
suction pad does not contact to the up surface, the torque caused by the payload
Mfro of the front module reaches its maximum value

F3l3 ¼ Mfrol1 þ N2l2 ð24Þ

Since N2 = 0 in this case, then

F3 ¼ Mfrol1=l3 ð25Þ

The force Fs provide by spring of the tail is

Fs ¼ F3 � Fp ¼ Mfrol1
	
l3 � F1 ð26Þ

where Fp is the suction force of the pad.

Fig. 13 A right-angle inner corner traversing. a Step I: front module rotates; b Step II: rear
module is lifted; c Step III: rear module rotates; d Step IV: completes traversing
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4 Case Studies

To validate above concept design, a prototyping robot with technical specifications
being listed in Table 1 is developed by using Solidworks.

Figures 13 and 14 illustrate how the prototype robot successfully traverses a
right-angle inner corner and a right-angle external corner step by step as expected,
respectively.

The simulation results clearly indicate the feasibility of the proposed design of a
scalable wall-climbing robot for inter-plane traversing. Such a robot can be used for
duct inspection. Its 1 kg payload may include video camera, wireless communi-
cation apparatus, and etc.

Fig. 14 A right-angle external corner traversing. a Step I: front module rotates; b Step II: front
module adheres; c Step III: rear module rotates; d Step IV: completed traversing
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5 Conclusion

In this paper, a scalable wall-climbing robot consisting of two small modules is
presented. This device is capable of traversing from one surface to the next at a
right-angle corner. The mechanical analysis of the device is provided to determine
the technical specifications of the motors, the payload, the balance tail and the
suction force.

Simulation results preliminarily verify the feasibility of the proposed robot
design. The future work is to physically build a prototype robot based on the
proposed concept for validation. The proposed robot can be employed in extensive
industry applications, such as inspection in narrow duct, bridge, and storage tank.
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Handheld Device System Development
for Video Camera Movement Control
System

Jing-Jie He, Su Wang and Xin-Gang Miao

Abstract Film production has been in the digital age, dynamic control of video
camera is one of the key technologies. This paper introduces the exploitation of
handwheel for the motion control system. The handwheel development should
match to the control system. This paper explores the handwheel control memory
configuration of the UMAC motion control cards and achieves the rocker and
buttons two basic functions. Manufacture the SCM system with analog signal and
switch signal processing capability. And it communicates with UMAC via RS232
serial port. By settings the related register and writing PLC programs, the motor is
moving in different rate proportional to the swing amplitude of rocker. The result
shows that the signal transmission are sensitive and stable, the data processing
works properly, the motor moving as expected. At last, propose the conceptual
design of handwheel for the video camera movement control system.

1 Background

The development of photography technology is promoting the film industry. Digital
technology has become a necessary means of filmmaking. The trajectory control of
the camera is an important technique to achieve a variety of movie special effect [1].
In the “Lord of the Rings · Twin Towers”, the digital characters—tolu (Serkis
ornaments) must shooting twice every scene in the same locus with camera motion
control system. The first time, shoot Serkis with other actors to get other actors
performing and tolu’s location. The second time, shoot background separately for
compounding the erase screen [2]. Cameraman manipulates camera motion control
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system to get shoot path, the substance is key point selected and connected with
different path.

Selecting the key points has the following characteristics:

1. The cameraman isn’t a motor motion control professor. Control should be
simple and convenient to make the photographer to concentrate on image.

2. The motion control system can record and reproduce the path.
3. The track mode and velocity within two key points are determined by the

photographer.

2 System Introduction

This paper develops the handheld device for the UMAC (Universal Motion and
Automation Controller, as Fig. 1) control system. There has not been related dis-
course. This paper is about function development. UMAC following system
includes UMAC PLC signal processing and reproducing the locus. SCM handheld
system includes switching and analog signal receiving and processing, RS232
communication. At last, the result of using the rocking bar to control the movement
of the motor at different rates is presented.

3 System Structure

The system structure diagram is shown as Fig. 2 and the physical objects are shown
as Fig. 3. The MCU system is shown as Fig. 4. The important hardware are Japan
Matsushita AC servo motors, Delta Tau UMAC motion controller and
Atmega64 SCM.

Fig. 1 UMAC controller
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Fig. 2 System structure diagram

Fig. 3 Motion control system

Fig. 4 SCM system
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4 System Workflow

The SCM system access to analog signals and switch signals in real-time. The
signals which are processed by A/D converter and encoding are sent to the UMAC
controller. The UMAC change the incremental variable of the corresponding motor
in PLC program to realize the synchronization of the motor motion and the handle
signals. The SCM send the command to make the UMAC record the position of the
motor and the path between the two points when the motor moves in the target
position. At last, reproduce the movement with PMAC Executive Pro2 Suite
software.

5 Synchronization Movement Control System

The target is controlling the motor position by handheld device. Set the motor in
position following mode in UMAC. The user moves the camera in right position
and shooting view by handheld device, send the command to UMAC to record the
present position of the motor. The substance of the position following mode is
sending the digital signal of handwheel (master axle) encoder to the corresponding
UMAC encoder input register. The internal storage structure of UMAC position
following module is shown as Fig. 5 [3].

The switch variable of position following function is the 0-bit of Ixx06 in
UMAC. The user can specify the master position address of the No. xx motor by
Ixx05 variable. Note, xx represent the number of motor. This address is the result of
the encoder conversion table which is used to process the motor encoder digital

Fig. 5 The internal storage structure of UMAC position following module

162 J.-J. He et al.



signal. The position command of handwheel is sent as interpolating points to drive
the following axle. The electronic gear ratio is set by Ixx07 and Ixx08 variable.
User can change the ratio with Ixx07 variable in the air. This is shown as Figs. 6
and 7 [3].

Giving the 3th motor (xx = 3) as an example.
I0305 = X:$30000 //specify the master position address of the 3th motor
I0307 = 1
I0308 = 1 // setting the electronic gear ratio as 1:1
I0306 = 1 // Enable Position Following

6 Experiment

The workflows of functional experiment are shown as Fig. 8 for the SCM system
and Fig. 9 for the UMAC.

The SCM system’s chip is Atmega64 which is used to receive the rocker analog.
Then convert the analog into digital signal. The analog ranging from 0–5 V is
corresponding to digital 0–20. The middle of the range, 2.5 V (digital 10) means the
speed of motor is 0. The voltage upon 2.5 V means the motor rotates in forward
direction. The greater the voltage, the faster the speed. And it is similarly for

Fig. 6 Position following
equation

Fig. 7 Electronic gear ratio
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voltage below 2.5 V. For example, the analog is 4 V, which means the speed of
motor should be 4 − 2.5 = 1.5, 1.5 × (10/2.5) = 6. The final digital value means the
feed step for the motor. The SCM send the speed with 〈+\−〉 to the UMAC in
ASCII format end with 〈carry〉 by RS232 serial port. UMAC store the value in P0
variable as feed step.

Setting the speed identify interval. When the AD conversion result in absolute
value is less than the threshold, MCU specify the speed as jamming signal, pre-
venting rocker cannot be fully back to zero position for mechanical friction. Specify
the UMAC pointer variable M11 pointed to the register of 3th motor Encoder
Conversion Table Result. UMAC PLC executes the incremental command in
period: M11 = M11 + P0.

Realize the synchronization of handwheel and motor through the two steps above.

7 Effectiveness Analysis of Signals

For the SCM system signal processing, the most affecting factor for the processing
time is serial transmission speed. In this system, the baud rate is 9600, about
4 ms/byte. Other tasks execution time is at least an order of magnitude.

Fig. 8 SCM workflow

Fig. 9 UMAC workflow
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UMAC PLC executes in the frequency of 0.753 kHz, the cycle is 1.3 ms. In this
way, the state of each handle signal sent by a MCU is read at least two times,
meeting the design requirements. By monitoring the UMAC motor location reg-
ister, draw signal curve as shown in Fig. 10.

8 Handheld Device Shape Concept Design

The shape design is shown as Fig. 11. 4 rockers distribute on both side of front
handheld. Set focal length manual adjustment button on the two sides of handheld.

Position control module includes key points record and delete, speed selection;
Path control module includes the path type selection and delete; Motion control

Fig. 10 Handheld device control motor movement at different rates

Fig. 11 Shape design
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module includes return-to-zero, single step (forward/backward) and continuous
movement (start/pause); Export control module includes start-stop, path deriving,
focal length condition deriving.

In the process of path simulation, user can adjust the focal length and record
manually.

9 Conclusion

This paper introduces the synchronization control technology of handheld device
and motor based on UMAC. Elaborate the configuration of handwheel control in
UMAC in detail. Make the handheld device control system and control the motor in
different movement rate. The experimental results show that handheld device
system implements basic functions and the performances meet the request for
utilization. At last, this paper gives the shape concept design of the handheld.
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Research of One Torch Double-Wire
Pipeline Welding Robot

Xin-Gang Miao, Feng Zhang, Zhi-Feng Ma and Yi Zhang

Abstract One torch double-wire pipeline all-position welding robot is mounted on
a small vehicle with two wires, which can work simultaneously, and this approach
can significantly improve the welding efficiency and welding quality. In this paper,
double-wire pipeline all-position welding robot has been studied, and its mechan-
ical structure includes the walking part, the swing part of torch, and the
up-and-down adjusting part of the torch, and its mathematical model is established.
Its control system includes the main control unit PMAC, the embedded system for
the auxiliary interface, the touch screen for the interactive interface, and the
hand-held remote control unit for welding command, coordinated with control
system software. So the welding parameter can be edited and modified, and the
robotics servo motion can be controlled.

1 Introduction

In recent years, long-distance oil and gas pipeline construction has developed to use
the high-grade and large-diameter steel, such as X80 steel with the diameter of
1219 mm and the pipe wall thickness of 18.4 mm, used in the second and third
west-east national gas pipeline project, which will obviously increase the difficulty
and workload in welding processes. So there is an emergent need for the pipeline
welding equipment which could meet the higher requirements, not only in the
welding quality, but also in the welding speed. To this end we have developed a
double-torch pipeline all-position welding robot, mounted on a small vehicle
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equipped with two welding torches to work simultaneously, which can weld fast
and efficiently, with little defects. In this paper, double-torch pipeline all-position
welding robot will be studied.

2 Design of Mechanical Structure

2.1 Structural Design

The robot mechanical structure is consisted of torch attitude adjusting part, torch
swing part, and welding vehicle driving part. See Fig. 1. The torch attitude
adjusting part mainly complete the adjustments of the torch to meet the requirement
of the welded seam in the welding process, which is achieved by the movements of
skateboard 2 driven by the motor 1; the torch swing part controls the torch swing
distance, swing frequency, the swing mode, and the residence time at both ends of a
location, which is achieved by the movements of skateboard 3 driven by the motor
4; the movement of the torch along the pipeline is achieved by the welding vehicle
driving part, and during the welding process, the welding speed is just the welding
vehicle running speed, thus the welding vehicle is required to run very smoothly,
which is driven by the motor 5.

2.2 Mathematical Model Analysis

During the welding process, the welding vehicle with double-wire is clamped and
running on a circular track to achieve the all-position pipe welding. The multi-body
system theory is applied to the structure of the welding vehicle, whose topology is
shown in Fig. 2.

First, the various components of the welding vehicle are numbered. Provided the
circular track is numbered 0, the topology of welding vehicle consists of two parts,

Fig. 1 The mechanical
structure of the welding
vehicle
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which can be seen in Fig. 2. The left part is consisted of circular track 0, positioning
guide wheel 1, vehicle cross slide 2, left and right ball screw 3, upper and lower ball
screw 4, and torch holder 5. Coordinate system O0�x0y0z0 is established at one
point of the circular welding track, coordinate system O1�x1y1z1 is established at
the positioning guide wheel 1, and O5�x5y5z5 coordinate system is established at
the torch holder, where the left and right moving direction of the welding vehicle is
set as x direction, the upper and lower moving direction of the welding torch is set
as y direction, and the direction vertical to x and y direction is set as z direction.
According to the multi-body system theory, we can calculate each transformation
matrix between adjacent elements of the multi-body system within the welding
vehicle.

Take the left part of the topology for example, between the positioning guide
wheel 1 and the torch holder 5, provided the coordinate system O5�x5y5z5 is
obtained through the translations of the coordinate system O1�x1y1z1 through the
first translation of u along the X axis, then translation of v along the Y-axis, and
finally translation w along the Z-axis, then the transformation matrix between the
two coordinate systems is as follows:

T15ðMÞ ¼ T15ðuÞ T15ðvÞ T15ðwÞ ¼
1 0 0 u
0 1 0 v
0 0 1 w
0 0 0 1

2

664

3

775 ð1Þ

The matrix T15ðMÞ above is an ideal translational movement characteristic
matrix between the positioning guide wheel and welding torch holder A, namely,
T15ðuÞ; T15ðvÞ; T15ðwÞ are the ideal translational movement characteristic matrixes
between the positioning guide wheel and welding torch holder A along X, Y, Z-axis
respectively. The right part of the topology can be analyzed by the similar method.

If the coordinates of the position in the earth coordinate system where the
circular track coordinate O0 � x0y0z0 is established have been known, the final
coordinates of the welding torch holder can also be calculated according to the

Fig. 2 The topology of the
welding vehicle
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homogeneous coordinate transformation, and so as the coordinates of the joint
between the welding wire and the welded pipe. Therefore, the kinematic model of
the welding vehicle is established, which can work under the control system.

3 Hardware Design of the Control System

The hardware structure of the control system in the welding robot is shown in
Fig. 3. In order to reduce the burden on the host controller, the system uses
dual-controller architecture. The host controller is a PMAC motion controller made
by Delta Tau Ltd., which can achieve a variety of welding robot control algorithms
through the work of the servo systems. The host computer uses a touch screen,
which offers the interface to edit the welding parameters and greatly improve its
practicality; it is also communicated with the welding power via Industrial Ethernet
to achieve the real-time control on modifying the welding power parameters.

The supplementary controller, using ARM chip made by Philips Ltd., is mainly
responsible for the control of peripheral interface circuit, which is connected to a
handheld remote control box via the CAN bus interface and accept a variety of
welding control commands; it is also connected to the angle sensor via RS-485,
which collects the spatial position data of the welding vehicle timely acquisition to
call the corresponding welding parameters in the position.

Throughout the system, PMAC exchanges data directly with ARM through I/O
interface, which can ensure timeliness and reliability in transferring data between
the two processors.

The power source is TPS3200 from Fronius, Its ethernet port communication use
Modbus/UDP protocol. Modbus/UDP is a protocol which is based on modbus
fieldbus and ethernet-based TCP/IP protocol, the transport layer use UDP
connection-oriented protocol and application layer use Modbus/RTU protocol. All
Modbus/UDP ADU are sent via UDP on registered port 502. For example, the

Fig. 3 Block diagram of hardware system
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function 0x06 code is used to write a single holding register in a remote device.
When we want to control “gas preflow”, it request to write register 0xE011 with the
value 0x898, see Fig. 4.

4 Software Design of the Control System

According to the hardware architecture of the control system, software development
process has adopted a modular approach in order to make operations more con-
veniently, whose architecture is shown in Fig. 5. The software includes four major
functional modules, which are communication connection module, parameter
modification module, servo control module and online control module. Among the

Fig. 4 Fronius gas preflow control

DSP 5600

PMAC  

Windows XP  

PMACETH.SYS

Pcomm32.DLL
Pewin32PRO

PMAC

Fig. 5 Software design of the
control system
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four modules, the communication connection module and parameter modification
module consist of host computer software to implement communication settings
and edit, modify and save welding parameters; online control module and servo
control module are achieved by PMAC software to implement servo control
algorithms and on-line monitoring.

4.1 PC Touch Screen Software

The edit and modification of the welding parameters include welding speed, wire
feed speed, swing width, swing time, edge retention time and voltage trimming etc.,
which is shown in Fig. 6. After setting the various parameters, the file can either be
saved to the host machine or be downloaded via Ethernet to the PMAC Flash
memory to enable offline operation.

5 Conclusion

The paper has presented a design of the one torch double-wire pipeline welding
robot, whose mechanical structure includes welding torch attitude adjustment part,
welding torch swing part, and welding vehicle driving part, furthermore, mathe-
matical model is also established. The hardware control system uses PMAC as the

Fig. 6 Parameters modification interface
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host controller, which is responsible for connecting the servo motors, and uses
ARM as supplementary controller, which is responsible for the peripheral interface
connection; the software control system consists of PC and the PMAC divisions,
while the PC is responsible for edit and modification of welding parameters, and
PMAC is responsible for achieving the motion algorithms of each axis of the robot,
so this design gives full play to the advantages of both parts. The robot has been
successfully used in the second and third part of National West-East Gas Pipeline
Project, and the results have shown its reasonable structure, stable operation, and
improved weld quality and efficiency.
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Optimal Motion Planning on 120° Broken
Line Seam for a Mobile Welding Robot

Tao Zhang and Shan-Ben Chen

Abstract This paper analyses the motion planning of a custom-built all position
autonomous mobile welding robot. It proposes a motion planning method that
allows the robot to complete 120° broken line seam welding while the vehicle turns
simultaneously. It is applied to the welding experiments.

1 Introduction

Mobile welding robots broad application prospects in the shipbuilding and welding
of large spherical tanks. In welding situation where two linear seams are formed at
an angle, general-purpose wheeled mobile robots have difficulty to track the seams.
It is a challenge for a mobile platform to turn smoothly while the welding torch
moves along a right angle or broken line seam. Advanced robotic welding control is
required to overcome this technical difficulty.

In the study of special shape weld, many researchers have focused the research
on robot welding about fillet weld [1], rectangular weld [2], curve weld [3] and
saddle-shaped weld [4]. Novel algorithms are proposed to reflect the advanced
nature of intelligent welding robot [5–8]. In robot motion planning, there are a lot of
research results [9–14], most of which has made high progress in the path planning
[12] and trajectory planning [13, 14].

For broken line seams, the robot vehicle in this paper turns itself, and the torch
moves along the seams at the same time. Broken line motion planning has a certain
particularity. The torch does not move entirely in accordance with the straight path,
but moves from one straight line to another through a mid-point transition. The
work aims to develop optimal planning algorithm to optimize the turning and
welding model of all-position mobile robot for broken line welding.
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The purpose of broken line motion planning is to achieve optimal co-ordination
between the respective movement of the robot vehicle and the torch, and optimal
control of the mechanical joints and spatial position. Therefore it lays a theoretical
foundation for broken line motion planning and serves a valuable reference for
experimental validation.

2 Wheeled Mobile Welding Robot System

The wheeled welding mobile robot system developed in this work is shown in
Fig. 1.

The prototype is shown in Fig. 2. The robot system consists of a vehicle at the
bottom and a manipulator arm mounted on the vehicle, and the welding torch is
clamped onto the manipulator. The kinematic model of the robot system is divided
into manipulator kinematics model and vehicle kinematics model.

3 Kinematics of Robot

3.1 Manipulator Kinematics

The manipulator arm has 5 degrees of freedom (DOF). According to the
Denavit-Hartenberg rules, the robot kinematics equation can be obtained easily:

0
5T ¼ 0

1T
1
2T

2
3T

3
4T

4
5T ¼

r11 r12 r13 px
r21 r22 r23 py
r31 r32 r33 pz
0 0 0 1

2
664

3
775 ð1Þ

Fig. 1 Designed model of
robot system
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3.2 Vehicle Kinematics

For broken line seams, turning kinematic model of the vehicle needs to be derived
to achieve transition from one linear seam to the next. The vehicle turning process
is shown in Fig. 3.

Firstly, the robot vehicle is aligned to be parallel to the seam AB, and then the
torch moves to the initial position A. The distance between the robot center in the
initial position and point A is Ly, while the distance between point A and point B is
Lx. Point B is intersection point of the two seams. Then the torch moves along the
two seams, while the vehicle turns simultaneously. When the forward direction of
the vehicle is parallel to the second seam, the turning process is completed. Finally
the torch reaches point C. The manipulator should be perpendicular to the second
seam.

Fig. 2 Prototype of robot

Fig. 3 Vehicle turning process
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The angle of the two seams is ϕ = 120°. The vehicle center turns with point M as
the turning center. A dynamic coordinate system X 0O0Z 0 is created. Point O0 is the
dynamic origin of the vehicle center. The trajectory of dynamic center O0 is just a
circular arc with R as the radius. The dotted lines in Fig. 3 represent the distance
from the initial position of the vehicle center to the first seam. The arm turns the
angle θ which is relative to the initial position at the time t. The maximum θ is 60°.
The coordinates and relations of these points can be obtained.

For 0� h�\AMB \AMB ¼ arctan Lx=ðLy þ RÞ� �
shown in Fig. 3a:

cos h ¼ Ly þ Rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðLy þ RÞ2 þ v2t2

q ð2Þ

x ¼ �2v cos2ðhþ 120�Þ
Ly þ Rþ ffiffiffi

3
p

Lx
ð3Þ

For \AMB\h� 60� shown in Fig. 3b:

cos h ¼ 2ðLy þ RÞ � ffiffiffi
3

p ðvt � LxÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½2ðLy þ RÞ � ffiffiffi

3
p ðvt � LxÞ�2 þ ½2Lx þ ðvt � LxÞ�2

q ð4Þ

x ¼ v½ ffiffiffi
3

p
Lx þ ðLy þ RÞ�

2L2x þ 2ðLy þ RÞ2 þ 2ðvt � LxÞ2 � 2ðvt � LxÞ½
ffiffiffi
3

p ðLy þ RÞ � Lx�
ð5Þ

ω is the rotating angular velocity of the manipulator relative to the initial position,
which has important research significance.

4 Pose Calculation of Robot

The coordinates of the torch at the end of manipulator are determined by five joint
angles. Change of each joint angle will affect the final coordinates of the torch. As
the direction of manipulator arm is always perpendicular to the vehicle direction,
the first joint angle is 90°. The 5th joint angle affects the moving angle of the torch.
In order to ensure the torch perpendicular to the surface of the workpiece, the 5th
joint angle should remains at 0°. Therefore in this case, the 2nd, 3rd and 4th joint
angles will be the key to determining the coordinates of welding torch.

In order to simulate the fillet weld environment, the working angle of the torch is
−15°, while the moving angle is 0°. The height difference between the welding
platform and the base coordinate center is adjustable. For example, the difference is
−135 mm in Fig. 4. During welding, the distance between the torch and the seam
must be 15–20 mm, so Lz marked in Fig. 4 should be −120 to −115 mm.

Based on coordinate transformation and changing the 2nd, 3rd and 4th joint
angle, the range of calculated Ly can be got, which is from 545.01 to 850.36 mm.
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In order to ensure that the manipulator can obtain larger stretching space, the
optimal Ly in the initial position is selected as the minimum value of the corre-
sponding range. Meanwhile, the maximum value of the range should be the
maximum limit of y-coordinate, which is defined as Lym.

For different height difference between the welding platform and the base
coordinate center, which ranges from −150 to 50 mm, the variation curve of Ly and
Lym can be obtained, as shown in Fig. 5. The height difference will affect the entire
model.

Fig. 4 Robot pose

Fig. 5 Variation curve of Ly

and Lym
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The equations after fitting the two curves in Fig. 5 are:

Ly ¼ 579:1204� 0:2685DH þ 0:0003DH2

Lym ¼ 880:217� 0:3985DH � 0:0013DH2
ð6Þ

5 Optimization Calculation

In the entire turning process, the most important point is to ensure that the extended
length of the manipulator falls in the range of [Ly, Lym].

The manipulator length in mid stage and final stage should meet the following
conditions:

Ly �O0B� Lym

Ly �O0C� Lym
ð7Þ

Because Ly �O0B and O0C�O0B, inequality (7) can be simplified. In addition,

MB ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2x þ ðLy þ RÞ2

q
;MC ¼

ffiffi
3

p
2 Lx þ 1

2 ðLy þ RÞ. Through arrangement, it can be

obtained:

R� 1
2ðLym�LyÞ L

2
x � LyþLym

2

R� ffiffiffi
3

p
Lx � Ly

(
ð8Þ

The solutions of R and Lx can be obtained through the analytical method:

0�R�ð3þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3þ 3

ffiffiffi
3

pq
ÞðLym � LyÞ � Ly ð9Þ

ffiffiffi
3

p

3
ðRþ LyÞ� Lx �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 Rþ Lym þ Ly

2

� �
ðLym � LyÞ

s
ð10Þ

Since the scope of height difference is [−150, 50 mm], it can be obtained that:

DHq ¼ �150þ q ð0� q� 200; q 2 ZÞ ð11Þ

According to (6), they will be:

Ly;q ¼ 490:9908� 0:7962DHq � 0:003DH2
q ð12Þ

Lym;q ¼ 789:5755� 0:6798DHq � 0:0017DH2
q ð13Þ
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The ranges of R and Lx can be obtained from inequalities (9) and (10), which are
divided equally into 10 segments. Therefore, there are 11 × 11 parameter pairs.
They will be:

Ri ¼ i
10

ð3þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3þ

ffiffiffi
3

pq
Þ½ðLym;q � Ly;qÞ � Ly;q� ð0� i� 10; i 2 ZÞ ð14Þ

ffiffiffiffiffi
3ðp
Ri þ Ly;qÞ
3

� Lx;j �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 Ri þ Lym;q þ Ly;q

2

� �
ðLym;q � Ly;qÞ

s
ð0� j� 10; j 2 ZÞ

ð15Þ

The extended length of manipulator at the different moment can be calculated.
Three moments when the torch moves to point A, B and C are chosen. Point A is the
moment to start turning; point B is the moment of half turning; point C is the moment
of completing turning. Through comparison, when R is fixed, the extend length is
increasing with the incremental Lx. When R and Lx are both smallest, the fluctuation
of the extend length from moment A to moment B then to moment C is the smallest.

Therefore, the relationship between the pair of {R, Lx} and the height difference
can be obtained, shown in Fig. 6.

The following conclusions can be obtained: the optimal turning radius R remains
at zero, and the optimal Lx decreases with increased ΔH. The fitting function is:

Lx ¼ �0:0017DH2 � 0:4597DH þ 283:4737 ð16Þ

6 Welding Experiments

In the experiment using the method which have been introduced, the height dif-
ference between the welding platform and the vehicle center is taken as −135 mm.
In addition, Ly = 545 mm, R = 0 mm, Lx = 313.2258 mm for ϕ = 120°.

Fig. 6 Calculation result
under different height
difference
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The welding method is flat welding under mixed protective gas of CO2 and Ar.
The speed is 300 mm/min. Due to the limit of metal plate length, when start turning,
the torch only moves without welding. Until the torch reaches the surface of the
plate, the weld starts. When the torch will leave the surface, the welding is finished.
The torch keeps moving until the target position. Figure 7 shows the results.

7 Conclusion

This paper describes optimal motion planning of an all position autonomous
welding mobile robot system. For 120° broken line seam, the vehicle at the bottom
of robot turns itself while the torch held at the end of the arm completes welding.
This paper has carried out a detailed analysis of the kinematic model as the base of
the motion planning. Through the results, welding experiments are conducted to
prove the feasibility and correctness of the proposed method.
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A Self-calibration Algorithm with Chaos
Particle Swarm Optimization
for Autonomous Visual Guidance
of Welding Robot

Wei-Feng Ni, Shan-Chun Wei, Tao Lin and Shan-Ben Chen

Abstract Camera calibration is the process of finding the true parameters of a
camera. In this article, we study the application of improved particle swarm opti-
mization (PSO) algorithm in camera calibration. Then proposes a new algorithm
CPSO, combining PSO with chaos optimization algorithm, to optimize camera’s
intrinsic parameters based on absolute conics. Finally we carry out experiments to
test its performance. Re-projection errors show that the method used in this paper is
flexible and feasible, and the re-projection error is small enough to meet the
accuracy demand of welding guidance.

1 Introduction

The widely use of welding robots has made great contributions to promote the
development of welding automation. Nowadays welding robots are equipped with
sensors to obtain external information to increase its intelligence and flexibility.
However recognition of key points of welding seam is significant to realize intel-
ligentized welding. With the rapid development of artificial intelligence and image
processing technology, as well as its advantages that large amounts of information
and high precision, vision sensing is feasible for guidance of the initial point of
welding seam. However, the precondition of visual guidance for welding seam is
camera calibration.

Camera calibration is the process of finding the true parameters of a camera. It is
the key to obtain three-dimensional information from two-dimensional images,
as well as to obtain stereo vision. Recently, camera calibration is widely used
in three-dimensional reconstruction, navigation, and visual surveillance. Many
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methods have been proposed for camera calibration so far. In a broad sense, camera
calibration can be divided into three categories: traditional calibration, calibration
based on active vision and self-calibration. The traditional one computes camera
parameters based on the relationship between coordinates in the corresponding
image and the coordinates of special points in calibration block, whose geometric
dimension is known in advance. This kind of method mainly contains DLT [1],
Tsai’s two-step method [2] and planar calibration method [3]. The second requires
camera to do some specific motions and then computes parameters by using the
particularity of movement. When using the two methods above for calibration,
some factors must be known in advance. Therefore they are not feasible if coor-
dinates of points or camera’s motions are unknown. Whereas, self-calibration is
much more flexible as it only utilizes restriction of camera’s internal parameters.
Thus it has a better prospect of application. Camera self-calibration technique was
firstly proposed by Faugeras [4, 5] in 1990s, which mainly applies to calibrate in
unknown scenes. Since proposed, it has been remarkably improved to branch out
many new calibration methods, including Kruppa’s equations method [6], methods
based on absolute quadric or absolute conic [7], methods based on active vision
[8–10].

Considering the easy implementation and effectiveness of PSO, much attempt
has been to improve its performance and it is widely used to solve global opti-
mization problems. Zhang [11] used an improved adaptive PSO (IAPSO) for res-
ervoir operation optimization. Compared with other methods, the IAPSO provides a
better operational result with greater effectiveness and robustness. Furthermore it
appears better in power generation benefit and convergence performance. Wang
[12] presents a new Chaos PSO method for resource allocation problem in the
container terminal system. This method enhances the allocation efficiency
observably.

Consequently, in this article, we focus on the study of camera self-calibration,
utilizing the method of hierarchical step-by-step to obtain the initial parameters, and
then presents an improved particle swarm optimization (CPSO) to optimize initial
parameters. CPSO combines PSO with chaos optimization algorithm. It can
improve the quality of initial swarms observably, and avoids becoming premature
when searching the optimal solution.

2 Problem Description

The pinhole camera model in perspective projection is the classical and most
commonly used model, as showed in Fig. 1. In the model, Oc—XcYcZc stands for
the camera coordinate, Ow—XwYwZw world coordinate and Op—uv image plane. In
the model, it assumes that all camera rays pass through the optical center and the
relationship between coordinates of image points and the ones of points in camera
coordinate system is linear. And object distance u, image distance v and focal length
f follow the following equation.
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1
u
þ 1

v
¼ 1

f
ð1Þ

Mostly u is much larger than f, thus v is nearly equal to f. Supposing that M is a
point in world coordinates system and m is a point in the image plane, both of them
are expressed in homogeneous coordinates. M = (x, y, z, 1)T, m = (u, v, 1)T. The
perspective projection of M onto m can be given by the following formula:

km ¼ PM ð2Þ

K ¼
fx c u0
0 fy v0
0 0 1

2
4

3
5; P ¼ K R� Rt½ � ð3Þ

And elements in matrix K are the intrinsic parameters of camera. The fx and fy are
the focal length measured in pixel dimensions horizontally and vertically respec-
tively; (u0, v0) is the coordinate of the principle point, which is the intersection of
camera optical axis and image plane. The symbol γ stands for skew term which
equals zero when pixel is square. In this paper we regard it as zero, and P is a 3 × 4
matrix, R and t are the rotation matrix and translation vector from world coordinate
system to camera coordinate system respectively. Thus calibration of camera is the
processing to find values of K.

3 Particle Swarm Optimization Algorithm

Particle Swarm Optimization (PSO), first proposed by James Kennedy and Russ
Eberhart [13], is a classical swarm intelligence algorithm. Due to the easy imple-
mentation and effectiveness, it is used to solve global optimization problems. It
solves numerical optimization problems by imitating birds foraging. Each particle
or member represents a potential solution, and they fly through a multidimensional
solution space to search for the optimal one. In standard PSO algorithm, each
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member contains two elements: position and velocity. The basic framework of PSO
can be described as the follows: First, initialize a group of particles in solution
space. Then each particle updates its position and velocity according to Eq. (4), and
meanwhile uses a function, called cost function, to measure it, so as to record the
best previous position of a singular particle and the best one among all the particles.
Take the D-dimensional optimization problem for example, the particle group
consists n members. The position of ith member is presented as Xi = (xi1, xi2, …,
xiD), the velocity presented as Vi = (vi1, vi2, …, viD), and its best previous position,
giving the best fitness value, is recorded as Pibest = (pi1, pi2, …, piD). The best one
among all particles is presented as Pgbest = (pg1, pg2, …, pgD). And each generation
of the particle can be update through the following equations.

vtþ1
id ¼ wvtid þ c1r1 pid � xtid

� �þ c2r2 pgd � xtid
� �

xtþ1
id ¼ xtid þ vtid

ð4Þ

In the equation, w is the inertia weight, c1 and c2 are study factors, and both r1
and r2 are random numbers ranging from 0 to 1. However, during the iteration, the
best particle is inclined to be trapped into local optimal solution. That is to say, what
we finally get may not be the best solution to a problem. Considering of this,
scholars have proposed many methods to avoid the phenomenon [14–16].

4 Camera Calibration Based on Chaos Particle Swarm
Optimization

When dealing with complex the problem, PSO may be trapped into local conver-
gence. Furthermore, to some extent, the quality of initial particles will influence
optimization results. To improve PSO algorithm, we combine it with chaos opti-
mization algorithm and linearly decreasing inertia weight. We utilize chaotic sys-
tem’s properties, randomness, regularity and ergodicity, and linearly decreasing
inertia weight to enhance its search ability.

4.1 Calculation of the Initial Values

In this section, we manage to obtain intrinsic parameters of camera using hierar-
chical calibration. This kind of methods can be divided into three steps: projective
reconstruction, affine reconstruction and Euclidean reconstruction [17].

We use equally spaced circular lattice as calibration plate. The radius of circle
dots is 4 mm, and the distance between each dot is 8 mm, shown as Fig. 2.

Firstly we use the un-calibrated camera to obtain image sequence and carry out
projective alignment operation, regarding the first image as the reference. Then
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ensuring the location of plane at infinity, in this operation projective space will be
transformed into affine space. Finally we compute the degenerated curve based on
the plane at infinity ensured in the previous step, and thus we could compute
camera intrinsic parameters from degenerated curve. Computing process of K is
show in Fig. 3.

4.2 Definition of Cost Function

We assume that m1, m2 and m3 are a set of matching points, projection points of the
point M in world space, extracted from I1, I2 and I3 image respectively. According
to pinhole camera model, we use m1 and m2 to evaluate the coordinates of their
corresponding points M. Then we compute the estimated value of m3, recorded as
m0

3. This process is called re-projection. And we define re-projection error as the
next formula.

error mð Þ ¼ m� m0j j ¼ u� u0j j þ v� v0j j
2

ð5Þ

The symbol m represents a known image point, m = (u, v) and m0 ¼ ðu0; v0Þ is the
estimated value. In this case, the problem of optimizing camera’s intrinsic
parameters can be transformed into minimizing the mean of all points re-projection,
shown as the formula (6).

fitness xð Þ ¼
Xn
i¼1

error mið Þ ð6Þ

Fig. 2 Calibration plate
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The parameter x, a particle of the group, in the formula above represents a
potential solution of the problem. And the function fitness is called cost function.

4.3 Effects of Chaos Algorithm in Calibration

In this paper we use typical Logistic equation to produce chaotic sequence.

znþ1 ¼ lzn 1� znð Þ; n ¼ 0; 1; 2. . . ð7Þ

where z0 ranges from 0 to 1 and μ equals 4.

Fig. 3 Determining K using
the IAC
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Chaotic mutation mainly functions in the following two aspects:

1. Enhance the quality of initial particles. As mentioned above, the chaotic system
has the properties of randomness, regularity and ergodicity, thus particles will be
representative in search solution space if we use it in initialization.

2. Help to avoid local convergence. According to document [14], when local
convergence occurs, we will carry out chaotic mutation operation. In this step,
we use the scale of decrease of the best solution’s fitness value, recorded as
Rate, showed in Eq. (8), to judge whether the premature stagnation phenomenon
occurs or not. If Rate < Φ, change positions of members according to Eqs. (9)
and (10). Φ is a threshold value.

Rate ¼ fitness pibest tð Þð Þ
fitness pibest t � 20ð Þð Þ ð8Þ

where pibest(t) and pibest(t − 20) stands for the best position after iterating t and
(t−20) times respectively. In the paper α is a constant.

z ¼ lz 1� zð Þ; z � 0; 1ð Þ; l ¼ 4 ð9Þ

xid ¼ ð1þ að2 � z� 1ÞÞPgbestd; d ¼ 1; 2; 3; 4; 5 ð10Þ

4.4 Algorithm Description

Step 1 Initialize particle group and set parameters, such as number of particle,
maximum iterations.

Step 2 Compute the fitness value of initial members, and take it as the best
previous position of particles. Then find the best one among current
generation.

Step 3 Update the dth-dimension of its velocity and position of particle i
according to the following equations:

vtþ1
id ¼ w1 � w1 � w2ð Þ � t=Tð Þvtid þ c1r1 pid � xtid

� �þ c2r2 pgd � xtid
� �

xtþ1
id ¼ xtid þ vtid ð11Þ

where stands for the times of iteration, and T is the maximum times of
iteration. And w1 and w2 is maximum and minimum of inertia weight
respectively. Here w1 = 0.9, w2 = 0.4.

Step 4 Evaluate the fitness value of each member, and then compare it with Pibest.
If current value is better than the fitness value of Pibest, then set current
location as the best location.

A Self-calibration Algorithm with Chaos Particle Swarm … 191



Step 5 Evaluate the scale of decrease of the best solution’s fitness value, RATE, to
judge whether local convergence has occurred or not. If it has, change
positions of part of the members randomly according to Eqs. (9) and (10).
Otherwise go to the next step.

Step 6 Return the camera intrinsic parameters (Fig. 4).

5 Experiment and Analysis

In this section, accuracy and feasibility of the method are demonstrated through
experiments on estimated and real data. Fist we use 20 sets of matching points for
optimization. Then we compute estimated coordinates of 10 points, selected from
an image randomly. Finally compare the estimated value with the real one.

Table 1 shows the results: the average error is 0.73704 and 1.06472 pixels in X
direction and Y direction respectively, which meets the requirement of wielding
guidance.

Furthermore, we compare PSO and CPSO in optimization to confirm that chaos
mutation plays an important role in breaking local convergence and accelerating
convergence velocity. Figures 5 and 6 demonstrates that the optimal solution’s
fitness value changes along with iteration in both PSO and CPSO algorithm.
Apparently convergence rate of CPSO is much higher than that of PSO, as same as
the accuracy.

Table 2 shows the change of optimal solution during iteration. It demonstrates
that the best solution tends to be stable in spite of small turbulence after 150
iteration operation.

Table 3 gives calibration results of different methods. We can conclude from the
results that optimal solution generated from CPSO is close to the result of planar
calibration method. However, results of PSO are much different from the two other
forms. The reason is that that PSO is readily to be trapped into local optimal
solution.

Fig. 4 Flow diagram of
CPSO
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Table 1 Re-projection error on CPSO

X Y

u u |u − u′| v v′ |v − v′|

CPSO 435 433.9525 1.0475 58.3 59.5985 1.2985

582 581.5473 0.4527 198.3 199.0132 0.7132

434.7 435.3152 0.6152 209.8 210.4723 0.6723

260.1 258.0377 2.0623 322.2 320.5666 1.6334

71.1 70.6731 0.4269 260.1 261.6591 1.5591

132.1 132.4581 0.3581 348.6 349.3498 0.7498

316.9 316.1927 0.7073 380.2 378.96 1.24

193 192.5962 0.4038 177 178.3479 1.3479

195.2 195.6931 0.4931 441.6 442.9824 1.3824

414.1 414.9035 0.8035 518.2 518.1494 0.0506

Mean value 0.73704 Mean value 1.06472

Fig. 5 PSO algorithm

Fig. 6 CPSO algorithm
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6 Conclusion

In this paper, we propose a new method for camera calibration based on chaos
particle swarm optimization. To enhance search ability of PSO in solution space,
we combine it with chaos optimization algorithm and linearly decreasing weight.
Results show that CPSO algorithm has a better performance in terms of conver-
gence and accuracy. The optimal solution is close to that of traditional method, and
re-projection errors are 0.73704 and 1.06472 pixels in X direction and Y direction
respectively, which meets the requirement of wielding guidance. Therefore, results
of experiment are encouraging, and the method proposed in the article is flexible
and feasible.

Acknowledgments This work is supported by the National Natural Science Foundation of China
under the Grant No. 61374071, No. 51275301 and Shanghai Sciences & Technology Committee
under Grant No. 11111100302.

Table 2 Change of optimal solution during iteration

Number of iterations αx αy u0 v0 γ

0 795.0356 790.2556 386.2654 260.5565 0

20 814.0322 808.9432 388.6154 259.5238 0

40 820.2107 817.3585 389.1659 258.7413 0

60 830.2206 827.3673 389.1555 258.7412 0

80 829.2207 831.3685 389.1457 258.7453 0

100 833.0669 832.0046 388.5452 258.7611 0

150 833.2094 832.9342 388.5713 258.7579 0

200 833.7588 833.3423 388.6576 258.9713 0

250 834.3544 833.6695 388.6843 258.9630 0

300 834.3381 833.5602 388.7137 258.9627 0

Table 3 Calibration result
of different methods

Parameter\
method

CPSO PSO Planar
calibration

αx 834.3381 839.6348 838.6920

αy 833.5602 820.6451 835.6899

u0 388.7137 387.5941 388.1153

v0 258.9627 259.4682 258.1889

γ 0 0 0

k1 −0.2927 −0.0325 −0.32935

k2 0.0405 0.1846 0.07035
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Simultaneous Calibration of a Stereo
Vision System and a Welding Robot-an
Automated Approach

Mitchell Dinham and Gu Fang

Abstract For a vision guided industrial robot to be used in a production envi-
ronment effectively and efficiently, it is important that such a system can be quickly
and accurately calibrated. The work presented in this paper aims to develop a new
method for calibrating a vision guided arc welding robot. This is achieved through
automated calibration of the cameras and the optimised simultaneous calibration of
a robot arm and robot mounted stereo vision system. The developed method can be
implemented in practice and with minimum human intervention. The automatic
calibration algorithm not only allows for a faster initial calibration, but also reduces
the machine down-time for any subsequent calibrations after an accidental collision
or if the camera fixture is relocated. Experimental results show that the proposed
method can achieve the required accuracy for robotic arc welding applications.

1 Introduction

In an industrial production environment, the key factors for measuring the success
of a robotic system are: reliability, accuracy and productivity. To achieve reliability
and accuracy, vision systems are introduced to the robot based manufacturing
system. In vision controlled robotic systems, the process of establishing the geo-
metrical relationship between the camera and the robot, known as the calibration
process, is frequently required.

Once the calibration is achieved, the relationship between the acquired object
image and its physical location in space can be calculated. However, this geometric
relationship will change if the relative location between the robot and the camera is
changed. When such change occurs, a re-calibration is required.
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Due to the working conditions of industrial robots, it is inevitable that the vision
systems will need to be recalibrated at some stage. This could be due to a collision,
routine maintenance or if the camera fixture is relocated. During the calibration, the
robot has to be taken off-line, Therefore, it is critical that the calibration can be
completed as soon as possible so the robot can be put back into production with
minimum down time, as loss of productivity is undesirable and costly.

2 Related Work

2.1 Camera Calibration

One of the most time consuming stages of calibrating a vision system is the cali-
bration of the individual cameras. Camera calibration refers to the calculation of the
intrinsic and extrinsic parameters of the camera model. There are several
well-known methods for camera calibration, most notable are Zhang’s and Tsai’s
methods [1, 2]. The common approach to camera calibration algorithms is the use
of a calibration pattern. Calibration patterns are typically a checkerboard grid,
coded markers, or circles in grid form. Whichever pattern is used, the aim is to
provide a set of feature points with known 3D positions. By obtaining the corre-
spondences between the feature points in the 2D image plane and the 3D real world,
the camera parameters can be determined.

The calculation of the camera parameters is a straight forward process; however
one of the challenges of camera calibration is the automatic detection of feature
points on the calibration board. Environmental conditions such as varying lighting
(i.e. shadows and bright spots) and background objects can make it difficult for a
computer vision system to detect the feature points. The simple solution is to
manually select the feature points [3] but this is very time consuming and is not
ideal for an automated production system.

The extrinsic parameters of a camera are defined by a homogenous transforma-
tion matrix between the camera frame and the world co-ordinate. The world frame is
defined by the calibration process and is typically attached to the calibration board
[4, 5]. In stereo vision calibration, it is important to calibrate each camera using the
same world co-ordinate system in order to determine the relative position between
the cameras. The relative position of the cameras is required for the calculation of
the epipolar geometry during triangulation [6]. Therefore the calibration grid feature
point detection method must be able to determine the order of correspondence points
to maintain a consistent world frame reference system for all calibration images.
Typically, during camera calibration multiple images are taken of the calibration
board from various positions and angles. Using a generic grid pattern it is difficult to
identify individual corners, especially once the image is rotated greater than 90°.

198 M. Dinham and G. Fang



In this paper, a colour coded checkerboard pattern is proposed. The coloured grid
squares are used to distinguish the calibration pattern from the background and to
identify the world co-ordinate system for reliable stereo vision calibration.

2.2 Robot Manipulator Calibration

The calculation of the relationship between the robot and eye-in-hand vision system
is referred to as Hand-Eye calibration. Hand-Eye calibration relies heavily on an
accurate kinematic model of the robotic manipulator, however manufacturing tol-
erances result in differences between the actual physical dimensions of the robot
and the nominal dimensions. To determine the actual dimensions, robot calibration
is required. In [7–9] external measurement sensors are used to calculate the error
between the actual robot pose and the estimated pose (using the nominal kinematic
model). By accurately calculating these errors, the actual robot dimensions can be
obtained by non-linear optimisation. In this paper the robot kinematics,
Robot-World and Hand-Eye transformations are combined into a single objective
function known as “simultaneous calibration”. Non-linear optimisation is used to
minimise the absolute positioning errors between the robot and the world reference
frame.

2.3 Contribution of the Paper

The main contribution of this paper is the introduction of an automated calibration
method which is designed for economical and practical implementation. The
automatic calibration not only allows for a faster initial calibration, but also reduces
the machine down-time for any subsequent calibrations after an accidental collision
or if the camera fixture is relocated. Unlike existing methods which require
expensive 3D co-ordinate measuring devices or laser scanners, the optimised cal-
ibration method developed in this paper is capable of achieving the sub-millimetre
accuracy required for robotic arc welding using only the robot mounted stereo
cameras, a mechanical pointer and a calibration board. This makes the proposed
calibration method very practical, economical and easy to implement, hence making
it highly desirable for industrial applications.

The rest of the paper is organised as follows: Sect. 3 details the methodology
used in the automatic camera calibration with the experimental results given in
Sect. 4. The conclusions are then given in Sect. 5.
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3 Methodology

3.1 Calibration Method Overview

The overall calibration method in this paper is outlined in the flow chart in Fig. 1. The
first step is capturing a set of calibration board images using the camera system.
The images are then used by the automatic camera calibration algorithm to determine
the intrinsic and extrinsic parameters of the cameras. This data is then used as to
estimate the Hand-Eye and Robot-World transformations using the method in [10].
Finally the actual Hand-Eye and Robot-World transformations as well as the cali-
bration of the robot are solved simultaneously using a non-linear optimisation
method [11].

3.2 An Automated Camera Calibration Method

The process of camera calibration can involve processing up to 30 images or more
per camera and is arguably the most important step in the overall calibration of a
vision system. It is also one of the most repetitive and time consuming stages. From
this perspective, it makes sense to automate the camera calibration process. The
flowchart in Fig. 2 shows the automatic camera calibration process developed in
this paper. The grid area is selected based on the boundaries defined by coloured
markers. The origin point of the World Frame is identified by using red makers.

3.3 The Proposed Calibration Grid

The proposed calibration grid pattern is shown in Fig. 3. The red markers com-
prising of a red square and a red dot indicate the origin of the World frame. The

Fig. 1 Calibration overview
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blue markers comprising of blue squares and blue dots indicate the remaining
boundary points that define the calibration area. Defining the calibration area with
coloured squares allows for image segmentation and removes interference from
background objects. It is important to differentiate the origin from the other points,
as this origin will be used as the world frame reference system in the calculation of
the geometrical relationship between the stereo cameras. The red markers also allow
for the origin point to be recognised regardless of the image orientation. The dots
are used to determine which corners of the squares are used to define the boundary
of calibration area.

3.3.1 Rigin Point Recognition

From the original colour image (Fig. 4), the red square and circle are segmented by
a red filter so that only the red pixels of the image remain by using (1) [12].

IRFðu; vÞ ¼ IRGB Rf gðu; vÞ; C1 ^ C2 ¼ TRUE
IGRAY ðu; vÞ; otherwise

�
ð1Þ

Fig. 2 Automatic camera
calibration flowchart

Fig. 3 Calibration grid (each
square is 30 mm × 30 mm)
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where

C1 : IRGB Rf gðu; vÞ[maxðIRGBÞ � 0:1

C2 : IRGB Rf gðu; vÞ ¼¼ max IRGB Rf gðu; vÞ; Gf gðu; vÞ; Bf gðu; vÞ½ �

where, IRF(u, v) is the output from the red filter of the pixel at coordinate location of u
and v, IRGB is the original RGB colour image, IRGB{R}, IRGB{G} and IRGB{B} are
the red, green and blue components of the RGB image respectively. Due to the image
digitisation process, it is possible for the composition of the RGB values for indi-
vidual pixels in the black squares to contain a higher blue intensity level. A scaling
factor of 0.1 is used to suppress the blue pixels in the black squares. This value was
chosen for this particular calibration board and CCD cameras through experimen-
tation. The “∧” is the logic ‘AND’ operation, “TRUE” is the logical ‘TRUE’, ‘==’ is
the logical equal, i.e., C2 is only true when both sides of C2 is equal, IGRAY is the
gray level image converted from the colour image using the well-known equation.

IGRAY ðu; vÞ ¼ 0:3 0:59 0:11½ �
IRGBfRgðu; vÞ
IRGBfGgðu; vÞ
IRGBfBgðu; vÞ

2
4

3
5 ð2Þ

When (1) is applied to Fig. 4, the red image in Fig. 5 is obtained. It is then
subtracted from the original RGB image (Fig. 4) using (3), leaving the red square
and circle clearly visible, making further segmentation easier. The result is shown
Fig. 6.

IR ¼ IRF � IRGBj j ð3Þ

Fig. 4 Original RGB image
of calibration grid
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The image (IR) is then converted to a black and white binary image using
adaptive thresholding [13]. Equation (4) is then used to remove all erroneous pixel
clusters with an area smaller than a set threshold leaving only the red square.

Isquare ¼ 1 Area[ Tsquare
0 otherwise

�
ð4Þ

where Tsquare is the threshold used to remove any noise after the red filtering, Area
is the number of connected red pixels (the white pixels in the binary image). The
Harris corner detector [14] is used to find the corners of the square. The correct
corner is determined by calculating the Euclidean distance from each Harris corner
to the centre of the red circle. The corner with the smallest distance to the circle is

Fig. 5 Original RGB image
after the red filter

Fig. 6 Red square and circle
after image subtraction
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then used as the origin point. The red circle is detected by converting the red filtered
image to a black and white binary image and using Eq. (5).

Icircle ¼ 1 ðArea[ Tdot minÞ ^ ðArea\Tdot maxÞ ¼ TRUE
0 otherwise

�
ð5Þ

where “TRUE” is the logical ‘TRUE’ and Tdot_min and Tdot_max are set to ignore any
erroneous areas left after binary conversion. The Harris corners and the centroid of
the red dot are shown in Fig. 7. Since the dimensions of the coloured squares and
dots are known from the setup, the thresholds can be estimated from the known
working range of the camera. In this paper, the maximum working range of the
camera is around 400–500 mm above the table. It was found that within this camera
range that the pixel area of the squares is always greater than 5000 pixels and the
area of the dots is within 30 to 600 pixels. Therefore it was found that
Tsquare = 5000, Tdot_min = 30 and Tdot_max = 600 was sufficient for the setup in this
paper.

3.3.2 Remaining Boundary Points

After the red markers are identified, the remaining 3 boundary points of the cali-
bration board can be determined by using the blue markers. To achieve this, a blue
filter similar to that of the red filter is introduced.

IBFðu; vÞ ¼ IRGB Bf gðu; vÞ; C3 ^ C4 ¼ TRUE
IGRAY ðu; vÞ; otherwise

�
ð6Þ

Fig. 7 Red square harris
corners and circle
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where

C3 : IRGB Bf gðu; vÞ[maxðIRGBÞ � 0:1

C4 : IRGB Bf gðu; vÞ ¼¼ max IRGB Rf gðu; vÞ; Gf gðu; vÞ; Bf gðu; vÞ½ �

where IBF is the output from the blue filter (blue filtered pixel), other notions are
similar to those in (1). The blue filtered image is then subtracted from the original
RGB image, leaving only the blue squares and circles in the similar manner that the
red square and circle were segmented using Eqs. (4) and (5).

IB ¼ IBF � IRGBj j ð7Þ

The Harris corner detector is then used to find the corners of the blue squares. In
the same manner as the red squares, the smallest Euclidian distance from each blue
square corner to the centre of its blue circle is used to determine the correct corner.
The Harris corners and blue circle centroids are shown in Fig. 8, and the final
resulting corners are shown in Fig. 9. The four boundary points are then used in the
existing method [3].

4 Results

4.1 Experimental Setup

The experiments were conducted using a Fanuc ArcMate 100iC, a six axis
industrial robot with a repeatability of ±0.08 mm. It is fitted with a Binzel welding
torch and Lincoln Electric PowerWave welder. The stereo vision system consists of

Fig. 8 Blue square harris
corners and circles
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two off the shelf uEye USB color CCD cameras (resolution 1280 × 1024). The
cameras are attached to the welding torch as shown in Fig. 10a. The calibration
board was placed on the steel workbench in front of the robot. The welding torch
tool centre point (TCP) was setup using the six-point method instructed by the robot
manufacturer [15]. To ensure accuracy, the mechanical pointer shown in Fig. 10b
was used instead of the welding wire to guarantee a consistent reference point
during the TCP setup. By using the mechanical pointer instead of the welding wire,
the TCP accuracy is kept to within the ±0.5 mm recommended in [16]. The images
captured during the calibration stage are taken from approximately 300–400 mm
above the calibration board in various positions within the robots working enve-
lope. As the cameras are calibrated within this range, all subsequent images of the
welding work pieces are taken from within the same range. The Hand-Eye,
Robot-World and robot calibration are solved using [11].

Fig. 9 Final detected boundary points

Fig. 10 a Calibration board and b Precision pointer
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4.2 Automated Camera Calibration Results

The left and right camera parameters were calculated using the Matlab calibration
toolbox [3] integrated with the proposed automatic grid detection algorithm. Each
camera was calibrated using a set of 30 images, therefore 60 images in total. The
calibration images for the left and right cameras are captured simultaneously. It was
found by experimentation that using 30 images for each camera allowed for the
calibration board to cover most of image plane. This allowed for more accurate
estimations of the distortion co-efficients and improved mapping between the image
plane and camera frame.

The experiment was conducted using MATLAB 2007b on a 2 GHz Intel Duo
Core Processor. The results in Table 1 show a small difference in the camera
parameters between the two cameras; however it is apparent that the automatic
method has a much faster computation time than the standard method. Over the full
set of 60 images the automatic method reduced the calibration time by 33 %. Also
the automatic method results show a reduced pixel error. The pixel error represents
the average reprojection error for u and v for all the calibration images. This
suggests that automatically detecting the corner points is more accurate than
clicking on them manually by the operator.

It is also important to note that manually selecting the four corners using the
standard method is dependent on the speed and competence of the operator. In an
industrial environment, if a manual calibration is required it would add further
expense as a trained operator would be required to carry out the procedure. Even
then the time and quality of the calibration will vary depending on the competence
of the operator.

4.3 3D Cartesian Position Error

To confirm the accuracy of the proposed method proposed, many experiments were
conducted tomeasure the actual 3D position of objects against their ‘computer vision’

Table 1 Camera calibration comparison

Parameter Standard Automatic

Left Right Left Right

Fu, Fv 1778.85 1792.60 1783.85 1792.65

1779.10 1792.16 1783.90 1793.48

u0, v0 604.23, 493.53 644.37, 507.29 599.86, 494.33 642.12, 506.32

c 0.00112 0.00181 0.00111 0.00119

K1, K2 −0.14, 0.36 −0.13, 0.36 −0.13, 0.30 −0.14, 0.38

Pixel error 0.22, 0.30 0.29, 0.36 0.14, 0.16 0.23, 0.29

Avg. time 23.11 s/image 15.47 s/image

Total time 23.11 min (60 images) Minutes (60 images)
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inferred positions. In particular, two examples are presented in this paper to show the
effectiveness of this method. The first example is a typical fillet weld shown in
Fig. 11. The second is a simulated pipe joint shown in Fig. 12. The inferred locations
from the cameras are calculated in the robot base frame using the method in [11]. The
work pieces were placed arbitrarily on the bench. The teach pendant was used to
move the robot for image capture. The pixel co-ordinates were manually extracted
from the image and the final positions were calculated using triangulation.

The calculated results for these examples were compared to the measured
readings from the robot controller after moving the robot to each of the points
manually with the mechanical pointer fitted to the welding torch. The 3D Cartesian
errors for each example are given in Tables 2 and 3.

The results for both examples given in Tables 2 and 3 show that the automatic
stereo vision and hand-eye calibration algorithm presented in this paper is able to
achieve a 3D positional accuracy which is acceptable in most arc welding appli-
cations. In industry, it is generally accepted that the programmed position of the
robot must be within ±1 mm. The results for the X and Y errors are within this
tolerance, however the Z measurement, which represents the contact tip to work
distance (CTWD) is just over 1 mm in some instances. For modern inverter welding
power sources, slight variations in the CTWD can be accounted for during oper-
ation using the inbuilt adaptive welding waveforms. Large variations in CTWD can
affect the welding arc characteristics and results in a poor weld finish; however
deviations by 1 or 2 mm in CTWD would not greatly affect the quality of the result
as shown by the consistent finish of the welding results in Fig. 13. The welding
results in Fig. 13 were obtained using a pulse waveform on a Lincoln Electric
PowerWave which utilises such an adaptive control loop to cope with small
changes in CTWD [17].

Fig. 11 A 3D fillet weld test
piece
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Fig. 12 A 3D pipe joint test piece

Table 2 Positional errors for the fillet weld

Error (mm)

X Y Z

Arc start 0.55 0.68 0.61

Arc end 0.62 0.45 1.05

Table 3 Positional errors for the pipe joint

Error (mm)

X Y Z

Arc start 0.10 0.68 1.21

Weld point 1 0.50 0.71 0.92

Weld point 2 0.13 0.18 0.45

Weld point 3 0.17 0.77 1.02

Arc end 0.23 0.79 0.92

Fig. 13 Fillet weld results
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5 Conclusion

In this paper an automatic camera calibration algorithm is presented. The automatic
calibration of the CCD cameras can be used as a platform for the simultaneous
calibration of the stereo vision system and eye-in-hand configuration on an arc
welding robot. The results in Tables 1, 2 and 3 have shown that the automatic
calibration algorithm improves accuracy and reduces the time required to calibrate
the cameras by 33 %. In addition to speed, the results have shown that this method
is capable of achieving the required accuracy without the use of expensive external
measurement devices making it affordable to implement.

Although the camera calibration is an off-line process, the method presented in
this paper is particularly useful in a production environment as it reduces the system
down time and requires no special skills of the operator.
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Development of Metal Oxide Gas Sensors
for Environmental Security Monitoring:
An Overview

Xi-Zhang Chen and Jie Yu

Abstract MOX (metal oxide) sensors for gas sensing, such as toxic as well as
flammable, which is harmful to human health, show a variety of performances on
diverse substrates. Among state of the art of various substrates, plastic combination
with a hotplate indicates the lowest power consumption in gas monitoring.
Meanwhile, SnO2-based sensors are good at sensing volatile organic compounds
(VOCs) as well as reducing/oxidizing gases. As one of the key issues in sensing is
the effect of humidity and temperature, some researchers find that the variation in
the sensing property of SnO2-based CO gas sensors with respect to temperature and
humidity is effectively suppressed by the surface modifications with platinum. In
addition, compared with SnO2 film introduction with oxygen, SnO2 doped with
Pd/In can exhibit a superior sensitivity to CO concentration as low as 1 ppm.
Researches also indicate that the La2O3 doped to SnO2 shows higher response
among most sensors but lower than PdO loaded SnO2 accordingly. Moreover, the
influence of time drift and replacement of sensors implemented after fabrication
should be decreased by recalibration and compensation. Therefore, multi-function
sensor with chemical element, oxide or combination doped in SnO2 layer per-
forming high sensitivity and thermal stability for long term stability is in expec-
tation in near future.
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1 Introduction

The increasing interest in environmental conservation which is closely related with to
human health has heightened the need for the in-site monitoring some toxic or flam-
mable gases in the environment The representative gases include volatile organic
compounds (VOCs), carbonic oxide, ethanol and hydrogen et al. Humans are easily
exposed to these chemicals through the skin, by breathing, and eating, and even at low
concentrations this exposure can present long-term health risks [1]. By nature, hydrogen
is explosive [2], which in some way is hazardous. Therefore, a variety of sensors are
implemented for environment monitoring. The metal oxide (MOX) gas sensors appli-
cations for safety have been extensively studied in recent years. The field experience of
the research group has shown that the metal oxide-based gas sensors are the best
chemical sensors for long term application, more than 1 year of continuous working.
Besides, metal oxide layers are sensitive to many different gases or mixtures of gases.
Design high-performance gas sensors that show low humidity dependence and rapid
recovery kinetics [3, 4]. However, its yield is directly dependent on temperature, which
is the limitation of application fields of MOX gas sensors. What’s more, it has to
automatically compensate the time drift [5]. Moreover, the temporal drift of operating
characteristics, along with the low selectivity of sensor responses, are considered to be
major disadvantages of these devices [6]. On the other hand, as for metal oxide gas
sensors, selectivity has not been an easy task to assure an acceptable value for com-
mercial applications. Low-dimensional carbon structures, silicon oxide and alumina are
advantageous for achieving high sensitivity [7, 8]. In addition, some applications, which
should be undertaken in high temperature, to some extent are restricted. Consequently,
gas sensors with good thermal stability can full play to the advantages of some particular
applications. Given that it is capable of thermo stability in high temperature, SiC appears
to be the strongest candidate wide and gap semiconductor for harsh environment
applications [9]. Simultaneously, the influence of temperature or humidity can have an
impact on sensitivity, reliability, resolution etc. Then an advanced multi-function sensor
which combines polymer-based capacitive sensors for humidity and VOCs, semi-
conducting MOX based chemo resistive sensors for reducing/oxidizing gases and a Pt
thermometer on a polyimide sheet [10] shows a good performance in environmental
monitoring. This paper introduces someMOXgases sensors properties on diversemajor
substrates with various SnO2 layers in terms of the CO concentration, sensitivity,
resistance and so on detections, advantages as well as defects.

2 Principle and Experimental

2.1 MOX Gas Sensor Principle

Over recent years, MOX sensors for gas sensing are implemented more and more
widely, especially in monitoring oxidizing and reducing gases as well as flammable
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gases on different substrates. Furthermore, the response of MOX sensors to gas is
mainly induced by heterogeneous chemical reactions between the gas and the
adsorbate on the surfaces [11].

Generally speaking, the MOX gas sensor consists of three portions, which from
down to up accordingly are substrate, oxide layer and metal electrode. In fact, metal
electrode is the function of catalytic to improve the sensitivity of the oxide layer for
a monitoring variety of gases, such as CO, C2H5OH, CH4 and H2 and so on. On the
whole, catalytic activity rate of metal electrode is in the order of Fig. 1:
Ag < Al < Au < Pt. In the mass, compared to other catalytic materials, Pt is the
better selection which is implemented as the metal electrode on various kinds of
substrates. An oxide layer in certain thickness is required so that no air current will
flow through. It is found that most of the oxide layers have been fabricated are
reactive metal oxide since it can be used as catalytic layers on devices, where the
material does not need to conduct large currents [12]. Therefore, an oxide layer is
often fabricated on sensor as not only a dielectric layer, but also as an insulating
layer in case that metal electrode can be in good performance. Metal oxides are
chemically reactive materials [13]. Up to now, plastic, metal oxide and SiC are
representative substrates materials extensively put into use in sensor fields.

Metal oxide substrate sensors are good at monitoring off-odours performed as
e-nose. Meanwhile, TGS2620 is a representative one to be capable of monitoring
odours as well as off-odours, which is widely used in experiments. Its configuration
in order basically is: ZnO substrate, SnO2-based oxide layer and Pt metal electrode.
Compared with metal oxide substrate sensors, plastic substrate ones are higher at
thermal stability. Furthermore, to decrease the power consumption, smaller
micro-hotplates are designed and fabricated on plastic foil [14]. By the way, Pt is

Fig. 1 Effects of electrode
metal on the response of a
SnO2 sensor with the
temperature increasing [14]
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used as conductor since it exhibits a very good stability as heating element [15].
Nevertheless, SiC-based MOX sensors are the promising ones to exhibit good
performance in specific situation especially harsh environmental monitoring, such
as hydrogen atmosphere. Moreover, its oxide layer is SiO2 in most situations, which
is at higher growth rate on SiC substrate. The excellent electronic and mechanical
properties of SiC coupled with high temperature stability of the material are the
underlying rational for investments in SiC technology. Therefore, they are prom-
ising for more challenging applications than those possible with Si devices, espe-
cially in harsh environment applications [16].

2.2 Related Works

Metal oxide thin film sensors have been widely used for gas sensing applications
thanks to their sensitivity toward a large variety of gases [17]. Besides, the factors
influenced characteristics of MOX mainly include selectivity, sensitivity, response,
life time, thermal, humidity stability and so on. Generally speaking, the represen-
tative properties, which are studied by researchers currently, are response, sensi-
bility, stability, consumption and time drift. Nevertheless, there are closed
relationship between each other. The brief introductions for the major performances
are as follows.

2.2.1 Response and Sensibility for CO Monitoring

CO sensors have attracted special attention among other gas ones. Due to the
substantive characteristics of CO are colorless and odorless, it is an essential
potential risks poisonous gas to human health, which is majority from automobiles,
incomplete combustion of fossil fuels, industrial productions, residential buildings,
etc. [18]. For the majority of CO sensors, SnO2-based are the most widely
implemented in gas monitoring available nowadays. Therefore, here are the
experiments of CO detection to show its advantages on this fabrication as follows.

Monitoring of CO (10–100 ppm) is on a drop-coated MOX gas sensor on
polyimide foil, which the metal electrode is consisted by an active area, and four
widths for the active area are investigated for this study: 100, 50, 25 and 15 μm
[19]. What’s more, the MOX layer material is SnO2: 3 %Pd, which exhibits a good
gas sensing performances.

According to the experiment, in contrast to the constant mode, the use of a
pulsed brings two advantages. It reduces the power consumption and improves the
selectivity of the sensor. In addition, the total power consumption of the system on
plastic substrate with a hotplate is of 1.9 mW when operating in pulsed temperature
mode as well as in a duty cycle of 10 % [19], which is a promising advantage of
wireless application.
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However, humidity is also an important factor for long term application of gas
sensors so that a combination of the surface modification with the platinum group
metals is the method to further improve the temperature–humidity dependence and to
markedly induce excellent long-term stability of the SnO2-based CO gas sensor [20].

Nowadays, the air quality is worse than ever, in contrast to that, the hazard gas
concentration is lower but variety complex, respectively. As a result, the higher
sensitivity gas sensors should detect the CO concentration as low as possible in
harsh environment.

Figure 2 shows the sensitivity variation against temperature curves for two dif-
ferent types offilms of SnO2. Obviously, the sensitivity of RO-type offilms is higher
than the RW-type, due to lower refractive index of the RO-type offilms as compared
with the same for the RW-type. Similar observations are made for HfO2 [21].

It can be easily to detect the CO concentration as small as 10 ppm [22]. In
addition, the sensitivity improves gradually with the CO concentration increasing
apparently. At the same time, the Fig. 3 also indicates that the sensor is highly
selective to CO at temperatures lower than 450 °C. Therefore, higher sensitivity can
be obtained where the CO concentration is dense accordingly.

By the way, the average crystallite size decreases with In/Pd doping [23], which
generates excellent porosity of SnO2 film to extend more area for absorbing CO.
Hence, it can exhibit an excellent sensitivity performance in low CO concentration.

Compared to the values of *110 for Au-nanoparticle-doped SnO2 at 150 ppm
CO [24], *70 for In/Pd-doped SnO2 at 300 ppm CO [23]. And *10 for the SnO2

doped with Au/V at 1000 ppm CO [25], the La2O3 doped to SnO2 is effective in
improving the sensitivity to CO, which exhibits a remarkable sensitivity
improvement from 5.2 to 213.7 (in Fig. 4) with the CO concentration increasing
from 10 to 75 ppm.

Fig. 2 Effects of film preparation conditions on the sensitivity. Sensitivity as a function of
temperature for SnO2 films deposited under different conditions but having nearly same thickness
(about 400 nm; RO films prepared on unheated substrates with introduction of oxygen; RW films
prepared on unheated substrates without introduction of oxygen [22])
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The remarkable difference between the undoped SnO2 and the 2.2 at.% La2O3-
doped SnO2 can be distinguished by the trend of two color curves of the CO
sensitivity [26].

However, the value of 320 for PdO-loaded SnO2 at 200 ppm CO [27] is much
higher than La2O3 doped to SnO2. Besides, it is apparently to find that Pd loaded
approximate 0.1 mol% is the optimum response of such sensor.

Furthermore, the method tungsten oxide nanostructures functionalized with gold
or platinum NPs shows higher responses to low concentrations of CO at low

Fig. 3 The In/Pd-doped
SnO2 sensor response to
different CO concentrations
[23]

Fig. 4 The CO sensitivity of
the undoped SnO2 and the 2.3
at.% La2O3-doped SnO2

versus CO concentration [26]
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temperatures (100 ppm, 150 °C) with the advantage of fewer step processes, rel-
atively low processing temperature and no requirement for substrate pre-treatment
[28]. It’s a prospective method for the development of MOX sensors as well as
applications of CO detection.

2.2.2 Stability and Selectivity

Considering many works on response and sensitivity of MOX sensors, However,
Some key points such as selectivity and stability at high temperatures and in a harsh
environment still have to be fully addressed. The sensors using the Nb2O5:Ta2O5

mixture electrode show the best performance in terms of compromising selectivity
and stability with keeping large response and sensitivity values [29].

The changes of sensor parameters, such as compositions on the sensor substrate
and base materials, are important ways to obtain excellent properties. However,
Many applications of metal oxide gas sensors can benefit from reliable algorithms
to detect significant changes in the sensor response. Detecting significant changes in
the response of metal oxide (MOX) gas sensors is important for many applications
such as gas leak detection in coal mines [30, 31], large scale pollution monitoring
[32, 33] or the mapping of gas detection events [34].

The method introduced in [35] allows to interpret the response of MOX sensors
in OSS (open sampling system) configuration and to detect change points.
The TREFEX (TREnd Filtering with EXponentials algorithm) is proposed to
improve the stability and advantage of on-line version in uncontrolled outdoor
environments.

The effects of bias current on sensitivity and selectivity of resistive Metal-Oxide
(MOX) sensors toward gases have been investigated. Sensitivity toward gases,
which is closely related to these phenomena that resistance of rectifying junctions of
MOX films depends on the polarization [36, 37], also turns out to be polarization
dependant [38]. It is realized to increase the sensitivity and selectivity of Metal
Oxide Gas Sensors by adjusting the polarization of different sensitive layers [39].
This will be a breakthrough in the development of smart E-Nose for the environ-
ment monitoring.

2.2.3 Improvement of Lifetime

Different instruments exist to assess the concentration of pollutants presence in air,
but the cost of the deployment and the skills necessary to use these tools make the
monitoring not affordable to ordinary people. Therefore the devices to reduce the
operation power and decrease consumption are the major trade in this application
field. Wang et al. in [40] present a sensor network, which reduces the consumption,
provides enough energy to sustain the monitoring requirements as well as running a
long time for outdoor. The works [41, 42] are some examples, nevertheless no
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improvements are proposed to address and significant reduction of the consumption
of chemo-resistive sensors.

In the fields of WGSN (Wireless Gas Sensor Network, also known as wireless
electronic-nose networks), it makes sense for gas sensors to be low-power con-
sumption. Somov et al. [43] have focused their efforts on the development of the
device to reach, theoretically, two years of lifetime to necessitate very little energy.

The work [44] proposes a new strategy to use commercial MOX gas sensors by
processing the initial transient of output signal to reduce the power consumption of
a single measurement. As a result, it attains to a long lifetime, low cross sensitivity
and long term stability. Especially the cost is reduced by 20× the power, and make
it possible to identify and measure from very-low (0; 1 %) to high (1 %) methane
concentrations in air.

The future of the research is in the development of techniques to reduce energy
consumption. Innovative hardware solutions must be designed to reduce the energy
wasted and batteries alone are not able to guarantee long lasting performance [45].

The sensitivity, selectivity, and response time of semiconducting MOX gas
sensors strongly depend on the sensing layer temperature, which is usually deter-
mined by a heating resistor integrated in the sensor structure. A system described in
[46] and already used in [47] for the dynamic control and thermal characterization
of ultra low power gas sensors is proposed by Rastrello et al. [48].

2.2.4 Sensor Time Drift and Replacement

In a constant operating current or voltage conditions, the sensors would drift in
time, while the range of calibration, which is much smaller than the large range of
temperature variation, influences shifts in the dynamic features [49].

TGS2620 is a MOX gas sensor with SnO2-based on the ZnO substrate, which is
widely implemented in monitoring VOCs. Simultaneously, the representative gas is
C2H5OH. Besides, it is not only the chemical, but also physical factors have dra-
matically impacted on sensitivity, resolution, and life time and so on. Therefore,
time drift and replacement should be taken seriously in long term stability appli-
cations as well.

Figure 5 illustrates the drift compensation effect for the TGS2620 by a multi-
plicative factor, q(t′), estimated from calibration measurements. Apparently from
Fig. 6, the remarkable change between the corrected one with uncorrected shows
with time elapse.

Figure 6 shows the “jump” of replacement of the old one by a new one, which
indicates its notable influence. Hence, it’s necessary to recalibrate and compensate
the new ones to obtain the accurate sensitivity as well as resolution in monitoring.

Nevertheless, above experiments are advanced in the state of the art but not
ultimate so that much further study on doped-SnO2 MOX gas sensors should be
carried on for CO concentration detection as well as long term stability in envi-
ronmental monitoring.
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There are few studies in this area which investigated the sensor drift caused by
environmental variables [51–54], while less emphasis is on he mechanism of
temperature influence itself that causes the drift. In the paper [55], the initial drift
upon the modest changes of ambient temperature is studied, which provide an
understanding in sensor drift phenomenon for further drift compensation study. The
phenomenon of drift caused by environmental temperature plays a substantial
impact to the decreasing of sensor sensitivity and, hence, the instability of the
sensor performance [56].

Fig. 5 Drift correction of the sensor TGS2620 by multiplicative factor estimated by calibration
gas measurements [50]

Fig. 6 “Jump” effect and new time evolution after the replacement of the old TGS2620 by a new
one [50]
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In future work, the focus will be pointed to the development of compensation
model to compensate the drift effects that caused by temperature fluctuations. This
compensation will eliminate the drift effects caused by the environmental variables
and recalibrate the sensor drift, so that the sensor reliability could be enhanced.

3 Conclusion

The remarkable effects of the surface modification are SnO2 doped with platinum
on the CO sensing properties against temperature and humidity changes.
Simultaneously, with introduction of oxygen in SnO2 film can improve the sensi-
tivity of CO in low concentration. In addition, compared with SnO2 film intro-
duction with oxygen, SnO2 doped with Pd/In can exhibit a superior sensitivity to
CO concentration as low as 1 ppm. Furthermore, the La2O3 doped to SnO2 shows
higher response among most sensors but lower than PdO loaded SnO2 accordingly.
What’s more, SiC substrate is the promising candidate where the fields of higher
thermal stability while operating in high temperature. In addition, the method of
multi-sensor on plastic substrate is also an improvement of sensing against the
influences from environment, of which notable advantage is low power con-
sumption, through adding a micro-hotplate on its substrate. The method tungsten
oxide nanostructures functionalized with gold or platinum NPs shows higher
responses to low concentrations of CO at low temperatures (100 ppm, 150 °C) with
the advantage of fewer step processes, relatively low processing temperature and no
requirement for substrate pre-treatment. So the optimization of configuration of
MOX sensors is the major way to improve its properties, on the other hand, the
development of reliable algorithms of sensor system will be a potential method for
promoting performances of MOX sensors.

4 Prospective

Moreover, the compensation of time drift and replacement of sensors is also a
significant improvement in long term stability of the sensors in gas monitoring. In
future work, the focus will be pointed to the development of compensation model to
compensate the drift effects that caused by temperature fluctuations. This com-
pensation will eliminate the drift effects caused by the environmental variables and
recalibrate the sensor drift, so that the sensor reliability could be enhanced.
Nowadays, the selectivity of gas sensors is still a challenge for commercial appli-
cations. In future, chemical element, oxide or combination of both doped in SnO2

layer is a promising selective for MOX gas sensors implemented in variety appli-
cations fields. Ultimately, we’ll foresee a superiority sensor with high sensitivity,
thermal stability, and sensing accuracy for long term stability in environmental
monitoring.
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Temperature Field of Double-Sided
Asymmetrical MAG Backing Welding
for Thick Plates

Yu-Xi Chen, Yan-Ling Xu, Hua-Bin Chen, Hua-Jun Zhang,
Shan-Ben Chen and Yu Han

Abstract A double elliptic distribution model of moving heat-source was used to
double-side asymmetrical MAG backing welding of thick plate, and a 3-D
non-linear FEM analysis model was established based on ABAQUS software. The
transient temperature of different arc distance was calculated. To verify the
numerical results, the temperature was measured and the calculated results agree
approximately with experimental data. Farther, the effect of arc distance on tem-
perature field and weld pool size was discussed. The results show that the arc
distance will influence the distribution of temperature field and the weld shape. The
arc distance is a very important factor to affect the quality of double-side asym-
metrical MAG backing welding of thick plate.

1 Introduction

Welding structure of thick plate of low-alloy high-tensile steel is extensively used in
the fabrication industry, including shipbuilding, offshore structures, high-pressure
vessel and so on [1–3]. At present, these structures adopt conventional welding
technology such as manual and semi-automatic arc welding, which are very com-
plicated and of low productivity. The process of the production is as follows:
preheating, gas metal arc welding (GMAW) in one side, then back chipping by
carbon arc air gouging, polishing, magnetic particle examination, preheating again,
GMAW on the other side again, finally post heating and so on [4]. In order to
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improve the welding production efficiency, some new methods come forth, among
which is double-sided double arc welding (DSAW) [5–7]. The weldment welded by
DSAW need not back chipping, so DSAW has been applied in the welding of thick
plates. But few related theories have been reported. Therefore, it is very significant
to have further theory research to this method so as to guide the production.

It is well known that thick plate welding generally adopts multi-layer and
multi-pass welding, and backing welding is the most important pass. In the backing
welding, the double MAG welding arcs on double sides keep a proper distance to
realize temperature controlling because low-alloy high-tensile steel is strict with
welding heat input. The thermal cycles have an important influence on the
microstructure, shape, stress, distortion and mechanical property [8–10], but the
effect of arc distance on the temperature field and weld shape is not clear. Therefore,
numerical simulation based on ABAQUS is applied to research the relationship
between arc distances and weld shape in DSAW. In addition, the welding experi-
ments are also carried out to verify the numerical results.

2 DSAW Experiment

The basic principle of DSAW process and the real system established in this paper
are shown in Fig. 1. Two weld guns are laid on the two sides of the plate and
supplied by weld power 1 and power 2 individually. Double sided metal active gas
(MAG) torches keep an arc distance to realize asymmetric DSAW.

To verify the numerical results, low-alloy high-tensile steel plates, 30 mm in
thickness, 70 mm in width and 240 mm in length, double-V symmetry groove
(angle = 45°), root gap of 3 mm are welded at vertical position using the asym-
metric DSAW process at an arc distance. The welding parameters used in the
experiment are: welding speed 2 mm/s, welding voltage of fore arc 20 V and
welding current 114 A, welding voltage of rear arc 19 V and welding current 108 A.
The temperature measurement was implemented using K-type thermocouples. The
locations of the thermocouples are also shown in Fig. 1.

Fig. 1 The basic principle of DSAW process and the real system
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3 Finite Element Model

3.1 Three-Dimensional Model

Figure 2 shows the symmetric finite element model used in the welded butt joint
plate (240 × 140 × 30 mm). The three-dimensional model was established using the
simulation software ABAQUS. Considering that the temperature and stress gradient
of weld zone are very high, fine mesh is used in weld and heat affected zone and the
coarse mesh is used in regions away from the weld. The total numbers of elements
and nodes used were 64,160 and 71,980 respectively. The X axis is the plate width
direction, the Y axis is the plate thickness direction, and the Z axis is the welding
direction.

3.2 Heat Source and Thermal Analysis

In this study, the isotropic behavior of the material is assumed. At the ambient
temperature, the Poisson’s ratio is 0.29, the density is 7860 kg m−3 and the melting
point is 1450 °C. Figure 3 shows the physical properties which are temperature
dependent. The heat from the moving welding arc is applied as a volumetric heat
source with a double ellipsoidal distribution proposed by Goldak [11]. The heat
analysis near the weld molten pool zone mainly appears heat radiation. However
the farther place mainly appears surface heat exchange. Considering the common
effects of radiation and surface heat exchange, the formula of compound heat
conduction coefficient as follows [12]:

h ¼ eemrbol T4 � T4
amb

� �
T � Tamb

þ hcon

Fig. 2 3D finite element
model and meshing in
welding simulation
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where h is the compound heat conduction, eem is the radiation coefficient, hcon is the
convection coefficient, rbol is the Stefan–Boltzmann constant, T is the absolute
temperature, Tamb is the surrounding temperature.

3.3 Load Case Design

To investigate the effect of arc distance on the temperature field, five cases are
developed according to different arc distances: 0, 20, 40, 60 and 80 mm respec-
tively. The realisation of the DSAW process is shown in Fig. 4. Arc distance variant
is set as d, and fore torch is ahead of the rear torch by an arc distance d during
welding at the same speed: first, fore arc is loaded, t1 (s) later, the rear arc is loaded,
t2 later, fore arc is unloaded, t1 later, the rear starts to be unloaded and workpiece
starts to be naturally cooling in the air, and t3 later, the average temperature of
workpiece falls close to ambient temperature. Fore torch is ahead of the rear torch
by an arc distance d, i.e. according to the welding speed, the foregoing time t1 is
expressed as follows.

t1 ¼ d
v1

Then the fore and rear torches have been going simultaneously for a period of
time t2 as follows.

t2 ¼ L� d
v1

Fig. 3 Temperature
dependent thermal physical
properties
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where L is the length of plate (mm), d is the arc distance (mm) and v1 is the welding
speed (mm/s). The time of cooling to ambient temperature cannot be determined
quantitatively because it will be different with different arc distance.

4 Results and Analysis

4.1 Comparison of Experimental and Calculated Results
of Temperature

In order to verify the accuracy of numerical simulation, the transient temperature at
arc distance 40 mm is measured by the thermocouples. The calculated and exper-
imental results are shown in Fig. 5. The whole evolution trend of experimental
temperature agrees approximately with that of calculated temperature, but the peak
temperature of measured curve is slightly higher than that of numerical curve.
Calculated and experimental results show that there are two peaks appear in the
temperature curve. The fore pass induces preheat action to the rear pass, and the
rear arc has the postheat action on the fore pass. The double peak characteristic of
DSAW temperature will be helpful for the weld microstructure and alleviate the
cold crack.

Fore arc start welding

Rear arc start welding

Fore arc end welding

Rear arc end welding

Cool to interpass 
temperature

t1

t1

t2

t3

Fig. 4 Load of welding job
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4.2 Effect of Arc Distance on Temperature

In order to investigate the effect of arc distance on the temperature field, five cases
are developed according to different arc distances: 0, 20, 40, 60 and 80 mm
respectively. Figure 6 shows the history plots of the temperature at different arc
distance. The figures illustrate that with the increase of the arc distance, the thermal
cycle curves present different characteristics. At arc distance 0 mm, the molten
pools of the fore and rear completely added together, which can be approximately
regarded as one pool. The temperature distribution has a single peak, and the
process can be regarded as single arc welding process. When the arc distance
increase to 20 mm, the temperature curves is not strict unimodal or bimodal
structure, but a kind of approximate unimodal structure. Compared the thermal
cycle curves at different arc distance, the peak temperature of the fore pass is
basically unchanged, but the peak temperature of the rear pass at 20 mm is higher
than other arc temperature, even higher than the peak temperature of the fore pass.
It indicates that the fore arc and rear arc have a great influence on each other, the
fore arc has the preheat action on the rear pass, and the rear arc has the postheat
action on the fore pass. However, the rear weld in high temperature for a long time,
it will prone to overheating and affect the welding quality. Temperature curves have
double peaks when arc distance is from 20 to 80 mm and the bimodal structure is
more and more obvious with the increase of the arc distance. In summary, the peak
temperature of the fore pass is decreasing with the increase of arc distance, which
indicates that postheat effect of the rear arc on fore pass becomes small. The peak
temperature of the rear pass is increasing firstly, and then decreasing along with the
arc distance increasing because the preheat temperature is decreasing with the arc
distance increasing.

Fig. 5 Comparison of
temperature history between
experiment and finite element
simulation
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4.3 Effect of Arc Distance on Weld Pool Size

Figure 7 shows the effect of arc distance on weld pool size. It can be seen that the
penetrations of the fore weld and rear weld change slightly with the increase of arc
distance 0–20 mm. With the increase of arc distance 0–20 mm, the width of fore
weld pool decreases from 11.8 to 8.6 mm, but the width of rear weld pool increases
from 9.3 to 10.4 mm, which agrees with the peak temperature on rear weld. The
reason is that the molten pools of the fore and the rear can be approximately
regarded as one pool when the arc distance is very small. The effect which the fore
arc act on the rear arc is bigger than that the rear arc influence the fore arc. The
energy of the arc concentrate and the peak temperature rise. When the arc distance
becomes larger, the width and penetration of the rear weld decreases obviously, but
the weld pool size of the fore weld have little changes.

Fig. 6 Thermal cycle curves with different arc distances. a Fore pass. b Rear pass

Fig. 7 Molten shape parameters with different arc distances. a Molten width. b Molten depth
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5 Conclusion

1. A 3-D non-linear FEM analysis model was established for double-side asym-
metrical MAG backing welding of thick plate. The transient temperature was
measured and the calculated results agree approximately with experimental data.
The results show that the fore arc has the preheating effect on the rear pass, and
the rear arc has the post-heating effect on the fore pass.

2. The thermal cycle curves show unimodal or approximate single-peak structure
when arc distance is from 0 to 20 mm. There is a greater influence on the
interaction between the two arcs. The curves have double peaks when arc dis-
tance is from 20 to 80 mm. The effects of preheat and post heat weakened with
the increase of the arc distance.

3. The molten pools of the fore and the rear can be approximately regarded as one
pool when the arc distance is very small. With the increase of arc distance
0–20 mm, the width of fore weld pool decreases from 11.8 to 8.6 mm, but the
width of rear weld pool increases from 9.3 to 10.4 mm. The penetrations of the
fore weld and rear weld change slightly with the increase of arc distance
0–20 mm. When the arc distance becomes larger, the width and penetration of
the rear weld decreases obviously, but the weld pool size of the fore weld have
little changes.
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Research on Visual Weld Trace Detection
Method Based on Invariant Moment
Features

Jin-Le Zeng, Yi-Rong Zou, Dong Du, Bao-Hua Chang
and Ji-Luan Pan

Abstract A visual weld trace detection method based on invariant moment fea-
tures is proposed in this paper for cosmetic welding inspection. The proposed
method can not only overcome the absence of distortion in structural light detec-
tion, but also solve the problems of existing detection method based on grayscale
weld image such as many priori parameters needed, time-consuming feature
extraction process, instable features etc. This research shows that the proposed
detection method has advantages in better adaptability, fewer priori parameters and
higher efficiency. The detection error of the proposed method is not more than 0.3
mm. The seam and base metal region can be classified effectively. The proposed
method is expected to be applied to real-time seam tracking in multi-layer welding.

1 Introduction

Visual weld detection is of great significance in fast off-line path planning [1],
process control of welding [2, 3] and nondestructive testing of weldment [4], in
order to obtain a combination of good forming and metallurgical quality [5–9].
Visual weld detection is in fact a process to distinguish the seam and base metal by
characterizing them with some kinds of remarkable visual features.

Nowadays, structured light detection [3, 10, 11] based on geometric features of
weld is the most widely used method in practical industrial use. The reliability of
structured light detection method depends largely on the extent of laser distortion.
However, in multi-layer and multi-pass weld tracking (e.g. cosmetic welding) or
nondestructive testing of formed weld, laser distortion becomes unremarkable [12],
because the region of existing beads becomes smooth as the welding process goes
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on, which may consequently result in a detection failure. It is essential to develop a
new visual detection method to distinguish the seam and base metal in these
applications.

Researchers have proposed many methods based on other visual features. In
these researches, grayscale or color images of weld are captured by cameras.
Template matching [13] is one of these weld detection methods. During the
detecting process, a chosen seam template travels across the image and correlation
coefficients in each position are calculated. The positions where correlation coef-
ficients reach high values indicate the real seam region. It is doubtful whether the
chosen template is applicable and adaptive to variable welding conditions, however.
Moreover, template matching is so difficult and may fail to give an accurate
detecting result when the trend of weld changes unpredictably.

Differences in grayscale distribution, i.e., texture, between seam and base metal
are used in weld detection as well. Haralick texture features extracted from gray
level co-occurrence matrix (GLCM) are proposed to detect the weld in [14]. These
features are sensitive to many priori parameters during the calculation of GLCM,
such as gray-level, distance and angle parameters of pixel pairs. Besides, the pro-
cess to compute Haralick texture features is time-consuming.

In this paper, a weld detection method based on invariant moments is proposed
to distinguish two different regions (seam and base metal) in the weld image. The
proposed method is expected to be adaptive to variable welding conditions for the
stability of invariant moment features. Fewer priori parameters are required and the
efficiency of detecting algorithm is improved.

2 Invariant Moments Extraction and Properties

Figure 1 shows a stainless steel cosmetic weld image captured by CCD camera
using MIG weaving welding method. The welding current, voltage, speed and
weaving frequency are 140 A, 19 V, 80 mm/min and 0.5 Hz respectively.

Fig. 1 Stainless steel
cosmetic weld image using
MIG weaving welding
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The width of the seam is about 15 mm. The image size is 300 × 300 and field of
view is about 35 mm × 35 mm. In order to distinguish the seam and base metal,
suitable visual features should be chosen first to characterize both regions.

In this study, invariant moments are chosen to characterize seam and base metal.
According to Hu’s theory [15], 7 invariant moments of digital image I(x, y) are
defined as:

u1 ¼ g20 þ g02

u2 ¼ ðg20 � g02Þ2 þ 4g211
u3 ¼ ðg30 � 3g12Þ2 þ ð3g21 � g03Þ2

u4 ¼ ðg30 þ g12Þ2 þ ðg21 þ g03Þ2

u5 ¼ ðg30 � 3g12Þðg30 þ g12Þ � ½ðg30 þ g12Þ2 � 3ðg21 þ g03Þ2�
þ ð3g21 � g03Þðg21 þ g03Þ � ½3ðg30 þ g12Þ2 � ðg21 þ g03Þ2�

u6 ¼ ðg20 � g02Þ½ðg30 þ g12Þ2 � ðg21 þ g03Þ2� þ 4g11ðg30 þ g12Þðg21 þ g03Þ
u7 ¼ ð3g21 � g03Þðg30 þ g12Þ � ½ðg30 þ g12Þ2 � 3ðg21 þ g03Þ2�

þ ð3g12 � g30Þðg21 þ g03Þ � ½3ðg30 þ g12Þ2 � ðg21 þ g03Þ2�

where ηpq is the pq-order normalized central moment:

gpq ¼
XM

x¼1

XN

y¼1

ðx� �xÞpðy� �yÞqIðx; yÞ
" #,

XM

x¼1

XN

y¼1

Iðx; yÞ
" #pþq

2 þ1

where the image size of I(x, y) is M × N.
Take the 1st invariant moment ϕ1 for example. For a stable and adaptive

detection, the invariant moment ϕ1 is expected to meet the following needs.

2.1 High Degree of Self-similarity and Separation

The feature should almost stay unchanged in different parts of the same seam (or the
same base metal). Besides, it is important to keep high separation degree for a better
classification of seam and base metal. In order to validate high degree of
self-similarity and separation of ϕ1, the weld image in Fig. 1 is segmented into
several ΔM × ΔN sub-images and adjacent sub-images are overlapped half, as
shown in Fig. 2a. Invariant moment ϕ1 of each sub-image is calculated. The dis-
tribution of ϕ1 is shown in Fig. 2b when ΔM = 20 and ΔN = 20. Figure 2b shows
that the invariant moment ϕ1 of seam is distinguished from that of base metal and it
is smaller.
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With-class to among-class deviation ratio (WADR) is used to quantitatively
describe the degree of self-similarity and separation of invariant moment feature
proposed in this study and gray level co-occurrence feature proposed in [14].
The WADR of invariant moment feature is about 1.115, which is similar to that of
gray level co-occurrence feature (about 1.110–1.117). It can be seen that the pro-
posed feature is expected to effectively distinguish the seam and base metal region.

2.2 Affine Invariance

Affine invariance (including translational, rotational and scale invariance) is nec-
essary for characterizing seam and base metal, in order to be adaptive to (1) the
time-varying relative position and pose between the work piece and camera, (2) the
time-varying trend of weld, and (3) dimension differences of diversities of seams.

It is proved by Hu that the invariant moments are translational, rotational and
scale invariant when a full image is taken into account. However, affine invariance
of a sub-image, especially rotational invariance, has not been discussed, which is
important to judge whether the sub-image in Fig. 2a belongs to seam region or not.

A rotated ROI (sub-image) with rotation degree θ is chosen in seam region as
shown in Fig. 3a. The ratio of invariant moment ϕ1 between rotated ROI and ROI
without rotation is shown in Fig. 3b. The ratio is between 0.98 and 1.02. It can be
concluded that the invariant moment ϕ1 is sub-image rotational invariant.

Fig. 2 Segmentation of weld image and distribution of invariant moment ϕ1 of weld image
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2.3 Repetition Invariance

If the detected target appears repeatedly and adjacently in one captured image, the
repeated target should have the same properties as the single target. The whole seam
can be regarded as a repeated pattern of its portion. For a stable and adaptive weld
detection method, an equivalent feature should be shared by both of the whole seam
and its portion.

To validate the repetition invariance of invariant moment, a portion of seam
region is chosen first. Then a repeated image is created consisting of a p-by-p tiling
of copies of this portion. The ratio of invariant moment ϕ1 between the portion and
repeated image is shown in Fig. 4. The invariant moment ϕ1 of repeated image is
almost the same as that of the portion. In other words, the invariant moment ϕ1 is
repetition invariant.

Fig. 3 Ratio of invariant moment ϕ1 between rotated ROI and ROI without rotation

Fig. 4 Ratio of invariant
moment ϕ1 between the
portion and repeated image
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3 Weld Inspection Method Based on Invariant Moments

Considering the high degree of self-similarity and separation, affine invariance and
repetition invariance of invariant moment ϕ1, it is expected to develop a stable and
adaptive weld detection method based on invariant moment and it is proposed in
this study.

3.1 Image Segmentation and Invariant Moment Feature
Extraction

First of all, the weld image is segmented into several ΔM × ΔN sub-images and
adjacent sub-images are overlapped half, as shown in Fig. 2a. Suppose there are
SM × SN sub-images in Fig. 2a. The invariant moment ϕ1 of each sub-image is
calculated and a two-dimensional array ϕ1[i][j] is obtained, where 1 ≤ i ≤ SM and
1 ≤ j ≤ SN.

3.2 K-Means Adaptive Thresholding

K-Means adaptive thresholding is applied to each row of ϕ1[i][j]. Considering the
probable different lighting conditions of two-sided base metal, two different
thresholds are used to different side of base metal. The algorithm flow of thres-
holding is as follows: for each row i of ϕ1[i][j],

Find the column index in which ϕ1[i][j] reaches its minimum:

s½i� ¼ arg min
1� j� SN

u1½i�½j�

Since the invariant moment ϕ1 of seam region is smaller than that of base metal,
the region neighbored to the sub-image where ϕ1 reaches its minimum is expected
to be the seam.

For ϕ1[i][j], 1 ≤ j ≤ s[i] and ϕ1[i][j], s[i] ≤ j ≤ SN, K-Means adaptive thresholding
is applied respectively. Two thresholds, namely TL[i] and TR[i], are obtained.
A two-dimensional array F[i][j] is used to record the thresholding results:

F½i�½j� ¼
1; 1� j� s½i� and u1½i�½j� � TL½i�
1; s½i� � j� SN and u1½i�½j� � TR½i�
0; otherwise

8
<

:

The thresholding result is shown in Fig. 5.
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3.3 Maximum Connected Domain Detection

There may be many isolated noise regions after thresholding. A maximum con-
nected domain detection method is proposed to eliminate those isolated noise
regions. The maximum connected domain of the thresholded image is expected to
be the candidate of seam region. Extract the two edges of the maximum connected
domain, and denote the column indexes of edges as ENL[i] and ENR[i] respectively.

3.4 Edge Position Refinement

The edge pixel coordinates can be figured out according to the column indexes
ENL[i] and ENR[i] by multiplying sub-image size. However, the detection accuracy
of proposed method may depend largely on the size of sub-images if it is done. In this
study, a linear interpolation method is introduced to refine the accurate sub-pixel
coordinates of edges.

Supposing that invariant moment ϕ1 is equal to threshold TL[i] (or TR[i]) where
the real edge point locates, the real edge positions EL[j] and ER[j] meet the fol-
lowing interpolated equations:

EL½i� � ðENL½i� � 1Þ
ðENL½i� þ 1Þ � ðENL½i� � 1Þ ¼

TL½i� � u1½i�½ENL½i� � 1�
u1½i�½ENL½i� þ 1� � u1½i�½ENL½i� � 1�

ER½i� � ðENR½i� � 1Þ
ðENR½i� þ 1Þ � ðENR½i� � 1Þ ¼

TR½i� � u1½i�½ENR½i� � 1�
u1½i�½ENR½i� þ 1� � u1½i�½ENR½i� � 1�

Thus, the refined sub-pixel edge positions EL[i] and ER[i] can be obtained.

Fig. 5 The thresholding
results of invariant moment
ϕ1[i][j]
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4 Processing Results and Discussions

Figure 6a shows the image processing result (Fig. 1) of proposed algorithm. The
size of sub-images is 20 × 20. All tests are carried out on a PC (4-core, 8-thread
3.40 GHz CPU, 8 GB RAM). Other weld images in different conditions (exposure
time and welding parameter) are also captured and the proposed method and gray
level co-occurrence (GLCF) feature method in [14] are applied to figure out the
edge between seam and base metal too in Fig. 6b and c. Images in the left column
of Fig. 6 are the original images. Images in the middle and right column are the
processed images using the proposed method and GLCF method respectively (the
white curves in the images indicate edges of seam and base metal). The detection
error of proposed method does not exceed 0.3 mm. The proposed method is more
efficient than GLCF method. When the contrast between seam and base metal is

Fig. 6 Image processing result of proposed method and Gray level co-occurrence feature method.
a Full image 300 × 300, sub-image 20 × 20, process time cost 2.7 ms (middle) and 5 ms (right),
b full image 410 × 260, sub-image 20 × 20, process time cost 3.4 ms (middle) and 5.6 ms (right),
c full image 450 × 200, sub-image 20 × 20, process time cost 3.2 ms (middle) and 4.6 ms (right)
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rather low as shown in Fig. 6c, the proposed method successfully detects accurate
edges while GLCF method fails. Furthermore, there are only two priori parameters
needed in proposed method (sub-image size), which are fewer than that needed in
GLCF method.

5 Conclusion

A weld detection method based on invariant features is proposed in this paper. The
first invariant moment chosen to characterize the seam and base metal has the
properties of high degree of self-similarity and separation, affine invariance and
repetition invariance, which contributes to a stable and adaptive weld detection
process. A linear interpolation method is applied to refine the edge position between
seam and base metal and the detection error is not more than 0.3 mm, overcoming
shortages that detection accuracy is restricted to sub-image size when sub-image
segmentation is applied. Compared to the existing weld detection method, the
proposed method has advantages in better adaptability, fewer priori parameters and
higher efficiency. It is expected to be applied to real-time seam tracking in
multi-layer welding applications in the future.
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Mechanism Analysis and Feature
Extraction of Arc Sound Channel for Pulse
GTAW Welding Dynamic Process

Na Lv, Yan-ling Xu, Gu Fang, Hui Zhao and Shan-ben Chen

Abstract Arc sound signal has been proved to be an effective information for
on-line monitoring and control for the quality of GTAW welding. Lots of studies
focused on the sound source analysis. In this paper, an analysis of the generation
and mechanism of sound channel during GTAW welding is completed, a method of
establishing the equivalent model based on cepstral coefficient is proposed. The
sound channel is expressed by complex cepstral coefficient through Z transform.
The cepstral coefficient and spectral envelope of three different penetration states
have been identified. Results show that the models of sound channel for full pen-
etration, partial penetration and excessive penetration are clearly distinguishing the
different fusion state of welding process. The sound channel for normal weld is
more stable and balanceable than the abnormal weld. Thus, the cepstral coefficient
for sound channel is proved to be an effective feature for the identification of
dynamic welding process.

1 Introduction

The implementation for real-time monitoring of welding quality is actually a bionic
process of imitating human behavior, especially how the welder achieve the sensory
information acquisition during the operation process [1, 2]. After analysis by the
human brain, the information is considered as a criterion of welding process sta-
bility. Then the judging results are determining the welding operation directly as the
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feedback from the dynamic welding process. Thus, collecting the most accurate and
comprehensive fusion features from dynamic welding process becomes the primary
and necessary step for real-time monitoring of welding quality. Taking the example
by welder’s judgment for welding quality using sensory information, the visual
sensor and acoustic sensor is the most popular feature vector for achieving the
welding penetration state monitoring and control. Due to its better intuitive and
huge amount of information content, the visual sensor is concerned by a lot of
scholars. The research covers the range from automated weld torch guidance before
welding, weld seam tracking and weld quality monitoring during the welding
process [3–5]. The arc sound signal is another sensor which is a type of non-contact
vibration source of the signal. And the visual sensor has its disadvantage that the
equipment is too large for the complex shape of the workpiece and unpredictable
work environment. Therefore, many researchers pay attention to the research of the
acoustic sensor. The sound information has been studied more and more because of
its good indirectness and well adaptability. Nowadays, the research of arc sound
signal is becoming a hot topic in the area of welding quality monitoring and control
[6–11].

The acoustic signal is generated from the vibration of weld pool and the
transformation of arc energy, so arc sound signal is a potential and valuable
research direction for real-time online weld quality monitoring. Many researchers
have focused on the study of acoustic signal during welding process. The research
covers different subject areas like the generation source of acoustic signal, the
feature extraction of arc sound signal and the modeling of dynamic welding process
based on acoustic signal and welding parameters, and also the analysis of sound
channel for the welding arc sound signal [6–11]. According to the study, arc sound
signal is a signal which could be transmitted in a variety of medium, just like the
speech signal. And the speech signal consists of the sound source signal and the
modulation of vocal tract system. Identically, the arc sound signal has the same
generating mechanism with the speech signal. The arc sound signal source comes
from variation energy of the arc, the sound channel is generated from motivation of
sound source. While the sound source is constant, the sound channel could be
considered as a linear time-invariant system. Some researchers have focused on the
sound channel during the welding process, however their studies mainly concen-
trated on MIG welding. There’s less study about the sound channel for the GTAW
dynamic welding process.

In this paper, the experiment was designed to create three different penetration
states, such as full penetration, partial penetration and excessive penetration. Firstly,
the generation mechanism of arc sound channel for GTAW welding was analyzed
via the spectral analysis. Then, the sound channel model was set up through the
cepstral coefficients of the arc sound signal.
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2 Experiment System and Experiment Description

The schematic diagram of the experimental apparatus is shown in Fig. 1. The
system is composed of four parts: the robotic system, the audio sensing system, the
control system, and the welding system. The robotic system is a 6 degree of
freedom industry robot made by Yaskawa Corporation. It contains a robot con-
troller, a robot positioner and a teach box. The welding system includes: an
INVERTER ELESON 500 P type AC/DC GTAW welding power source which is
provided by Japan OTC company, a CM-271 type wire feeder, an HC-71 type wire
feeding control box, an FR-IA gas flow controller, a water cooling fitting, a water
box, protect cylinders and some other auxiliary equipment. The control system is
composed of a control circuit board and a computer. The isolation unit is a
self-made circuit to isolate the computer and the weld power supply from
high-frequency interference at the beginning of welding. The computer, which is an
industrial computer, runs the acoustic signal processing, welding control programs,
and acts as the man-machine interface for this experimental system. The audio
sensing system is composed of a microphone and a signal conditioner (Fig. 2).

The audio sensing system is responsible for the acquisition of acoustic signals
during the welding process. The arc sound signal of welding is collected at 36 kHz
sampling rate and 12 bits precision. The arc sound is picked by MP201 an omni-
directional capacitance microphone, of which the frequency response range is from
20–20 kHz, the sensitivity is 50 mV/Pa, and the dynamic range is >146 dB. The
microphone is settled at 75° horizontal angle to the work piece. The arc sound is
filtered by the MC104 signal conditioner which has a steep dropping characteristics.
The major parameters of the microphone are shown in Table 1. All the data col-
lection and system software are programmed using Visual C++. The signal was
processed by the Matrix laboratory platform.

Figure 3 shows three different penetration states beyond the equal arc length
situation. In the figure the first row represents the image of welding surface, the
second row shows the backside of the welding piece while the third row contains
images captured during the welding process. As the welding is a process of gradual
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Fig. 1 a Components and communication of system, b real experiment system
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Fig. 2 Weld sound arc sensor: a microphone, b signal conditioner

Fig. 3 Three different penetration states: a partial penetration, b full penetration, c excessive
penetration

Table 1 Experiment conditions of arc height changed experiment

Parameter type Value Parameter type Value

Impulse frequency (Hz) 2 Polar diameter ϕ (mm) 3.2

Peak current Ip (A) 180 Duty ratio δ (%) 50

Base current Ib (A) 45 Ar air flow L (l/min) 10

Wire feed speed Vf (mm/s) 10 Arc height (mm) 3–6 mm

Welding speed V (mm/s) 4.5 Material type Aluminum alloy LF6
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penetration from base metal to fusion metal, so there are lots of intermediate states
during the process. However, in order to study the properties of arc sound signal, it
is necessary to simplify the definition of dynamic welding penetration state. So in
this paper, three penetration states, i.e., partial penetration, full penetration and
excessive penetration, are designed to be the research target. The arc sound signal is
collected during the whole welding process and divided into three types of acoustic
data. According previous studies, the arc sound signal is composed of actual ori-
ginal sound signal and noise signal. In this paper, the generation mechanism of arc
sound source is not considered for the study of arc sound channel of GTAW
dynamic welding process.

3 Analysis of Generation Mechanism for Sound Channel

According to the amplified figure shown in Fig. 4, the pulse characteristic of the
pulse GTAW leads to pulse-like arc sound signals. From the figure, it can be seen
that the positive arc sound pressure is larger and abundant than the negative arc
sound pressure. The image shows that the time domain feature of arc sound signals
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Fig. 4 The time-domain waveform of different penetration state: a partial penetration, b full
penetration, c excessive penetration
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during different penetration are different from each other. The acoustic signal of
partial penetration is similar to that of the full penetration. They both have the clear
pulse characteristics. However, the excessive penetration gets a lot of noise during
the collection process. The reason of why the signal of excessive penetration has
more noise had been discussed in various papers [12–15]. It was found that when
the weld joint has been excessively welded, the material stability in welding joint
has been broken by the arc blow force. The sound source energy of arc sound signal
is unstable to express the feature of pulse exchange and the deforming metal leads
to the generation of welding noise. The sound pressure of excessive penetration is
also less than those of the other two states, so the excessive penetration state is the
most easily identified state of the three penetration states. The time-domain
waveform shows the characteristic of the sound source for arc sound signal. This
paper focuses on the analysis of sound channel of the arc sound. The analysis about
the sound source of arc sound signal can be found in [14, 15].

As we know from previous studies, the arc energy is the key factor for the
generation of arc sound signal, and the arc power determines the arc energy. This
means that the arc power should be reflected by the features of arc sound signals. In
Fig. 5, the sound signal and the differential power signal for one pulse cycle have
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been presented. It can be seen that there are clear differences between the sound
signals (Fig. 5a) and the arc differential power (Fig. 5c). The arc sound contains lots
of noise (Fig. 5b) and the arc power (Fig. 5d) has a very clear pulse characteristic in
the time-domain waveform. It can be concluded from the frequency-domain anal-
ysis that arc sound signal contains lots of formant and the formant distributes in
every frequency band. However, the arc power doesn’t have much formant in
frequency-domain analysis.

Thus, it can be concluded that the arc sound signal is not only influenced by the
changing of sound source, but also affected by other factors. It can be assumed that
there is a modulating sound channel system existed in arc sound production pro-
cess. The modulating sound channel is mainly determined by the formant of the arc
sound channel. The arc sound channel can be considered as a conical cavity covered
by shielding gas atmosphere between the tungsten electrode and the welding plate.
Its geometrical morphology and properties are caused by the behavior of welding
arc, protective gas velocity and density of medium. Changing of these factors could
impact the resonant frequency of the arc sound channel. The resonant frequency
could influence the frequency feature of arc sound signal, some parts of frequency
information are reduced and some of them are amplified. Finally it turns out to be
the actual arc sound which has been actually collected.

4 Establishing the Mathematical Model Based on Linear
Prediction Cepstrum Coefficients

In the process of feature extraction for speech recognition, a rectangular cepstrum
window is usually used to extract the feature of a sound channel, like cepsturm
coefficients. The low frequency part is considered as the system function of sound
channel, and the high frequency part can be used to distinguish the voiceless sound
and the dull sound. Cepstrum analysis is used for genetic testing and resonance
peak detection in speech recognition. Based on the above analysis of arc sound
channel generation, since there are lots of resonant frequencies generated in the
sound channel through the arc energy modulation, the formant also happens during
the process. Thus, the cepstrum analysis method is suitable for the estimation of the
characteristic of the arc sound channel.

4.1 A Mathematical Model Based on Cepstrum Analysis

In the processing of speech recognition, the sound is divided into two kinds of
voices according to different time-domain and frequency-domain features: they are
voiceless sound and voiced sound. The voiceless sound is considered as a linear
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time-invariant system stimulated by a random noise. And the voiced sound is
considered as a linear time-invariant system stimulated by a periodical impact
string. The arc sound signal of a pulse TIG welding is a kind of vibration signal
generated by pulsed and periodical stimulation. Thus, it could be estimated, and the
equivalent model can be obtained according to the known mathematic model of the
voiced sound. So the arc sound signal can be described as:

sðnÞ ¼ pðnÞ � gðnÞ � vðnÞ � rðnÞ ¼ pðnÞ � hvðnÞ ð4:1Þ

Among them, p(n) represents the periodical impact train, the period is Np, v(n)
represents the impulse response of the sound channel, r(n) stands for the radiation
impulse response during the sound spreading process, g(n) stands for the glottis
wave, hv(n) stands for the impulse response of the linear system during welding
atmosphere, the * is the convolution calculation. And,

pðnÞ ¼
XM�1

r¼0

dðn� rNpÞ ð4:2Þ

So,

sðnÞ ¼
XM�1

r¼0

ardðn� rNpÞ ð4:3Þ

The hv(n) could be considered as the convolution of the glottis wave g(n),
impulse response of sound channel v(n) and the radiation impulse response r(n).
The model of sound channel could be described as:

hvðnÞ ¼ gðnÞ � vðnÞ � rðnÞ ð4:4Þ

After the Z transform, it can be described as:

HvðzÞ ¼ GðzÞ � VðzÞ � RðzÞ ð4:5Þ

The Z transform is used to the sound signal s(n), result show as the follow:

SðnÞ ¼
X1
n¼�1

sðnÞz�n ¼
X1
n¼�1

arz�rn

= a0 1þ a1
a0

z�Np þ � � � þ aM
a0

z�MNp

� �

¼ a0
YM
r¼0

½1� arðzNpÞ�1�

ð4:6Þ
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If the pole zero model is used to describe the sound channel impulse train, as

XðzÞ ¼ Aj j
Qmi

k¼1 ð1� akz�1ÞQm0
k¼1 ð1� bkz�1ÞQpi

k¼1 ð1� ckz�1ÞQp0
k¼1 ð1� dkz�1Þ ð4:7Þ

Deconvolution is the key method for analysis of sound signal, and also it could
get the impulse response hv(n) reflecting the sound channel. According to the
complex cepstrum analysis, the complex cepstrum of x(n) could be expressed as:

x̂ðnÞ ¼ 1
2p

Zp
�p

X̂ðejxÞejxndx ð4:8Þ

Put the results of Z transform (4.5) into (4.6), and ignore the negative part. The
complex cepstrum could also be expressed as:

x̂ðnÞ ¼

ln½A� ; n ¼ 0PNi

k¼1

cnk
n �

PMi

k¼1

ank
n ; n[ 0

PM0

k¼1

b�n
k
n � PN0

k¼1

d�n
k
n ; n\0

8>>>><
>>>>:

ð4:9Þ

Among them, akj j; bkj j; ckj j; dkj j are all less than 1, so ĥvðnÞ
�� �� is gradually

decreasing as the n is getting bigger.
For the arc sound signal, the pulse excitation signal and the complex cepstrum

are both periodic impulse string with interval Np. It is difficult to clearly separate
the sound channel hv(n) from s(n) because they are convolutions between the
periodic impulse signal and hv(n) in time-domain analysis. They would have an
aliasing effect between each cycle. However, it is easier to get the sound channel
hv(n) in the complex domain because the convolution becomes addition between
hv(n) and the impulse signal. The periodical motivation can be removed using the
complex cepstrum window with a width less than Np. After the valuation coeffi-
cient is calculated, the hv(n) can be obtained by convolution of the characteristic
system. The cepstrum window can be defined as:

lðnÞ ¼ 1; nj j\n0
0; nj j � n0

�
ð4:10Þ

The rectangular window will lead to the smooth information loss due to its
special characteristic like using the same threshold value for different frequency
band signal. So a half sine function is chosen for smoothing which is small at both
ends and big in the middle. This weighted cepstrum window can be described as:
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lðnÞ ¼ sinðpn=n0Þj j; nj j\n0
0; nj j � n0

�
ð4:11Þ

Finally, the weighted cepstrum coefficients can be got, the low parts of them can
be considered as a function of the sound channel system.

4.2 Cepstrum Coefficients Model of the Arc Sound Signal

The arc sound signal of the pulse GTAW welding is composed of sound source
incentive and sound channel system. The model of sound channel could be
expressed as formula 4.4. Sound channel is determined by the formant feature, and
the formant is contained in the spectral envelope. Thus, the key point of sound
channel coefficient is to estimate the natural speech spectral envelope. Generally
speaking, the maximum in spectral envelope is to separate the formant frequency
spectrum. The cepstral analysis is the most popular method to extract the formant
feature coefficients. The low time part of cepstral contains the main feature. Thus,
the selection of a low time window is achieved by cepstral analysis, then the
smoothed output signal is processed using a logarithm function. This spectrum
function is corresponding to the resonant structure of the arc sound, which means
that the peak value is corresponding to the formant frequency. As long as the
smoothed logarithmic spectrum peak of arc sound signal can be located, there will
be the formant coefficient. The flow chart of ceptrum analysis is shown in Fig. 6.

The results of cepstrum analysis for three different penetration states are shown
in Fig. 7. Firstly, the cepstrum coefficients of different arc sound from three pen-
etration states were collected, as shown in Fig. 7a, c, e. The cepstrum analysis could
separate the impulse sound signal from the spectral envelope of sound channel
formant through the logarithmic and quadratic transformation. Based on the char-
acteristic of the cepstrum, the window is used for extracting the feature signal and
achieving the DFT (Discrete Fourier Transform?) transform of arc sound signal.
Finally the discrete spectrum curve was obtained. It could reflect the dynamic
features well of the resonance peak, due to the decreasing of the influence from the
sound source excitation.

Framing and 
windowing

FFT

Log

IFFT

Windowing

|FFT|

Log

Smoothing

Formant

Fig. 6 The flow chart of
cepstrum analysis
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It can be concluded from the figure of cepstral coefficient and spectral envelope
during different penetration state in Fig. 7 that different penetration has different
formant distribution and special characteristic. The spectral envelope of the full
penetration state has the best smoothness and uniformity, the distribution of the
peak frequency is average, the stiffness of peak value is more stable. It is all because

0 2 4 6

x 10
-3

0

0.1

0.2
z=rceps(y)

A
m

pl
itu

de
 

   
 f

/(
v)

Quefrency cep/(ms)

0 100 200 300 400 500
-4
-2
0
2
4

Log Spectrum

Sampling number

A
m

pl
itu

de
 

   
 f

a/
(v

)

0 0.2 0.4 0.6 0.8 1
x 10

-3

0

0.5

Envelope Information in 
     Quefrency Space

Quefrency cep/(ms)

A
m

pl
itu

de
 

   
 f

/(
v)

0 100 200 300 400 500
-2

0

2
Frame Speech Envelope

Sampling number

A
m

pl
itu

de
 

   
fb

/(
v)

0 2 4 6

x 10
-3

0

0.1

0.2
z=rceps(y)

A
m

pl
itu

de
   

 f
/(

v)

Quefrency cep/(ms)

100 200 300 400 500
-2
0
2

Log Spectrum

Sampling number

A
m

pl
itu

de
 

   
 f

a/
(v

)

0 2 4 6 8

x 10
-4

0
0.2
0.4
0.6

Envelope Information in 
       Quefrency Space

Quefrency cep/(ms)

A
m

pl
itu

de
 

   
  f

/(
v)

100 200 300 400 500
-1
0
1
2

Frame Speech Envelope

Sampling number

A
m

pl
itu

de
 

   
fb

/(
v)

0 2 4 6
x 10

-3

0

0.1

0.2
z=rceps(y)

A
m

pl
itu

de
 

   
 f

/(
v)

Quefrency cep/(ms)

0 100 200 300 400 500
-2
0
2

Log Spectrum

Sampling number

A
m

pl
itu

de
 

   
 f

a/
(v

)

0 0.2 0.4 0.6 0.8 1
x 10

-3

0

0.5

Envelope Information in 
     Quefrency Space

Quefrency cep/(ms)

A
m

pl
itu

de
   

  f
/(

v)

0 100 200 300 400 500
-2

0

2
Frame Speech Envelope

Sampling number

A
m

pl
itu

de
  

   
fb

/(
v)

(a)

(c)

(e) (f)

(d)

(b)

Fig. 7 The cepstral coefficient and spectral envelope of arc sound signal for three penetration
state: a the cepstrum and logarithmic spectrum for partial penetration, b the spectral envelope for
partial penetration, c the cepstrum and logarithmic spectrum for full penetration, d the spectral
envelope for full penetration e the cepstrum and logarithmic spectrum for excessive penetration,
f the spectral envelope for excessive penetration
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that the full penetration state is a stable and balanced state?. In this state, the shape
of the weld pool remains unchanged which means the sound channel system is a
smooth and stable cavity. So the spectral envelope is the most stable and periodic.
And the spectral envelope of the excessive penetration state has noisier sound
signals. The noise distribution is random, the peak value is distributing without
periodic. Because the welding leakage and over collapse happened during excessive
penetration, so the sound channel system has been destroyed during the welding
process and could not have the resonant frequency. The partial penetration state has
the least formant in spectrum envelope. Although the curve is very smooth, how-
ever it can’t form the resonance due to the partial fusion of weld pool. So the
semisolid and semifluid weld pool dose not lead to the generation of resonant.
Finally, it means the cepstrum coefficient analysis could reflect the difference
between different penetration states. Therefore, the coefficient could be used to form
the model of sound channel system.

5 Conclusion

In this paper, the sound channel of the arc sound signal was analyzed and estab-
lished through cepstrum analysis. The results showed that:

(1) The hypothesis of sound channel for arc sound signal has been proved through
the comparison between the sound source signal and the original arc sound
signal.

(2) The generation and mechanism of sound channel during GTAW welding
could be considered as a cave composed of the shielding gas between the
tungsten electrode and the weld plates.

(3) The equivalent model based on cepstral coefficient is proposed. The sound
channel is expressed by complex cepstral coefficient through Z transform. The
cepstral coefficient and spectral envelope of three different penetration states
have been identified.

(4) The results of cepstral coefficient and spectral envelope show that the models
can clearly distinguishing the different penetration state of welding process.
The sound channel for normal weld is more stable and well-regulated than the
abnormal weld. Thus, the cepstral coefficient for sound channel is proved to be
an effective feature for the quality identification of dynamic welding process.
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Online Diagnosis of Joints Quality
in Resistance Spot Welding
for Sedan Body

Peng-Xian Zhang, Zhi-Fen Zhang and Jian-Hong Chen

Abstract The manufacture and assembly of sedan body are primarily accomplished
by resistance spot welding (RSW). During the welding process, substandard solders
are caused by some random failure factors. In this paper, in order to evaluate the
quality of solders a secondary evaluation method was put forward based on electrode
displacement signals. Firstly, characteristic parameters of singularity signals were
extracted by analyzing the electrode displacement signal of normal state and fault
state welding. Then, on-line diagnosis of fault state appearing in the welding process
was achieved based on a first-class SVM (support vector machine) recognition
model for singular solder joints. Secondly, characteristic parameters as the repre-
sentation of singularity joints’ quality were extracted from the electrode displace-
ment signal of fault state welding. Then, a second-class SVM model of solder joints
quality evaluation was established based on shear strength and indentation depth of
solder joints. Further, the quality of singular solder joint was identified. Its verifying
results shows that the accuracy rate of the evaluation model come up to 97.1429 %.

1 Introduction

Resistance spot welding (RSW) is extensively used for the assembly of car bodies,
during which the formation of nugget is easily affected by random factors that can
result in the unstable quality of welds. At present, to develop a quality evaluation
method which is nondestructive, low-cost and online for every spot weld has
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become a hot technical issue [1–7]. However, there are few reports about decou-
pling of quality information which is suitable for machine to learn by itself. This
paper proposes a two-level evaluation method called Quality Evaluation based on
Fault Diagnosis (QEFD) for the RSW production site of automobile body assem-
blies. Firstly the fault condition of weld process is diagnosed in-line based on the
electrode displacement signal. Then the quality state of singularity weld is further
evaluated. Figure 1 shows the diagram of the quality evaluation method based on
signal separation.

2 Experimental Setup

In this paper, the pedestal spot welding machine is used to weld mild steel with the
size of 100 × 30 × 1(mm). The Electrode Displacement Signal (EDS) was acquired
based on the direct-current linear variable differential transformer (DC-DC LVDT)
displacement transducer which was installed as shown in Fig. 2. The output value
of EDS was calibrated to zero before welding,and then sent into the signal modulate
circuit for A/D conversion, signal amplification etc. At last, the curve of EDS was
monitored in a pc though the transmission and communication of a data collecting
card [8, 9].

Acquisition of EDS 

First-level recognition model

Singularity welds Normal welds

Second-level quality 
classification model

    Second-level 
classification model

Fig. 1 Diagram of the quality evaluation method based on signal separation

workpiece

top  electrode

bottom electrode

displacement sensor

contact plate

signal modulate circuit

probe

FFig. 2 Installation diagram of
displacement sensor
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During the process of RSW, the quality of the welds can be quite unstable due to
some fault factors [10]. In this paper, normal welding process and fault welding
process, such as electrode axial dislocation, work piece warping, poor conductivity,
contaminants, voltage fluctuation were designed to monitor the quality of every
weld on-line. Welding current is 4 kA, welding time is 30 cycles, electrode force is
0.4 MPa and the diameter of the working face of electrode tip is 6 mm.

3 Results and Discussions

3.1 Analysis of Real-Time Signals

After the EDS were captured in real-time, these original signals were pretreated
through low-pass filtering and wavelet denoising based on Matlab. The EDS curves
showed different feature in different welding condition.

As shown in Fig. 3, the normal welding process can be divided into five stages,
e.g., Pre-compression, Nugget Formation, Nugget, Plastic Ring Expansion, Steady
and Cooling Stage. After the whole five stages, the weld with a certain depth
indentation was obtained. As shown in Fig. 3, point “s” presents the condition of
the work piece Pre-compression before the welding, while point “e” was the end for
the welding. So the displacement value of point e, Se, can reflect the size of
indentation depth as shown in the picture of weld with indentation. Figure 4 shows
some typical EDS curves on different fault welding conditions. Compared to the
EDS curve of the normal weld, the EDS curves of these singularity welds display a
great deal of singularity in certain stages. For instance, to warping work pieces the
contact area was less than the normal condition, thus there was less metal molten. In

Fig. 3 The EDS curve of
normal welding condition
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stage II, the peak value of EDS didn’t occur. After that as the contact area enlarged,
there was more and more metal heated to expand. Hence, the value of EDS kept
increasing until the end of welding. When the work piece surface had poor con-
ductivity or contaminants, the peak value of the EDS curves were above the normal
value due to the greater metal expansion caused by the uneven heating. Besides, the
drop value in the nugget expansion stage also decreased as a result of the formation
of smaller nugget.

In Fig. 5, when the expulsion occurred, some liquid metal sprayed out of the
abutted surface of work pieces, which caused the significant drop of EDS curve.
After that the EDS curve rose again as the remaining metal experienced second heat
process. The difference between the two expulsions was that the extent of metal
expansion in the second heat process.
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3.2 Identification of Singular Welds

3.2.1 Extraction of Characteristic Parameters

There is abundant information which can present the different welding process in
the EDS curve.

Figure 6 shows the extraction of characteristic parameters in the EDS curve. It
has two inflections designated a and b. Point a is the peak of EDS curve. It can
provide an indication of the value of molten liquid metal and the expansion extent.
Point b occurs when the power supply ends. The difference value, Sd, between the
ED value of α, Sp, and ED value of b can indicate the drop value of EDS curve
during the time of a–b. Then, the drop rate is Vd = Sd/(tb − ta); the parameter
extraction of Vd for expulsion welds is showed in Fig. 6. Their drop rate, Vd, was
extracted from the first heat process during which expulsion occurred. So did the
welds of voltage fluctuation. The variation range of Vd extracted from normal
welds and singularity welds is showed in Table 1.

Further the ED peak value of α, Sp, was extracted as the characteristic param-
eters in order to ensure the accuracy of identification. Figure 7 showed the Scatter
distribution diagram of normal welds and singularity welds based on the two
characteristic parameters Vd and Sp. It can be seen from the figure that normal
welds and singularity welds distributed in different areas.
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Table 1 Variation range
of Vd

Type Drop rate Vd (μm/cycle)

Normal condition −0.44 to −0.65

Surface contaminants −0.17 to −0.31

Electrode axial dislocation −0.7246 to −0.729

Poor surface conductivity −0.261 to −0.334

Work piece warping −0.04 to −0.10

Voltage fluctuation −1.85 to −2.69

Expulsion I and II −27.13 to −63.77
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3.2.2 SVM Identification First-Level Model of Singular Welds

Support Vector Machine (SVM) is a pattern recognition method based on statistical
learning theory, and performs the unique advantage in solving some pattern rec-
ognition problems such as small sample, nonlinear and high dimensional [11, 12].
The Performance of SVM is mainly affected by the kernel parameters and the error
penalty factor C, also can get good generalization ability only when the two match
each other well [13, 14]. After repeated training and simulation experiments the
parameters c = 5 and γ = 2 were obtained by cross footing tests. The Libsvm
software package based on Matlab was used in this paper, and can easily and
quickly achieve the SVM pattern recognition and regression, also can solve
multi-class pattern recognition problems [15, 16]. The characteristic parameters Sp
and Vd extracted from the EDS curve of every weld were chosen as input vectors,
and the output values were 1, −1 representing the normal welds and singularity
welds respectively. Table 2 shows the typical training sample of SVM model. The
total data set has 200 pairs and is randomly split into two subsets, with 170 pairs
being used to provide the training data, and the others being used to provide the
verification data that would provide an indication of how successful the SVM
model was in separating the normal welds and singularity welds.

Table 3 shows the different verification results on the condition of different
kernel function. As we can see, when the RBF kernel was chosen for the model, it
can obtain the highest accuracy 96.7742 %, the smallest Mean squared error
0.129032, and the squared correlation coefficient is the most close to 1, in which a
singularity weld on the condition of electrode axial dislocation was judged as a
normal one mistakenly.
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3.3 Classification of Singular Welds Quality

In the present work, the quality level of a RSW joint is estimated from its tensile
shear strength and indentation depth. According to the quality requirements made
by U.S. RWMA (Resistance welding machine Manufacturers Association) on the
1 mm thick mild steel plate, the shear strength of solder joint should be greater than
3.89 kN, while the indentation depth should be less than 20 % of the plate’s
thickness [17, 18]. Table 4 shows the variation range of shear strength and
indentation depth of welds in different fault welding condition, in which the shear
strength of solder joints state can not meet the quality requirements when the work
piece warpage occurred. Besides, the quality of the expulsion welds was both
unqualified because its strength was extremely unstable, and its indentation depth
value |Se| can not meet the quality requirements too. The quality state of other
solder joints was qualified as shown in Table 4.

3.3.1 Extraction of Characteristic Parameters

To further the quality of solder joints on the singular evaluation, selected from the
electrode displacement curve parameters of the new features.

Table 2 Training samples of first-level SVM model

Sp (μm) Vd (μm/cycle) Output Sp (μm) Vd (μm/cycle) Output

57.476 −0.441 1 (Normal
welds)

34.645 −0.729 −1 (Singularity
welds)52.074 −0.518 63.1537 −0.279

53.942 −0.549 64.1526 −0.281

48.5212 −0.58 56.1075 −0.0903

51.3723 −0.518 61.1231 −0.083

52.2324 −0.564 70.603 −2.293

53.0297 −0.649 67.525 −2.382

52.2463 −0.627 56.427 −30.125

43.7595 −0.557 55.729 −55.131

44.7816 −0.516 56.661 −64.142

Table 3 Verification results of first-level SVM model with different kernel function

Kernel function Accuracy (%) Mean squared error Squared correlation coefficient

Linear 87.0968 0.516129 0.528008

Polynomial 87.0968 0.516129 0.528008

RBF 96.7742 0.129032 0.865801

Sigmoid 67.7419 1.29032 Invalid value
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Figure 8 shows the extraction of characteristic parameters from the diagram of
EDS curve. During the cooling stage, the surface indentation owning a certain depth
was gained while the solder joint was formed under the die-casting power of
electrode force. The depth value of indentation can be presented by the Se at the end
of time. Combined with Figs. 2 and 3, the welds of different welding conditions had
various values of Se. In addition, when the expulsion happened, the Se depth of
surface indentation had a bigger value. Therefore, the value Vd and Se were
extracted as the characteristic parameter.

3.3.2 SVM Classification Second-Level Model of Singular Welds

The characteristic parameters Vd and Se extracted from the EDS curve of every
singularity weld were chosen as input vectors, and the output values were 1, −1
representing the qualified welds and unqualified welds respectively based on
Table 2. Table 5 shows the typical training sample of SVM model. After repeated
training and simulation experiments the parameters c = 5 and γ = 2 were obtained
by cross footing tests. Table 5 shows the different verification results on the con-
dition of different kernel function. As we can see, when the Polynomial kernel was
chosen for the model, it can obtain the highest accuracy 97.1429 %, the smallest
Mean squared error 0.114286, and the squared correlation coefficient is 0.888889,
in which an unqualified weld of expulsion state II was judged as the qualified one
mistakenly (Table 6).

Table 4 Shear strength, indentation depth of different welds

Type Shear strength (kN) Indentation depth
|Se| (μm)

Outcome

Normal condition 4.75–5.02 29.5–44.277 Qualified

Surface contaminants 4.02–4.25 67.4–85.271

Electrode axial dislocation 4.12–4.44 46.5–70.896

Poor surface conductivity 4.58–4.80 76.4–82.667

Voltage fluctuation 4.30–4.60 45.8–51.133

Work piece warping 2.94–3.42 56.1–86.671 Dis-qualified

Expulsion 2.87–5.32 153–280.79
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Fig. 8 Diagram of the EDS
curve
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4 Conclusion

From the present work the following conclusions can be drawn:

1. The EDS curve obtained showed a great deal of information about the growth
and formation of weld nugget. Not only that, but it also captured some singu-
larity changes when the fault weld condition occurred.

2. The singularity welds were separated from normal welds successfully by the
SVM recognition first-level model established based on the characteristic
parameters extracted from the EDS curve.

3. The quality of singularity welds was classified through the SVM evaluation
second-level model based on the tensile shear strength and indentation depth of
singularity welds.
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A Low-Cost Vision System for Open Arc
Welding Based on Multi-exposure

Xiang Luo, Zong-Yi Wang and Chun-Bo Jia

Abstract In order to get real-time visual information about the extremely bright
weld arc and the neighboring dark areas in the open arc welding process, a low-cost
vision system is proposed. The vision system contains three main components: a
single off-the-shelf CCD/CMOS digital camera, a welding glass and an IPC
(Industrial Personal Computer). A software-based method of capturing multi-
exposure images is investigated; it changes exposure gain and shutter time by
sending exposure parameters through PC program. By using software trigger
method, the system captures sets of two exposures, such as “dark”, “light”,
repeatedly. To obtain an image with sufficient details of the weld process, a simple
and little time-consuming algorithm which adds every two continuous
multi-exposure images is discussed. The approach can render videos of 640 by 480
pixel resolution at up to 22 frames per second.

1 Introduction

Welding plays an important role in modern industry and the open arc welding has
been the dominant process for many years. However, the majority of arc welding
has still been made manually or semi-automatically. Most operators who control
and adjust welding robot have to observe the welding process in the direct weld
area which is typically too congested or too dangerous. This problem can be solved
effectively by using a vision system that can capture all the features which are
necessary for the operators.
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Many researchers have been motivated to develop vision systems for remote
control by using cameras. Nevertheless, the interference of the high intensity arc
light often prevents the acquisition of satisfactory. The reason is that the weld
environment contains a dynamic range that is far greater than can be captured with
any common industrial camera sensor. To address this problem, researchers have
developed monitoring systems in two ways: to decrease the dynamic range of the
welding environment, and/or to increase dynamic range of the camera.

The use of auxiliary light source to illuminate the weld pool region and narrow
band pass filter in front of the camera [1, 2], hence reduce the dynamic range of the
weld area, has been investigated. However, it is preferable not to involve auxiliary
light sources for safety reason in industrial environment. Using narrow band filter is
not practical in some workshop because the center wavelength of the filter should
be carefully-selected according to the different welding types and conditions.

There are also many ways to improve the dynamic range of the camera. A HDR
Camera with image sensor of 120 dB dynamic range is utilized in online monitoring
applications [3]. Another Camera can be set into the HDR mode in which it cycles
between 4 user-defined shutter and gain settings, applying one gain and shutter
value pair per frame [4]. This allows images representing a wide range of shutter
and gain settings to be collected in a short time. However, these cameras are
expensive and difficult to use widely.

In this paper, the focus is to get the details of the welding arc and the area nearby
using a low-cost solution. Our solution is based on the idea of the camera with the
HDR mode mentioned above. Alternatively, we use off-the-shelf digital cameras
instead of high-priced cameras with the HDR mode or special hardware designed
cameras to get the multi-exposure images, and as we know the off-the-shelf digital
camera is low-cost and widely used. On the software side, a real-time algorithm is
proposed to get the resulting images with high quality.

2 Image Capture System and Method

Image capture system consists of hardware and software components. The structure
of the vision system is given by Fig. 1. For the hardware side, a GigE (Gigabit
Ethernet) camera or any other digital camera whose exposure parameters can be
changed online, a standard IPC with Gigabit NIC (Network Interface Card) and a
welding glass (or a ND (Neutral Density) filter) are used. For the software side, a
software program to get multi-exposure images is installed in the IPC.

2.1 Image Capture System Structure

Off-the-shelf digital camera taking the place of the special HDR camera is selected
to capture multi-exposure images. Why the digital camera is chosen? As is
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well-known, the digital cameras are more and more widely used in the industrial
field and the prices continue to decline. Most importantly, the digital camera can be
controlled on the fly to capture each frame with different shutter time and exposure
gain value by PC program, the PC and camera interface can be GigE, USB,
IEEE1394 and Camera Link. In this paper, the GigE camera is used.

ND filter is a filter that reduces or modifies the intensity of all the wavelengths or
colors of light equally, giving no changes in hue of color rendition. The ND filter is
necessary in our vision system to reduce the intensity of all the weld areas, but it
cannot suppress the dynamic range of the light entering the camera like narrow
band pass filter. A ND filter is easier to choose and cheaper than a narrow band pass
filter which is not necessary when we increase the dynamic range of the camera.
Instead of the ND filter, we can also use a welding glass which is normally mounted
in the welding helmet to protect the welding operators’ eyes. Welding glass is a
filter that reduces the wavelengths of light unequally, and it is not monochromatic
color, sometimes dark green, with the maximum transmittance wavelength between
500 and 620 nm. As the operators see the weld process through a welding glass, we
can use our vision system to obtain sufficient weld details through the welding glass
too. The advantage of using welding glass is that the welding glass can be gotten
easily in the welding shop and its price is low.

IPC is programmed to control the camera’s exposure and get the resulting video
by fusing the multi-exposure images. A gigabit network card is necessary for
connecting the computer and the camera.

2.2 Image Capture Method

In order to improve the dynamic range of general digital camera, we get
multi-exposure images with different shutter time and exposure gain. In this paper,

IPC

Image capturing and 
Fusing program

Gigabit NIC Display

WorkpieceGigE camera
Welding glass/ND filter

Gigabit Ethernet cableWeld torch

Weld electrode

Fig. 1 The structure of the vision system
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a software-based method is developed to control the exposure time and gain on the
fly. Long exposure time and large gain is used for weld bead and work pieces
detection, short exposure time and small gain for weld pool and weld arc sensing.

Unlike the method using HDR camera, we use a software-based approach to get
multi-exposure images. To achieve the goal, we use the function of software trigger
which is a feature of most digital cameras. Rather than using hardware circuits to
determine when to capture, software trigger is tempting to configure a software
program and let it determine when to capture. With changing the exposure
parameters, a sequence of two exposures, such as “dark”, “light”, repeatedly, is
captured.

Following the steps of obtaining the multi-exposure images:

1. Send exposure parameters command to the camera for changing the exposure in
the next frame.

2. Send software trigger command to the camera for capturing an image.
3. Change the value of the exposure parameters and then execute the previous

steps 1–2.

Figure 2 shows how to get multi-exposure images more clearly. Px is changed
among P1, P2 in order repeatedly. The number of frames to achieve a final image is
variable. More frames may get more details, but there will be motion blur in the
fused image due to the longer period time of capturing images. Fewer frames may
have fewer details, but there will be a faster video frame rate. In this paper, our
objective is to monitor the weld process in real time, so we make two images a set
to be fused.

3 Fusion of the Multi-exposure Images

In this section, the multiple exposure image sets are fused into detail-rich video
frames which contain the features needed in the weld monitoring.

IPC Camera

Receive an image
Send exposure 
parameters Px

Receive exposure 
parameters Px

Send soft trigger 
command

Receive soft trigger 
command

Save Px in buffer

Send an image

Use Px in the next image

Fig. 2 The process of capturing multi-exposure images
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3.1 Methods of Image Fusion

There are two classic techniques to get the resulting based on multi-exposure. One
has been proposed by Debevec and Malik [5]. Firstly, the radiometric response
function is estimated from the aligned images. Secondly, the radiance map is
estimates by selecting or blending pixels from different exposures. And finally, the
resulting HDR image is toned map back into a displayable gamut. The other
technique has been developed by Mertens [6], it, so it avoids camera response curve
calibration. Both of them can obtain good results, but each of them has their own
limitations. Because of their complexity and time-consuming, they cannot be used
in the real-time system.

Before we choose a method to solve the problem, the goal of the vision system
must be clear and definite. Most of the multi-exposure fused methods are designed
to restore accurately the nature of the scene in the conventional display, the hue
reproduction accuracy and brightness reproduction accuracy is very important
assessment criteria. In contrast, how much welding information can be seen is about
which we concerned mostly in the welding process.

After many experiments and data analyses, the method of weighting has been
found that it reserves details well and gets good quality weld images in real-time.
The model of the weighted method is expressed in Eq. (1).

I ¼ k1I1 þ k2I2 þ � � � þ kiIi: ð1Þ

I The resulting image
i The index of the multi-exposure images to be fused
Ii The ith image to be fused
ki The weight of the ith image to be fused, and k1 þ k2 þ � � � þ ki ¼ 1

In this paper, I1 (with short exposure time and small gain) and I2 (with long
exposure time and large gain) are used to get I. I1 with short exposure time must be
captured before I2 for reducing the time interval between I1 and I2. The longer time
interval is, the more obvious motion blur in the resulting image I is.

ki is the weight of the image Ii, the larger the ki is, the more details in Ii will
appear in I. It means that if the weld pool information, which is captured in I1 is
more significant, k1 should be set larger than k2, and vice versa.

3.2 Entropy for Evaluating the Result

In order to describe the effectiveness of the weighted method better, image entropy
is used for evaluation.
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Image entropy is a form of feature statistics; it reflects expected value of the
information in an image. In order to characterize the spatial characteristics, 2-D image
entropy is introduced. 2-D (two-dimensional) gray image entropy is defined as:

H ¼ �
X255

i¼0

pij log2 pij ð2Þ

pij is the proportion of the two-tuples (i, j) in the image. (i, j) is a tuple composed by
i and j, i is the gray value of a pixel, j is the average value of the neighborhood of
the pixel. The 2-D image entropy highlights the location of the gray pixels in the
image information, and a comprehensive feature pixel intensity distribution of the
neighborhood.

In the experiment, the 2-D entropy is used to measure the amount of information
in the output image. By contrasting the entropy value obtained by different fusion
method, the evaluation of the result can be made.

4 Experiments and Results

A GigE CMOS monochrome camera is utilized with 60FPS (Frames per Second)
for 752 by 480 pixel resolution and 70FPS for 640 by 480 pixel resolution. An IPC
with CPU of CORE i3 and a welding glass of #7 grade is applied. In this section,
we will present the results of applying the vision system to two different weld types
which are GTAW (Gas Tungsten Arc Welding) and GMAW (Gas Metal Arc
Welding). The detailed description of the weld parameters used in the applications
is given in Table 1.

By using software trigger, an average frame rate of 44FPS is achieved for the
640 by 480 pixel resolution. Because every two images fuse into one final image,
rate of 22 FPS is obtained.

Figure 3 gives the multi-exposure images captured in GTAW and Fig. 4 in
GMAW. Figure 5 is the resulting images of GTAW and GMAW by using the
weighted method (k1 ¼ k2 ¼ 0:5). The method generates final images that weld
pool, weld bead, weld arc, work piece around the arc, weld torch and weld electrode
can be seen.

Table 1 Experimental
conditions of GTAW and
GMAW

GTAW GMAW

Weld speed 400 mm/min 450 mm/min

Work piece Carbon steel Carbon steel

Wire diameter 0.8 mm 1.2 mm

Reference voltage void 20.5 V

Measured current 120 A 180 A

Shielding gas Argon Argon and CO2

Gas flow rate 5 L/min 10 L/min
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(a) (b)

Fig. 3 The multi-exposure images captured in GTAW. a “Dark” image shutter time = 94 μs,
exposure gain = 0 dB, b “light” image shutter time = 7990 μs, exposure gain = 20 dB

(a) (b)

Fig. 4 The multi-exposure images captured in GMAW. a “Dark” image shutter time = 165 μs,
exposure gain = 0 dB, b “light” image shutter time = 3972 μs, exposure gain = 20 dB

Weld wire

Weld pool

Weeld arc

Weld electrode

Weld piece

Weld bead

Weld torch Weld pool

Work piece

Weld torch

Weld electrode

Weld arc

Weld bead

(a) (b)

Fig. 5 The resulting images achieved by the weighted method. a GTAW, b GMAW
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Average 2-D image entropy and algorithm computing time in MATLAB of 1000
resulting images are given in Table 2 by using weighted method and T. Mertens’s
fusion method.

From the results, we can find that the 2-D image entropy using weighted method
larger than the entropy using T. Mertens’s fusion method. In a sense, the infor-
mation in the images got by weighted method is more. From human visual per-
ception, the weighted method can reserve the elements in the “dark” image and the
“light” image. At the same time, because of its little time consuming, the weighted
method can be done in real-time systems.

5 Conclusion

In order to gets a low-cost visual monitoring system for open arc welding, a
software-based method for obtaining multi-exposure images is proposed. In con-
clusion, the software trigger method can get a final 22 FPS frame rate video, the
camera with a welding glass can get details for welder to control and adjust the weld
robot, and the images weighted method reserves the sufficient information of the
multi-exposure images. The software-only method can be extended to the digital
cameras with USB, IEEE1394 and Camera Link interface.
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Study on Vision-Based Dimensional
Position Extraction of Plane Workpiece
for Groove Automatic Cutting

Hui-Hui Chu, Yu Ji, Xing-Jian Wang and Zong-Yi Wang

Abstract At present, most groove cutting robot serving in practical production is
still “teaching and playback” type, which cannot meet requirement of quality and
diversification. In order to enhance the flexibility of the robotic groove cutting, it is
necessary to generate the robot cutting path automatically no matter how workpiece
is placed. This paper mainly states the implementation of the automatic measurement
of the cutting robot for free-formed workpiece and the procedure of getting the 3D
data of the workpiece edge by laser vision sensor. The geometric modeling of
workpiece contour is performed from sequential 3D data. Once the geometric model
of workpiece is determined, the path of the cutting robot is automatically generated.
Previous experiments show that the proposed method performed successfully.

1 Introduction

Nowadays, the development of welding technology is booming in industry. As a
pre-step of welding, groove cutting gradually attracts people’s attention. In the
modern manufacturing industry, there are various kinds of workpieces that need to
go through the cutting process, for instance, rectangular, round and irregular shapes
and so on. Now there are three different ways to realize the plane workpiece groove
cutting: manual groove cutting completely relies on workers, semi-automatic
groove cutting relies on simple machine tools and CNC groove cutting that can
realize automatic programming.

Manual and semi-automatic groove cutting belong to traditional cutting meth-
ods. First, some specific parts are cut off from the steel and processed two or three
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times by edge planing machine, groove-cutting robot and small cutting machine.
After these processes, the welding groove process is completed. This method has
many weaknesses, for example complicated working procedure, large labor
intensity and severe steel waste. Therefore, the market has an urgent demand of a
high efficient, simple-operative and high stable groove cutting robot.

Automatic CNC groove cutting refers to the cutting which is completed by the
cutting robot with intelligent and high automation degree. Workers only need to
complete the simple programming and input parameter in this way. Cutting robot
can plan the cutting path automatically by using the advanced nesting software,
which can achieves high precision and high efficiency automatic cutting [1]. Now
most of the cutting robots serving in practical production still are “teaching and
playback” type, and they cannot meet requirement of quality and diversification
because these robots have no ability to adapt to circumstance changes and uncertain
disturbances during cutting process [2, 3]. What’s more, groove cutting robot with
nesting software often cuts workpieces and groove one-time in a whole plate. This
cutting approach improves the efficiency of production; nevertheless, it leads to a
waste of steel.

In order to overcome or restrain these shortcomings, it will be an effective
approach to develop and improve intelligent technologies for cutting robot. After
the analysis of the characteristics of various cutting ways, the machine vision
system solves these problems and achieves automation. In this study, computer
vision is applied in the closed loop system to control the robot movement in
real-time.

2 System Configuration

The vision-based groove cutting robot system includes a five-axis gantry structure
robot, a laser vision sensor and a control computer. Figure 1 shows the set-up of the
five-axis gantry structure robot. It consists of three Cartesian axes ðX; Y ; ZÞ and two
rotary axes ðU;VÞ to control the torch orientation for groove cutting.

The laser vision sensor attaches to the Z-axis. The visual sensor is composed of a
CCD camera, two laser generators and a white light-emitting diode (LED) light
source as shown in Fig. 2 [4]. The structured light generated by the cylindrical lens
is projected onto the workpiece. The camera captures the images of the workpiece
edge and sends them to the Image acquisition card. Subsequently, the images are
processed to detect the workpiece edge and the intersection between the workpiece
edge and the structured light in the image coordinate system. The 3D data of the
workpiece edge are produced by the intersection transformed using the triangulation
principle. After accurate calibration procedure between the laser and the CCD, 3D
data acquired from the sensor can be described in the robot coordinate frame. After
running a lap around the workpiece edge, sequential 3D data are obtained, and the
geometric modeling of workpiece contour is performed from sequential 3D data [5].
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3 Tracking Strategy and Image Processing

3.1 Tracking Strategy

The groove cutting process shows: the 3D contour information of workpiece should
be acquired before cutting. Therefore, how to control the robot to achieve the
workpiece edge tracking is the primary problem in the visual system.

Due to the uncertain of the shape of the workpiece and dimensional position, in
order to achieve the 3D contour information collection, the camera must track the
edge of workpiece automatically. Since the lens distortion, the point in the image

Fig. 1 3D schematic of
groove cutting robot

Fig. 2 The prototype of the
laser sensor
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coordinate provides the information with error, and the error is proportional to the
distance between the point and the image center, the farther the distance and
the greater the error. From the above analysis, the tracking process must complete
the following two goals:

(a) The robot is controlled to run along the workpiece edge, and the main goal is
to collect the 3D information of workpiece contour.

(b) The center of image is always on the workpiece edge to ensure accuracy.

The schematic of edge tracking is shown in Fig. 3. The camera motion is
equivalent to the motion of the optical center, i.e. the center point O. In order to
achieve the above goals, the point to be obtained in next step point is M or the point
N. In this study, the robot is designed to run around the workpiece edge clockwise.
In Fig. 3 the motion trajectory is: A → B → C → D → A. So the next point is M.

3.2 Image Processing

The next step of robot running is defined as getting the distance from the image
center to the intersection between workpiece edge and one of image edge based on
the running direction, as shown in Fig. 4, which is captured from an edge of a
workpiece model by using the CCD under white LED light irradiation. For
tracking, the next step is OM, Dx stands for distance on the X-axis and Dy stands for
distance on the Y-axis respectively. For structured light, T is the target point to
calculate the 3D information of workpiece edge. So, the goal of image processing is
to obtain coordinate of the point M and the point T.

O

M

Edge

Image
captured
by CCD

N

Workpiece

A

B C

D

Fig. 3 The schematic of edge
tracking
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To avoid noises and improve the inspection results, inspections are restricted
within a defined region of interest (ROI). The white rectangle is defined and labeled
as ROI, as shown in Fig. 4. The center of the ROI is the same as the original image.
The ROI contains not only workpiece edge information but also structured light
information.

The image processing sequence for obtaining workpiece edge contains: color
space conversion, median filter, threshold segmentation (using Otsu method), edge
detection by canny operator, Hough Transform to detect line, line classification,
target point determination. Compared with the sequence for obtaining edge of
workpiece, the image processing of getting structured light is similar. Process is as
follows: color space conversion, median filter, threshold segmentation (global
threshold), Hough Transform to detect structure light, line classification, target
point determination. The image processing result of workpiece edge and structure
light are shown in Figs. 5 and 6.

Hough Transform is used to detect the workpiece edge further in the form of
line. By classifying line, there are two cases: one line and two lines. A line stands
for the situation that robot is located in the workpiece edge and two lines stand for
the situation that robot is on the corner of workpiece. Finally, the information of
line and the direction of robot running are taken advantage of to obtain the target
point.

In the study, dual-beam structured light is adopted. The image about two
structured light have obvious characteristics. One of the structured lights is parallel
to the x-axis of the image coordinate system; the other one is parallel to the y-axis
of the image coordinate system. In addition, the intersection between two structures

O X

Y ROI

Workpiece edge 

line

O

 M

Offset

xΔ

yΔ

T

Fig. 4 The definition of the
target point
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lights is the image center at best. According to the features, the line of structure
light can be obtained easily by Hough Transform. Lastly, when the information of
structured light is gotten, the intersection between structured light and workpiece
edge can be gotten.

4 Calibrations

4.1 Standard Transformation Formula for Tracking

To convert a specific distance of the image coordinate system to that of the robot
coordinate system, the transformation formula is needed in advance. A calibration
board with two parallel lines, as shown in Fig. 7, is stated in this paper. In this
visual system, the image frame is parallel to the camera frame, and meanwhile the
camera frame is parallel to the robot frame.

Fig. 5 Image processing for workpiece edge (two different situations, workpiece edge and
workpiece corner): a original image, b grayscale image, c median filter, d threshold, e edge
detection, f Hough line detect

Fig. 6 Image processing about structured light generated by two different lasers: a original image,
b grayscale image, c median filter, d threshold, e Hough line detect, f target point determination
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The two lines in Fig. 7a are parallel to the X-axis and the lines in Fig. 7b are
parallel to the Y-axis of the image coordinate. The center of the two lines is in the
small area near the image center, in order to get more accurate result. The trans-
formation formula can be represented by Eq. (1) and holds when the height of the
robot operation is a fixed value. In this paper the height is 120 mm.

UX ¼ DRobotX
DImageX

UY ¼ DRobotY
DImageY

(
ð1Þ

where DRobotX and DRobotY are the displacements along the x-axis direction and
the y-axis direction in the robot coordinate system; similarly, DImageX and
DImageY are the displacements in the image coordinate system. In this paper, the
distance between the two parallel lines is 20 mm, namely, DRobotX and DRobotY is
20 mm.

According to Eq. (1), the distance that the robot runs in next step in the robot
coordinate system ðDrealðxÞ;DrealðyÞÞ is given as follows:

DrealðxÞ ¼ DimageðxÞ � UX
DrealðyÞ ¼ DimageðyÞ � UY

�
ð2Þ

DimageðxÞ ¼ targetðxÞ � CWidth=2
DimageðyÞ ¼ targetðyÞ � CHeight=2

�
ð3Þ

Variables above, ðDimageðxÞ;DimageðyÞÞ is the distance that the robot runs in the
image coordinate. (targetðxÞ, targetðyÞ) is the coordinate of the target, i.e. the point
M in the Fig. 4, CWidth is the width of the image and CHeight is the height of the
image. Equation (3) shows that the principle of tracking is that the image center is
always on the edge of the workpiece.

O X

Y

O X

Y

(a) (b)

Fig. 7 a The line parallel to the X-axis, b the line parallel to the Y-axis
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4.2 Standard Transformation Formula for Structured Light

Vanishing point method, as a calibration method, is employed to calibrate the
parameter of the structured light, including Projection angle b, Baseline length L
and Focal length f . The sensor operates on the principle of active triangulation
ranging. According to the Ref. [6], the three parameters are calculated. Then the
relationship between image coordinate and camera coordinate can be presented in
Eqs. (4) and (5) [6]:

xc ¼ WxðNx�CWidth=2Þ�L
f �ctgb�WxðNz�CWidth=2Þ

yc ¼ WyðNy�CHeight=2Þ�L
f �ctgb�WxðNx�CWidth=2Þ

zc ¼ f �L
f �ctgb�WxðNx�CWidth=2Þ

8>><
>>: ð4Þ

xc ¼ WxðNx�CWidth=2Þ�L
f �ctgb�WyðNy�CHeight=2Þ

yc ¼ WyðNy�CHeight=2Þ�L
f �ctgb�WyðNy�CHeight=2Þ

zc ¼ f �L
f �ctgb�WyðNy�CHeight=2Þ

8>><
>>: ð5Þ

Equation (4) represents the transformation formula which the projection surface
is parallel to the y-axis, and Eq. (5) represents the transformation formula which the
projection surface is parallel to the x-axis. ðNx;NyÞ is the coordinate of target T in
image coordinate, and ðWx;WyÞ is the actual size of pixel. ðxc; yc; zcÞ is the coor-
dinate in camera coordinate. So far, we can obtain the three-dimensional coordinate
of workpiece edge.

In practical applications, 3D data derived from the two structured light is not
identical. So, it is essential that the 3D coordinate obtained by different structure light
needs to be converted to the same coordinate. To the same point, 3D coordinate
obtained by the structured light parallel to the y-axis as the standard, the other one is
converted; the modified transformation formula can be represented by Eq. (6).

Dxc ¼ xc1 � xc2
Dyc ¼ yc1 � yc2
Dzc ¼ zc1 � zc2

8<
: ð6Þ

Some variables (xc1; yc1; zc1) is the 3D coordinate obtained by the structured light
parallel to the y-axis, (xc2; yc2; zc2) is the 3D coordinate obtained by the other, and
(Dxc;Dyc;Dzc) is the difference. Through the calculations below, the precise value
of (Dxc;Dyc;Dzc) can be got.

x0c1 ¼ xc2 þ Dxc
y0c1 ¼ yc2 þ Dyc
z0c1 ¼ zc2 þ Dzc

8<
: ð7Þ
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where variable (x0c1; y
0
c1; z

0
c1) is the 3D coordinate converted according to

(xc2; yc2; zc2). So far, 3D information derived from the two structured light is
identical.

5 Experimental Results and Discussion

To investigate the performance of the developed visual system, a test has been
carried out. The proposed method is implemented in Visual C++6.0 and OpenCV in
real environment. Guided by the vision sensor, edge tracking experiment is carried
out on a gantry structure robot platform. The model, shown in Fig. 8 as an example
is used to test.

According to the 3D data, the geometric modeling of workpiece can be recov-
ered. The ideal model and the recovered model can be shown in the same coor-
dinate in order to be compared, as shown in Fig. 9 (the blue line represents
recovered model, and the red line represents ideal model described by CAD). The
detailed description is given in Table 1.

In the Table 1, the biggest error distance between ideal workpiece and recovered
workpiece is 1 mm, and the smallest only 0.1 mm. So, this system can meet the
required accuracy of the cutting fully.

The developed visual measurement system is a multi-tasking data processing
that consists of image processing, workpiece edge tracking, workpiece edge 3D
calculation and communication between the robot and the computer. The precision
of the system is affected by various kinds of factors, including the light scanning
system, calibration, the image processing. The main error analysis is as follows:

1. Calibration error. In the study, calibration consists of two parts: calibration for
the robot, camera and structured light calibration. Once the robot is assembled,
no error is expected on the robot currently. The error raised by lens distortion is
not considered in the process of camera calibration. The structured light cali-
bration is carried out by the “vanishing point” method. In dual-structure light
system, the three-dimensional coordinate obtained by different structure light

Arc C

Arc D

Line A

Line B

Fig. 8 Workpiece model
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need to convert to the same coordinate, which is one of the reasons that error
exists in the transformation formula.

2. Image processing error. The image processing error results from the procedure
of seeking intersection between structured light and workpiece edge. If the
difference between ideal target point and the detected point is a pixel in the
image coordinate system, then, the real difference in the robot coordinate system
is 0.05 mm.

6 Conclusion

In this study, a dimensional position extraction system for groove automatic cutting
is proposed based on dual-beam structured light. The workpiece edge and struc-
tured light image can be acquired using the proposed visual sensor, while edge can
be extracted using the proposed image processing method. When the track ends, the
workpiece dimensional position is identified by the 3D information collected by the
dual-beam structured light system. Finally, the experiment confirms the feasibility
of the developed system.

Acknowledgement The author is particularly grateful to Harbin XiRobot Technology Co., Ltd.
for its help during the study.

Fig. 9 The comparison
between two models

Table 1 Experimental result

Line A Line B Arc C Arc D

Tested length/ideal length (mm) 399.5/400 399.8/400

Tested radius/ideal radius (mm) 399.0/400 800.2/800

Central angle (°) 119.7/120 120.2/120
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A Novel Center Line Extraction Algorithm
on Structured Light Strip Based
on Anisotropic Heat Diffusion

Xin-Tang Lin, Zong-Yi Wang and Yu Ji

Abstract There are problems needed to be solved when extracting centerline of
structured light strip on multi-pass seam. The problems include complex shape,
non-uniform intensity distribution, disconnected caused by welding beans or
occlusion and environmental noise etc. To solve these problems, a novel centerline
extraction algorithm is proposed based on anisotropic heat diffusion. Putting pixels
gray values as the temperature, the algorithm could get centerline composed by
highest energy pixels, through heat diffusion along same temperature curve normal
directions. The higher accuracy and efficiency of our algorithm is proved by
experiments.

1 Introduction

The current multi-pass welding automation mainly uses offline programming
approach, and welding parameters can’t be adjusted according to the actual situa-
tion of the current weld. Off-line welding affects the quality of welding and
applicability to complex welding goals, since lots of welding factors is unpredict-
able. In order to achieve multi-pass welding process automation, three-dimensional
information of multi-pass weld needed to be detected, providing a starting point,
welding parameters and welding path information.

Currently, the most mature and reliable detection method is structured light
detection. To provide accurate structure information of seam sectional, the
extraction accuracy of the centerline played a decisive role. Complex shape,
non-uniform intensity distribution, disconnected because of welding beans or
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occlusion etc. and environmental noise frequently appear which makes centerline
extraction become more difficult, as shown in Fig. 1.

For these problems of multi-pass weld centerline extraction of structured light,
a novel center line extraction algorithm is proposed based on anisotropic heat
diffusion. The higher accuracy and efficiency of our algorithm is proved by
experiments.

2 Prior Work

The typical image of a multi-pass weld structured light stripe. As shown in Fig. 1.
The disconnection in red circle of Fig. 1a, cause by welding beans; non-uniform
intensity distribution in red circle of Fig. 1b, cause by uneven reflection.

Aiming to get high-precision optical centerlines, domestic and foreign
researchers from different research directions are involved in this problem. We
divided centerline extract algorithms into: symmetry algorithm, asymmetric algo-
rithm, skeleton refinement algorithm and gray gradient algorithm.

The basic idea of symmetry algorithm is to assume geometry and grayscale
distributed symmetrical along both sides of the center line. This method is obvi-
ously not suitable for the problem.

To overcome the problem of asymmetric on section, center of gravity algorithm,
extreme value algorithm, ridge line tracing algorithm and fitting algorithm are
proposed. However, the normal of light strip must be known for center of gravity
algorithm and extreme value algorithm. Being sensitive to noise is another weak-
ness for those classes algorithm. Ridge line tracing algorithm can’t handle the
discontinuous light stripe. Fitting algorithm is not a reasonable method to handle
light strip of complex structures.

The basic idea of skeleton refinement algorithm is processing original image
binary arithmetic first, and then removing the boundary pixels to get centerline. It
includes template refinement algorithm and the one based on geometric distance [1].

Fig. 1 Structured light strip of multi-pass seam
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However, the result of this class algorithm is the geometric center of light stripe
image, not that of the centerline.

Gray gradient method is to use gray value change on cross-section curve of light
strip and looking for the smallest gradient on curve as pixels in the center line. This
class algorithm includes Hessian matrix algorithm [2], Bazen matrix algorithm [3]
and GVF algorithm [4] etc. The advantages of this algorithm is the sufficient use of
information of each pixel within the light strip. On the top of that, it is also
adaptability and highly precise. Nevertheless, using such extremes to find the vector
changes requires multiple convolution to calculate the large and is especially sus-
ceptible to noise interference. Although many of the recent algorithms focuses on
reducing computational complexity [5], the problems of finding extremes of vector
changes is not resolved as the inherent shortcomings.

This paper draws on the advantages of gray gradient method that makes full use
of the optical texture information. Anisotropic heat diffusion is introduced to each
pixel on the light strip heat diffusion at the same time. The centerline will finally get
composed by highest temperature pixel in structured light.

3 Proposed Centerline Extraction

@u
@t ¼ a x; y; zð ÞDu x; y; z; tð Þ
ujt¼0 ¼ u0

(
ð1Þ

Heat diffusion equation is shown above. u x; y; z; tð Þ is the temperature in the
space of time t and at position x; y; zð Þ. Parameter a x; y; zð Þ indicates the heat
diffusion parameters. D satisfies the following formula

D ¼ @2

@x2
þ @2

@y2
þ @2

@z2
ð2Þ

The Eq. (1) indicates temperature is varying based on the change of time
parameter t. Unidirectional energy transfers from high temperature to low tem-
perature. If diffusion equation changes with time in the degree of variation of
energy up to the same extent which will be called isotropic thermal diffusion; if the
extent is not same in different direction, it will be called anisotropic thermal dif-
fusion. This technology was first introduced in image processing to remove noise or
skeleton extraction [6].

As show in Fig. 2, the gradation value of each pixel shows the temperature. lT is
a temperature curve which is composed of pixels of same temperature. Each curve
diffuses energy along direction, which is charted by normal vector g and tangent
vector s. After diffusion, the low energy part is removed and the high-energy part is
left. Then the centerline of light strip that is composed of highest-energy light pixels
left over after heat diffusion could be extracted.
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After coordinate transformation, we change formula (1) to:

@I
@t ¼ Igg þ pIss
Ijt¼0 ¼ I0

(
ð3Þ

Parameter p ¼ 0:2 is defined from the experiment. From Fig. 2, coordinate
system relationship can be derived as follows:

g ¼ Ix; Iy
� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2x þ I2y

q ; s ¼ �Iy; Ix
� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2x þ I2y

q ð4Þ

where g is the normal unit vector at point ðx; yÞ; s is the tangent unit vector at point
ðx; yÞ. The coordinate transformation matrix is constant. From formula (4) and
relation between unit vector g and unit vector s, variables of original coordinate
system could be expressed as x ¼ x gð Þ and y ¼ y gð Þ. Then the first and the second
normal derivative of temperature I x; yð Þ are:

Ig ¼ Ixxg þ Iyyg

Igg ¼ Ixxx
2
g þ 2� Ixyxgyg þ Iyyy

2
g þ Ixxgg þ Iyygg

ð5Þ

From the right image of Fig. 2, the first normal derivative of original coordinate
system variables is:

xg ¼ Ixffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2x þ I2y

q ; yg ¼ Iyffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2x þ I2y

q ð6Þ

Meanwhile, coordinate transformation matrix Q is a constant matrix, the second
normal derivative is xgg ¼ 0 and ygg ¼ 0. Taking xgg; ygg and formula (6) into (5),
we can get heat diffusion change in normal direction g as follow:

@I
@t

¼ Igg ¼
IxxI2x þ 2IxyIxIy þ IyyI2y

I2x þ I2y
ð7Þ

η

τ

Tl

y

x
P

x

y

τ

η

( ),t tx y

( )1 1,t tx y+ +

xI
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Fig. 2 Direction of light strip thermal diffusion
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On the other hand, heat diffusion change in tangent direction s proved by lit-
erature [7] is as follow:

@I
@t

¼ Iss ¼
IxxI2y � 2IxyIxIy þ IyyI2x

I2x þ I2y
ð8Þ

From formula (8) and (9), the heat diffusion equation is:

IAfter ¼ IOriginal þ
IxxI2x þ 2IxyIxIy þ IyyI2y

I2x þ I2y
þ p

IxxI2y � 2IxyIxIy þ IyyI2x
I2x þ I2y

ð9Þ

Each pixel of the light diffusion at a same time, the highest energy pixel finally
obtained after iteration. In the actual calculation process, without iteration, the
operation is performed only once to complete the diffusion of the detection light
centerline. Calculation steps is shown below.

We create a standard map as target image. Sectional width varies because of the
sin function, uneven distribution. A standard noise figure is formed intermittently,
whose size is 1200� 900, as shown in Fig. 3.

First, the development of a field value determines the pixel requires computing.
Choose a peak of 60 % in this study. To increase the temperature level, Gaussian
smoothing process is introduced:

k ¼ exp � x2 þ y2
� �

=r
� � ð10Þ

We chose r ¼ 1:5 as smooth range (Fig. 4).
After the process of smooth using Eq. (8), anisotropic thermal diffusion is used

to each pixel which gray values bigger than zero. Result as in Fig. 5.

Fig. 3 Standard structured light strip

Fig. 4 Smoothed image
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We get the picture after the diffusion of each pixel which is greater than zero
were calculated gray gravity vector corresponding section of the law, and get as in
Fig. 6.

Fig. 5 Heat diffusion once

Fig. 6 Centerline extraction result

Fig. 7 Diffusion result of strip cross-section a normal result, b uneven result, c high value noise
influence result, d low value noise influence result
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4 Experiment

In order to prove the efficiency and accuracy of our algorithm, three experiments
were carried out. (1) Change of cross-section before (blue line) and after (red line)
heat diffusion in different situation, as shown in Fig. 7; (2) Centerline extraction in
different actual seam cross-section structure, as shown in Fig. 8; The comparison of
centerline extraction result of standard strip, between DS algorithm [1], IH algo-
rithm [5] and our algorithm. Centerline extraction results is shown in Table 1.

Fig. 8 Multi-passes light
strip centerline extraction

Table 1 Result table of
comparative experiment

Error Standard map Time (ms)

DS ε 2.05 551

σ 34.19

IH ε 0.58 1255

σ 21.93

Ours ε 0.92 324

σ 23.17
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5 Conclusion

From the above proof and experiment results, we can get the following conclusions:
We have presented a novel and an effective centerline extraction algorithm based

on anisotropic heat diffusion. Our algorithm can deal with complex shapes, uneven
distribution of light intensity, intermittent and impact noise. Compared with
existing algorithms, our algorithm has the advantage of high accuracy and speed.

Acknowledgments The author would like to express his appreciation for the help provided by
Harbin XiRobot Technology Co. Ltd while doing research for this paper.
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Image Feature Analysis of Weld Pool
in Aluminium Alloy Twin Arc PMIG
Welding Based on Snake Model

Jia-Jia Yang, Ke-Hong Wang, Tong-Li Wu and Ai-Min Wei

Abstract Continuous weld pool images of 6 mm aluminum alloy from rear and
side directions in twin arc welding were successfully obtained with a near-infrared
filter and a neutral density filter at an exposure time shorter than pulse period.
A modified Snake active contour model for weld pool contour extraction was
proposed and the contours of the two directional weld pool images were extracted
accurately. Through analyzing the two directional continuous weld pool images it
was found that the average geometric feature of continuous multi frame images of
weld pools other than one single image can reflect the actual welding process.

1 Introduction

Twin arc welding is applicable for aluminum alloy because of its high efficiency
and good welding quality. Comparing with electrical, acoustic and other sensing
method, optical sensing is not in contact with welding circuit and does not affect the
welding process, so it is more and more widely used in welding [1–3]. Research on
visual sensing of aluminum alloy is gradually increased in recent years. In Ref. [4],
clear weld pool of aluminum alloy in GTAW was obtained by secondary
broad-band pass filtering system. In Ref. [5], clear aluminum alloy weld pool image
in GMAW was acquired by using a broad-band pass filter with a central wavelength
of 610 nm. In Ref. [6] a near-infrared compound filtering method was proposed and
weld pool image of thick aluminum alloy was obtained. In this paper, the filtering
method in Ref. [6] is utilized in visual sensing of 6 mm aluminum alloy, by
controlling the shutter exposure time, continuous clear weld pool image of rear and
side directions are obtained. Then the Snake active contour model is proposed to
extract the weld pool edges accurately. At last the characteristic parameters of weld
pool geometry of aluminum alloy are defined and analyzed.
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2 Experiment System

The sketch of the experimental system is shown in Fig. 1 consisting of a pulsed
MIG welding subsystem and a visual sensing subsystem. In the welding subsystem,
the SAF TOPMAG450 twin arc automatic welding system is used, with two
welding machines, two wire feeding system and one welding torch. And the sensing
subsystem consists of a computer, two image capturing cards, two CCD
(charge-coupled device) cameras, two optical lenses, two compound filters and a
specific fixture. The CCD camera is black and white with the resolution of
795 × 596 and the sampling rate of 25 frames per second. The focus length of lens
is 12 mm. The composite filter system with a central wavelength of 980 nm and a
bandwidth of 20 nm, a neutral density filter with a transparency of 0.5 %, as well as
an ordinary optical glass equipped in front of the 12 mm focal length lens are
adopted in the sensing system.

3 Two-Directional Weld Pool Visual Sensing

The base metal is 3A21 aluminum alloy with a dimension of 300 mm × 150 mm ×
6 mm, and the welding filler is ER1100, with a diameter of 1.6 mm. The shielding
gas is Ar with a flowing rate of 20 L/min. The sensing positions of the two CCD
cameras from the rear and side direction have been obtained after many experi-
ments: The angle between the CCD axis of the rear and side and the horizontal
plane is 30° and 35°, the aperture is 4 and 6, the shutter time is 2 and 1 ms

Fig. 1 The two-directional weld pool visual sensing system in Twin Arc Welding (1 Master
power 2 Slave power 3 Slave wire feeder 4 Master wire feeder 5 weld torch 6 base metal 7
worktable 8, 9 CCD cameras 10, 11 image grabbing cards 12 computer)
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respectively. The continuous two-directional weld pool images captured simulta-
neously are shown in Figs. 2 and 3.

It can be seen from Figs. 2 and 3, whether the two arc lights are both strong or one
arc light is strong and the other is weak, clear images of the two directional weld pools
with rich information can be obtained successfully. In each image of Fig. 2(a) to (f),
the bright arc, molten pool and dark stripes caused by pool surface undulating can be
seen from the rear weld pool image and the boundary of the arc, the molten pool and
the basemetal is clear. In Fig. 3 forward and backwardwires, arc as well as solidifying
weld can be seen clearly. And not only the change of forward and backward arc light,
but also the attracting between the two arcs can be observed. The length of wire
extension is basically consistent, which reflects the small change of arc length and
stable welding process. When the intensities of the two arcs are strong, the reflection
light of the bead and the surrounding base metal can be observed.

In Fig. 3, (a) the forward wire just finishes droplet transfer, at frame (b) the two
arcs are in the medium intensity, at frame (c) the intensity of forward wire arc

(a)

(e) (f)(d)

(b) (c)

Fig. 2 The weld pool image sequence in rear direction

(a) (c)(b)

(d) (e) (f)

Fig. 3 The weld pool image sequence from side direction
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continues to increase, the backward wire is ready to transfer droplet, at frame
(d) both the two arc intensity are small, at frame (e) the forward arc is very strong,
and the backward wire is droplet transferring, at frame (f) the forward arc light
intensity is small, and the backward arc is very strong. In this sensing process, the
shutter time is 1 ms and the welding pulse cycle is 10 ms, which can guarantee the
clear weld pool images of low arc intensity during the base current period.

4 Image Processing Algorithm of Weld Pool

Since mechanical vibration and electromagnetic interference can cause interference
in the weld pool images obtained, image processing methods are usually required to
get the contour of weld pool image, the traditional edge extracting method usually
consist of median filter, gray stretch, threshold segmentation, morphological pro-
cessing, edge detection and so on. However this method is susceptible to noise at
the edge detection and easy to generate a false or discontinuous edge and it is
time-consuming because of its multi-step process.

Snake model adopts a new strategy for contour extraction and the final position
of the contour curve is the result of a function of the model correlation energy
minimization. Snake model can be seen as the moving deformation contour line
under the interaction of the force which can represent the curve itself and the
external force which can represent the image data. The force acting on Snake model
decide how the contour changes in space based on the location and shape of the
contour. Internal force roles in the smoothness constraint and external forces guide
Snake model moving to image features. Parameterized Snake curve is defined as u
(s) = ((x(s), y(s)), Wherein x(s), y(s) is the coordinate value of the contour, arc
length parameter s 2 [0, 1]. The total energy function of snake model is as Eq. (1).

E(uÞ¼
Z1

0

�
a

duðsÞ
ds

����
����
2

þ b
d2uðsÞ
ds

����
����
2

þ cEimageuðsÞ þ EconuðsÞ
�
ds ð1Þ

In Eq. (1) the first two data represent the internal energy, the first derivative and
second derivative of u(s) represent the elastic energy and bending energy of curve
respectively. Elastic energy ensures that the curve has a certain tension, so that the
distance between each control node tends to the same. Bending energy ensures the
curve smooth to avoid excessive curvature. The energy of the image is denoted by
Eimage(u(s)), the last Econ(u(s))ds represents the external constraint energy which is
also the energy attracting contour curve to the target contour curve.

The contour extraction method of Snake model is based on active contour
tracking which makes image processing speed improved; moreover accuracy and
better detection result of moving target can be obtained. But the main drawback of
Snake model is that it’s difficult to find an initial outline, the final contour is also
extremely sensitive to the initial position.

306 J.-J. Yang et al.



Here a modified Snake model for weld pool contour extraction is proposed. At
first the initial contour is acquired by gray segmentation and a certain number of arc
length points combined with prior knowledge. Then after controlling the elastic
energy weight α, the bending energy weight β and the image energy weight γ, the
contour with minimum Snake model energy is finally found. Using this algorithm,
all the contours of weld pool images of frame (a) to (f) in Fig. 2 are extracted, which
is shown in Fig. 4(a) to (f) correspondingly. Also, accurate contour extraction of
weld pool images from side direction can be acquired.

5 Analysis of Weld Pool Feature

The maximum transverse distance of the rear of the contour is defined as the weld
width Wr, the maximum length is defined as the half-length Lr, and the area and
perimeter of the profile is defined as the area Sr and perimeter Pr of the weld pool
respectively, and the opening angle between the maximum transverse distance and
the lowest point of longitudinal direction is defined as the rear angle of the weld
pool. After getting the contours of continuous pool images in Fig. 4(a) to (f),
geometric parameters of each weld pool image are obtained, as is shown in Table 1.

(a) (b) (c)

(d) (e) (f)

Fig. 4 Contour extraction of continuous weld pool images from rear direction

Table 1 The geometric parameters of the six continuous weld pool images from rear direction

Sr/pixel Pr/pixel Wr/pixel Lr/pixel a=�

Fig. 4(a) 8931 456.451 156 66 99.5147

Fig. 4(b) 4143 272.024 93 47 87.737

Fig. 4(c) 8749 477.279 159 72 95.6635

Fig. 4(d) 7575 435.622 151 59 101.038

Fig. 4(e) 6765 410.652 139 62 96.7396

Fig. 4(f) 7410.5 441.38 147 68 93.8991
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As we can see from Table 1, the change of the weld pool area from Fig. 2 is
significantly reducing, increasing, slightly reducing, continually reducing and
finally increasing. The perimeter, pool width and half length reach highest in frame
(c). The area, perimeter, pool width, half length and rear angle are the lowest in
frame (b), compared with the image of the side pool, the intensity of the two arc
lights are both small at this moment. The reason is that at this moment the arcs
begin to burn soon after the droplet transfer.

Because the two arc instantaneous change quickly in welding process and the
weld pool is also correspondingly changing fast, it is not accurate to analyze weld
pool feature just using one single image. Thus continuous images are used to
analyze the welding process. Welding experiments at three welding speeds of 40,
50 and 60 cm/min with the same weld voltage, current and other welding param-
eters have been implemented, and the average image features of six continuous
weld pool images at each welding speed have been calculated by modified Snake
image processing algorithm, which is shown in Table 2.

From Table 2 we can know that, with the increasing of the welding speed, the
weld area Sr, weld perimeter Pr, weld width Wr as well as half length Lr of weld
pool is obviously reducing, however the rear angle is increasing. The reason is that
with the same input voltage and current, the heat input and the weld pool size
decreased gradually with the welding speed increasing. This result corresponds well
with the actual welding process.

6 Conclusion

Clear continuous weld pool images from the rear and side directions of aluminum
alloy in twin arc welding process can be obtained by using near infrared narrow-band
filter with a central wavelength of 980 nm and a neutral density filter with a trans-
parency of 0.5 % which can remove most of the arc light at the shutter exposure time
shorter than the pulse period. A modified Snake model for weld pool contour
extraction is proposed and the contours of the weld pool images are extracted. By
defining and analyzing the characteristic parameters of weld pool geometry it’s
concluded that the average geometric features of continuous multi frame weld pool
images other than one single image can reflect the actual welding process.

Acknowledgement This work is supported by the National Natural Science Foundation of China
(Grant No. 51075214).

Table 2 The average geometric parameters of the rear weld pool at different welding speeds

Weld rate/cm min−1 Sr/pixel Pr/pixel Wr/pixel Lr/pixel a=�

40 11996.1 563.9 170.2 88.8 87.0

50 9674.8 517.2 156.3 79.3 88.6

60 7262.3 415.6 140.8 62.3 95.8
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A Detection Framework for Weld Seam
Profiles Based on Visual Saliency

Yin-Shui He, Yu-Xi Chen, Di Wu, Yi-Ming Huang, Shan-Ben Chen
and Yu Han

Abstract To guide the accurate shift of welding robots in welding processes in real
time, a newly designed visual sensor based on structure light is positioned on the
torch in the robotic welding system. Through the sensor, one weld seam image
includes the information of weld pools, laser stripe as well as the strong arc glare
simultaneously. In order to accomplish the guiding task, a novel framework based
on visual saliency is presented to detect the weld seam profile. Considerable
image-processing experiments demonstrate the proposed framework is effective
even in the background of lots of disturbances of fume, spatter and arc glare.

1 Introduction

Autonomous-robot welding is a pursuing objective for the researchers in the
welding field. The related intelligent techniques and robotic welding systems have
been studied and proposed in the literature. Nevertheless, the really and completely
automated robotic welding is still hard to implement due to its nonlinear features
and lacking reliable image-processing algorithms. A variety of methodologies about
weld seam identification for thick-plate welding and sheet metal welding have been
suggested in many papers. For instance, band pass filter [1], median filter [2, 3] and
mean filter [4, 5] are adopted to eliminate various noises. To extract weld seam
edges, a great number of edge detection operators are used encompassing Canny

Y.-S. He � Y.-X. Chen � D. Wu � Y.-M. Huang � S.-B. Chen (&)
School of Materials Science and Engineering, Shanghai Jiao Tong University,
Shanghai 200240, China
e-mail: sbchen@sjtu.edu.cn

Y.-S. He
School of Environment and Chemical Engineering, Nanchang University, Nanchang 330031,
China

Y. Han
Jiangsu Automation Research Institute, Jiangsu 222006, Chinaa

© Springer International Publishing Switzerland 2015
T.-J. Tarn et al. (eds.), Robotic Welding, Intelligence and Automation,
Advances in Intelligent Systems and Computing 363,
DOI 10.1007/978-3-319-18997-0_27

311



operator [6, 7], Roberts operator [2, 8] and Sobel operator [3]. In addition, wavelet
transforms [9] are selected to remove noise and detect the edges of weld seam [10].
In the recent years, visual attention mechanism is a hot research area, which is
commonly used for visual tracking, graph classification, and achieving the region of
interest (ROI) and so on. At present, the classic models include Itti model [11–14],
GBVS model [15] and Hou et al. [16]. There is little research of applying visual
attention models to detect weld seam profiles on the internet or magazines. Weld
seam profiles can instruct robots to start welding, while the information of molten
pools can reflect welding quality [17]. In this paper, we will lay stress upon the
recognition of weld seam profiles.

In the next section, we introduce our experimental setup in detail. We give a short
summary of the employed framework for the detection of weld seam profiles in
Sect. 3. Section 4 dwells on the implementation of the framework, and Sect. 5 pre-
sents an experimental verification. Finally, a brief discussion on image-processing
experiments and some potential areas of improving the proposed framework are
given, followed by conclusions in Sect. 6.

2 Experimental Setup

In this paper, the robotic welding system is shown in Fig. 1. It makes up of three
parts: a robotic system, an image collection system, and a welding system including
a wire feeder, and an electric welding machine. In fact, the image collection system
comprises a laser vision sensor (including a CCD camera, a laser based on structure
light, filters and dimmer glass), a set of hardware/software subsystem, as well as an
industrial PC. The third part contains a wire feeder, a electric welding machine and
a welding torch. Here, the laser acts as an auxiliary light source shining the
workpiece perpendicularly [3].

In our experiments, the laser’s wavelength is 664 nm, versus the power of
200 mw, which is based on the characteristic of MAG welding arc glare spectrum

Fig. 1 a Components of the robotic welding system. b Visual sensor

312 Y.-S. He et al.



of steel. Additionally, to eliminate the effect of arc glare, a narrow band optical filter
was used here, whose center wavelength is 660 nm and transmittance is 80 %, along
with a narrow band dimmer glass with the transmittance of 2 % approximately.

Meanwhile, the base metal was Q345b, whose thickness was 30 mm. The
welding way was swing-welding plus pauses on two endpoints (0.5 s was set for
each endpoint), and its swing amplitude was 12 mm, while the swing frequency was
0.8 Hz. Through consulting welding handbook, the welding voltage was set at
21 V, and current was 165 A.

3 The Proposed Framework

The proposed framework is mainly divided into two stages. First, in simulating the
human eye observation processes, brightness and orientation is select as primary
visual features, and brightness and orientation saliency maps could be generated
through different metric functions. Second, how to acquire the weld seam profile via
orientation and brightness saliency maps was studied and suggested here. A block
diagram of the whole proposed framework is shown in Fig. 2. In the second step,
specifically, the Threshold segmentation was carried out using OSTU algorithm. It
should be note that in the second step, after clustering was executed, the largest
cluster possessed the most data.

Fig. 2 Block diagram of the proposed framework
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4 Implementation of the Proposed Framework

4.1 Gabor Filtering

Gðx; yÞ ¼ e�ð x2
0

2rx
þ y2

0
2ryÞ � cosð2pfx0Þ ð1Þ

x0 and y0 are given as follows:

x0 ¼ x cos hþ y sin h

y0 ¼ y cos h� x sin h
ð2Þ

where f is filtering frequency, which is set at 1/7.82, h is filtering orientation, and
rx, ry are standard deviations given below: rx ¼ ry ¼ 4:12. The best values of f , h,
rx and ry were all determined by various image-processing experiments offline. The
Gabor filtering testing is as follows.

From Fig. 3b we can see that h ¼ 60 is the best angle with which Gabor filtering
is able to detect weld seam profiles completely. Therefore Fig. 3b is deemed the
orientation saliency map.

4.2 Dimension Metric

It is obvious that large-scale objects may be more easily noticed than the small-scale
ones by our eyes. Hence, the large-scale objects should be higher saliency. The
above phenomenon can be imitated with three-step processing. First, threshold

Fig. 3 Gabor filtering results with different h. a Raw image. b θ = 6° orientation feature
map. c θ = 20°. d θ = 45°. e θ = 90°. f θ = 150°
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segmentation was employed. Then, clustering was followed based on the Euclidean
distance (here the Euclidean distance threshold was set to 20 in pixel) and the
nearest neighbor rule. Finally, different clusters achieved their weights in terms of
their space dimension which influences their saliency. The third step is formulated
as Eq. 3.

FNewci ðx,y) = FOldci ðx,y) maxðdci Þ
1
NC

PNC

i¼1
maxðdci Þ

; 0� FOldci ðx,y) maxðdci Þ
1
NC

PNC

i¼1
maxðdci Þ

\255

255; otherwise

(
ð3Þ

where dci is the Euclidean distance between two different members of the ith
cluster. While NC represents the number of clusters, FOldci ðx, y) is the original

orientation feature map, and maxðdci Þ
1

NC
PNC

i¼1
maxðdci Þ

denotes the corresponding weights.

The entire process is so-called dimension metric. Figure 4 displays the whole
processing, and the final metric result of Fig. 3b is shown in Fig. 4c.

As shown in Fig. 4c, in contrast to Fig. 3b, the large-scale objects get higher gray
values, the small-scale objects are on the contrary. The ultimate effect is that the
weld seam profile is emphasized.

4.3 Non-uniformity Metric

The weld seam image itself—BMP format—represents brightness information, and
how to highlight the laser stripe from the original weld seam image is the key target
here. From considerable analysis of the data of weld seam images, there is a notable
feature that the data belong to the laser stripe are non-uniformity (these data are
heavily different). Figure 5b–e show the data indicated by red. The non-uniformity
metric result is displayed in Fig. 5f. Obviously, the laser stripe is successfully
strengthened.

Fig. 4 a The binary image after threshold segmentation. b The clustering results; different circles
represents different clusters. c The final metric result; orientation saliency map
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4.4 Threshold Segmentation

Threshold segmentation is the first processing in the second stage of the framework.
To date, a variety of algorithms of threshold segmentation have been presented in
the literature. OSTU is the famous one, which was chosen in this paper here. The
results of applying threshold segmentation to the orientation saliency map (Fig. 4c)
and the brightness saliency map (Fig. 5f) are shown in Fig. 6a, b, respectively.
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Fig. 5 The characteristic of the data belong to the laser stripe. a Four white lines specify the
positions of four columns of data. b–e Show the four columns of data, and the data belong to the
regions of the laser stripe are marked by red color. f The non-uniformity metric result; it also
shows that the laser stripe is obviously highlighted; brightness saliency map

Fig. 6 a Binary image I,
b binary image II, c the data
in the same positions in the
binary image I and II; it is a
binary image too and d the
weld seam profile
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4.5 Acquiring the Data in the Same Positions

In this processing, binary image I and II have some overlapping white dots in
different regions, and the laser stripe must be belonged to these overlapping regions,
which were pick out and shown in Fig. 6c.

4.6 Unsupervised Clustering

In the last processing, Fig. 6c contains not only the data belong to the weld seam
profile but also some disturbance data, which ordinarily appear around the weld
seam profile, and there is the need for removing them to determine the real weld
seam profiles. Clustering is an effective way which is fit for this job. The clustering
algorithm and its parameter setting adopted here is the same with the above, while
the member number of every small cluster was set to 400, namely the clusters
whose number of members is less than 400 will be removed. The weld seam profile
was extract shown in Fig. 6d.

5 Experimental Verification

To verify the effectiveness of the proposed framework, a weld seam image with
strong arc glare and spatter is given in Fig. 7a. For simplifications, some middle
image-processing results are omitted here.

As shown in Fig. 7, it is not hard to see that the proposed framework can
accurately detect the weld seam profile even though the weld seam image has arc
glare, welding spatter and sparks, etc.

Fig. 7 a The original image with lots of spatter. b The dots in the same positions in the according
binary image I and II. c The extracted profile

A Detection Framework for Weld Seam Profiles Based … 317



6 Discussion and Conclusion

In summary, through numerous experiments of the detection for weld seam profiles,
the presented framework can accurately extract the weld seam profile, but there are
some limitations within the framework. For example, clustering algorithm is exe-
cuted twice, and its parameter needs to be set by our experience. Furthermore, to
achieve the real weld seam profile, we must remove disturbance data in terms of the
size of clusters, which is determined still by depending on our experience. Thus,
how to set these parameters automatically is a further research area, and better
metric functions designed are another research priority in the future. Eventually,
this study lays a good foundation for the following seam tracking.

Acknowledgement This work is supported by the National Natural Science Foundation of China
under the Grant No. 61374071, 61305050, the NDRC of China, under the Grant No. HT[2012]
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The Effects of Arc Length on Welding Arc
Characteristics in Al–Mg Alloy Pulsed Gas
Tungsten Arc Welding

Huanwei Yu, Jinquan Song, Guoan Zhang, Jianzhong Pu,
Huabin Chen and Shanben Chen

Abstract In order to perform height tracing of the welding torch for sound welding
quality in the Al–Mg alloy pulsed GTAW, an arc length sensing method based on
arc light was introduced and the essential factors involved in the sensing process
was studied by means of visual and spectroscopic technologies. The results showed
that the arc light intensity and the arc length were in quadratic relationship rather
than in linear relationship and that the relationship deviates from a linear relation
was because of the arc heat loss. Based on the quadratic relationship between the
spectral line intensity at Ar I 852.14 nm for peak current and the arc length, the arc
spectroscopic technology can sense arc length precisely with an error not more than
0.2 mm. While the arc length reached to large values, cooling effects caused by the
increment of arc volume and the metal vapor would decrease the arc heat trans-
ferred to weld pool and also caused arc center column constriction, and thus there
was an optimum arc length for the best arc heat efficiency in the Al–Mg alloy
pulsed GTAW.

1 Introduction

Gas tungsten arc welding (GTAW), characterized with high controllability and low
equipment cost, is widely applied in occasions where quality and reliability are the
primary concerns [1]. In order to promote development of the high-efficiency
welding technology, many authors have targeted to the fundamental aspects, such
as arc current density and heat intensity distributions at the anode surface [2, 3], and
effect of anode heat transfer on the weld penetration [4, 5]. The results showed that
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the arc properties and the arc heat varied depending on any variation in the welding
parameters. Arc heat transferred from the arc to the weld pool is mainly determined
by the current and arc length (arc voltage) [6, 7]. A longer arc length would produce
shallower penetration and a too small arc length might also give rise to poor
penetration [8]. It was also found that the arc central temperature decreased with the
arc length while the convection heat loss increased in proportion to the gas flow-rate
and the appearance arc length [9]. As the other weld parameters have been fixed, arc
length plays the most important role on the weld quality. However, because of the
assembly precision and the machining accuracy of workpiece and the burning loss
of tungsten electrode, it is mostly more difficult to make precise control over arc
length than over the other weld parameters.

The traditional arc voltage sensors have been widely used in sensing and control
of arc length [10, 11], but the arc voltage depends not only on the arc length but
also on the tungsten electrode and the weld joint [12]. Unavoidable variations in
welding conditions and the high-frequency interference in arc striking moments
limit the potential of arc voltage in precision sensing of arc length. Researchers
have found that the arc light had a similar linear relation with the arc length and
could offer a more accurate measurement of the arc length [13, 14]. However,
researches rarely considered the effects of external conditions on welding arc.
Actually, the surrounding environment and the metal vapor from weld pool have
large cooling effects on arc plasma and the arc characteristics are thus changed [15,
16]. Especially in the Al–Mg alloy pulsed GTAW, where the alloy materials with
the lower vaporization temperature and excitation temperature are more sensitive to
the arc heat source, the cooling effects not only decrease the arc heat efficiency but
also change the arc light emission performance used for arc length sensing.

In this work, in order to control the arc length at an optimal value in the Al–Mg
alloy pulsed GTAW, both the arc characteristics and the welding formation under
different arc lengths were studied. By means of vision sensor and image processing
technique, the shape parameters of weld pool and arc center column were extracted
to estimate the effects of arc length. By means of spectroscopy technology, the arc
center temperature near the weld pool surface was estimated, and then the rela-
tionship between the arc light intensity and the arc length were discussed. The
results have significance for optimizing the arc heat efficiency and for improving the
accuracy of arc length sensing technique in the Al–Mg alloy pulsed GTAW.

2 Experimental

2.1 GTAW System

The experiments were performed on an automatic welding system, as shown in
Fig. 1. A host computer was employed to control the system in welding process.
The welding devices includes a welding test-bed, a welding power source (OTC

322 H. Yu et al.



Inverter Elecon 500P), a water-cooled GTA torch and an automatic wire feeder. The
welding test-bed can move along a slideway in three dimensions with an accuracy
of 0.002 mm. A 3.2 mm diameter tungsten electrode added 2 % ThO2 with a cone
angle of 110° was employed. The torch is connected with step motors and can move
in vertical direction to change the arc length consecutively in the welding process.

2.2 Data Acquisition System

Figure 2 shows a schematic diagram of the arc spectra-collecting module including
a low-cost 3648 pixels spectrometer (Ocean Optics HR4000) and an optical fiber.
The spectrometer with a wavelength resolution of 0.2 nm ranges from 185 to
1100 nm. An optical probe orthogonal to the torch axis was fixed at a
two-dimensional positioning stage. A laser light source was placed below the
electrode for calibration. Before the start of welding, the probe was adjusted to
make the incident laser beam into spectrometer reach the maximum intensity, and
then it was fixed and remained unchanged throughout the entire experiments. The
spectral sampling period was 75 ms, including a spectral integral period of 35 ms

Fig. 1 Schematic diagram of the experiment system

The Effects of Arc Length on Welding Arc Characteristics … 323



and a data storage period of 40 ms. A CCD camera (DH-SV1420FM) with a filter
and mirror system shown in Fig. 2 is mounted on the upper direction to capture
images of the weld pool and the arc column during base periods.

2.3 Experimental Materials and Methods

5A06 Al–Mg alloys sheets of 3 mm thickness were welded with no wire feed and
no grooves. The alloy contains 5.8–6.8 wt% magnesium element and the specific
welding parameters are shown in Table 1. As shown in Fig. 3, 2 Hz low-frequency
pulsed AC current was employed and the base current was fixed at 50 A throughout

Fig. 2 Schematic illustration of the arc spectra and the images acquisition system

Table 1 Welding parameters adopted in this work

Pulse frequency Base current Welding speed Argon flow Pulse duty ratio

2 Hz 50 A 3 mm/s 15 L/min 45 %

Fig. 3 Wave form of the
welding current: Tp and Tb
are the peak and base period
respectively
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the welding experiments. The pulse period consists of a base period Tb and a peak
period Tp, and the duty cycle γ = Tp/(Tb + Tp) is about 45 %. In order to study the
effects of arc length on arc heat efficiency, welding experiments with the different
arc lengths of 2, 2.5, 3, 3.5, 4 and 5.5 mm were performed under the same peak
current 100 A. To study the relationship between the arc length and the arc light
intensity, welding experiments were performed with the peak currents 100, 140,
180 and 220 A respectively, while the arc length decreased consecutively from 7 to
1.6 mm by moving the torch in vertical direction in each welding. In the normal
welding process, the torch kept motionless in welding direction, while the work-
piece fixed on the test-bed moved in the opposite welding direction. Suitable
welding fixtures were adopted to prevent the thermal deformation of weld seam and
the arc length was recalibrated after every welding.

3 Results and Discussion

3.1 Arc Length Precision Sensing Based on Arc Light
Intensity

Based on the linear relationship between the arc length and the arc light intensity, Li
and Zhang [14] have controlled the arc length with an accuracy of 0.2 mm in
stainless steel GTAW. However, Al–Mg alloy is much more sensitive to the arc
heat source than the steel and the welding current used in this work is pulsed,
cooling effects on welding arc not only change the arc characteristics for arc heat
efficiency but also may deflect the linear relationship between the arc length and the
arc light intensity.

Figure 4 shows spectra of arc plasma in base and peak periods. The spectral lines
are identified mainly as Ar I lines concentrating in 650–950 nm and as metal lines
concentrating in 280–550 nm by means of the Atomic Spectra Database element
standard spectrum data in NIST [17]. Generally, each of Ar I lines from the arc
plasma would produce the same effects on arc length sensing, however, due to
influences of spectral line self-absorption and continuous spectrum, Ar I lines have
different effects on the arc length sensing. As shown in Fig. 4, spectral line at Ar I
852.14 nm which is within ground multiplets, is in low intensity and less affected
by self-absorption [21], and is also overlapped with the lower continuous spectrum.
Figure 5a shows the line intensity at Ar I 852.14 nm in a welding with peak current
140 A, where the arc length decreased consecutively from 7 to 1.6 mm. The spectral
intensity is normalized by the following formula (1):

Inormal ¼ I=Ibase ð1Þ

where Inormal is the normalized intensity, I is the raw intensity, Ibase is the mean
intensity at base period under the 3 mm arc length. Figure 5b shows the normalized
intensity versus the arc length for peak current; linear and quadratic fitting methods
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are applied to extract the relationship between the line intensity and the arc length.
The fitting results show that the relationship is in quadratic relationship rather than
in linear relationship with the norm of fitting residuals 2.5 and 5.7, respectively.
Figure 5c shows the normalized intensity versus the arc length for base current and
it can be observed that the line intensity during peak period increases more sig-
nificantly than the one during base period dose as arc length increasing, which
indicates that the arc length plays a more important role in arc plasma under the
larger current.

Figure 6 shows the normalized intensities at Ar I 852.14 nm for different peak
currents and they also display clear quadratic relations to the arc length. The slopes
of Ar l line intensity curves decrease as arc length increasing, specially, when the
arc length is less than 4 mm the slopes decrease little but decrease more when the
arc length is more than 4 mm. This phenomenon shows that the amplification of the
unit arc length (arc voltage) for argon radiation intensity is reducing with the
increasing arc length.

In order to verify the validity of the extracted quadratic relationships for arc
length precision sensing, a welding experiment with a changing arc length and a
fixed peak current of 140 A has been performed. As shown in Fig. 7a, when the arc
length is raised from 2.5 to 4.5 mm by a step motor in the welding, the line intensity
increases accordingly. Figure 7b shows the predicted values of arc length based on
the two fitted mathematical relationships depicted in Fig. 5b. Under the arc length
of 2.5 mm, both the quadratic and the linear relationships sense the arc length
precisely with an error of 0.11 mm; under the arc length of 4.5 mm, the quadratic
relationship senses the arc length with an average error of 0.15 mm, however, the
average error of the linear relationship is aggravated as much as 0.32 mm. The
results show that the arc light intensity can make a precision sensing of arc length
and that the quadratic relation is much more accurate to depict the relationship
between them.

Fig. 4 Spectra of arc plasma in base and peak periods
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In order to clarify the reason why the relationship between the Ar I line intensity
and the arc length deviates from a linear relation, changes of arc heat and arc
appearance with the increasing arc length are studied. Actually, it is difficult to
determine the arc heat under different arc lengths, but it can be relatively measured
by their welding results. In general, the larger size of welding pool corresponds to
the greater arc heat output under the same welding conditions.

Fig. 5 a Normalized intensity of Ar I 852.14 nm acquired in the welding with a decreasing arc
length from 7 to 1.6 mm and a peak current of 140 A; b the normalized intensity versus the arc
length for peak current; c the normalized intensity versus the arc length for base current
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Fig. 6 The quadratic relationships between the line intensity of Ar I 852.14 nm for different peak
currents and the arc length

Fig. 7 a Line intensity of Ar I 852.14 nm with the arc length jump from 2.5 to 4.5 mm; b Sensing
of arc length based on the linear and the quadratic relationships
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3.2 Weld Formation and Arc Appearance

The welding arc is bell shaped and shows a high temperature in arc center regions
but a relatively low temperature in the winging regions, as shown in Fig. 8a
acquired by high-speed photography. By means of the vision sensor depicted in
Fig. 2, images of weld pools and arc center columns were acquired clearly in the
welding processes, as shown in Fig. 8b. It can be observed that the weld pool and
the arc center column show different appearances with the same peak current 100 A
but the different arc lengths. In order to estimate these changes caused by the arc
length, the maximum width WP of weld pool and the maximum width WA of arc
center column are extracted by the image processing techniques shown in Fig. 9.

Figure 10 shows the average values of WP and WA for different arc lengths. It
can be observed that WP is almost constant as the arc length is not more than 3 mm,
but decreases by 30.36 % as the arc length increasing from 3 to 5.5 mm. WA first
increases by 11.1 % as the arc length increasing from 2 to 2.5 mm, and then shrinks
by 23.61 % as the arc length increasing to 5.5 mm. The decrease in pool width
indicates a reduction of arc heat transferred to the weld pool, while the decrease in
arc center width indicates an augment of cooling effect on arc plasma.

3.3 Electron Temperature for Arc Center Column

Al–Mg alloy has a low vaporization temperature and is vaporized strongly near the
weld pool surface because of the high arc temperature. Because the metal atoms are
more easily ionized than argon atoms, arc properties vary in many respects with the
presence of metal vapor [16, 19]. In order to measure the variations in both the
excited metal and argon atoms near the weld pool surface, two indexes defined in
Eqs. (2) and (3) are introduced.

Fig. 8 Images of both the weld pools and the arc center columns with different arc lengths
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Fig. 9 Image processing techniques for WP and WA. a Processes of weld pool image processing;
b processes of arc column image processing

Fig. 10 Variations in WP and WA with an increasing arc length
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where m is the total number of the data points in a pulse period, Arcmean is the mean
intensity of the total arc spectrum, I518.59 is the intensity of Mg I line at 518.59 nm,
Armean is the mean intensity of the 23 Ar I lines.

The two indexes Mgr and Arr, corresponding to a certain weld pool, represent the
proportions of the excited magnesium and argon atoms in the arc column near the
weld pool surface, and will keep the constant values approximately when the
welding parameters are fixed. Figure 11 shows the values of Mgr and Arr at dif-
ferent arc lengths and it can be observed that as arc length increases from 2 to
5.5 mm, Mgr increases by 30.9 % and Arr increases by 66.3 %, which indicate the
increases of the excited magnesium and argon atoms near the weld pool surface.
However, when arc length increasing from 4 to 5.5 mm, Arr decrease a little
implying that the proportion of excited argon atoms is decreasing. Mgr increases
more fast as arc length increasing from 3.5 to 5.5 mm, which indicates an aggra-
vation of metal vaporization near the weld pool surface.

Marotta [20] has proposed an approximate formula without Abel inversion for
the determination of axial temperatures which is based on recording the spatially
integrated radiances of spectral lines in plasmas, as shown in Eq. (1)

In
EmImnkmn
Amngmn

� �
¼ In

khcTenðTeÞ
4fU(TeÞ

� �
� Em

kTe
ð4Þ

where Imn is the spectral line intensity from the level m to the level n, Amn is the
transition probability, gmn is the statistical weight, Em is the excited energy, λmn is
the wavelength, Te is the electron temperature at the centre of the plasma column, n
(Te) is the species density, U(Te) is the partition function, ζ is an empirical constant,
k is the Boltzmann constant, h is the Planck constant and c is the light velocity in
vacuum. If taking Eq. (4) as a liner function and plotting it with Em in the horizontal
axis and with In(EmImnλmn/Amngmn) in the vertical axis will result in a straight line,
then Te can be determined by the slope −1/kTe. This method for Te is so called
Boltzmann plot method [21]. In this paper, considering that self-absorption would
lower emission line intensities but sufficient spectral lines contribute to the

Fig. 11 Variations of Mgr and Arr with an increasing arc length
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temperature accuracy, 23 Ar I spectral lines with a wide energy level spread are
selected to determine Te by the Boltzmann plot method, as shown in Fig. 12.

The arc center temperature near the weld pool surface are estimated by the above
mentioned method and these estimated values are averaged in base and peak
periods respectively, as shown in Fig. 13. For both base and peak periods, Te

achieve the maximum of 10,560 and 11,060 K at the arc length of 3 mm, and then
decrease as arc length increasing to 5.5 mm.

3.4 Discussion for the Cooling Effects on Welding Arc

In the Al–Mg alloy pulsed GTAW, arc length plays an important role on the weld
quality as the other weld parameters have been fixed. As arc length increasing, the
total arc energy is enlarged because of the volt-ampere characteristics, and that the

Fig. 12 Boltzmann plots method for electron temperature

Fig. 13 The arc center temperature Te with an increasing arc length
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volume of arc column increases as well. However, as shown in Figs. 8 and 10, the
weld pool size is first increasing as arc length increasing from 2 to 3 mm and then
decreasing as arc length increasing from 3 to 5.5 mm. The arc center temperature
near the weld pool surface, as shown in Fig. 13, has the similar trend as the weld
pool size. These phenomena indicate that when the arc is about 3 mm length it has
the maximum heat efficiency for welding, while a too long arc length would pull
down the arc heat efficiency.

A. Berthier has found that that the magnesium fluoride would elevate arc tem-
perature and make arc constriction in A-TIG (with MgF2) welding of 304 L at
80 A; both the average arc temperatures of A-TIG and TIG welding near the welded
material increased as the arc length increasing from 3 to 5 mm, however, the
average arc temperature of A-TIG is lower than that of TIG at the large arc length
5 mm. In this work, the arc center temperature near the weld pool surface firstly
increases and then decreases as arc length increasing from 2 to 5.5 mm. The reason
can be explained in two aspects. Firstly, as arc length increasing both the total arc
energy and the arc volume would increase, but cooling effect of the arc surrounding
environment is also enlarged by the increasing arc volume. The cooling effect on
welding arc would decrease the arc heat transferred to weld pool and also cause arc
center column constriction. Figure 10 shows that as arc length increases from 2.5 to
5.5 mm the arc center width shrinks by 23.61 % to lower the arc heat loss and the
phenomenon of arc constriction demonstrates the cooling effect on welding arc as
the arc length is more than 3.5 mm, however it only slows down but cannot prevent
the heat loss. Secondly, metal vapor concentrated around the weld pool surface not
only absorb some of arc heat during its production and ionization, but also decrease
the arc voltage gradient. Aluminum and magnesium elements having the lower
vaporization temperature and excitation temperature are more easily vaporized and
excited with the higher arc voltage as arc length increasing. As shown in Fig. 11,
when arc length increasing from 4 to 5.5 mm, the decreasing index Arr indicates
that the arc heat has been not sufficient enough to excite the argon atoms, and the
increasing Mgr indicates that the metal vaporization and excitation are aggravating
all the time as arc length increasing from 2 to 5.5 mm.

According to the above analysis, it is clear that arc light can sense the arc length
precisely in the Al–Mg alloy pulsed GTAW, and that relationship between the Ar I
line intensity and the arc length often deviates from a linear relation but appears to
be a quadratic relation because of the arc heat loss. Furthermore, because of the
cooling effect of the arc external environment volume and the metal vapor, there is
an optimal arc length for the highest heat efficiency and it is within 3 to 3.5 mm
under the current welding conditions.
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4 Conclusion

From the results and discussion, we could draw the following conclusions:

1. In the Al–Mg alloy pulsed GTAW, the arc light intensity and the arc length are
in quadratic relationship rather than in linear relationship and this is caused by
the aggravating cooling effects on welding arc when the arc length involves in
too large values. Based on the quadratic relationship between the line intensity
at Ar I 852.14 nm for peak current and the arc length, the arc spectroscopic
technology can sense arc length precisely with an error not more than 0.2 mm.

2. As arc length increasing to too large values, cooling effects on welding arc are
mainly caused by the increment of arc volume and the metal vapor near weld
pool surface, which would decrease the arc heat transferred to weld pool and
also cause arc constriction.

3. There is an optimum arc length for the best arc heat efficiency in the Al–Mg
alloy pulsed GTAW, while a too long arc length would pull down both the arc
center temperature and the arc heat efficiency. With the peak current 100 A, the
optimal arc length is determined as about 3 mm under the current welding
conditions.
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Review of Sensors and Its Applications
in the Welding Robot

Xue-Qin Lu, Wen-Ming Liu and Yi-Xiong Wu

Abstract The use of sensors is of paramount importance for closing the feedback
control loops that secure efficient and automated/autonomous operation of mobile
robots in real-life applications. This paper reviews the development of sensing in
welding robot and vision sensing for the weld line inspection. The robot requires
several types of sensors for balancing and path planning. High accuracy and res-
olution of these sensors is of paramount importance for successful control of the
robot. In this paper we review some of these sensors and evaluate their suitability
for use in the robot. Various vision sensors and position sensors are reviewed and
their advantages and disadvantages are discussed. These sensors have been incor-
porated and evaluated.

1 Introduction

The robot requires several types of sensors for balancing and path planning. High
accuracy and resolution of these sensors is of paramount importance for successful
control of the robot.

In a realistic setting, patch planning of a robot cannot be based on complete a
priori knowledge of the environment. Therefore, much attention has been paid to
sensor-based path planning of mobile robots in unknown, complex and dynamic
environments, and this paper focuses also on this topic. The path planning is to find
a path between an initial and a final point on the roadmap. Global sensor-based path
planning methods can guarantee the global convergence and generate a shorter
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path. The shortcoming is the heavy computational burden because the tracking path
needs to be frequently recomputed as new information is discovered continuously
in the local path planning. In local sensor-based path-planners, the artificial
potential field method (APF) is influential, which uses local sensory information in
a purely reactive fashion.

The paper is organized as follows: In Sect. 1 we review position sensors.
Section 2 details three types of vision sensors. Section 3: The inertial onboard
sensors are reviewed. The other sensors in welding such as ARC sensors and
multi-sensor spot welding monitor using wireless sensor network are presented in
Sect. 4. Some conclusions drawn from this review are presented in Sect. 5.

2 Position Sensors

In the last years, optical system have been becoming more and more strategic in
many applications, in particular in endoscope systems by means of nano-composite
materials [1, 2].

The problem of using optical sensors to detect the position of a mobile robot has
been recently considered in the literatures [3–6]. The use of optical sensors as
dead-reckoning sensors has the advantage that the position measurements are not
dependent on the kinematics of the robot or on the rotation of the robot wheels.
Therefore, the position measurements are not affected by two of the most common
sources of measurement errors: (1) slipping, which occurs when a rotation of the
traction wheels does not generate a corresponding motion of the robot and
(2) crawling, which corresponds to a motion of the robot not measurable by
incremental encoders. Two of the main advantages of optical sensors over GPS and
camera-based sensors are their low cost and high resolution sensing capability.
However, like every dead-reckoning method, the position measurement based on
optical mice can be affected by systematic errors [7, 8].

Optical mouse sensors have been utilized recently to measure the position and
orientation of a mobile robot. A systematic procedure was developed to determine
the optical location of mouse sensors on mobile robot platforms with the aim of
increasing the sensibility of the sensors to robot displacements. Additional con-
straints are utilized to force the solution to stay inside the perimeter of the robot
platform.

Consider the mobile robot shown in Fig. 1, where three coordinate frames are
considered to describe the robot motion. In Fig. 1, the superscripts A, R and S will
be utilized for each vector to denote the frame with respect to which the vector itself
is expressed [9].

Future work will consider the optimization of the sensor localization in a
dynamical framework where the estimation of the robot position is affected by
nonsystematic errors.
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3 Vision Sensors

3.1 Vision Sensor System Design

Vision sensor system is an important part of the robot welding detection system; it
will directly affect the precision and forming quality in follow-up welding process.
If the image acquired by vision sensor is not perfect, it will make the weld seam
tracking very difficult, and even directly lead to poor quality of welding joint
forming. In this paper, the design of passive vision sensor is shown in Fig. 2, which
is mainly composed of CCD camera, image acquisition card, automatic transmis-
sion mechanism, dimmer–filter system, secondary reflector frame, wire feed
machine, stents, etc. It has many functions, such as welding environment identi-
fying, initial welding seam guiding, seam tracking, penetration controlling, and
remote controlling. In comparison with traditional visual sensor, especially the laser
sensor, the cost of production of this visual sensor is much lower.

3.2 Nanocomposite Optical Sensor

In the last years, optical systems have been becoming more and more strategic in
many applications, in particular in endoscope systems by means of nano-composite
materials. The innovative sensor is based on the detection of the radiated optical
field enhanced by gold micro/nanoparticles embedded in PDMS polymer film.
The PDMS elastomer is obtained by mixing a curing agent of 1:10 weight ratio to
base monomer. The aperiodicity is due to the poly dispersity of the gold nano

Fig. 1 Sensor kinematics:
coordinate axis
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particles and to the not-completely homogeneous gold particle concentration. The
proposed sensor is illustrated in Fig. 3a, b. In particular, in Fig. 3b the basic
principle of the optical system is schematically explained [10–13]: (I) a central

Fig. 2 The design of passive vision sensor

Fig. 3 a Scheme of the basic principle of optical object recognition, b cross section of the
nano-composite tip and c 3D perspective of the robotic optical system
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multimode input fiber is coupled to a light source; (II) the light is enhanced by a
PDMS-Au nano-composite tip; (III) the enhanced light is backscattered by the
target object; (IV) the backscattered light is enhanced again by PDMS-Au tip and
coupled by a receiver optical fiber bundle arranged around the central fiber (as
shown in Fig. 3b). As in active (doped materials) nonlinear materials, and in doped
fiber amplifier [14], the input energy of light may change its intensity depending on
the excitation band and on the effective complex refractive index which is function
of the metal concentration as volume filling factor [15].

In order to recognize 3D features of objects, the proposed sensor is mounted on
the end-effector of a robotic arm, as illustrated in Fig. 4. The optical sensor is also
able to provide useful information on the color of the reflecting surface. Many
experimental tests were carried out by hanging some colored stripes of paper on the
wooden panel. Three different colored stripes were used in two different scanning
processes: a black, a red and a green strip (the stripes are pictured in Fig. 4).

The sensor is moved in such a way as to scan a surface without coming into
contact with such surface. The proposed work describes and characterizes the
nano-composite sensor, providing all the technological details. Moreover, the
experimental setup was accurately studied permitting to detect some 3D target
objects adding information about their colors. All the testing process is performed
by a multilevel robotic arm scanning.

3.3 Laser Vision Sensor for Weld Line Detection
on Wall-Climbing Robot

To perform non-destructive testing very important to guarantee the safety operation
of lots of industry facilities, such as towers of the wind turbines and oil storage
tanks. In automatic non destructive testing (NDT) systems, automatic weld line
detection and tracking can navigate moving plat form sand improve the testing
performance and efficiency significantly. In literatures [16–18], distance measure-
ment, monocular vision and structured light some approach shave been applied to
detect the weld lines.

Fig. 4 The Black, the Red and the Green Strip of paper for automatic color differentiation. (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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The weld line detection and tracking system platform is shown in Fig. 5a [19]. It
is composed of a wall-climbing robot, an ultrasonic device of NDT and a CSL
sensor. Figure 5b, c illustrate the CSL projector and image capturing CCD on straight
weld line and cross weld lines, respectively. The laser projector is fixed on the robot
and perpendicular to the weldment. Two stripes s1 and s2 are formed by intersection
lines between weldment and two orthogonal laser planes L1 and L2. The laser pro-
jector projects across laser beam on the weld line, forming convex light stripe around
weld line. According to the laser triangulation measurement method, the 3D infor-
mation of the weldment surface can be obtained by calculating the camera coordi-
nates of the points on the lights tripe transformed from the image coordinates. In
general, when the robot moves along the straight weld line, only a convex arc exists
on the stripe s2, as shown in Fig. 5b. When the robot is close to a T-intersection of
vertical and horizontal weld lines, two convex arcs will appear at the strips, as
showed in Fig. 5c. The sensor can simultaneously detect the locations of the hori-
zontal and the vertical weld lines, which are used to plan the motion path of the robot.

4 The Inertial Onboard Sensor

Santolaria et al. [20] presents a technique for auto-calibration of contact measure-
ment systems mounted on a robot for use in data acquisition for parameter iden-
tification and calibration of robots through measurements made in geometrical
gauges.

Fig. 5 Weld line detection and tracking system. a The platform, b the CSL projector and imaging
CCD on straight weld line and c on cross weld lines
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The first step in locating the sensor frame is obtaining the rotational matrix
between the sensor and the global frame of the robot. To do this, the robot TCP is
manually positioned so that the three linear encoders of the self-centering probe are
touching the calibration sphere and at the same time are approximately in the
middle of their workspace range. This is the starting pose for the linear trajectories
in which the robot TCP will trace the lines between the edges of a cube centered in
this initial position without modifying the frame orientation (Fig. 6). A total of nine
target points are captured along these trajectories, corresponding to the eight edges
of the cube and its center. The self-centering probe data and the angle of each
articulation of the robot are captured in each target point. The X, Y, Z coordinates
are obtained from the self-centering probe data expressed in the self-centering probe
frame, while the pose of the last frame of the robot kinematic chain is obtained from
the angles of each articulation through the kinematic model.

Although the technique is presented for a self-centering probe used to measure a
gauge ball bar, it is also applicable to other on-board contact or non-contact
measurement sensors, as well as in data acquisition through external measuring
equipment that materializes points measured using reflectors mounted on the hand
or body of a robot.

5 The Other Sensors in Welding

5.1 ARC Sensors

Arc welding is one of the most important areas of application for industrial robots.
In most manufacturing situations, uncertainties in dimensions of the part, geometry
of the joint, and the welding process itself make the use of sensors essential to

Fig. 6 Trajectories describing the cube and points captured to determine the orientation of the
probe frame in the robot global frame. Detail of the linear encoders position probing two points of
the trajectories
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maintaining weld quality. In literature [22], three types of control systems for arc
welding robots are described: (1) tracking systems for centering the weld puddle
over the joint, (2) weld process controls for maintaining proper seam width and
penetration, and (3) supervisory controls for sequencing welding operations. These
control functions have been implemented successfully in production using a
computer vision sensor integrated into the welding torch. Experimental results are
presented demonstrating the capabilities of the system.

The seam tracking accuracy is not enough relying solely on the mobile body
because of high precision request of seam tracking and mobile welding robot inertia
of a larger whole. Therefore, the robot system uses two stage tracking strategy by
moving the body for coarse tracking and moving the cross slide for accurate
tracking [23].

Schematic diagram of devised rotation mechanism, which replaces the original
torch of the robot, is showed in Fig. 7 [24]. The rotating welding wire is driven by
hollow shaft electromotor. The value of welding current is taken in form of a sensor
voltage and serves the seam tracking process control as real value.

5.2 Multi-sensor Spot Welding Monitor Using Wireless
Sensor Network

Spot welding is an important welding technique that has been long established and
extensively used in industry, especially the automotive industry. The main quality
control tests are the destructive chisel test and peel test, which are carried out on

Fig. 7 High speed rotating arc sensor: a sensor configuration and b high speed rotating arc sensor
installed on robot
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welds obtained from the production line of the product. The failure rates are then
detected, examined, and evaluated.

To counter the need to destructively test so many spot welds the use of a sensor
cluster comprising a series of sensors was investigated to meet industrial require-
ments. The multiple outputs of the sensor cluster would give a prediction of the
nugget size, upon which a decision of weld quality was made [25]. An additional
sensor input to the cluster is the condition of the electrode, since a poor electrode
changes the current density through the metal, resulting in either excessive or
insufficient heating. A conditioning circuit was designed to take the output of the
current sensor and reduce the signal amplitude as well as shifting it such that it
varied over the range of approximately 0.1–2.1 V. Figure 8 shows the measured
results from the circuit once it was built. Measurements were taken with a
GDS-810S oscilloscope.

5.3 Laser Sensors

There is an increasing demand for the laser welding in automotive industry.
Compared with the spot welding, the laser welding technology enables the car body
to have a strong weld and light weight. Recently, the robot systems have been used
in the laser welding manufacturing and they are equipped with a laser source and an
optical fiber, which was shown in Fig. 9. In addition, a real-time tracking is
demanded in industries [26].

In Fig. 10, a sample image of the butt joint is given. Minute differences can be
found at the seam location and the thickness of the laser line is smaller than other

Fig. 8 Measured signal levels from sensor conditioning circuit
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regions. Therefore, the recognition of the narrow laser line as well as the edge
detection is used for the seam detection of a butt joint. The detected seam location is
also indicated.

The developed welding profile sensor is applied to the laser welding robot
system. The robot, the seam tracking system and CW Nd: YAG laser are used for
three dimensional robot laser welding as shown in Fig. 11. A 4 kW Nd:YAG laser
and the 6 axes industrial robot are used in this study. The precise positioning
(<200 am) of the laser beam on the joint to be assembled is achieved by the seam
tracker. In this system, the developed welding profile sensor is substituted for the
previous seam tracker. Butt and lap joints are considered as the welding joints of car
body.

Fig. 9 Developed welding
profile sensor

Fig. 10 Seam detection of a
butt joint
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6 Conclusion

The developed welding profile sensor is applied to the laser welding robot system
and the sensor is substituted for the commercial seam tracker. With the guide of the
sensor, the robot can follow the seam of the welding part.

This article aims to review the recent research into sensing technologies its
application on welding robot. Following an introduction, this article discusses
position sensing research and vision sensor, and other welding sensors.

The robot requires several types of sensors for balancing and path planning.
High accuracy and resolution of these sensors is of paramount importance for
successful control of the robot. In this paper we review some of these sensors and
evaluate their suitability for use in the robot. Various vision sensors and position
sensors are reviewed and their advantages and disadvantages are discussed. These
sensors have been incorporated and evaluated.

For the future works, the robust technique to fill the occluded region will be
implemented. Also, to make the image processing procedures more efficient and
more robust is important to enhance the tracking performance.
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A Review and Preliminary Experiment
on Application of Infrared Thermography
in Welding

Chao Hu and Xi-Zhang Chen

Abstract Infrared thermography, as a convenient, non-contact, non-destructive
and real-time detection method, has especially advantages for the welding tech-
nology because fusion welding always company with high temperature history. The
aim of this publication is to review the state-of-the-art of instrumentation and
methodology in the application of infrared thermography for welding, especially
focusing on the welding quality control. Researches show that infrared thermog-
raphy can be used to inspect weld joints and monitor the welding process, seam
tracking, control the penetration depth and improve the quality of welds. The author
also did some research and obtained some valuable results. Preliminary experiments
are also carried out to acquire real time IR image and temperature profile in order to
analyze the weld geometry and detect the welding defects.

1 Introduction

In conjunction with the rapid development of high quality welding today, industrial
manufacturing has a growing demand for process monitoring and diagnosis. One of
the most effective methods is infrared thermography. It has been widely used in
automaticwelding in order tomonitor and improve the stability ofwelding process [1].

Electromagnetic wave with the wavelength of 0.75–1000 μm is called infrared ray
or infrared radiation. Objects with temperature above 0 K continuously emits infrared
radiation. Infrared radiation (IR) include near infrared (0.75–3 μm), medium infrared
(3–6 μm) and far infrared (6–1000 μm) [2]. It took almost two centuries to adopt
infrared thermography in civil domain due to lack of mature technology and reliable
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performance of equipments. IR with wavelength between 2–13 μm is perceived and
used by infrared thermal imager, only the wavelength between 1–2.5 μm, 3–5 μm and
8–13 μm can be transmitted through the air into the distance [3], thermal infrared
detector is designed according to the characteristics of these three bands.

Infrared thermography has several advantages as wide measuring temperature
range, strong real-time performance and fast measurement speed, and no illumination
needed. Object emit infrared radiation, and the hotter it is, the greater the intensity of
the radiation. IR cameras focus on the incoming radiation at each point into an elec-
tronic signal and displays in a thermal image. The brightest point in the image is the
hottest [4]. Infrared thermography transforms thermal energy into a visible image and
each energy level is represented by a color [5]. Thermal infrared energy is invisible to
human eyes, but operates at a different region of the electromagnetic spectrum as
shown in Fig. 1 [6]. It shows the wavelength of different thermal infrared energy.

2 Infrared Detector and Its Development

Infrared thermal imager is basically a camera that has an infrared detector. It can be
used in imaging in the environment without sufficient light. Infrared camera detects
the intensity of radiation and displays it as a digital image. Different pixel values in
the image represent different infrared intensity. Many thermal infrared cameras are
sensitive to electromagnetic energy with wavelengths in the range of 1–15 μm [7].

Infrared detectors are the key of infrared thermal systems and can be generally
classified into two categories as thermal and semiconductors. They are consisting of
the optical arrangements (lens, mirrors, etc.), detect elements, cooling system and
associated electronics. Infrared cameras have experienced many times of modifi-
cation [3]. The first generation cameras consisted of a detector and two scanning

Fig. 1 The complete electromagnetic spectrum [6]
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mirrors. The second generation used two similar scanning mirrors along with array
detectors. The third generation had two dimensional array detectors without mirrors
[8, 9]. The size of the IR cameras are smaller and smaller according to different
application requirement, which leave more space for other devices and make it
more applicable to industrial application. Light weight and portable handheld
cameras with built-in display are also available nowadays. It takes several perfor-
mance parameters into consideration before choosing an infrared camera in order to
acquire a sharp and accurate thermal image. Venkataraman and Raj [10] reported a
detailed study of these performance parameters. These parameters include spectral
range, spatial resolution, temperature resolution, temperature range and frame rate.

3 The Characteristics of Infrared Thermography
in Welding

Welding is one of the most widely used methods in joining metal or nonmetal. The
welded joints are often the weakest location to fail in structures. Hence it is nec-
essary to inspect the quality of weld joints in order to ensure the safety of structures.
Compared to the conventional methods, infrared thermography can not only be
used for detecting welding defects, but also for real-time monitoring of the welding
process, helping to analyze the causes of welding defects and enhance welding
quality and the stability of welding process. In addition, infrared thermography is
widely used in seam tracking, welding penetration testing, welding temperature
field monitoring and welds mechanical properties evaluation.

4 The Applications of Infrared Thermography in Welding

Real-time temperature distribution gradient images can be obtained by infrared
thermography, which is necessary to monitor the welding temperature field,
welding process and detect the welding defects.

4.1 Temperature Field Monitoring and Welding Quality
Control

Pulse thermography is widely used in quality inspection of metal and composite
materials, using short-term heat pulse as an excitation source in order to acquire the
transient temperature evolution of the measuring area. Chen et al. [11] integrated
the ultrasonic energy into infrared thermal imaging. When the ultrasonic pulse is
motivated, carried energy is rapidly spread in the specimen and almost instanta-
neous in solid specimen. When ultrasonic transmits to heterogeneous area, the heat
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generated by the acoustic attenuation is more than homogeneous area, leading to the
thermo-elastic effect and hysteresis effect [12]. Ultrasonic energy was converted
into heat energy and transmitted to the specimen surface in the form of thermal
wave. The infrared imager adopted the JADE III produced by CEDIP. The speci-
mens were six pieces of 1 mm thick stainless steel plate respectively welding with
2 mm stainless plate after rolling. The laser power and welding speed of these six
specimens were different. As shown in Fig. 2, the brightness degree of the infrared
images represents that the welding quality of the dark line is better and the ambient
temperature is higher. The dark line is the transition zone of weld and non-welding
area. The two pieces of steel plates are not fully welded together, and it is char-
acterized in bright area because the ultrasonic energy is converted into heat. As
shown in Fig. 3, weld combined situation is analyzed by the infrared images to
acquire better welding speed. Using infrared thermography to inspect the adhesion
integrity of plastic welded joints [13] and ultrasound infrared thermography to
detect micro-cracks in the dissimilar metal weld [14] are also reported.

Fig. 2 Heat images of welding specimens with different welding power [26]

Fig. 3 Heat images of welding specimens with different welding rate [26]
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Zhao and Li [15] conducted infrared NDT by using a finite element analysis
software ANSYS, the research mainly analyzed the porosity with a certain size. The
temperature field of the porous parts and complete parts are different and the surface
temperature of defective parts is higher than that of complete parts. The nature of the
defects is quantitative judged according to the infrared thermal image features and
the surface temperature rising, improving the stability of the infrared NDT. Applying
infrared thermography for polyethylene pipe welding in the oil and natural gas
transmission projects are also reported. Kafieh et al. [16] took advantages of infrared
thermography to inspect welding defects of polyethylene pipes, they selected the
thermal image in the fifth seconds of welding cooling process as the best image,
preprocess the image through Gaussian filter and Gamma correction, obtained the
final image through clustering algorithms and then analyzed the image with the
MATLAB software. The method has a high accuracy in determining the location and
category of defects and embodies a high maneuverability. Suriani et al. [4] applied
infrared thermography for defects detection. The experiment made three groups of
Kenaf/Epoxy specimens which were heated 60 min under 100 °C, and then analyzed
the defects in the Kenaf/Epoxy specimens using thermal images. The optical
microscope and SEM verified the defects detection accuracy is as high as 95 %.
Using infrared thermography for nondestructive evaluation of welded joints and
controlling the laser welding of amorphous polymers are also reported [17].

Infrared thermography was also applied for the fatigue life prediction of AZ31B
and its welding joint. The infrared camera was VarioCAM hr, the detection was
conducted by establishing the relationship between temperature evolution and
fatigue life. Relation curves between the fatigue load and temperature evolution
were drawn according to infrared thermal images of specimens under different
fatigue load, and then obtained the temperature gradient and fatigue life curves
through several calculation formulas. It has been proved that the maximum error in
the fatigue life prediction of pristine specimens and the welded joints is 2.37 and
7.01 %, respectively [18].

Friction stir welding is a kind of solid joining technology with low temperature,
high efficiency and excellent performance. It has an obvious advantage in the
welding of aluminum alloy, magnesium alloy and titanium alloy. But the method is
easy to produce holes, grooves, lack of penetration and other defects. Gan et al. [19]
used infrared thermography to analyze the formation mechanism of tunnel shaped
holes in friction stir welding and found the causes of defects. Figure 4 shows the
temperature measuring points and transfer diagram of the stir tool, Fig. 5 is the
average temperature curves of the measuring points which are drawn according to
infrared images, using these curves to analyze the heat transfer process of the
welding process and acquiring the formation mechanism of holes.

Infrared thermography was used in measuring the laser-GTA welding temper-
ature field of magnesium alloy. The experimental camera was uncooled focal plane
camera SAT-HY6000A. The real-temperature correction and surface correction was
done to infrared images, combine with numerical simulation of welding tempera-
ture field, getting the whole composite heat source distribution of laser-GTA
welding temperature field of the magnesium alloy AZ31B [20].
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Infrared thermography faces lots of interference such as: arc light, hot tungsten
electrode and so on, the interference for high reflectivity materials is more serious
[21]. Huang et al. [22] researched the interference of arc light, ceramic nozzle and
laser nozzle in hybrid laser-GTA welding of magnesium alloy, they found the
interferences can be transferred out of welding seam by placing the infrared ther-
mography system perpendicularly to weld seam.

4.2 Seam Tracking

Vasudevan et al. [23] acquired GTA welding thermal images of 316LN stainless
steel by taking advantage of infrared thermography. By comparison, the tempera-
ture mutations of melt pool in the coordinate system were corresponding to the
macroscopic defects in the specimen. Base on the investigation, a close-loop

Fig. 4 The temperature
measuring points and transfer
diagram of the stir tool [19]

Fig. 5 The average
temperature curves of the
measuring points [19]
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feed-back system was established to control the depth of penetration from infrared
thermal images in real-time. Using a feedback system to measure visible and
near-infrared light to control joint penetration is also reported [24].

Doubenskaia et al. [25] used infrared thermography to research the laser clad-
ding temperature conditions of TiAlV4 alloy which was used for repairing the
damage parts of base metal. Actual temperature evolution of the melt pool and
cooling rates of the liquid and solid phases was found according to the IR images.
Gao et al. [26] used IR to research seam tracking during fiber laser welding of
austenitic stainless steel. The deviations between the laser-beam focus and the
weld-seam center was extracted by thermal gradient parameter. The laser-beam
focus position was adjusted in real time using calibration equations.

Sreedhar et al. [27] conducted the research of automatic defect identification by
using thermal image analysis for online welding quality monitoring. The GTA
welding temperature field of aluminum alloy AA2219 was monitored by IR camera.
Compared with the infrared images and radiographic images, it has been proved
that infrared thermography is reliable for real-time monitoring of welding defects.
Alfaro and Franco [28] used infrared camera for real-time monitoring of GTA
welding process and acquires the relationship between infrared signal and pene-
tration depth.

4.3 Welding Penetration Depth Control

Wikle III et al. [29] used infrared sensor for penetration depth control of the
submerged arc welding process. Heat transfer model was established first. When the
temperature distribution on the surface of the plates changes, adjusting the welding
voltage and wire feed speed according to feedback information and the welding
heat input in order to compensate the changes of the plate geometric dimension,
achieving the purpose of the penetration depth control.

4.4 Preliminary Experiments

The author also did some preliminary research on welding process monitoring,
welding geometry calculation and welding defects detecting by IR. A special IR
sensor was designed to real time scan welding temperature profile on work-pieces
surface. Q235 steel was butt welded using GTA welding. Part of the experiments is
shown in Fig. 6, the whole temperature profile and history are record and analyzed.
AS shown in Fig. 6, Point A and B in Fig. 6a, b are the arc starting and end point,
respectively. It is shown that the welding penetration depth near point A and B is
deeper than other parts due to the arc retention in A and the limitation of heat
dissipation in B. The temperature difference in the thermal image can help to
illustrate the causes of the different welding penetration depth. The width of
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temperature profile in Fig. 6c also reveals both the front and backside weld width by
some functions. Further researches are ongoing.

5 Summary and Outlook

A series of activities on the application of infrared thermography are being carried
out under worldwide collaboration with many institutes, universities and compa-
nies. This paper briefly reviewed the application of IR in welding process moni-
toring, quality control and welding penetration depth control, such as laser welding,
friction stir welding, laser cladding, polyethylene pipe welding, judging the welding
defects, eliminating the radiated interference in the welding process. Some ana-
lytical methods and algorithms are also reviewed in this paper. Due to the special
characteristics of IR in temperature and thermal related characters of welding
process, infrared thermography is a promising technology for welding process
monitoring, quality control and defects detecting. Our preliminary experiments also
reveal it is possible to detect welding geometry, process monitoring and defects
detecting.
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Active Shape Model for Visual Detection
and Localization of Variable
Polarity PAW Weld Pool

Di Wu, Ming-Hua Hu, Lu-Lu Chen, Hau-Bin Chen, Tao Lin
and Shan-Ben Chen

Abstract In order to control the quality process of variable polarity PAW weld of
aluminum alloys, extracting its characteristic parameters of weld pool is an
important issue for automated and robotic welding, wherein the visual detection and
localization of weld pool are critical steps. Previous methods of visual measurement
of weld pool usually depend on artificial experience to detect weld pool and assume
that the weld pool exists in a special shape and size. Considering these methods are
based on idealized model and lack of enough accuracy, in this paper, we propose a
robust visual detection and localization method for the pool of variable polarity
PAW weld pool based on active shape model. It provides an elegant framework for
representing the outline of a weld pool and is especially efficient for weld pool
detection and localization in cluttered scenes. The result shows, it can detect and
localize weld pool faster and more efficiently which lay a solid foundation for
extraction of characteristic parameters.

1 Introduction

The variable polarity plasma arc welding (VPPAW) has some advantages such as
small deformation, high productivity and “zero-defect” which can be widely used in
welding of aerospace products. Visual image sensing is an effective way to ensure
the quality of the welding process. In recent years, welding researchers have paid
more and more attention to image sensing of welding pool to acquiring the char-
acteristic signals reflecting full penetration and formation of the weld bead in gas
tungsten arc weld (GTAW) and VPPAW. Wang et al. [1] assumed that the location
and the size of the pulsed GTAW pool are nearly constant. They adopted the back
propagation neural network to remove the noise edge pixel and took the remnant
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edge pixels as the pool edge. Shen et al. [2, 3] obtained the parameters of the weld
pool indirectly by measuring the arc column area and assuming that there is only
one major curve edge in the predefined fixed-size image window.

A clear image of the keyhole puddle of aluminum alloys from the workpiece
front-side was acquired with a narrow-band filter system and a charge-coupled
device (CCD) camera in VPPAW [4]. B. Zheng et al. proposed an algorithm for the
image processing of the visible keyhole puddle to determine the geometrical sizes
of the visible keyhole under the condition of an off-line welding process. Zhonghua
et al. [5] put forward a wavelet transform which provides a multiscale analysis of
the information of the histogram, the result shows that it is effective for the keyhole
image to get the geometry parameters of the keyhole.

Based on the research above we found that existing methods often assume that the
weld pool exists in a predefined area and its contour to be a specific geometric shape
and size. Furthermore, existing methods mainly rely on artificial experience, hence
they are lack of adequate accuracy and higher recognition efficiency. Therefore, it is
necessary to develop more robust and intelligent methods to detect and localize the
weld pool. This paper aims to put forward a method based on active shape model to
recognize and localize weld pool edges. The remainder of this paper is organized as
follows. Section 2 will introduce the principle of active shape models for object
detection and localization. Section 3 describes the robust detection and localization
of VPPAW weld pool by active shape model. In Sect. 4, we will take some
experiments to demonstrate the performance of the proposed method.

2 Active Shape Model for Object Detection
and Localization

Active shape model (ASM) was originally introduced by Cootes and Talon [6, 7] in
1992, which is a method of image searching based on statistic model. The idea
defines a energy function by adjusting the model parameters to make the energy
function minimization.

2.1 Point Distribution Model

The method of point distribution model assumes that we can get shape of the
statistical description and its change from a training set of M samples. In two
dimensions points could be placed at clear corners of object boundaries, ‘T’ junc-
tions between boundaries or easily located biological landmarks. However, there are
rarely enough of such points to give more than a sparse description of the shape of
the target object. This list would be augmented with points along boundaries which
are arranged to be equally spaced between well defined landmark points (Fig. 1).
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If a shape is described n points in d dimensions, we represent the shape by an
element vector formed by concatenating the elements of the individual point
position vectors. For instance, in a 2-D image we can represent the n landmark
points, {(xi, yi)}, for a single example as the 2n element vector x, where

x ¼ x1; . . .; xn; y1; . . .; ynð ÞT ð1Þ

Given s training examples, we generate s such vectors xj. Before we can perform
statistical analysis on these vectors it is important that the shapes represented are in
the same co-ordinate frame. We wish to remove variation which could be attrib-
utable to the allowed global transformation, T.

2.2 Aligning the Training Set

There is considerable literature on methods of aligning shapes into a common
co-ordinate frame, the most popular approach being Procrustes Analysis [8]. This
aligns each shape so that the sum of distances of each shape to the mean
(D =

P
xi � �xj j2) is minimised. It is poorly defined unless constraints are placed

on the alignment of the mean (for instance, ensuring it is centred on the origin, has
unit scale and some fixed but arbitrary orientation).

2.3 Global Shape Model

Consider our vector representation of a shape xi = {x1, y1, x2, y2, …, xn, yn}. We
can therefore consider a 2n dimensional space and plot this shape as a point within
that space. If we calculate the covariance matrix of this distribution, we obtain a
concise description of how each point in the training set varies with all other points.
Moreover, we can obtain eigenvectors and eigenvalues which give us the major and
minor axis of this distribution. By sorting the eigenvalues by size, we have a list of
the most significant variations across the training set.

Fig. 1 Good landmarks
points
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In order to describe the whole training set, we require 2n eigenvectors, however
we can describe a large proportion of the training set with the first t eigenvectors.
We choose t such that the sum of the first t eigenvalues is greater than a significant
proportion of the sum of eigenvalues over the whole training set. Using these
vectors, we can generate a new shape x

x ¼ �xþ Pb ð2Þ

where P are the eigenvectors of the ASM, and b is a vector specifying the mag-
nitude with which we move along each eigenvector from the mean. Cootes suggests
that we only move along these eigenvectors of the order [9]:

�3
ffiffiffiffiffi
kk

p
� bk � 3

ffiffiffiffiffi
kk

p
ð3Þ

where bk is the eigenvalue of the kth eigenvector in order to maintain the integrity
of the ASM.

2.4 Local Appearance Model

Suppose for a given point we sample along a profile k pixels either side of the
model point in the ith training image. We have 2k + 1 samples which can be put in a
vector gi. To reduce the effects of global intensity changes we sample the derivative
along the profile, rather than the absolute grey-level values. We then normalise the
sample by dividing through by the sum of absolute element values,

gi !
1P
j gij
�� �� gi ð4Þ

We repeat this for each training image, to get a set of normalised samples {gi}
for the given model point. We assume that these are distributed as a multivariate
gaussian, and estimate their mean �g and covariance Sg. This gives a statistical
model for the grey-level profile about the point. This is repeated for every model
point, giving one grey-level model for each point. The quality of fit of a new
sample, gs, to the model is given by

f gsð Þ ¼ gs � �gð ÞTs�1
g ðgs � �gÞ ð5Þ

This is the Mahalanobis distance of the sample from the model mean, and is
linearly related to the log of the probability that gs is drawn from the distribution.
Minimising f(gs) is equivalent to maximising the probability that gs comes from the
distribution. During search we sample a profile m pixels either side of the current
point (m > k). We then test the quality of fit of the corresponding grey-level model
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at each of the 2(m − k) + 1 possible positions along the sample (Fig. 2) and choose
the one which gives the best match (lowest value of f(gs)).

This is repeated for every model point, giving a suggested new position for each
point. We then apply one iteration of the algorithm given in (5) to update the current
pose and shape parameters to best match the model to the new points.

2.5 Image Search Matching

To improve the efficiency and robustness of the algorithm, it is implement in a
multi-resolution framework. This involves first searching for the object in a coarse
image, then refining the location in a series of finer resolution images. This leads to
a faster algorithm, and one which is less likely to get stuck on the wrong image
structure. For each training and test image, a gaussian image pyramid is built [10].
The base image (level 0) is the original image. The next image (level 1) is formed
by smoothing the original then sub-sampling to obtain an image with half the
number of pixels in each dimension. Subsequent levels are formed by further
smoothing and sub-sampling (Fig. 3).

Fig. 2 Search along sampled
profile to find best fit of
Grey-level model

Fig. 3 A Gaussian image pyramid is formed by repeated smoothing and sub-sampling
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During training we build statistical models of the grey-levels along normal
profiles through each point, at each level of the gaussian pyramid. We usually use
the same number of pixels in each profile model, regardless of level. Since the
pixels at level L are 2L times the size of those of the original image, the models at
the coarser levels represent more of the image. Similarly, during search we need
only search a few pixels, (ns), either side of the current point position at each level.
At coarse levels this will allow quite large movements, and the model should
converge to a good solution. At the finer resolution we need only modify this
solution by small amounts.

3 Detection and Localization of Weld Pool by Active Shape
Model

3.1 The Establishment of Point Distribution Model

In this paper, we developed an active shape model for visual detection and local-
ization of VPPAW pool. More specifically, we take some typical images for
training and select twenty five landmark points manually in turn in each image, then
we interpolate five points evenly spaced between landmark points and have a total
of forty three points. Figure 4 is the distribution diagram of landmark points model,
wherein red dots represent landmark points, which are saved as corresponding
coordinates in the form of array.

Fig. 4 The distribution
diagram of landmark points
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3.2 The Establishment of Shape Model

In order to remove the factors of rotation and scale from different images, we first
align the training set using procrustes analysis, then we use PCA (Principal
Component Analysis) to acquire accurate active shape model. The PCA use single
value decomposition to obtaining mean vector, eigenvectors and eigenvalues and
keep only 98 % of all eigenvectors (remove contour noise). Finally by making a
PCA model, we make the Shape model, which finds the variations between con-
tours in the training data sets. Figure 5 show the original image and reconstructed
image using principal component analysis, wherein two images represent two main
shafts respectively and the blue line stands for the original image, while the red line
is reconstructed image. From Fig. 5, we can find the red line is close to the blue line
which it demonstrate the accuracy of shape model.

3.3 The Establishment of Appearance Model

In this step, we make the appearance model, which samples a intensity pixel profile
perpendicular to each contour point in each training dataset. It is used to build
correlation matrices for each landmark point which are used in the optimization step
to find the best fit.

In order to find the new position for every landmark point in the process of each
iteration, we should establish each local characteristics respectively. For the ith
point, the creation process is as follows: on both sides of ith point in the jth training
image, we choose m pixels to form a vector of length of (2m + 1) along the
direction which perpendicular to contour line, then we get a local texture from the

Fig. 5 The analysis result of PCA

Active Shape Model for Visual Detection … 367



derivation of pixel gray value. For the appearance model in this paper, we take m
equal to eight. Then we adopt multi-resolution method to acquire local information
of every landmark point (we take multi-resolution layers equal to four) and cal-
culate a covariance matrix for all landmarks, finally we record all samples grayscale
local information corresponding to landmark points from every layer.

4 Experiment and Discussion

In this section, we will conduct some experiments with real images to verify the
proposed approach for detection and localization of VPPAW pool. The experiment
system includes welding equipment, wire feeding machine, visual sensor, the robot
operation and other equipment. Sensor system is mainly composed of CMOSIS
camera, dimmer-filter glass and reflective device, wherein the center wavelength of
filter glass is 660 nm and bandwith is 35 nm. As shown in Fig. 6, we can acquire
double-side images from the welding system platform.

Considering researching positive weld pool images mainly, Fig. 7 shows some
weld pool images captured during a welding process, where each image is captured

Fig. 6 Welding system platform. a Experiment system. b The light path diagram of visual senser

Fig. 7 Some weld pool images captured in a welding process
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from the topside of the weld pool, and it is the region of interest in this paper. As we
adopt aluminum alloy as workpiece in the test, the reflection of weld pool is less
serious. In order to compare with identification effects which different number of
training images lead to, we collected four groups of images, each group contain 3, 5,
7 and 9 training images respectively which each image size is 230 × 230. For these
collected images, we will conduct a model training and a detection/localization test.

Firstly we select some landmark points manual and align the training set, then
we establish their shape and appearance model respectively, finally we test some
other weld pool images using ASM model. Figure 8 shows some detection and
localization results of weld pool images, where red dots represent the final iden-
tifiable location. Figure a, b, c, d represent the recognition results of different groups
of training images. From the results, we can see that the proposed method is very
robust and keep high precision, it works even on weld pool image with strong
reflection on its boundary.

Fig. 8 Some results of visual detection and localization of weld pool. a Three training images.
b Five training images. c Seven training images. d Nine training images
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In order to judge identification effect of weld pool quantitatively, we choose the
distance (namely pixel) between red dot and its actual edge point as a threshold
value, then we assume if the threshold value of red dot is not more than three, we
consider it as an identification success point whereas it is a false point. Table 1
shows the result of the comparative tests under different training sample sizes (from
10 to 30 % of the total samples), where the total samples number is 30. From
Table 1, we can see that with the increasing of training images, the success rate of
image recognition improve. After that, adding more training samples can actually
give less improvement.

5 Conclusion

In this paper, we proposed a robust visual detection and localization approach for
VPPAW weld pool based on active shape modeling. This approach provides an
elegant framework for representing the outline of a weld pool, especially efficient
for weld pool detection and localization in cluttered scenes. This approach can
provide an initial estimation of the geometric parameter measurement of weld pool.
Experiments on real images verified the proposed method.
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Information Fusion in Pulsed GTAW
Using ANFIS and Fuzzy Integral

Bo Chen and Shan-Ben Chen

Abstract Welding process is a complex process accompanied by various distur-
bances, so it is difficult to obtain the welding status by a single sensor. This paper
used different sensors to obtain information of the pulsed GTAW (Gas Tungsten
Arc Welding) process, and ANFIS (Adaptive Neuro-Fuzzy Inference System) was
used to process the information obtained by each sensor, then fuzzy integral method
was used to fuse the signal characteristics of each sensor and obtain the prediction
results. Experiment results showed that the method could sufficiently use the
information obtained by different sensors and obtain more precise prediction results
than by using a single sensor alone. This laid the foundation for further controlling
the welding quality automatically.

1 Introduction

Sensor technology is one of the key technologies in welding automation. In order to
control the welding penetration status automatically, various welding sensors have
been developed, such as arc sensor [1], visual sensor [2–4], acoustic emission
sensor [5], spectrum sensor [6] and so on. However, it is well known that welding
process is accompanied by many uncertain factors such as intense arc, noise,
electromagnetic interference etc. Each sensor can only obtain partial information of
welding process, so it’s very difficult to predict the penetration status precisely by
using a single sensor alone.
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Multi-sensor information fusion techniques is an emerged area which combine
information from multiple sensors to achieve improved accuracies and more spe-
cific inferences than could be achieved by the use of a single sensor alone [7, 8].
Some researchers have realized the advantages of multi-sensor information and
applied them in welding process [9, 10], and showed the advantage of multi-sensor
information fusion compared to single sensor. Commonly used multi-sensor
information fusion technologies include Kalman filter [11], D-S evidence theory
[12], neural networks [13] and fuzzy sets [14, 15]. Fuzzy set and fuzzy measure
theory are two more general mathematical methods which can be applied to
multi-sensor information fusion. Because welding process is generally regarded as a
technology which determined more by welders’ experience, this can be more
described by fuzzy methods more easily. So this paper tried to use fuzzy theory as
the main methods to process and fuse the information obtained during welding
process.

In this paper, arc, visual and sound sensor were used simultaneously to obtain
electronic, visual and sound information during the pulsed GTAW (Gas Tungsten
Arc Welding) process. Then the signal features were fused by fuzzy integral to
obtain the final prediction results of the penetration status about the welding pro-
cess, and ANFIS (Adaptive Neuro-fuzzy Inference System) was used to obtain the
parameters needed by fuzzy integral. Experiment results showed that multi-sensor
information fusion could obtain more accurate prediction results than single sensor.

2 Theoretical Development

This paper used fuzzy integral as the fusion tool to fuse the information obtained by
different sensors, first we will give a brief introduction about fuzzy measure and
fuzzy integral.

(A) Fuzzy measure and gλ-Fuzzy Measures
Fuzzy measure is the generalization of classical measure. The classical mea-
sure is additive. However, in some cases, the additivity can not be satisfied, for
example the work efficiency of two workers is not the summation of two
workers’ work efficiencies. In 1974, Sugeno first brought forward the set
functions using monotonicity to replace additivity which was called fuzzy
measures [16].
If X is a finite set of sources i.e. X ¼ fx1; x2; . . .; xkg; then the r-algebra set
generated by X is fU; x1f g; x2f g; x1; x2f g; . . .;Xg ¼ X. A fuzzy measure, in
the case of finite sets, is defined as a function l:X ! 0;1½ �; which satisfies the
following [17]:

(1) l Uð Þ ¼ 0; l Xð Þ ¼ 1
(2) lðAÞ� lðBÞ if A�B�X
(3) f Aif g1i¼1 is an increasing sequence of measurable set then
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lim
i!1

lðAiÞ ¼ lð lim
i!1

AiÞ

It should be noted that μ is not necessarily additive, so by the nature of the
definition of a fuzzy measure, the measure of the union of two disjoint subsets
cannot be directly computed from the component measures. In light of this,
Sugeno introduced the so-called gλ-Fuzzy Measures satisfying the following
additional property: for all A, B � X and A \ B = Φ,

gðA[BÞ ¼ gðAÞ þ gðBÞ þ kgðAÞgðBÞ; for some k[�1 ð1Þ

B. Properties of gλ-Fuzzy Measures
Let X = {x1, x2, …, xk} be a finite set and let gi = g({xi}). The mapping xi → gi

is called a fuzzy density function. Suppose

A ¼ fxi1; . . .; ximg�X ð2Þ

Then we can write

gðAÞ ¼
Xm
j¼1

gij þ k
Xm�1

j¼1

Xm
k¼jþ1

gijgik þ � � � þ km�1gi1 � � � gim

¼ P
xi2A

ð1þ kgiÞ � 1
�
=k; k 6¼ 0

� ð3Þ

Thus the value of λ can be obtained from the equation

gðXÞ ¼ 1 ð4Þ

This is equivalent to solve the equation

kþ 1 ¼
Yn
i¼1

ð1þ kgiÞ ð5Þ

Hence if we know the fuzzy densities gi, i = 1, … n, the gλ-Fuzzy Measures
can be constructed. For the information fusion problem, the fuzzy density
value gi can be regarded as the degree of importance of some source xi towards
the final evaluation. The measure of an arbitrary set A represents the impor-
tance degree of the set of sources denoted by A towards a final decision.

Sugeno fuzzy integrals
Using the notation of fuzzy measures, Sugeno defined the concept of the fuzzy

integral [17]:
Given a finite set X = {x1, x2, …, xk} and a function f :X ! 0;1½ �; rearrange X

such that 0� f ðx1Þ� f ðx2Þ� � � � � f ðxnÞ� 1, the fuzzy integral over A � X of the
function f with respect to a fuzzy measure μ is defined by
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Z
f ðxÞ � lðxÞ ¼ _n

i¼1
½f ðxiÞ ^ lðAiÞ� ð6Þ

where Ai = {xi, … xn}.
When μ is a gλ-Fuzzy Measures, g(Ai) can be calculated recursively (i = 1, …, n)

as

gðA1Þ ¼ gðfx1gÞ ¼ g1

gðAiÞ ¼ gi þ gðAi�1Þ þ kgigðAi�1Þ
ð7Þ

3 Adaptive Neuro-Fuzzy Inference System (ANFIS)

From the specialty of fuzzy integral it could be seen that to fuse the information by
fuzzy integral, the set function value and the fuzzy measure value should be first
obtained. The first step of the fusion process is to obtain a degree of partial
matching which is needed by the fuzzy integrals as f-function. To date, there is not
any unique tool to obtain the f-function, in this paper, ANFIS is used as the tool to
obtain the needed f-function value.

The integration of neural network architectures with fuzzy inference system
(FIS) has resulted in a very powerful strategy known as ANFIS. The ANFIS
architecture consists of a fuzzy layer, product layer, normalized layer, defuzzy
layer, and summation layer. A typical architecture of ANFIS with two rules is
shown in Fig. 1, in which a circle indicates a fixed node, whereas a square indicates
an adaptive node. For simplicity, it is assumed that the FIS has two inputs x and y
and one output f. The ANFIS used in this paper implements a 1st order Sugeno
fuzzy model [18]. Among many FIS models, the Sugeno fuzzy model is the most

Fig. 1 ANFIS architecture
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widely applied one for its high interpretability and computational efficiency, and
built-in optimal and adaptive techniques. For a 1st order Sugeno fuzzy model, a
typical rule set with two fuzzy if-then rules can be expressed as:

Rule 1: if x is A1 and y is B1, then f1 ¼ p1xþ q1yþ r1
Rule 2: if x is A2 and y is B2, then f2 ¼ p2xþ q2yþ r2

where Ai and Bi are the fuzzy sets in the antecedent and pi, qi and ri are
the design parameters that are determined during the training process.

As shown in Fig. 1, the ANFIS consists of five layers:
In the first layer, all the nodes are adaptive nodes. The outputs of layer 1 are the

fuzzy membership grade of the inputs, which are given by:

O1;i ¼ lAi
ðxÞ; i ¼ 1; 2

O1;i ¼ lBi�2
ðyÞ; i ¼ 3; 4

ð8Þ

where lAi
ðxÞ and lBi�2

ðyÞ can adopt any fuzzy membership functions. For example,
if generalized bell shaped function is employed, lAi

ðxÞ is given by

lAðxÞ ¼
1

1þ j x�ci
ai

j2bi ð9Þ

where {ai, bi, ci} is the parameter set of the membership function, governing
generalized bell shaped function accordingly.

In the second layer, the nodes are fixed nodes. They are labeled with Π, indi-
cating that they perform as a simple multiplier. The outputs of this layer can be
represented as:

O2;i ¼ lAi
ðxÞlBi

ðyÞ; i ¼ 1; 2 ð10Þ

which are the so-called firing strengths of the rules.
In the third layer, the nodes are also fixed nodes. They are labeled with N,

indicating that they play a normalization role to the firing strengths from the pre-
vious layer. The outputs of this layer can be represented as:

O3;i ¼ wi ¼ wi

w1 þ w2
; i ¼ 1; 2 ð11Þ

which are the so-called normalized firing strengths.
In the fourth layer, the nodes are adaptive nodes. The output of each node in this

layer is simply the product of the normalized firing strength and a 1st order poly-
nomial (for a 1st order Sugeno model). Thus, the outputs of this layer are given by:

O4;i ¼ wifi ¼ wiðpixþ qiyþ riÞ; i ¼ 1; 2 ð12Þ
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In the fifth layer, there is only one single fixed node labeled with Σ. This node
performs the summation of all incoming signals. Hence, the overall output of the
model is given by:

O5;i ¼
X

wifi ¼
P

i wifiP
i wi

ð13Þ

It can be observed that there are two adaptive layers in this ANFIS architecture,
namely the first layer and the fourth layer. In the first layer, there are three modi-
fiable parameters {ai, bi, ci}, which are related to the input membership functions.
These parameters are the so-called premise parameters. In the fourth layer, there are
also three modifiable parameters {pi, qi, ri}, pertaining to the 1st order polynomial.
These parameters are the so-called consequent parameters [18].

After the ANFIS was built, it could be used to train the date and obtain a network
which could be used as the fuzzy set function in fuzzy integral method. And the
prediction accuracy of ANFIS could be used as the fuzzy density value gi, then the
fuzzy integral method could be used to fuse the information obtained by different
sensors.

4 Experiment Apparatus and Experimental Procedures

4.1 Experiment Apparatus

Fuzzy integral was used in this paper to fuse the information obtained by different
sensors in pulsed GTAW process to predict the penetration status, and the exper-
iment system to obtain the information is shown in Fig. 2. The system was con-
sisted of an electronic signal collecting module, a sound signal collecting model and
a weld pool image collecting module. By simultaneously using of the three col-
lecting modules, weld pool image, weld current, weld voltage and welding sound
could be collected at the same time. Figure 3 shows the captured figure and the
corresponding current, voltage and sound information during a welding process.

After the information was obtained, the signal features could be obtained by
some signal processing algorithms [19]. Figure 4 shows the topside and backside
image of the weld pool, from the image the geometric feature parameters of weld
pool could be obtained. In this paper, the topside weld pool length LT and width
WT were used, and the backside width WB was used to judge the current pene-
tration status. Because the weld current during the base period is kept const, and
relatively small compared with the peak period, the current and voltage values
during the base period were not taken into account. For the current of peak period,
virtual value during a pulse period was calculated, for the voltage of peak period, to

378 B. Chen and S.-B. Chen



avoid the influence of cathode spot, positive value of the voltage during a pulse
period was used, and the mean value of the positive data of the voltage during a
pulse period was calculated. For the sound information, sound intensity and sound
spectrum intensity were taken as the signal features [19].

4.2 Experimental Procedures

To use the ANFIS to obtain the f-functions and the gλ fuzzy measures, the ANFIS
should first be trained so it could be used as the f-function and obtain the fuzzy
density value. In order to obtain the training data, all kinds of welding conditions
should be considered during the experiment design. In this study, welding current
(I) and wire feeding speed (R) were taken as the control variables to influence the
forming process of weld beam. Butt welding experiments were conducted on a
4-mm-thick aluminum alloy LF6 with V groove. A satisfactory weld shape was
obtained with the following parameters: I = 170 A, R = 11 mm/s. To excite all the
characteristics of the dynamic welding process, the welding peak current and wire
feeding speed were designed with white noise signals, because of their character-
istic of widespread spectrum and non-correlation on time. The pulse peak current
and wire feeding speed were changed every pulse according to the generated white
noise signal value. To receive a complete welding data, the variations of pulse peak
current and wire feeding speed were set as follows: ΔI = ±15 A, ΔR = ±4 mm/s.

Fig. 2 Schematic diagram of the experiment system
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The obtained information’s features were obtained by the above signal pro-
cessing algorithms, and the signal features of every pulse were obtained. Totally
982 sampling data were obtained as shown in Fig. 5. In the figure, when the
welding is penetration, the penetration status is 1, and when the welding is
incomplete penetration, the penetration status is 0. From the figure it could be seen
that all the variables varied by a wide range under the designed welding parameters,
different welding parameters reflected different penetration status. Therefore, mul-
tiple welding states were activated and the experimental data could be thought as
covering all the penetration situations.
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Fig. 3 Visual, current, voltage and sound waveforms of four pulses
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Fig. 4 A frame of a complete weld pool image of pulsed GTAW

Fig. 5 Experiment results
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4.3 Multi-sensor Fusion Results

In order to sufficiently reveal the effectiveness of proposed method in multi-sensor
information fusion, the method was also used to fuse the information obtained by
two sensors as a comparison.

To validate the models, the data set is randomly split into 730 training samples
and 252 test samples. The 730 training samples were used to train ANFIS, after
ANFIS was trained, the recognition rates of ANFIS were used as the fuzzy den-
sities, and the 252 test samples were used to test the capabilities of the fuzzy
integral. The partitioning is repeated 10 times independently. The recognition rates
between single sensor network and Sugeno integral fusion are listed in Table 1. In
the table, the recognition rate of single sensor network presented the prediction
result by a single sensor, the f-function obtained by ANFIS was used to judge the
penetration status, and a f-function that is greater than “0.5” indicted that current
welding status was penetrated, and a f-function that is less than “0.5” indicted that
current welding is incomplete penetrated; in Table 1 the recognition rate of Sugeno
integral fusion result represented the prediction rates after the f-functions were
fused by Sugeno integral, and in the table both the prediction rates of fusing two
sensors and fusing three sensors were tabulated.

From the table it can be seen that the prediction results of multi-sensor fusion are
much better than the prediction results of single sensor. And the prediction results
of ANFIS are better than the prediction results of BP neural network [19]. This
shows the effectiveness of ANFIS. It could also be seen from the table that the

Table 1 Comparison of prediction rates between single sensor and multi-sensor

Times Single sensor network Sugeno integral fusion

Arc
sensor

Sound
sensor

Visual
sensor

Arc and
sound

Sound
and
visual

Arc and
visual

Arc and
sound
and
visual

1 0.7371 0.7689 0.7968 0.7888 0.7888 0.7928 0.7888

2 0.8848 0.7531 0.893 0.9588 0.9465 0.9753 0.9753

3 0.6908 0.6707 0.739 0.739 0.743 0.739 0.739

4 0.7787 0.75 0.8402 0.918 0.9221 0.9385 0.9549

5 0.7037 0.7243 0.7449 0.7654 0.7572 0.7531 0.7613

6 0.8601 0.7654 0.8848 0.9095 0.9218 0.9259 0.9259

7 0.7254 0.75 0.75 0.791 0.791 0.791 0.791

8 0.776 0.78 0.8 0.816 0.812 0.82 0.82

9 0.7711 0.7871 0.8394 0.8273 0.8353 0.8353 0.8353

10 0.9053 0.7984 0.9095 0.9383 0.9424 0.9383 0.9424

Average 0.7833 0.75479 0.81976 0.84521 0.84601 0.85092 0.85339
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fusion results of three sensors were better than the fusion results of two sensors, this
means multi-sensor information fusion can sufficiently use different sensors’
information and obtain better results, which will be helpful to control the welding
quality automatically.

5 Conclusions

Multi-sensor information fusion technology was used in this paper to predict the
penetration status of pulsed GTAW process. Arc, visual and sound sensors were
used simultaneously to obtain information about the process from different view of
aspects, then the corresponding signal features reflecting the welding process were
obtained, and ANFIS was used to process the features and obtain the f-function
value for the fuzzy integral method. Fuzzy integral technology was used to fuse the
processed features to predict the penetration status. Experiments were done to
compare the prediction result between single sensor information and multi-sensor
information fusion, and the results showed that the method could effectively use the
information obtained by different sensors and give better prediction results.
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Study on the Relationship Between
the Energy in Most Effective
Frequency Range of Arc Sound Signal
and the Change of Arc Height
in Pulsed Al Alloy GTAW Process

Huan-Huan Zhang, Na Lv and Shan-Ben Chen

Abstract Welding sound signal is mainly produced by the arc heat and the
vibration of weld pool. In order to seek the relationship between characteristics in
sound signal frequency and arc length variation, energy in every frequency band
had been analysed, we found that arc sound signal distributed in every frequency
band of 0–20 kHz, while arc length increasing, the energy of every frequency band
increases, and the energy of 0–5000 Hz frequency band can generally reflect the
increase and mutation of arc length, the differences when arc increase same value
are similar. So linear fitting has been done to the original signal and the signal after
2 layer db3 wavelet denoising, conclusions can be made as that the average total
energy of sound peak signal and the arc length have linear relationship, and 2 layer
db3 wavelet denoising can make the error of linear relation smaller.

1 Introduction

With the development of the automatic and intelligent technology, material con-
nection technology is widely used in high-tech fields such as aerospace, underwater
operation, nuclear power development. On one hand, the equipments in such
special working environment require the equipments has excellent quality and high
precision of welding, on the other hand, sometimes welders cannot complete
welding work because of the complexity of the welding environment, therefore, in
the area of welding research, the development of intelligent and automatic control
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technology, and the realization of the state of welding pool dynamic process
real-time monitoring become the most concerned problems [1].

As the most a valuable signals in the online quality monitoring of welding, arc
sound signal have been concerned and studied for a long time [2–5]. At present, the
study of the state of the weld pool monitoring mainly concentrated in the aspect of
visual information, but for the restriction of the complicated shape of weldment, the
visual information is not easy to get. Arc sound, as non-contact vibration source
signals, which generates from arc and molten pool heat vibration, contains a large
amount of information of penetration states, and is not susceptible to the changes of
weldment. Arc sound signals can effectively reflect pool height information and
welding quality [6–8]. At present, the acquisition processing and analysis arc sound
signal have achieved certain results in laser welding, CO2 welding, MIG welding,
spot welding, and other fields. However, the study of monitoring welding quality by
acustic signals in the field of aluminum alloy GTAW welding is still at fundamental
stage. In Refs. [9, 10], scholars research the corresponding relationship between arc
sound signals and welding current,and different transfer modes of short circuit, thus
a transfer function about arc sound pressure and welding current was established.
The Refs. [11] set a multiple regression model by studying various welding process
parameters, implements the accurately forecast of weld width and the depth of
molten, also provides the foundation of realizing of GMAW welding quality online
prediction. In Refs. [12–14] Dr. Wang and Na made a conclusion of the effects of
welding parameters to welding sound, including gas flow, welding speed and
collection angle during GMAW welding. In addition, nowadays, researches about
arc sound mainly focus on the time domain, research on time domain and
time-frequency domain of sound signal is not mature, especially the relationship
between frequency and the welding arc and the welding quality is not clear.

In this paper, it is tried to make a foundation work of finding a effective fre-
quency range and building a relationship between arc height and arc sound energy
of the frequency range. Because the arc height directly affects the arc energy, and
the arc sound is generated from arc heat and vibration of weld pool, there must be a
corresponding relationship between the energy characteristics of arc sound signal
and arc height, however, due to the characteristics of the arc and workpiece their
own, the sound signal produced by arc heat or vibration of weld pool should mainly
distribute in specific frequency range. Thus the research is meaningful for real-time
monitoring welding quality by utilizing arc sound signals.

2 Experimental System and Experimental Scheme

2.1 Experimental System

The schematic diagram of the experimental system shown in Fig. 1. The system is
composed of two parts: welding system and audio sensing system. The welding
system is basically including that, a INVERTER ELESON 500 P type ac/dc

386 H.-H. Zhang et al.



GTAW welding power source which is provided by Japan OTC company,
CM-271 type wire feeder, HC-71 type wire feeding control box, FR-IA gas flow
controller, water cooling fitting, water box, protect cylinders and some other
auxiliary equipment.

The audio sensing system mainly includes MP201 an omnidirectional capac-
itance microphone, MC104 signal conditioner. The frequency response range of
the microphone is from 20 Hz to 20 kHz, its sensitivity is 50 mV/Pa, and the
dynamic range is >146 dB. The arc sound signal of welding was collected at
40 kHz sampling rate and 12 bits precision. The microphone was settled at 75°
horizontal angle to the work piece. The arc sound was picked by the omnidi-
rectional capacitance microphone, then filtered by MC104 signal conditioner
which is steep dropping characteristics. So the acoustic signal was decay signal.
All the system software was programmed with Visual C++. The signal analysis
was performed on the Matrix Laboratory platform. The parameters of the audio
sensor are shown in Tables 1 and 2.

Fig. 1 The schematic diagram of the experimental system
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2.2 Experimental Scheme

In order to study the relationship between arc sound signal and arc height, a 2 mm
step was placed in the middle of the work piece to produce different arc height in
the process of welding. The step height was chosen at a suitable range that the
corresponding tungsten height could not lead to arc extinction. In this experiment
argon tungsten-arc welding was used and the tungsten electrode position remained
unchanged to get stable arc length. Welding methods and conditions are described
in Table 3. The experiments consist of three welding work piece, they are 2-4-6,
6-4-2, and 4-5-6 mm. The sketch map of work piece corresponding to arc height
2-4-6 mm is shown in Fig. 2. The other two situations are in the same way.

Table 1 Major parameters of
sound sensor

Type MP201

Diaphragm and canning material Nikle, nikle alloy

Open circuit sensitivity −26 ± 2 dB (50 mV/Pa)

Frequency response 20 Hz–2 kHz

Polarization voltage 0 V

Dynamic range >146 dB

Background noise <16 dBA

Table 2 The major
parameters of signal processor

Type MC104

Channels 4

Input mode BNC

Output mode BNC

Gain ×1, ×10, ×100

Filtering 15 kHz low-pass

Polarization voltage 0 V

Table 3 Welding methods
and conditions

Parameter type Value

Impulse frequency (Hz) 1

Peak current Ip (A) 125

Base current Ib (A) 50

Wire feed speed Vf (mm/s) 10

Welding speed V (mm/s) 3

Polar diameter Φ (mm) 3.2

Duty ratio δ (%) 50

Arc air flow L (l/min) 10

Arc height (mm) 2-4-6

Material type LF6 stainless aluminum alloy
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3 Processing and Analysis of Arc Sound Signal

3.1 Wiping off of DC Bias

The average value of arc sound signal drift from zero is DC bias, which is due to the
direct-current coupling collection pattern and zero drift of signal conditioner. So,
firstly we use the equation as follows to wipe off DC bias of sound signal s′:

s ¼ s0 �meanðs0Þ ð1Þ

the comparison of sound signal before and after wiping off DC drift is shown in
Fig. 3.

Fig. 2 Sketch map of arc height changed from 2 to 4 to 6 mm
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Fig. 3 The comparison of sound signal before and after wiping off DC drift. a Original signal.
b Processed signal
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3.2 Extraction of Peak Signal

Arc sound signal is mainly produced by arc heat and vibration of weld pool, but the
sound signal received unavoidably dop some noise of equipments and environ-
mental noise, so it is very necessary for extraction of arc sound characteristics to do
effective signal processing and analysis. The original waveform of arc sound signal
is shown in Fig. 3. As we can see, the signal is composed of peak and base, the
effective part of signal for welding is sound peak, so the first thing is to extract
sound peak.

For the duty ratio of sound signal is 50 %. If the sample number of arc sound
signal is N, which contains np peak and nb base, then one sample number n in a
peak expressed as:

n ¼ N
np þ nb

ð2Þ

We get the sample number in a sound peak is 6620 of the experiment in which
arc height is 2-4-6 mm.

Figure 4 shows part of arc sound signal, the feasibility of the method above can
be seen in Fig. 4, peak and base respectively contains 6620 sample points, then we
can cut out peak signal easily from the whole sound signal, Fig. 4b shows one peak
of arc sound signal. In this paper, we chose 5620 sample points in the middle of
every peak to decrease errors.
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Fig. 4 Amplification of part sound signal. a Amplification of several peak. b Amplification of one
peak
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3.3 Analysis of Sound Energy in Every Frequency Range

In order to exactly extract the characteristics of arc sound signal and establish a
effective relationship between arc sound signal and arc height, we should analyse
the characteristics of every frequency range of arc sound and choose a suitable
method of denoising.

Wavelet packet transform can decompose original sound signal into high and
low frequency parts and can further decompose the parts of both high frequency
signal and low frequency signal in arbitrary frequency range. The algorithms of
wavelet packet was:

d2nj k½ � ¼ P
l2Z

hl�2kdnjþ1 l½ �
d2nþ1
j k½ � ¼ P

l2Z
gl�2kdnjþ1 l½ �

8<
: ð3Þ

In this paper, db3 wavelet basis function was used to analysis every peak of
original arc sound signal in three layer wavelet packet. The energy of every fre-
quency range of sound peak signal is calculated by summing the square of every
node coefficients. The coefficient Wf j; kð Þ can be expressed as:

Wf j; kð Þ ¼ 2�
j
2

XN�1

n¼0

f nð Þw 2�jn� K
� � ð4Þ

The structure of wavelet packet decomposition is shown in Fig. 5. The frequency
range of arc sound signal is from 0 to 20 kHz. After wavelet packet transform, the

Fig. 5 The structure of
wavelet packet decomposition
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arc sound signal s is divided into eight different frequency bands, which can be
denoted as:

s ¼ s1þ s2þ s3þ s4þ s5þ s6þ s7þ s8 ð5Þ

where s1, s2, s3, s4, s5, s6, s7, s8 represent signals in different nodes (3, 0), (3, 1),
(3, 2), (3, 3), (3, 4), (3, 5), (3, 6), (3, 7), (3, 8). Ei represents corresponding energy
of si, i is integer from 1 to 8. Table 4 shows the frequency range of each part of arc
sound signal after decomposing.

Figure 6 is the energy variation trend of arc height 2-4-6 mm. With the
increasing of arc height, the total sound energy E-total increases, the E-total in
4 mm arc height is greater than that when arc height is 2 mm and less than that
when arc height is 6 mm in the meantime. In addition, it is obvious that when the

Table 4 The frequency range
of each part of arc sound
signal after decomposing

Signal Energy Frequency range/Hz

s E-total 0–20,000

s1 E1 0–2500

s2 E2 2500–5000

s3 E3 5000–7500

s4 E4 7500–10,000

s5 E5 10,000–12,500

s6 E6 12,500–15,000

s7 E7 15,000–17,500

s8 E8 17,500–20,000
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arc height mutates, the energy also appears ladder shape, and the value of E-total
increase tends to be similar when the arc height increase from 4 to 6 mm and
increases from 2 mm to 4 mm. Welding arc length increases, the plasma volume
increases, arc energy increases, while the total energy of sound signal at this time
will also increases. The variation shows that the sound signal is mainly produced by
the arc energy and changes of weldment caused by the change of the welding arc
energy, the sound of welding equipment and the random noise outside has little
effect on the entire sound signal.

Figure 7 is the energy variation trend of every frequency range. As shown in
Fig. 8, with the arc height increasing from 2 to 6 mm, energy in every frequency
range increases. This indicates the arc sound signal directly or indirectly caused by
arc height distributes in the whole range of 0–20,000 Hz. The increasing of E1 and
E2 is the greatest and the ladder shape is the most obvious, E1 and E2 separately
corresponds to the frequency range is 0–2500 and 2500–5000 Hz. This suggests
that the motion of plasma causes periodic harmonic vibration of the surrounding
particles, generates sound signal, transforming a part of arc energy into sound
energy, the corresponding sound signal distributes in 0–5000 Hz. Moreover, the
trend of this part energy is always synchronous with E-total, and E1 and E2 is much
larger relative to energy in other frequency range, so sound signal in 0–5000 Hz can
be generally respond to the changes of entire sound signal and the variation of arc
height. In some researches, high frequency sound signal is forced to be removed in
denoising process, and they get a good result in controlling welding quality by
utilizing the variation trend of low frequency sound signal. The trends of E3, E6, E7
is close to a straight line, though the energy in these frequency bands go up as the
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arc height increasing, there is no obvious ladder shape when arc height mutates, so
this part of energy should be relative to the changes of weldment state. For one
thing, when arc length increases, the plasma volume between the cathode and the
anode increases, arc energy increases, the heat weldment received increases per unit
time. For the other thing, with the welding time increasing, the heat weldment
received is also gradually accumulating. So the liquid part of weldment increases,
that is the volume of weld pool increases, vibration of weld pool in welding process
leads to the vibration of the surrounding particles, that leads to the formation of
sound signal in these frequency bands. The changes of E5 is not obvious with the
variation of arc height, but there is a little ladder shape at the position of arc height
mutating, which presume that the sound signal in 10,000–12,500 Hz frequency
band is produced by the vibration of solid part of weldment and the transmission of
heat from solid part of weldment to surrounding particles. This situation is different
from that of the liquid part of weldment, because the changed solid volume is
relatively smaller for the entire solid part and the vibration of particles in solid is
much slower than that in liquid, the energy transferred from solid part is less and
slower, the variation trend in this frequency band is not sensitive to the change of
arc height. The linear features and the ladder shape E4 and E8 are not obvious, E4
have sudden increase at the position when height has mutation, but there is no
distinct difference in average energy for arc height is 4 and 6 mm. However, E8
have distinct increase in average energy of three phase, but only a sudden increase
when arc length changed from 4 to 6 mm. So the sound signal in 7500–10,000 and
17,500–20,000 Hz is not only relative to the changes of arc length and changes of
weldment state, but also has relationship with noise outside. To sum up, the sound
signal in 0–5000 Hz can be used to forecast and even control the variation of
arc length. E3, E6 and E7 corresponding to the sound signal in 5000–7500,
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Fig. 8 Comparison of signal before and after denoising. a Signal before denoising. b Signal after
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12,500–15,000 and 15,000–17,500 Hz frequency band can be used reflect the
welding state and the welding quality.

4 Research on the Relationship Between Sound Signal
and Arc Height

4.1 Denoising

According to the result above, the sound signal in 0–5000 Hz frequency band can
be generally respond to the variation of arc height, that is sound signal in high
frequency from 5000 to 20,000 Hz can be removed in order to decrease the
influence of background noise, which maybe good for seeking effectively the
relationship of sound signal and arc height, in this paper db3 wavelet packet
function was used to do 2 layer wavelet denoising for every sound peak, the
procedure of wavelet de-noising is:

(1) Decompose the sound signal by utilizing wavelet transform.
(2) Force the high frequency coefficients to be zero to remove the sound signal in

high frequency.
(3) Reconstruct the sound signal.

Wavelet decomposition algorithm is:

cjþ1 nð Þ ¼ P
m2Z

cj mð Þh m� 2nð Þ
djþ1 nð Þ ¼ P

m2Z
cj mð Þg m� 2nð Þ

8<
: ð6Þ

Wavelet reconstruction algorithm is:

cj nð Þ ¼
X
m2Z

½cjþ1 mð Þh n� 2mð Þ þ djþ1ðmÞgðn� 2mÞ� ð7Þ

The result of wavelet decomposition can be see in Figs. 8 and 9 is the com-
parison of frequency distribution of sound signal before and after denoising. From
Figs. 8 and 9, we can see that most of high frequency sound signal had be removed,
the peak and the base is more clear after denoising.

4.2 Establishment of Linear Relationship Between Arc Sound
Energy and Arc Length

As shown above, the value of E-total increasing tends to be similar when the arc
height increase from 2 to 4 mm and increases from 4 to 6 mm, the relationship
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between total energy and arc length should be linear. So we firstly calculated the
average of every peak total energy in different arc length, then made a linear fitting
for the arc length and average total energy. The fitting done to both the signal before
denoising and after denoising for three experiments in arc length is respectively
2-4-6 mm, 6-4-2 and 4-5-6 mm. The result is shown in Table 5. The symbol and
algorithm used can be seen below:

The average of total energy Ea in different arc length:

Ea ¼ 1
n

Xn
i¼1

Ei ð8Þ

In which n is the number of peak in the same arc length, Ei is the ith total energy.
The linear equation is

L ¼ kEa þ b ð9Þ

where L is the arc length, k and b are both constants.
The standard deviation r is:

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
m

Xm
i¼1

L ið Þ � L0 ið Þ2
s

ð10Þ

where m is the number of points used for fitting, L is the ideal arc length.

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

x 10
4

0

5

10

15

f (Hz)

A

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

x 10
4

0

5

10

15

f (Hz)

A
(a)

(b)

Fig. 9 The comparison of frequency distribution before and after denoising.
a Amplitude-frequency before denoising. b Amplitude-frequency after denoising

396 H.-H. Zhang et al.



T
ab

le
5

T
he

re
su
lt
of

fi
tti
ng

A
rc

le
ng

th
va
ri
at
io
n

Si
gn

al
st
at
e

E
qu

at
io
n

r
(m

m
)

ε i
(m

m
)

2-
4-
6

B
ef
or
e
de
no

is
in
g

L
=
0.
09

99
E
−
2.
10

51
0.
00

24
ε 2

=
0.
00

29
ε 4

=
0.
00

59
ε 6

=
0.
00

29

A
ft
er

de
no

is
in
g

L
=
0.
23

56
E
−
2.
14

75
0.
17

57
ε 2

=
0.
14

20
ε 4

=
0.
42

28
ε 6

=
0.
28

09

6-
4-
2

B
ef
or
e
de
no

is
in
g

L
=
0.
08

79
E
−
1.
76

49
0.
06

80
ε 2

=
0.
09

35
ε 4

=
0.
16

61
ε 6

=
0.
07

27

A
ft
er

de
no

is
in
g

L
=
0.
20

98
E
−
0.
95

24
0.
05

75
ε 2

=
0.
07

77
ε 4

=
0.
14

06
ε 6

=
0.
06

29

4-
5-
6

B
ef
or
e
de
no

is
in
g

L
=
0.
14

14
E
−
5.
72

03
0.
27

24
ε 4

=
0.
06

16
ε 5

=
0.
54

45
ε 6

=
0.
60

61

A
ft
er

de
no

is
in
g

L
=
0.
36

42
E
−
5.
20

78
0.
23

21
ε 4

=
0.
48

98
ε 5

=
0.
49

48
ε 6

=
0.
00

50

Study on the Relationship Between the Energy in Most Effective Frequency … 397



The εi is the absolute error when arc length is i mm:

ei ¼ jLðiÞ � L0ðiÞj ð11Þ

The result shows that, no matter whether the signal has been denoised, the
relationship between the total energy and arc length could be expressed as linear,
though the standard deviation and absolute errors before denoising is smaller than
the signal after denoising in the first set of datas, in the other two set of datas, they
are much larger, especially in the third experiment in which the arc length is
4-5-6 mm, the absolute errors reached 0.6061, which is too big for the largest arc
length mutation is 1 mm. So overall, the signal after denoising is better for the
establishment of the linear relationship between average total energy and arc length.
Moreover, the difference in the slope of the equation maybe caused by the differ-
ence in the weldment, and the intercept can reflect the noise in the signal, there is
always noise in the signal for the intercept are minuses.

5 Conclusion

Conclutions can be made as following though the processing and analysis above.

(1) Most of sound signal is relative to the arc length and the weldment state, noise
outside has little influence on sound signal received.

(2) The sound signal relative to the arc length mainly distributes in 0–5000 Hz
frequency band.

(3) The average total energy and arc length have linear relationship, the minus
intercept reflect the fact that the signal contains noise.

(4) Using db3 in 2 layer Wavelet packet denoising is good for the establishment of
linear relationship between average total energy and arc length.
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Data-Driven Feature Selection
for Multisensory Quality Monitoring
in Arc Welding

Zhifen Zhang and Shanben Chen

Abstract Feature selection is the key issue for multisensory data fusion-based
online welding quality monitoring in the area of intelligent welding process. This
paper mainly focus on the automatic detection of typical welding defect for Al alloy
in gas tungsten arc welding (GTAW) by means of a series of analysis of syn-
chronous online arc spectrum, arc sound pressure and arc voltage signal. Based on
the developed feature selection algorithms, hybrid fisher-based filter and wrapper
was successfully utilized to evaluate the sensitivity of each feature and reduce the
feature dimensions. Finally, the optimal feature subset with 19 features was selected
to obtain the highest accuracy, i.e., 94.72 % of the established classification model
support vector machine-cross validation (SVM-CV).

1 Introduction

Sensor-based real-time monitoring of welding quality for aluminum alloy pulsed
gas tungsten arc welding (GTAW) has been a hot issue for intelligent manufac-
turing process [1]. Several on-line sensing technique have been proposed, such as
vision sensor [2], arc sensor [3], acoustic emission sensor [4], temperature sensor
[5] and arc light spectrum sensor [6]. Recently, multi-sensor information fusion
technology has been widely applied in different areas, such as robotics [7] and as
well as welding penetration condition estimation in CO2 laser welding [8].
However, as the number of sensors increases, feature reduction has become the key
difficulty to be resolved. For the time being, only a few general methods, like PCA
[9], SFS [10] were mainly applied in plasma spectrum signal-based welding
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in-process quality monitoring to select more relevant information. But, researches
about feature selection for multisensory data have been rarely reported in terms of
welding quality monitoring in pulsed gas tungsten arc welding (GTAW). In this
paper, a novel methodology for feature selection, i.e., hybrid fisher-based filter and
wrapper is presented based on data-driven technology and the fusion of arc light
spectrum, arc sound pressure and voltage signals.

In order to simulating the welding disturbance and defects, the repeatable and
controllable condition, like porosity caused by hydrogen, different seam pene-
tration, local caving and so on were artificially produced for plates butt welding
experiment. The feature-level-based data fusion frame was firmly constructed
during the process of feature selection in Sect. 3.2.2, wherein the illustrating
methodology, was proposed and utilized to select the optimal feature subset
based on which the constructed classification architecture, namely, SVM-CV,
can obtain the highest estimation accuracy of welding quality. The method
presented is generic in nature, hence applicable to a wide range of problems
typically seen in welding quality monitoring and other manufacturing process
condition monitoring.

2 Experimental Setup

The experiments were performed on an automatic experimental system which was
shown in Fig. 1. It consists of three parts: the welding system, the control and
motion system and multisensory signal acquisition system, which includes spectral
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collecting system, arc sound pressure and arc voltage sensing system. A series of
normal and defect GTAW welding experiment have been carried out as shown in
Fig. 2.

At the end, different sensory data will be carefully analyzed in order to correlate
the feature parameters and the designed disturbance, and then evaluate the welding
quality based on proposed modeling method.

3 Methods and Results

Since these three signals are heterogeneous type of signal, in this paper, different
approaches were utilized to extract feature parameters from different signals.
Figure 2 has shown the three preprocessed signals in one data block from which the
multiple feature parameters would be extracted respectively.
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3.1 Feature Extraction

In this paper, the heterogeneous feature will be synchronized by means of down
sampling the arc light spectrum feature before the feature selection. Figure 4 has
showed the feature curves calculated in time domain after down sampling, from top
to bottom is the RMS of arc sound pressure signal (>0.2 V), the RMS of voltage

Fig. 3 Welding seam with
multiple defects

Fig. 4 Multi-sensor feature
curves
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signal (>3.5 V) and the arc light spectrum feature. The corresponding seam with
different welding defects designed was shown in Fig. 3.

It could be concluded that multisensory data has shown their complementary as
well as the redundancy. Hence, it is quite necessary to remove the redundant signal
feature with the feature selection method.

3.2 Feature Selection

Feature selection is a process of choosing a subset of preliminary features by
removing irrelevant and redundant features based on certain rules. It has attracted
intensive research for data mining, machine learning and so on [11]. Generally
speaking, feature selection methods can be categorized into two families:
filter-based and wrapper-based methods [12, 13]. In this section, the improved
fisher distance criteria was proposed as a filter tool to pre-process and rank the 41
feature parameters extracted from Sect. 3.1, and then the wrapper method was
applied in order to search the optimal feature subset from the ranking list during
which the accuracy is estimated using the support vector machine (SVM) predictor
architecture.

3.2.1 Weighted Fisher Criteria for Filter Selection

Filter-based methods rank the features as a pre-processing step prior to the learning
algorithm, and select those features with high-ranking scores. Wrapper-based
methods score the features, usually the accuracy, by using the learning algorithm
that will ultimately be employed.

Fisher score is one of the most widely used criteria for supervised feature
selection due to its general good performance. The key idea of Fisher Distance
criterion is to find a subset of features, such that in the data space spanned by the
selected features, the distances between data points in different classes are as large
as possible, while the distances between data points in the same class are as small as
possible. The within-class scatter matrix and between-class scatter matrix are
estimated by

Sw ¼
XC

i¼1

Pi bSi ð1Þ

and

Sb ¼
XC

i¼1

Pi bli � blð Þ bli � blð ÞT ð2Þ
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respectively. For kth feature, it is calculated by

FisherðkÞ ¼ SðkÞb

SðkÞw

ð3Þ

However, it is difficult to choose the better feature subset by only judging from
their fisher distance. The developed fisher criteria has been presented in Fig. 5 and
its result has been displayed in Table 1.

The voting for each feature parameter could be counted from the top 10 matrix
while the total fisher distance for each feature could be also calculated. In the
proposed selection algorithm, both aspects were considered by multiplying in
carefully determined value of weighted factor, i.e. 0.3 and 0.7 respectively. It can be
seen from Table 1 that the first feature might be deleted with its lower voting if only
the voting was considered, although this feature has the highest value of fisher
distance. Based on the algorithm proposed in this paper, the final value of fisher
judge with weighting factor for this feature was up to 7.1, ranking first among all
41-feature parameters.

Furthermore, the 3D scatter distribution of the three selected feature parameters,
whose number are 1, 6 and 16 respectively, has been plotted in Fig. 6, from which it
can be seen that seven class of welding quality can be separated with the combi-
nation of those three feature parameters. However, the different combination of
feature selected from Table 1, in other words, the feature subset can be of great
variety in terms of the classification performance in the future classification algo-
rithm modelling. In this paper, the wrapper method for further feature subset

Fig. 5 Flow chart of developed fisher distance criteria
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selection was applied right after the fisher filter method which forms the hybrid
fisher filter and wrapper.

3.2.2 Wrapper Selection of Feature Subset Based on SVM-CV
Predictor

This section will introduce the second step of the proposed hybrid method of feature
subset selection, namely, wrapper approach based on SVM-CV predictor. Figure 7
has plotted the flow chart of the proposed hybrid feature subset selection method, in

Table 1 Pre-selection result based on proposed fisher distance criteria

Number and meaning of
selected feature

Voting Percent (%) Sum of
fisher
distance

Final judge with
weighting factor

1-arc light spectrum—
variance ratio of H/Ar

2 2.77778 17.1109 7.07771

16-Sound-PSD-2-std 4 5.55556 5.90537 5.6605

28-Vol-PSD-1-std 2 2.77778 11.46077 5.38268

22-Sound-PSD-4-std 3 4.16667 8.12027 5.35275

19-Sound-PSD-3-std 2 2.77778 10.59348 5.12249

9-Vol-Nrms 2 2.77778 9.58678 4.82048

35-Vol-PSD-3-kur 2 2.77778 8.86933 4.60524

15-Sound-PSD-2-rms 3 4.16667 5.6102 4.59973

20-Sound-PSD-3-kur 3 4.16667 5.54744 4.5809
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which the ranking feature set was determined after the pre-evaluating of the entire
feature set with the developed filter criteria. Then, the wrapper packing the top j,
from 5th, feature parameters from the ranking list was orderly evaluated based on
the SVM-CV data fusion model by their classification mean accuracy and even-
tually, the feature subset with the highest mean accuracy of proposed predictor was
determined. It is also worth to mention that the feature-based multi-sensor fusion
was also achieved by establishing and testing the SVM-CV model during the
process of wrapping selection.

Recent research has indicated the considerable potential of SVM-based
approaches for various intelligent classification issues since it is based on the
notion that only the training samples that lie on the class boundaries are necessary
for discrimination. In this paper, radial basis function (RBF) is chosen as the kernel
in this paper,

kðx; xiÞ ¼ e�c x;xik k2 ð4Þ
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where γ and c is the parameter controlling the width of the Gaussian kernel. The
accuracy with which a SVM may classify a data set is dependent on the magnitude
of the parameters C and γ [14]. In this paper, cross-validation approach was applied
to search the optimal value for these two parameters for the SVM model. Then, the
classifier, i.e., SVM-CV was established based on cross-validation.

The k-fold cross-validation is widely used in the machine learning field in order
to obtain a prediction error with more robustness and accuracy. The advantage of
this method is that all observations are used for both training and validation, and
each observation is used for validation exactly once. In this paper, 10-fold
cross-validation is used and the mean accuracy for the established prediction model
is achieved by calculating the mean value of each fold prediction. In addition, the
training and predicting of the SVM-CV was achieved through the combination of
LibSVM and Matlab. Figure 8 has shown the curve of the mean accuracy for every
wrapper where the feature parameters were increasingly selected from the ranking
list. For instance, the number 17 means that the top 17 feature parameters in the
ranking list were wrapped as the input feature subset of the SVM-CV model and it
begins from the 5th and ends in the 41th.

From Fig. 8, it can be seen that the mean accuracy basically increased as the
wrapping number of feature parameters increased and peaks at the number of 19
with the highest accuracy of 94.725 while the smallest mean accuracy, which is
73.17 %, occurred when the top 8 parameters, were wrapped as the feature subset.
The reason for this occurrence in Fig. 16 is that the smaller the number of the
wrapping feature is, the more important role for each feature was playing, so a
single wrong-selecting feature, like number 8 is insufficient for feature space, can
cause the severe fall in the mean accuracy. Then, as the number rose, the feature
space of the SVM-CV model was gradually complementary until it is around 25.
After that, the curve drastically fluctuated and began to decrease from the number of
36 due to the redundancy of the feature space. Hence, the optimal area for feature
subset was from the number of 15 to 25, which has been marked in Fig. 16, during
which the mean accuracy was obtained around 90 % with little fluctuation.

4 Conclusions

A comprehensive multi-sensor-based method for real-time welding quality moni-
toring and defect detection of Al alloy GTAW was developed from signals
acquisition, feature extraction and selection to multi-sensory data fusion.

The main conclusions are as follows:

• The proposed approach of feature selection, i.e., hybrid fisher-based filter and
wrapper can automatically determine the optimal feature subset with the highest
classification accuracy, therefore has successfully reduced the feature dimension.

• Multiple welding defects, like porosity, incomplete penetration and so on, have
been successfully recognized by means of the established classification
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architecture, SVM-CV, with the highest accuracy of 94.72 %. In addition, great
robustness has been found within the optimal area of feature subset for the
classifier, wherein the accuracy ranged from 89.41 to 94.72 % while the feature
dimension varied from 15 to 25.
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Sensing Technology for Intelligentized
Robotic Welding in Arc Welding Processes

Yanling Xu, Na Lv, Gu Fang, Tao Lin, Huabin Chen, Shanben Chen
and Yu Han

Abstract As more and more extensive application of welding robot, intelligentized
robotic welding technology will become the main development trend. This paper
introduces some sensing technique of research works about welding robot, such as
computer vision sensing technology, arc sensing technology, arc sound sensing
technology and welding arc spectral technology. All of which will attempted to
address some key problem and provide the scientific basis and the technology
realistic way for welding quality controlling in robotic welding intellectualization.

1 Introduction

At present, the use of robot welding is becoming increasingly wider and deeper; a
large number of welding robots have been applied in the modern industrial auto-
mation production; however, most of them are teach-and-playback robots. They all
have some weakness, namely, they have not the function of self-rectify deviations
and adjusting welding parameters in real time during the robotic welding process,
especially which have no seam tracking and penetration control function. In the
robotic welding intelligence, the seam tracking and penetration control should be
solved as two critical technical difficulties, and they are also the most challenging
difficult and hot spot in the robotic welding field.

Robotic arc welding is one of the most common welding methods, which mainly
includes robotic Gas Tungsten Arc Welding (GTAW) and Gas Metal Arc Welding
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(GMAW). For now, the real-time seam tracking and penetration control is realized
mainly by using the various sensors in the robotic arc welding process, such as arc
sensors [1–7], acoustic sensors [8, 9], spectral sensors [10–12], electromagnetic
sensors [13], ultrasonic sensors [14, 15] and vision sensors [16–21].

In order to promote the development of intelligent robot welding, this paper
introduces some sensing technique of research works about welding robot, espe-
cially computer vision sensing technology, arc sensing technology, arc sound
sensing technology and welding arc spectral technology. All of which will
attempted to address some key problem and provide the scientific basis and the
technology realistic way for quality controlling in robotic welding
intellectualization.

2 Intelligent Welding Robot System

The intelligent welding robot system is shown in Fig. 1. It includes nine parts: the
robot arm, the robot controller, computer vision sensing, arc sensing, arc sound
sensing, welding arc spectral system, interface box, the weld power supply and the
host computer. The welding system have many features, such as welding
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Fig. 1 The intelligent welding robot system schematic diagram
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environment identifying, initial welding seam guiding, seam tracking and pene-
tration control.

In the intelligent welding robot system, computer vision sensor, arc sensor, arc
sound sensor and welding arc spectral sensor are critical components. These sensors
play an important role in robotic intelligent welding.

It is generally known that the robot arc welding process is a very complex and
variable process, which often affect the welding quality. In order to control the weld
quality, the effectual features of arc welding process must be obtained in real time,
various signal processing methods have been applied for information of welding
process, such as processing algorithms for arc voltage, current, pool, acoustic,
visual, arc-spectrum, optical information. Figure 2 is the schematic diagram of
multi-information for arc welding process.

Figure 3 is the flow chart of welding quality control program of robotic intel-
ligent welding. In the system, the welding information processing processes mainly
include information capturing, selecting and processing, especially vision sensing
information, arc sensing information, arc sound sensing information and welding
arc spectral information.

3 Computer Vision Technology

At present, there are various way sensor by using on the welding robot. The vision
sensor is applied by many welding researchers, because the vision sensor has more
advantage than other sensor, such as huge information content and non-contact, etc.
For the seam tracking and penetration control of teach-and-playback welding robot,
vision system plays a key role.

In accordance with the different light source, the vision system can be divided
into two categories: the active vision system and the passive vision system. Because
passive vision system is cheaper and can get enough seam information in robotic
welding, this paper mainly introduces the passive vision sensor system for the

Fig. 2 The schematic diagram of multi-information for arc welding process
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welding robot. A passive vision system was purposely designed for seam tracking
and penetration control. Figure 4 shows the structure design (right) and the picture
of the passive vision system (left). (Patent number: 2012101210118579).

Using vision sensor in the robotic welding, a dimmer-filter system is the key
component. It often needs to be removed from the CCD camera during welding
environment identification and initial seam position guiding, while it must be put
under the CCD camera during welding. In the passive vision system, the motorized
mechanism can remove the dimmer-filter system automatically over long distances
before welding and place them back during welding for seam tracking and pene-
tration control. This automated mechanism allows the system to work in adverse
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and dangerous conditions, such as in poisonous or nuclear radiation environments.
The designed automatic transmission system includes a DC micro-motor, a pair of
gear rack and a pair of linear guide rail.

To eliminate the disturbance of arc light during robotic seam tracking and
penetration control, a dimmer-filter system is used. To perform a proper filtering of
light, light spectrum of welding arc is analyzed. Taking the pulsed GTAW of Al
alloy and Pulsed GMAW for Q235 steel as an example, Fig. 5 is the distribution
map of the arc spectrum character. From the figure, it can be seen that the electric
arc light range of 620–700 nm is the weakest and most stable, which can be used to

Fig. 4 Design of a passive vision system

Fig. 5 Distribution map of arc spectrum character of GTAW/GMAW. a Pulsed GTAW for Al
alloy. b Pulsed GMAW for Q235 steel
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capture welding images. Further experiment shows that an optical filter with the
central wavelength of 660 nm is suitable for our welding system.

Through a large number of welding experiments, the clear and high quality
images can be captured in robotic GTAW and GMAW by using the passive vision
sensor. For example, for dimmer-filter system, the wavelength is about 660 nm, and
the two dimmer glasses are 89 and 96 %, respectively. The image is captured when
the current is at base current, and the value is 30 A. The best time of capturing
images is 50 ms after the fall edge from the peak level to the background level. For
detailed image capturing method, refer to the papers by Xu et al. [22]. Figure 6
shows the welding image of Al alloy during robotic GTAW by using the passive
vision system. Figure 7 is the welding image of low carbon steel for GMAW. The
complete processing flow of seam and pool image for robotic GMAW is shown in
Fig. 8.

Fig. 6 The welding image during the GTAW process

Fig. 7 The welding image of low carbon steel for GMAW
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Through the process of welding image, the weld seam centerline and dynamic
characteristic information of molten pool were extracted. These weld image
information is needed for the seam tracking and penetration control of robotic
intelligent welding.

4 Arc Sensing Technology

In the practical welding process, most of the welding seams are three-dimensional,
which are difficult for the only vision technology to real-time track and control.
Among what have studied in weld seam tracking, the passive vision technology can
accurately get the 2D seam-tracking information, but the height information should
be acquired only through 3D reconstruction method. A pity then that most of the
algorithms is too complex to be used in real-time control, which causes that the
vision technology can hardly meet the requirements of real-time height track and
control during actual robotic welding process. Thus, another technology must be
used in height tracking while the visual sensor technology is used in real-time 3D
seam tracking. The indirect method of height tracking of seam mainly uses the arc

Fig. 8 The flow diagram of image processing during robot GMAW process
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sensor for it has many advantages, such as no additional device, using electric arc as
monitoring section, no additional error and good real-time tracking. Therefore, it
has received great attention from many researchers. The composite sensors based
on visual sensor and arc sensor can be used in the weld of 3D seam, which provided
a possibility to realize the function of real-time tracking of 3D welding seam.

In order to study the relation between the arc voltage and arc length, this paper
take robotic GTAW process, for example. The work-piece is a ladder-type Al alloy
sheet with 1.5 mm height differences, the height of initial welding is 3.5 mm. The
robot was strictly taught along the contour line in the experiment, which the real arc
length should be 3.5 and 2 mm, respectively. The arc voltage signal is shown in
Fig. 9 [7].

In the actual robot welding, the arc voltage signals acquired by the arc sensor
contain not only useful signals but also noise signals. If the arc voltage signals
aren’t de-noised, they cannot be used for the height tracking not to mention the
precision of tracking. Therefore, in order to obtain the relational model between arc
voltage and arc length, some signals processing methods must be studied to extract
characteristic parameters from the arc voltage signals with a lot of pulse disturbance
and non-stationary random disturbance signals. Figure 10 shows the whole pro-
cedures of signal processing.

Figure 10 shows the processes procedure of gathering and processing arc volt-
age. In the reference [4], according to the analysis of voltage signals processing, the
relational model between arc voltage and arc length is u ¼ 3:108hþ 21:472. Then
based on it, the arc length can be calculated by the detected arc voltage signals. The
result is as shown in Table 1.

Work piece

Fig. 9 Arc voltage signal of the welding height from 3.5 to 2 mm
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Table 1 shows the contrastive relation between the real arc length and the arc
length calculated by the relational model. We can see clearly in Table 1 that while
the arc lengths are 3.5 and 2 mm respectively, the absolute errors of arc length are
0.218 and 0.462 mm. Consequently, the arc voltage length calculated by the
relational model is nearly the same as the real arc length, which is accurate enough
to meet the requirements of tracking and control in height while robot welding.

0 5000 10000 15000

-40

-20

0

20

40

60

Sample point

A
rc

 v
ol

ta
ge

 u
(v

)

0 500 1000 1500
0

10

20

30

40

50

Sample point

A
rc

 v
ol

ta
ge

 u
(v

)

0 500 1000 1500
20

25

30

35

40

Sample point

A
rc

 v
ol

ta
ge

 u
(v

)

0 500 1000 1500
20

25

30

35

40

Sample point

A
rc

 v
ol

ta
ge

 u
(v

)

0 500 1000 1500
0

1

2

3

4

5

6

Sample point

A
rc

 le
ng

th
 h

(m
m

)

Arc voltage:33.026v

Arc voltage:29.124v

Fig. 10 The processing procedure of signal of the welding height from 3.5 to 2 mm
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5 Arc Sound Sensing Technology

Research shows that the arc sound signal is the important information for moni-
toring of welding dynamic and quality characteristic. Figure 11 shows that the weld
sound intensity is used as the variable reflecting changes of welding status. The
time domain, frequency domain and wavelet packet features were extracted at
different frequency band under different penetration states like partial penetration,
full penetration and excessive penetration. Figure 12 shows different features of

Table 1 The contrastive relation between the real arc length and the arc length calculated by the
relational model

The relational model of the
arc length and the arc
voltage

Real arc
voltage
(V)

Real arc
length
(mm)

Calculated
arc length
(mm)

The absolute
error of model
(mm)

u ¼ 3:108hþ 21:472 33.026 3.5 3.718 0.218

u ¼ 3:108hþ 21:472 29.124 2 2.462 0.462

Fig. 11 The original arc sound signal

Fig. 12 The characteristic extraction of arc sound signal
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three penetration states. Also some other algorithms were developed for extraction
of welding status, e.g. penetration characteristics. The features of arc sound signal
in time domain and frequency domain are essential factors for setting up a predi-
cation model of welding quality control [23].

6 Welding Arc Spectral Technology

Arc plasma transfers energy from power source to the work-piece and emits large
amount of spectra to the surrounding space. The arc spectra contain abundant
information related to welding dynamic characteristics and quality status. The
research background was welding quality control in 5A06 (LF6) aluminum alloy
pulsed GTAW process. By means of welding arc the headstream of defects birth
and formation, this paper adopted the modern spectral sensing and analysis tech-
niques to study the welding dynamic process and defect characteristics. Firstly, a set
of multi-information acquisition platform was designed, and a spectral information
acquisition system was set up. By this experimental platform, we could control the
welding automatic process in real time and achieved the multi-information of
welding process acquisition and storage. In order to clarify the intrinsic relations

Fig. 13 The characteristic extraction of spectrum signal
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between the arc spectral information and welding dynamic process, a L-M-K
algorithm for plasma diagnostic based on spectral line broadening theory was
proposed and then was applied to study 5A06 aluminum alloy pulsed GTAW arc by
means of arc spectral information near welding pool surface. The plasma diag-
nostics have demonstrated that the arc plasma was in LTE state and have been used
to study the arc plasma characteristics and the thermal transfer characteristics under
different arc lengths. The relationships among these extracted signals and the
defects caused by wire feed have been studied. Figure 13 shows the processing
schematic of spectrum signal of welding defect. The defects of seam oxidation are
produced by different disturbances, i.e., the oil painted on the surface of the plate
and the non-removed insoluble oxide film of aluminum alloy [10–12, 23].

7 Conclusions

In order to further study and promote the robotic intelligent welding technology,
this paper mainly introduces some sensing technique in robotic welding, especially
the sensors technology, such as computer vision sensing technology, arc sensing
technology, arc sound sensing technology and welding arc spectral technology. All
of which will attempted to address some key problem and provide the scientific
basis and the technology realistic way for welding quality controlling in robotic
welding intellectualization. However, these technologies are just a start for robotic
intelligent welding, some other aspects need improved and further researches
should be done.
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Fault Diagnosis of Inverter Power Supply
Device Based on SVM

Fei Wang, Yue Wang, Xi-Xia Huang and Yong-Kui Zhang

Abstract In this paper, a kind of variable frequency power supply device simu-
lating various fault states of inverter power supply was designed. The voltage
waveform of inverter power supply in the normal state and in various fault states
was measured and analyzed. The simulation experiment in Simulink of MATLAB
was set up to testify the actual experiment. On the foundation of the analyzing of
the output waveform and quality of the power, a method about fault diagnosing is
put forward, that is the fault states of inverter are classified using a method of fault
diagnosing based on SVM. At last, the SVM method is validated accurate through
experimenting.

1 Introduction

In recent years, power quality problems have already caused extensive concern for
the electric power department and users in many countries [1]. Due to its capacity to
simulate the output grid index in different countries, the variable frequency power
supply is more widely used. In order to ensure the output power quality, the rectifier
and the inverter—the principal component of variable frequency power supply
device—should operate regularly. Once the system fails, the fault or faults should
be quickly found and fixed. Otherwise the stability of the supply would be
destroyed which may cause economic losses and even endanger personal safety.

Therefore, the inverter fault diagnosis is of crucial importance. By using
MATLAB simulation circuit and our handmade actual variable frequency power
supply device circuit, all types of fault states are be emulated by the using both
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simulation and the actual device. The faults of the inverter are then diagnosed
though the methods based on SVM (Support Vector Machine). One of the biggest
advantages of SVM is its capacity for mode recognition with the limited sample
information, which is very important, because the quantity of observed samples is
often finite.

2 Theoretical Foundation

The purposes of statistical learning are to seek the minimum of empirical risk and
confidence risk, instead of seeking the empirical risk minimization. This is the
referred to as SRM (Structure Risk Minimization) and SVM is an algorithm that
attempts to minimize the structural risk [3].

SRM considers both empirical risk and confidence risk though choosing an
appropriate subset to get the best bounds of the empirical risk minimization.
Figure 1 shows a graphical representation of the structural risk minimization. The
model will have best generalization ability if the precision of data approximation
and the complexity of approximation function get the optimal value.

The method of SVM is based on the VC dimension (Vapnik-Chervonenkis
dimension) of statistical learning theory and the structural risk minimization prin-
ciple. Our ultimate objective is to obtain the best generalization ability
(Generalization Capability) of the model by finding the best compromise between
model complexities (the learning accuracy of specific training samples) and

Fig. 1 Illustration of
structural risk minimization
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learning ability (the capacity to identify any samples faultlessly) according to the
limited sample information.

Given a training set of instance-label pairs (xi, yi), i = 1 …, l, where xi 2 Rn and
y 2 {1, −1} l, the support vector machines (SVM) require the solution of the
following optimization problem:

min
x;b;n

1
2
xTxþ C

Xl

i¼1

ni

Subject to

yi x
T/ xið Þ þ b

� �� 1� ni;

ni � 0:
ð1Þ

Here training vectors xi are mapped into a higher (maybe infinite) dimensional
space by the function /. SVM finds a linear separating hyperplane with the max-
imal margin in this higher dimensional space. C > 0 is the penalty parameter of the
error term. Furthermore, K xi; xj

� � � / xið ÞT/ xj
� �

is called the kernel function.

3 Waveform Analysis of Faults

3.1 Simulation Waveform Analysis

To observe all kinds of fault states, a simulation circuit is set up in Simulink and
different types of fault states will be simulated. Thus we can compare the results of
the simulation circuit and the actual circuit. The frequency of three-phase rectifier
input is set to an alternating current phase voltage at 50 Hz, and the rectifier module
uses the three-phase bridge rectifier circuit. The output is three-phase alternating
current with a frequency of 60 Hz.

In order to construct the fault, the bridge arm is set to non-conductive by not
providing the corresponding bridge arm a trigger pulse. The probability of three or
more MOS tubes out of commission simultaneously is very small; only one or two
MOS tubes’ faults are analyzed. There are six fault states when a single MOS tube
is in the wrong operating condition. There is no space to cover them in depth here
and the three phases (UVW) have symmetry, so only the two cases of them (top
bridge arm and bottom bridge arm in U having fault) will be listed below.

Figure 2a shows the simulation of the top bridge in U phase having fault;
Fig. 2b, the bottom bridge in U. As shown in Fig. 2a, there is no positive voltage
but negative voltage when a top bridge arm in a certain phase possesses a fault and
the negative voltage amplitude of the other two phases decreases slightly. Similarly,
as shown in Fig. 2b, there is no negative voltage but positive voltage when a bottom
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bridge arm in a certain phase possesses a fault and the positive voltage amplitude of
the other two phases decreases slightly.

The voltage amplitude of the phase with a fault changes drastically while the
voltage amplitude of the other two phases changes very minutely. So the former but
not the latter is considered in the following analysis. In conclusion, the fault can be
easily ascertained according to the phase output voltage having fault, when a bridge
arm in any phase breaks down.

In total, there are as many as fifteen fault states when two MOS tubes among six
are in wrong operating condition, which can be classified into four groups: (1) Both
two bridge arms in the same phase having faults; (2) Any two top bridge arms
having faults; (3) Any two bottom bridge arms having faults; (4) The top bridge
arm in one phase and the bottom bridge arm in any of the other two phase having
faults. An example of each case will be listed below.

(1) Figure 3a shows both two bridge arms in the same phase having faults. The
output voltage amplitude of the phase having faults decreases to 0 when the output
of the other two phases changes slightly. (2) Figure 3b shows any two top bridge
arms having faults resulting in output waveform of three phases all changing. Take
the top bridge arms both in U phase and in V phase as an example. In this case,
there is only negative voltage output in U-phase and V-phase and only positive
voltage output in W-phase. The output in U-phase and V-phase decrease to zero
simultaneously when the output in W-phase is zero. (3) Figure 3c shows any two
bottom bridge arms having faults resulting in output waveform of three phases all
changing as well. Take the bottom bridge arms both in U phase and in V phase as
an example. There are only positive voltage output in U-phase and V-phase and
only negative voltage output in W-phase. According to Fig. 3b and c, the wave-
forms of two top bridge arms and two bottom arms having faults are symmetry. So
classified these two cases into the same group. (4) Figure 3d shows the top bridge
arm in one phase and the bottom bridge arm in any of the other two phase having
faults. As a result, output waveform of three phases all change significantly. Take
the top bridge arm in U-phase and the bottom bridge arm in V-phase as an example;
the voltage output in V-phase are double polarity, while there are only negative

Fig. 2 a Simulation of top bridge in U phase having fault; b Simulation of bottom bridge in U
phase having fault
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voltage output in U-phase and only positive voltage output in W-phase. The
three-phase output decrease to zero simultaneously when the output in V-phase is
zero in a certain period of time.

3.2 Actual Circuit Waveform Analysis

A physical experiment platform is set up, where the parameters of the actual circuit
and simulation circuit remain identical. There are twenty-one different waveforms.
The three-phase waveforms are symmetrical. So an example of each case will be
listed below. As shown below, the first line (blue) is the output voltage waveform in
U-phase, the second (red) V-phase, and the third (green) W-phase.

Compare Fig. 4 with Fig. 2a and b, we can draw a conclusion that there is only
negative (positive) voltage output but not positive (negative) voltage in three-phase
output when a top (bottom) bridge arm having fault. Slight decreases in the negative
voltage amplitude are observed in the other two phases. In this instance, the
operating results of actual circuit are consistent with simulation circuit results.

Fig. 3 a Simulation of two bridge arm in U phase having fault; b Top two bridge arms in U
phrase and V phase having fault; c Bottom bridge arm in U phase and V phase having fault; d Top
bridge arm in U and bottom bridge arm in W having fault
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Additionally, by comparing Fig. 5 with Fig. 3a, Fig. 6 with Fig. 3b and c, and Fig. 7
with Fig. 3d, a similar conclusion can also be surmised—the operating results of
actual circuit are consistent with simulation circuit results.

Fig. 4 Fault of top bridge
arm in U phase

Fig. 5 Fault of both bridge
arms in U phase

Fig. 6 Fault of two
top/bottom bridge arms
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4 Waveform Classification

To summarize the operating results of actual circuit and simulation circuit, according
to the symmetry of the waveforms, the following summary can be presented: there
are twenty-two different states of the circuit when no more than two MOS tubes
operate in wrong condition, which can be divided into major five groups: (1) No
bridge arm having faults; (2) Only a single bridge arm having faults; (3) Both two
bridge arms in the same phase having faults; (4) Any two top bridge arms or any two
bottom bridge arms having faults; (5) The top bridge arm in one phase and the
bottom bridge arm in any of the other two phase having faults. These twenty-two
waveforms are different from each other, so it is simple to identify whether Inverter
Power Supply Device operates wrong and easily deduced which MOS tubes oper-
ated in a faulty condition according to the output waveform directly.

5 Harmonic Analysis

Performing FFT on the above four fault state, [4] we can get THD of variable
frequency power supply as Table 1.

Fig. 7 Fault of two top and
bottom bridge arms

Table 1 THD of inverter power supply device faults

Parameter THD

U phase V phase W phase

Fault on the top bridge arm of U phase 34.6 1.16 0.96

Fault on two bridge arms of U phase 2.44 44.4 56.4

Fault on the top bridge arm of U & V phase 54.2 2.33 49.1

Fault on the top bridge arm of U phase & on the bottom
bridge arm of V phase

22.4 34.9 26.7

Fault Diagnosis of Inverter Power Supply Device Based on SVM 433



According to Table 1, once having faults, the THD of Inverter Power Supply
Device is very high.

6 Fault Diagnosis

6.1 Design of SVM

As observed, the output voltage characteristics of the fault states change signifi-
cantly in both the simulation circuit and the actual circuit. However, we can only
apply SVM to data samples, not the waveform characteristics. Considering that
harmonic content contains waveform characteristics and easier to calculate, the
harmonic content is selected as one of the input parameters. With the value ranging
from +1, 0 to −1, the polarity of average voltage is another input parameter. This is
important as the value +1 means that the average of output voltage in a signal cycle
is greater than 0 and the value −1 less than 0 and the value 0 equal to zero.
Considering the ideal value of 0 is difficult to achieve in practice, the value 0
indicates that the proportion of the average value in a signal cycle to Root Mean
Square is less than 5 %.

Considering the output voltage is susceptible to load and input voltage, the two
parameters, harmonic content and the polarity of average voltage, can give a good
representation of the state changing of the inverter electronic components, so the
harmonic content and the polarity of average voltage are chosen as the input
parameters, rather than choose the voltage value directly.

SVM is a learning method based on kernel, and the performance of SVM
depends on the kernel function and its associated parameters. Since research shows
that it is better to select the radial basis function rather than any other kernel
functions when there is no prior knowledge of the process [2], the radial basis
function is applied in this paper. Two parameters, C and γ, should be set correctly to
meet a certain accuracy required when using RBF. γ is a parameter of the radial
basis function. C, the penalty coefficient, is greater than zero. The greater C is, the
more cost for the data points beyond the classification plane is. The harmonic
content, between zero and one and the polarity values of average voltage, ranging
from +1, 0 to −1, all satisfy the normalization condition. The parameter γ takes the
value of 0.001 and C, 1 in this paper.

7 Result and Analysis

As mentioned before, there are twenty-two different states of the circuit when no
more than two MOS tubes operate in wrong condition. The twenty groups of the
samples from an oscilloscope were randomly divided into two parts: training
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samples and testing samples, the former (75 %) are used to set up a model based on
SVM, and the later (25 %) for validating accuracy of the model based on SVM. As
110 samples are used to validate the model, from which 103 samples were classified
successfully using the method of fault finding via SVM, the accuracy of classifi-
cation is higher than 94 %. Table 2 show a part of sample data and the experiment
results, from which we can see that the fault states of Inverter can be classified
efficiently and effectively using this method of fault diagnosing based on SVM.

8 Conclusion

The voltage waveform of inverter power supply in the normal state and in various
fault states were measured and analyzed. On the foundation of output voltage signal
analysis and harmonic analysis, SVM, a method regarding fault diagnosis is put
forward. It proves that the fault states of the inverter can be classified efficiently and
effectively using this method of fault finding via SVM. It is very promising to
observe that the classification accuracy rate is higher than 94 %. Meanwhile, the
method of fault diagnosis of inverter power supply device based on SVM is vali-
dated accurately through both simulation experiments and actual circuit
experiments.
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Process Planning Strategy for Wire
and Arc Additive Manufacturing

Dong-Hong Ding, Zeng-Xi Pan, Cuiuri Dominic and Hui-Jun Li

Abstract Additive manufacturing has gained worldwide popularity in the last
20 years as many different methods and technologies for adding materials have
been developed. Among them, wire and arc additive manufacturing (WAAM) is a
promising alternative for fabricating high quality aerospace metal components
economically. This study introduces a process planning strategy for WAAM that
produces the path and parameters for the deposition process from CAD and process
models. After introducing the framework for process planning, two important steps,
tool-path generation and optimization of welding parameters, will be presented in
detail. Based on the general requirements for a good quality AM tool-path,
including high geometrical accuracy and a minimal number of tool-path passes and
elements, two novel tool-path patterns suitable for various geometries are intro-
duced. Using the proposed weld bead model and the overlapping model, appro-
priate welding parameters, such as the travel speed, wire-feed rate, and layer
thickness, can be determined. The performance of the proposed process planning
strategy is verified through building a sample impeller.

1 Introduction

In additive manufacturing (AM), a component is fabricated through layer-by-layer
deposition of material, instead of starting from an over dimensioned raw block and
removing unwanted material, as practiced in conventional subtractive manufac-
turing. AM has several advantages over conventional manufacturing. Firstly, it is a
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promising alternative for fabricating components made of expensive materials such
as titanium and nickel alloys in the aerospace industry, where such components
currently suffer an extremely low fly-to-buy ratio. In addition, since the AM process
generalizes the component building process to successive deposition of thin
two-dimensional (2D) layers, it is possible to automate the complete manufacturing
process, which reduces both the production time and the amount of human inter-
vention needed for each new part. Using AM technology also makes it possible to
fabricate single-component structures with very complex geometry that would be
impractical or impossible to make using traditional approaches.

Within additive manufacturing, many different methods and techniques have
been developed to fabricate metal structures, such as Selective Laser Sintering [1],
Direct Metal Deposition [2], Electron Beam Freeform Fabrication [3], Shape
Deposition Manufacturing [4], and Wire and Arc Additive Manufacturing
(WAAM) [5–7]. In terms of the power sources used, AM can be categorized into
three groups, namely, laser, electron, and arc. WAAM is by definition an arc-based
process which uses either the Gas Tungsten Arc Welding (GTAW) or the Gas Metal
Arc Welding (GMAW) process as the power source. WAAM is considered to be a
promising technology for manufacturing aerospace components of median to large
size due to its higher deposition rate, lower costs, and safer operation. Generally,
the deposition rate of WAAM is 50–130 g/min, compared to 2–10 g/min for laser or
electron beam deposition [8].

However, a mature WAAM system is not commercially available at present due
to a number of inherent technical challenges, such as residual stresses and distortions
from excessive heat input, uneven weld bead geometry distribution at the start and
end portions of a weld path, poor resolution and surface finish. Much research effort
has been focused on mitigating the effects of residual stresses and distortion by
optimizing the deposition patterns and sequences, and also preheating the substrate
[9–11]. These technologies have been successfully applied to minimize residual
stresses and distortion, but are beyond the scope of this study. Another technical
challenge is the uneven weld bead geometry that is produced within individual weld
passes by the GMAW process, particularly at the start and end portions. Because of
the heat sinking effect of the large substrate, the penetration is lower when the arc
starts. Thus the reinforcement height is higher at the start of the weld pass than in the
subsequent portions of the weld. At the end of the weld pass, due to the flowing of
the molten metal, a sloping shape is created gradually when arc stops [12]. These
uneven weld bead geometries may not only lead to the accumulation of errors in the
vertical direction after the deposition of several layers but also result in high
porosity. In this study, an alternative tool-path generation method is presented which
has the minimum number of tool-path passes to eliminate or reduce the effects of arc
starting and arc stopping. Other limitations of WAAM processes are poor resolution
and surface finish [13]. A laser deposition system can achieve a single deposition
pass width of 0.7 mm, while the width of a stable welding pass is typically greater
than 4 mm for the GMAW process. In order to produce geometrically accurate parts,
geometry-related process parameters (such as weld bead width, layer thickness, wire
diameter, wire feed rate, and welding speed) must be carefully controlled to achieve
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a proper deposit size and shape. For certain geometries, this study presents a method
to properly determine the geometry-related process parameters to achieve both high
accuracy and low porosity.

This paper introduces a process planning strategy for WAAM system to generate
robot program and welding parameters from standard STL CAD files and a
specifically-developed GMAW process model. An integrated software environment
was developed to provide options for part slicing, 2D tool-path pattern selection,
and selection of deposition parameters. In this system, the appropriate tool-path and
the optimum welding parameters are generated for the robot and welding equipment
to automatically fabricate the designed components. A sample work piece was
made to demonstrate the validity of the proposed process planning strategy.

The remainder of the paper proceeds as follows. Section 2 introduces the overall
structure of process planning for a WAAM. Section 3 discusses the optimal
tool-path strategy for various 2D geometries. Section 4 details the method for
determining the welding parameters. Section 5 presents the experimental results
through a case study and analyses the performance of the proposed process plan-
ning strategy, followed by a conclusion in Sect. 6.

2 Process Planning Framework

Generally, process planning in AM involves generating 3D CAD models (direct 3D
CAD design, or digitalization such as 3D scanning in the sense of Reverse
Engineering), representing the 3D CAD models in a suitable format, slicing 3D
CAD models into a set of 2D geometries, generating the tool-path for each of these
2D geometries, setting the deposition parameters for each layer, generating the
operational code for the equipment, and finally automatic fabrication. A flowchart
of generic WAAM process, from initial 3D CAD model to final manufacturing
process, is shown in Fig. 1.

STL, known as Standard Tessellation Language, is commonly used to represent
3D CAD models in AM process planning [14]. A section of a STL file and its 3D
model are shown in Fig. 2. In an ASCII STL file, the 3D CAD model is represented
by triangular facets, which are described by a set of X-, Y-, and Z-coordinates for
each of three vertices and a unit normal vector to indicate the side of the facet which
is outside the object.

Figure 3 shows the user interface of this process planning program. After loading
and displaying the 3D STL CAD model, the tolerant slicing algorithm is used to
slice the models based on specified layer heights. The generated 2D geometries for
various models using this approach are shown in the second column of Fig. 4.

The next step is to plan the tool path for each sliced 2D contour. Many types of
tool-path patterns have been developed for the AM process, such as raster, zigzag,
contours, space filling curves, and hybrid tool-path planning approaches.
Depending on the characteristics of the 2D geometries, such as solid or thin wall
layers, different tool-path patterns are most suitable to a specified geometry.
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Tool-path planning is especially crucial in WAAM and will be detailed in the next
section.

Much research effort has been directed towards developing a correlation between
welding parameters and weld bead geometry by using regression analysis [5],

Fig. 1 Generic WAAM process planning framework

Fig. 2 A typical STL format and model
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artificial neural networks, or combinations of these two techniques [15].
A symmetric parabola profile of the weld bead has been described by Suryakumar
et al. [8], Cao et al. [16] fitted the weld bead boundary with Gaussian, logistic,
parabola and sine functions, and found that the sine function can fit the measured
data with highest accuracy. Xiong et al. [17] compared the measured weld beads
under different welding parameters to three frequently-used profile models, namely
circular arc, parabola, and cosine function. It was shown that the optimal model for
the bead profile is largely dependent on the ratio of wire feed rate to welding speed.
A model correlating weld bead geometry to the welding parameters is developed in
this study and will be introduced in Sect. 4.

Line space is a user-defined parameter, but the range of the line space parameter
is restricted by the weld bead model. Generally, the width of weld bead is within the
range of 4–10 mm for the range of GMAW parameters used in AM. In addition, an
appropriate line space should match the 2D geometry properly to achieve high
geometrical accuracy.

Some preliminary investigations on multi-bead overlapping models have been
made in recent years [8, 16–18]. A simple Flat-top Overlapping Model (FOM) has
been developed in the literature. However, it has been observed through

Fig. 3 Developed interface and a slice of an impeller
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experimentation that it is impossible to achieve the ideally flat overlapped surface
[8, 18]. This study establishes a tangent overlapping model, which is presented in
Sect. 4.

The user-defined line space and the tangent overlapping model are used to
determine the geometry of the expected weld bead. Then, the weld bead model is
used again to predict the optimal welding parameters that will produce the desired
bead geometry.

Once the tool-path pattern and the line space are determined, the tool-path is
generated automatically. Associating with the predicted welding parameters, robot
code is generated which includes the robot motions and the weld deposition pro-
cess. Finally, the components are built automatically.

3 Tool-Path Planning

Many types of tool-path patterns have been developed for AM process, as sum-
marized in Table 1. Examples are raster, zigzag, contours, continuous, and hybrid
tool-path planning approaches.

Fig. 4 The proposed tool-path generation for various geometries
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The raster scanning path technique is based on planar ray casting along one
direction [19]. Derived from the raster strategy, zigzag tool-path generation is the
most popular method used in commercial AM systems. While it fills geometries
line-by-line along one direction like the raster approach, the zigzag approach
combines the separate parallel lines into a single continuous pass which signifi-
cantly reduces the number of tool-path passes [20, 21]. However, the outline
accuracy of the part for both raster and zigzag approaches is poor due to the
discretization errors on any edge that is not parallel to the tool motion direction.
Contour path generation, which is another typical method, can address this geo-
metrical quality issue effectively by following the geometrical trend of the boundary
contours [22, 23]. However, by offsetting the contours, the scheme generates
numerous closed curves which are disconnected and therefore not suitable for
WAAM. The hybrid path planning strategy is also promising as it shares some
merits of various approaches. Generally, a combination of contour and zigzag
pattern is commonly developed to meet both the geometrical accuracy and build
efficiency requirements [12, 24]. Continuous path planning can be considered as
another tool-path generation method [25, 26]. This method is able to generate filling
patterns that allow continuous deposition in a single path to fill any arbitrarily
shaped area. The number of welding passes is reduced significantly, thereby min-
imizing starting-stopping sequences, which is advantageous for the WAAM
process.

Each tool-path generation method is suited to certain types of 2D geometries.
The main requirements for tool-path planning in WAAM are a minimum number of
tool-path passes, less tool-path elements, and good geometrical accuracy.
Depending on the characteristics of the 2D geometries, however, different tool-path
patterns are needed. In this study, two novel tool-path patterns are proposed. For
geometries with solid structures, the outline path is generated using the contour path

Table 1 A brief summary of AM tool-path generation methods

References Tool-path pattern Examples

[19] Raster

[20, 21] Zigzag

[22, 23] Contour

[12, 24] Hybrid

[25, 26] Continuous
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planning method to improve the geometrical accuracy of the work piece. The
interior area of each polygon is then filled using a zigzag path with an optimal
direction that allows a minimum number of tool-path elements. Finally, these sub
tool-paths are combined together to form a continuous path without any
starting-stopping sequences to reduce the number of tool-path passes. The path
generation algorithms could be found in our previous paper [26]. For geometries
with thin walls, the contour path is generated first, then these closed curves are
connected together to reduce the final tool-path passes, as shown in column 3 of
Fig. 4. For a simple geometry such as in row 2, a continuous tool-path pattern is
suitable, as it is able to meet the requirements of minimum tool-path passes and
elements. For the circular ring in row 3, as the ring is thin, a contour path pattern is
used. For the geometry in row 4, the proposed tool-path strategy is able to generate
a continuous tool-path without start-stop consequences. In the proposed path
planning algorithm, the geometry is firstly decomposed into a set of convex
polygon. Then, various continuous sub-paths for each polygon are generated.
Finally sub-paths are connected to form a continuous tool-path. For the geometry in
the last row, a continuous contour tool-path is possible. It meets the requirement of
good geometrical accuracy, and less tool-path passes. Only one tool-path pass is
formed for producing the entire layer.

Both proposed tool-path strategies meet the requirement of good geometrical
accuracy, while they are suitable for different geometries. In this study, both pro-
posed tool-path patterns are applied to a certain given geometry, the optimal one is
selected using the criterion of less tool-path passes and elements. So far, an algo-
rithm to automatically determine which tool-path pattern should be used on a
particular 2D geometry has not been devised. The challenge is to understand var-
ious geometries and use the geometrical information to automatically apply the
different tool-path strategies.

In tool-path generation (column 3 of Fig. 4), the line space between each pass is
a user-defined parameter according to the size of 2D geometries and the weld bead
model. The line space, d, is equal to the overlapping center distance which will be
detailed in the next section.

4 Optimization of Welding Parameters

While the requirements for the control of arc welding processes, including
parameters such as metal transfer mode, welding current and arc voltage, have been
discussed [12], the literatures concerning the method for determining the welding
parameters that directly affect deposition shape, such as welding speed, wire
feed-rate, and overlapping distance in WAAM, are relatively few. The geometry of
a single weld bead as well as the multi-bead overlapping process is important for
achieving high surface quality and dimensional accuracy on the fabricated parts.

In order to accurately predict the shape of weld beads that are deposited adja-
cently, the cross sections of two neighboring beads are modeled using a Tangent
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Overlapping Model (TOM), shown in Fig. 5. The detailed TOM is introduced in
our recent publication [27]. The overlapping center distance d is equal to the line
space of the tool path. In addition, for a given weld bead, the overlapping center
distance is correlated to the overlapping model.

Let a single bead have a height h and width w; and the adjacent beads have a
center distance d. The shape of the bead is modeled as an inverted parabola. The
area of valley and overlapping area in adjacent beads are depicted in Fig. 5. The top
of the valley is modeled as a straight line that is tangential to bead 2. The center
distance d between adjacent beads will determine the surface quality and smooth-
ness. When the center distance d is greater than the single bead width w, there is no
overlap between the two adjacent beads. So the valley, overlapping area and tangent
do not exist. As the center distance is decreased, the overlapping area in Fig. 5
increases, and the area of the valley decreases. As the center distance d decreases to
a certain value d*, the overlapping area becomes equal to the area of the valley and
the overlapped surface will become a tangent line. This condition produces maxi-
mum surface smoothness because there is no valley between adjacent beads. The
bead height h is effectively the WAAM layer thickness. With a further decreasing of
d, excessive overlapping area leads to an increased thickness of the deposited layer
and decreased surface smoothness. In the proposed overlapping model, the con-
dition for a stable overlapping process can be determined solely through geomet-
rical considerations, and is expressed as d ≥ d* = 0.738w. Experimental verification
tests conducted in this study produced the results shown in Fig. 6. One can obtain:

w� d
0:738

ð1Þ

The experimental conclusion is in very good agreement with the model predictions.
If d in the Eq. (1) is the user defined line space from Sect. 3, then the proposed
tangent overlapping model can be used to determine the weld bead width that needs
to be produced by the welding equipment to produce a 2D geometrical deposit with
optimum surface smoothness. The welding parameters that will produce the desired
weld bead width are determined again by an appropriate weld bead model for the
gas metal arc welding process. Much research has focused on the correlation
between welding parameters and weld bead geometry [8, 15]. In model develop-
ment experiments conducted as part of this study, combinations of 5 m/min wire
feeding rate and 8 different travel speeds were conducted. Based on the experi-
mental data shown in Fig. 7, when the wire-feed rate is fixed at 5 m/min, a second
order polynomial model was generated for bead width w as a function of welding
speed Vw as,

W ¼ 10:15V2
w � 21:863Vw þ 16:162 ð0:2�Vw � 1Þ ð2Þ
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For certain wire-feed rate Vf and overlapping distance d, Vw could be solved
by combining Eqs. (1) and (2). Layer thickness h, or bead height in Fig. 5, is
expressed as

h ¼ Abead

d
¼ pVfD2

w

4Vwd
: ð3Þ

where, Dw is the diameter of the wire electrode, and A is the cross-sectional area of
a single weld bead.

Through using the procedures described in this section, the welding parameters
that are required for each layer of the WAAM component can be readily deter-
mined. From specifying the wire-feed rate and welding speed that are needed to
meet the user-specified line space and simultaneously optimize the surface
smoothness of each layer, the layer thickness can be determined.

5 Results and Discussions

Using the tool-path trajectory and welding parameters generated from the proposed
process planning framework, a sample impeller as shown in row 4 of Fig. 4 was
fabricated using the robotic lean automation facility at the University of
Wollongong. The generated tool-path is shown at column 3 row 4 in Fig. 4. The
line space is user-set to 4 mm as the thickness of all 8 blades is 4 mm. The
overlapping center distance is set to be 4 mm consequently. The wire-feed rate is
5 m/min, as it has been accurately modeled. According to the calculation presented
in Sect. 4, the welding speed must be higher than 0.76 m/min. In this test, the
welding speed of 0.8 m/min was chosen. Accordingly, the layer thickness h is
predicted to be 1.77 mm, so this value was used in programming of the robot path.

Fig. 5 Sketch of the proposed tangent overlapping model (TOM)
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During the deposition process, in order to obtain the proper substrate temperature,
idle time is used between layers. Figure 8 shows a photograph of the experimental
set-up and partially produced component. With the deposition of 40 layers, the
impeller has a height of 70 mm. After cleaning and milling the top surface and part
of the side walls, the partially machined component is illustrated in Fig. 8b.

In conducting this experiment, a few observations are worth mentioning. For
example, the condition of the substrate, including temperature and geometrical
shape, has a remarkable influence on the deposition accuracy and surface quality of
the following layers. If the finished surface of a previous layer is not flat, bad
surface quality of the next layer will occur due to the variation of stick out length
for the GMAW wire electrode. Therefore, an intermediate milling operation is
recommended from time to time. It was also found that it is difficult to accurately

Fig. 6 Ratio of the height of
the second bead to the first
bead (c2/c1) at various center
distances

Fig. 7 Bead width w as a
function of welding speed Vw

at the wire-feed rate of
5 m/min
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re-fixture the component when the surface milling operation is carried out using a
different machine. Therefore, to produce components with high accuracy, an inte-
grated milling system with the deposition system is required to eliminate the
re-fixture operations.

6 Conclusion

In this study, a process planning strategy has been introduced for the WAAM
process in an attempt to provide an automated method for tool path planning and
weld parameter selection. A process planning framework is firstly presented to
cover the steps from component CAD model and welding process model to final
tool path and welding setup. Two important steps of the process planning have been
detailed, namely 2D tool-path generation and optimization of welding parameters.
The WAAM process generally requires high geometrically accuracy and a mini-
mized number of tool-path passes and elements. Consequently, two novel tool-path
patterns suitable for different geometries have been described. Using a new weld
bead model and the tangent overlapping model, more appropriate welding
parameters, including the travel speed, wire feeding rate, and layer thickness, can be
selected for better geometrical accuracy.

Using the tool path and welding parameters generated from the proposed process
planning strategy, a sample impeller was built up using a robotic welding facility,
and then milled to final size. The result was a component with a high overall quality
of finish. The future work will integrate a machining capability within the robotic
system to be able to generate a final part using a single machine.

Fig. 8 a Experimental set-up; b Sample component after partially surface milling
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Modeling of Human Welder Response
Against 3D Weld Pool Surface Using
Machine-Human Cooperative Virtualized
Welding Platform

Yu-Kang Liu, Ning Huang and Yu-Ming Zhang

Abstract This paper aims to present the modeling of human welder intelligence in
pipe Gas Tungsten Arc Welding (GTAW) process. An innovative machine-human
cooperative virtualized welding platform is teleoperated to conduct training
experiments: the welding current is randomly changed to generate fluctuating weld
pool surface and the human welder tries to adjust his arm movement (welding
speed) based on his observation on the real-time weld pool feedback/image
superimposed with an auxiliary visual signal which instructs the welder to
increase/reduce the speed. Linear model and global Adaptive Neuro-Fuzzy
Inference System (ANFIS) model are identified from the experimental data to
correlate welder’s adjustment on the welding speed to the 3D weld pool surface. To
better distill the detailed behavior of the human welder, K-means clustering is
performed on the input space such that a local ANFIS model is identified. To
further improve the accuracy, an iterative procedure has been performed. Compared
to the linear, global and local ANFIS model, the iterative local ANFIS model
provides better modeling performance and reveals more detailed intelligence human
welders possess.

1 Introduction

Automated welding systems produce repeatable results by accurately controlling
the joint fit-up/welding conditions to reduce possible process variations.
Comparably, in manual Gas Tungsten Arc Welding (GTAW) process [1] human
welders can appraise the welding results on their real-time observation on the
welding process and adaptively adjust welding parameters. In certain applications,
human welders may be preferred over mechanized or automated machines.
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Unfortunately, skills needed for critical welding operations typically require a long
time to develop [2]. Developing intelligent welding machines that can emulate
skilled welders appears to be an effective solution.

Welding process monitoring and control for automated welding machines have
been extensively studied in the past few decades [3–12]. In particular, the weld pool
geometry is believed to provide valuable insights into the state of the welding
process. Recently an innovative vision-based 3D weld pool sensing system for
GTAW process was developed [10]. The weld penetration and weld pool surface
have thus been controlled [11, 12]. However, to ensure such an ideal performance,
the control algorithm (structure) needs to be carefully designed per the process
dynamics [13]. Using a machine to cooperate a welder controlled process and
utilizing welder’s valuable knowledge to form a data-driven approach represents
another type of control methodology, which is referred to as machine-human
cooperative control scheme [14]. In this scheme, a machine algorithm assists human
welder controlled process. With the proposed cooperative control, quality welds
may be better produced by less experienced welders with less intensive concen-
tration during a longer lasting period. It may also be beneficial to developing a
welder training system that can help train unskilled welder faster. This paper pro-
posed an iterative local ANFIS based data-driven approach to model the human
welder’s adjustment on the welding speed in pipe GTAW process.

2 Experimental System Setup

Figure 1 illustrates the schematic of the proposed control system [14]. The proposed
cooperative controller performs three functions: (1) Welder reaction prediction: Use
the identified welder reaction model to predict welder reactions/actions;
(2) Welding process response prediction: Use the predicted welder actions (future
control variables) and identified welding process model to predict the response of

Fig. 1 Schematic of machine-human cooperative control [14]
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the dynamic welding process; (3) Cooperative adjustment: The predicted weld pool
will be related to the adjustment to be made by the human and optimization will be
done to minimize deviation from a desired weld pool with respect to the machine
adjustment. An optimized welding speed is calculated and will serve as the desired
trajectory for the human welder to follow. The arm movement controller then
calculates the needed visual signal input which will be provided to the human
welder. The human welder sees the visual signal outputted by the arm movement
controller, and moves his/her arm accordingly.

The experimental system is illustrated in Fig. 2 [14]. It consists of two work-
stations: welding station and virtual station. In the virtual station a human welder
can view the mock up where the work-piece geometry (from direct viewing or eye
view camera) is rendered and displayed, and moves the virtual welding gun
accordingly as if he/she is right in front of the work-piece. The human welder
movement is accurately captured by a Leap motion sensor [15], and the obtained
virtual welding gun tip 3D coordinates will be sent to the PC. Welding station
consists of an industrial welding robot, eye view camera, and a compact 3D weld
pool sensing system. The robot utilized in this study is Universal Robot UR-5 with
six Degree of Freedom (DOF). The robot is connected to a controller which is used
to control the motions of the robot. The robot (client) and PC (server) is commu-
nicated via Ethernet using TCP/IP protocol and socket programming.

Stainless steel pipe is welded using the direct current electrode negative GTAW
process. The material of the pipe is stainless steel 304. The outer diameter and wall
thickness of the pipe are 113.5 and 2.03 mm, respectively. Sixteen dynamic
experiments have been conducted to model the correlation between the human arm
movements and weld pool characteristic parameters. In these experiments the
welding current is randomly changed from 40 to 48 A resulting in a fluctuating
weld pool surface. The welder sees the weld pool image overlaid with an assistant
visual signal, and move the virtual welding torch accordingly. The robot follows the
welder’s movement and completes the welding task. Welder’s fluctuating arm
movement speed (i.e., welding speed) is filtered [16] to suppress the unwanted
shaking during the experiments. The sampling period in this study is 0.5 s because

Fig. 2 General view of the
virtualized welding system
[14]
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the welder controls arm movement by observing the weld pool and is a relatively
slow process. Figure 3 plots the inputs and welder’s arm movement speed.

3 Linear and Global ANFIS Modeling

Based on the definition of system inputs and output detailed in previous section, a
general model structured is described as:

ŷðkÞ ¼ f ðWðk � 1Þ; Lðk � 1Þ;Cðk � 1ÞÞ ð1Þ

where ŷðkÞ is the model estimated speed at instant k, Wðk � 1Þ; Lðk � 1Þ;Cðk � 1Þ
are the width, length, and convexity at instant k � 1, respectively.

The identified linear model parameters using standard least squares algorithm
are:

ŷðkÞ ¼ 0:188Wðk � 1Þ � 0:071Lðk � 1Þ þ 0:232Cðk � 1Þ ð2Þ

The static gains for the width, length, and convexity are 0.188, −0.071, and
0.232, respectively. It is found that the welding speed can be estimated by the linear
model with acceptable accuracy. However, substantial static fitting errors are fre-
quently observed.

In order to further improve the model accuracy, nonlinear ANFIS modeling
method is utilized [17, 18]. Modeling trails suggest that when input parameters are
partitioned by 2, a good trade-off is obtained between model performance and
number of model parameters. The modeling result is shown in Fig. 4. It is seen that
the model errors are improved by incorporating the nonlinear correlation between
the inputs and model output.
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4 Local ANFIS Modeling Using K-Means Clustering

To further improve the model accuracy, local ANFIS models based on clustering of
the input space are constructed in this section.

K-means clustering [19] is one of the most commonly used unsupervised
clustering algorithms and has found numerous applications. Based on the clustering
result, local ANFIS is constructed and the overall fitting result is shown in Fig. 5.
As can be seen, model performance is further enhanced by clustering the input
space and constructing local ANFIS model. It is noted the clustering has outliers
that may deteriorate the clustering and modeling performance. An iterative proce-
dure is performed. During each iteration step 1 % of the data points that have the
largest distance to the cluster centers (i.e., outliers) are thrown, and the iteration
procedure stops when the maximum iteration number is reached (10 in this study).

It is apparent that the above observations provide us detailed knowledge about
the correlation between the welder’s responses and weld pool geometry. If a linear
model is used, the correlation acquired between the welder’s response and the weld
pool geometrical parameters will only be an average over the entire range. Hence,
the developed ANFIS modeling plays an important role in deriving the detailed
correlation between the welder’s response and the weld pool geometry.
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5 Conclusion

In this paper an innovative iterative local ANFIS model based data-driven approach
to model human welder response is proposed. A machine-human cooperative
control scheme in virtualized welding platform is utilized. Teleoperated training
experiments are conducted by a human welder. Linear model is firstly identified and
a global ANFIS model is proposed to improve the model accuracy. K-means
clustering is performed on the input space and a local ANFIS model is proposed.
Compared to the linear, global and local ANFIS models, the proposed iterative local
ANFIS model provides better modeling performance and distills detailed intelli-
gence human welder possess.
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Modeling Welding Deviation of Rotating
Arc NGW Based on Support Vector
Machine

Wen-Hang Li, Kai Gao, Jing Wu and Jia-You Wang

Abstract Support Vector Machine (SVM) was employed to describe welding
deviation of welding seam tracking in multi-layer single pass, narrow gap rotating
arc gas metal arc welding (GMAW). First, work piece was designed and processed
to mimic multi-layer single pass welding groove to obtain experimental data under
different deviations. Second, for data preprocessing, welding current signal in each
rotating circle was divided into 12 parts, and the average value of each part and the
difference of the according left-right part were selected and normalization to build
an input-output table for predicting the weld deviation. Then, kernel function was
selected and its parameters were determined by a grid search method using cross
validation approach. The SVM model was built with the train set and was validated
with the test set. It showed that the model can meet the criteria of welding seam
tracking. In addition, comparison between SVM model and BP neural network
model was made and it showed the former has better performance because it adapt
to the little sample problem and can avoid the local extreme.

1 Introduction

As a high-efficiency welding method, rotating arc narrow gap welding (NGW) is
accurate with its seam tracking to avoid welding defect [1]. The key is to find the
welding deviation in real time. Because the welding process is inherently nonlinear,
time-delayed, strongly coupling in its input/output and involves many uncertain
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factors (such as metallurgy, heat transfer, chemical reaction, arc physics, and
magnetization), it is hard to build a precision mathematical model.

A new kind of statistical learning method—Support Vector Machine (SVM),
introduced by Vapnik in 1995, is based on structural risk minimization principle
and has very good generalization with few data samples [2]. SVM is a new gen-
eration learning system based on advances in statistical learning theory, enabling
non-linear mapping of an n-dimensional input space into a higher-dimensional
feature space where, for example, a linear classifier can be used. The SVM can train
non-linear models based on the structural risk minimization principle that seeks to
minimize an upper bound of the generalization error rather than minimize the
empirical error as implemented in neural networks. This induction principle is
based on the fact that the generalization error and a confidence interval term
depending on the Vapnik-Chervonenkis (VC) dimension. Based on this principle,
SVM can achieve an optimal model structure by balancing between the empirical
error and the VC-confidence interval, leading eventually to a better generalization
performance than other neural network models. An additional merit of SVM is that
training SVM is a uniquely solvable quadratic optimization problem, and the
complexity of the solution in SVM depends only on the complexity of the desired
solution, rather than on the dimensionality of the input space. Thus, SVM use a
non-linear mapping, based on a kernel function, to transform an input space to a
high dimension space and then look for a non-linear relation between inputs and
outputs in the higher dimension space. SVM not only has a rigorous theoretical
background but also can find global optimal solutions for problems with small
training samples, high dimension, non-linearity and local optima. Originally, SVM
was developed for pattern recognition problems. Recently, SVM has been shown to
give good performance for a wide variety of problems, such as non-linear
regression.

As to the application in welding, SVM is applied to model identification in laser
beam welding, which accurately identifying the model and controlling the weld
width effectively [3]. Min Qu and Yuezhou Ma research on CO2 welding shield gas
flux classifier based on SVM, the welding shield gas flux is identified and classified
effectively [4]. According to the problem of defect recognition within X-ray
inspection weld, the method using SVM to recognize weld defects is put forward
[5]. In order to determine friction welding technological parameters correctly and
quickly, an optimization model for friction welding technological parameters based
on least square support vector machine (LSSVM) and artificial fish-swarm algo-
rithm (AFSA) was presented [6]. With the continuous development and advance-
ment of the SVM theory and practice research, the applications in welding process
based on SVM will be day by day prominent [7].

This paper applies the SVM theory into the welding deviation attraction for the
rotating arc narrow gap welding. Its contents are organized as shown below: In
Sect. 2, the procedure of the SVM modeling method is introduced. In Sects. 3–5,
the SVM method is applied into rotating arc NGW. In Sect. 6, the SVM model is
validated and compared with BP NN model. Conclusions are drawn accordingly in
the end of this paper.
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2 Procedure of SVM Modeling Method

Considering the character of narrow gap rotating arc MAG welding and SVM, the
procedure of the SVM modeling method was put forward, as shown in Fig. 1. At
first, experiment should be designed and done to obtain enough data. Second, the
obtained data should be preprocessed. For example, the de-noising method is used
to improve the data quality and the normalization is used to decrease the influence
of large value data. Third, the experimental data are divided into train set and test
set, where the former is used to build the model and the latter is used to validate the
obtained model. For the train set, it need to select the kernel function and its
parameters, then the model was build based on these parameters. When the SVM
model meet the criteria of the welding application, it can be used to predict the
sampling data online, otherwise the kernel function and its parameters should be
modified.

3 Feature Generation

Here SVM is used to describe the welding deviation of rotating arc NGW. The
high-speed rotating arc system was shown in Fig. 2a, where an electrode wire
passes through the hollow axis of motor and then stretches out from an eccentric
nozzle. The hollow-axis motor drives the offset nozzle and rotates the arc on the tip
of wire at high speed, so as to make the welding torch smaller and lighter, as well as
small noises and high precision of motion control. The detail of the welding torch
can be found in [8].

Design experiment and 
obtain experimental data

Data preprocessing
select input vectors
normalization
de-noising

Divide input-output table 
into train set and test set

Decide kernel function and 
optimize parameters

Model building

Model validation

Meet welding 
criteria

Predict new data

Train set

Test set

No

Yes

Fig. 1 Flow chart of SVM modeling method
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To obtain the experiment data, the work piece is machined as showed in Fig. 3,
which imitate the weld of multi-layer and single pass welding. The torch deviation
of the welding torch is set to ±1, ±0.5 and 0 mm by the CNC operated equipment,
where the positive value denotes the torch is on the left side of the welding
direction. The welding parameters are showed in Table 1. When welding, the arc’s
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Fig. 2 The rotating torch and data acquisition equipment. a Welding and sensor equipment.
b Obtained experiment data
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rotating position and the arc’s electrical signals are recorded by the data acquisition,
as showed in Fig. 2b. Specially, the plus in rotating arc position denotes that the arc
is in the welding direction, i.e. the front of the welding pool.

4 Data Preprocessing

As to the obtained data, they need to be preprocessed before be handled by SVM.
First, we use the median filter method for the arc rotating position signal to reduce
the noise influence. Then the welding current signal in each rotating cycle can be
extracted by using the arc rotating position. Third, the input feature vectors should
be selected. At last, normalization is usually necessary.

In this paper, the output feature vector is the welding deviation, and we need to
select the input feature vectors. For arc sensor, the welding current varies according
to the arc length, so it is necessary to know the arc length’s variation each circle at
different welding deviation. Because the arc’s rotating speed is high, we assume
that the wire extension doesn’t vary, and the front side welding pool is similar to
half cylinder and the backside welding pool is similar to 1/4 ellipsoid, as showed in
Fig. 4a. When L = 40 mm, AO = 50 mm, ψ = 2.5°, the radius of the half cylinder is
5 mm, the radius of the 1/4 ellipsoid is “8 mm (x axis), 5 mm (y axis), 5 mm
(z axis)”, and the arc length’s variation is showed in Fig. 4b, where the circle
denotes the rotating arc/wire position and the pole axis denotes the length of arc.
The detail calculation process can be found in Ref. [9].

Fig. 3 Dimension of U
groove work piece

Table 1 Welding parameters
of narrow gap MAG welding

Parameter Value

Torch height H, mm 20

Power source external characteristic Constant-voltage

Welding current I, A 300 (setting value)

Welding voltage U, V 31

Welding speed v, mm min−1 230

Shield gas flow meter q, L min−1 30

Rotating frequency f, Hz 50
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Figure 4b shows that if a rotating circle is divided into twelve intervals, the
variation of arc length or welding current is obvious. So the mean value of each
interval is calculated and used as an input feature vector. In addition, the difference
between corresponding left and right groups is usually used in the arc sensor based
welding tracking. So they are also used as input feature vectors (i.e. b1 = a10 − a9;
b2 = a11 − a8; b3 = a12 − a7; b4 = a1 − a6; b5 = a2 − a5; b6 = a3 − a4). All the input
feature vectors are showed in Fig. 5, which was view from topside.

To make the model more adaptive, the welding current (a1 – a12) was normalized
used the following formula:

ai ¼ ðIai � IminÞ=ðImax � IminÞ

Then the interval difference (b1–b6) was calculated by the normalized welding
current mean value. Data samples from the SVM dataset is showed in Table 2.
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5 SVM Modeling

A multi-class classification problem can be stated in following way: N training
samples can be represented as a set of pairs (xi,yi), i = 1, 2,…,n, with yi the label of
the class which can be set to values of 1, 2, 3, …,M and x 2 Rn stands for feature
vectors. In this paper, we will solve the welding deviation extraction problem; the
welding deviation can be classified into 5 categories: ±1, ±0.5 and 0 mm. We
convert −1, −0.5, 0, +0.5, +1 mm to 1, 2, 3, 4 and 5 labels for requirement of the
multi-class classification.

There are four types of frequently-used kernel functions for mapping data into
high dimensional space, namely, linear, polynomial, radial basis function
(RBF) and sigmoid kernels, as shown in Table 3.

As the most frequently-used kernel function, RBF kernel was employed in this
paper for classification of welding deviation. For RBF (Radial Basis Function)
kernel, width Gamma (γ) and penalty parameters (C) are two most important
parameters. C, a regularization parameter, controls the tradeoff between maximizing
the margin and minimizing the training error. Too small C leads to insufficient
stress on the training data, while too large C leads to over fitting. Usually, C should
be set large enough to have a stable training process. The parameter of γ greatly
affects the number of support vector (SV), which has a close relation with training
time. Too many support vectors can produce overfitting and extend training time.
Parameter γ also controls the amplitude of the Gaussian function and, therefore,
affects the generalization ability of SVM [10]. In this study, the parameters of
RBF were determined by a grid search method by cross validation using
LIBSVM-mat-2.89 [11]. The main idea behind the grid search method is that

Table 2 Part data of the SVM data set after normalization

Sample no Input Output

a1 a2 a12 b1 b2 b3 b4 b5 b6 d

50 0.77 0.63 0.75 0.00 0.05 0.30 0.36 0.26 0.12 0.5

51 0.88 0.67 0.68 0.02 0.12 0.30 0.56 0.39 0.11 0.5

52 0.65 0.54 0.56 −0.02 −0.03 0.11 0.22 0.17 0.07 0.5

53 0.64 0.61 0.80 0.10 0.22 0.34 0.22 0.20 0.06 0.5

54 0.81 0.66 0.68 −0.07 0.02 0.15 0.30 0.18 0.05 0.5

55 0.67 0.48 0.42 0.02 −0.00 −0.08 0.21 0.11 0.01 0.5

Table 3 Four types of kernel
functions

Kenal functions name Kernel function

Linear kernels kðxi � xjÞ ¼ xTi xj
Polynomial kernels kðxi � xjÞ ¼ ðcxTi xj þ rÞd
RBF kernels kðxi � xjÞ ¼ expð�c xi � xj

�� ��2Þ
Sigmoid kernel kðxi � xjÞ ¼ tanhðcxTi xj þ rÞ
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different parameter is tested and the one with the highest cross validation accuracy
is selected. The method is conducted in two steps. In the first step, a coarser grid is
applied with an exponentially growing sequence of (C, γ) with C = 2-8, …, 28 and
γ = 2-8, …, 28. In the second step, after identifying the optimal region on the grid,
the finer grid search is executed. The results are used to perform the final training
process [12]. The 3D image of C, γ and accuracy is showed in Fig. 6, where the
optimal parameters is C = 16, γ = 3.0314 and prediction accuracy = 92.6031 %.
Then the SVM model is build by using the optimal parameters.

6 Model Validation

To evaluate the predict precision to unknown data, ten fold cross validation method
is used. The prediction accuracy = 92.0779 % and the Receiver Operating
Characteristic (ROC) curve is showed in Fig. 7. Changing the label to real value
and it showed that the mean error is 0.0409 mm and the mean square error is
0.0218 mm2. The result is satisfying and the SVM model can meet the criteria in
welding tracking.

Furthermore, the SVM method is also compared with the BP neural network
method. A standard three-layer BP neural network is used as a benchmark. There
are 18 nodes in the input layer (a1–a12, b1–b6), 40 nodes in the hidden layer and one
node (d) in the output layer. The hidden nodes use the ‘tansig’ transfer function and
the output node uses the ‘logsig’ transfer function. The ‘Levenberg-Marquardt’
method is used for training the BP neural network, which could give better per-
formance than the batch training for large and non-stationary data sets. Standard
Matlab toolboxes are used for the calculations of the BP neural network.
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To get a stable comparison result, ten fold cross validation method is used for
testing. For BP Neural network model the mean error is 0.1331 mm and the mean
square error is 0.0337 mm2. It is clear that the SVM model’s predictive ability is
better than that of BP NN because it adapt to the little sample problem and can
avoid the local extreme.

7 Conclusion

In this paper, the SVM based modeling method was used to describe welding
deviation. The conclusions are drawn as follows.

1. The modeling method can meet the criteria of seam tracking in rotating arc
NGW.

2. SVM is proved to be a highly effective classification tool because of its struc-
tural risk minimization principle, which minimizes an upper bound of the
generalization error rather than the training error. This eventually leads to better
generalization than neural networks, which implement the empirical risk mini-
mization (ERM) principle and do not converge to global solutions.

3. With the continuous development and advancement of the SVM theory and
practice research, the applications in welding process based on SVM will be
increasingly prominent.
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Dynamics Modeling and Analysis
of a Type of High Frequency 6-DOF
Parallel Platform

Qi-Tao Huang, Zheng-Mao Ye and Zhi-zhong Tong

Abstract To break the frequency band restricts caused by the transverse vibration
of the actuators, a new type of hydraulically driven 6-DOF parallel platform with
higher frequency band is proposed. This study presents the kinematics and
dynamics of this type of 6-DOF parallel platform. Following the theoretical
description of the kinematics and dynamics, a multi rigid body dynamic model is
established with the Kane’s method according to a real platform which is under
construction. The simulation results are shown that this platform is qualified to high
frequency applications.

1 Introduction

Since 1965, the 6-DOF parallel manipulator was proposed by British engineer D.
Stewart in his paper and was applied in the flight simulator [1]. This type of parallel
structure mechanisms are widely used as motion simulator, vibration isolator,
manipulator etc. [2] But these applications are all confined in low frequency band
(up to about 25 Hz), especially for the heavy load hydraulic driven parallel plat-
forms. Heavy load parallel platforms usually adopt hydraulic cylinders as the
actuators and cylinders are always slender due to the platforms’ work space. One of
the main restricts is the transverse vibration of the hydraulic driven cylinders.
S. Uzny has taken the hydraulic cylinder which fixed elastically on both ends into
account, and researched the transverse vibration of the hydraulic driven cylinder
[3]. L. Tomski also has carried out the theoretical and numerical research into the
stability and free vibrations of a hydraulic cylinder subjected to Euler’s load [4].
Some useful results are presented but the results confined in single cylinder.

The hydraulically driven parallel manipulator is suitable for the large load sit-
uations due to its high stiffness and great carrying capacity. And those cylinders
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used are usually single rod slender due to the platforms’ structure. However, if the
natural frequencies and modes of the transverse vibration of the hydraulic driven
cylinders occur in the frequency band of the parallel manipulator, it will cause
seriously problem. To avoid this problem and expand the frequency band of the
parallel manipulator, a new type of 6-DOF parallel platform is proposed [5].

The analysis of the kinematics and dynamics are the basis of recognize and
control of a mechanism. For the Stewart parallel manipulator, Fichter analyzed the
dynamics with the inertial forces of the kinematic chains neglected [6]. B. Dasgupta
solved the inverse dynamics of Stewart Platform applying Newton-Euler equations
[7]. A. Codourey established the dynamics model of Stewart Platform using the
virtual work principle and Lagrange’s equation [8]. Merlet has proposed a type of
parallel platform structure [9]. Yan Jin had ever research the partially decoupled
6-DOF parallel manipulator with the actuators vertical to the base [10].

This paper proposes a more general 6-DOF parallel manipulator to avoid the
traverse vibration of the actuators in order to enhance the frequency band. The
dynamics model of this type of mechanism is established by Kane’s method.

2 Structure Description and Kinematics

2.1 Structure Description and Coordinates

The schematic view of the new type of 6-DOF parallel manipulator’s structure and
its coordinates (There is no strict mapping relationship between the two pictures) is
shown in Fig. 1. As shown in the Fig. 1, BiCi (i = 1…6, similarly herein after)
represents the actuating hydraulic cylinder, which is fixed on the lower platform at
point Bi, so the orientation of the vector BiCi is settled. Through reducing the
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moving part of the actuators, the effects of the transverse vibration of the cylinders
will be reduced. And AiCi represents the linkages; it is connected to the moving
platform by a spherical joint at point Ai, and is connected to the end of the cyl-
inder’s piston rod by another spherical joint at point Ci.

All the six kinematics chain have the same parameters, i.e. the six linkages are
exactly the same. As shown in Fig. 1b that the moving platform (Ai) and the fixed
ground (Bi) are symmetrically and reversely placed. In the kinematics chains, the
hydraulic cylinders are used as actuators to driven the moving platform. Totally 8
structure parameters are needed to completely determine the structure of this type of
parallel manipulator, and they are given in Table 1.

The degree of freedom of this parallel manipulator can be derived from the
Kutzbach- Glübler formulation. And the DOF of this manipulator is 6.

Take the center point Op of the upper gimbal circle as the origin, the
end-effectors’ coordinate Op-XpYpZp can be established, and it’s fixed on the
moving platform. Similarly, the ground coordinate Ob-XbYbZb can be established
of which the origin is the center point of the lower gimbal circle. As shown in
Fig. 1. Now the position of a point, the velocity or acceleration of a part can be
described as a vector in these two coordinates. In particular, a vector in the
end-effectors’ coordinate will have a superscript p referring to this frame. For
example, the position of the upper gimbal point can be described as the vector api in
the end-effector coordinate, and in the ground coordinate it will be described as ai.
Similarly, bi represents the position of the lower platform around the momentary Z,
Y, X axes of the end-effector coordinate. And in the sequence of 3-2-1, the rotation
matrix which maps a vector of the end-effector coordinate into the ground coor-
dinate is defined as R.

In order to describe the vector of the hydraulic cylinders which are fixed on the
lower platform, it is necessary to establish a actuator coordinate for each cylinder,
and it can be marked as Bi � XiYiZi, as shown in Fig. 1b. Then the unit vector of
each hydraulic cylinder can be marked as lBni in the corresponding actuator coor-
dinate, and in the sequence of 3-2-1, the rotation matrix which maps a vector of
each actuator coordinate into the ground coordinate is defined as RBi, then the unit
vector of each cylinder can be described as lni ¼ RBilBni in the ground coordinate.

Table 1 The 6-DOF parallel manipulator’s structure parameters

Variable Description

ra Upper gimbal radius

rb Lower gimbal radius

da Upper gimbal spacing

db Lower gimbal spacing

/ Angle between actuator and lower gimbal plane

c Linkage length

l0 Initial actuator length

c Angle between the projection of actuator on the lower gimbal plane and the
graduation line of the lower gimbals
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2.2 Kinematics Analysis

For conveniently and clearly describing the kinematics of this manipulator, it is
better to take a single kinematic chain into observation, and Fig. 2 shows the
schematic view of a kinematic chain. Note that the vector mi in Fig. 2a doesn’t
represent any real part of the manipulator, it is just a intermediate variable.

As shown in Fig. 2a, the vector mi can be described by

mi ¼ tþ Rapi � bi ð1Þ

And then the vector ci which represents the linkage can be derived as

ci ¼ mi � li ð2Þ

in which li represents the vector of the cylinder, and li ¼ lilni, li describes the length
of the cylinder. Notice that the length of the linkage is a constant, so

c2i ¼ c2 ð3Þ

now replace ci in Eq. (3) with Eq. (2), and a quadratic equation with regard to the
length of the cylinder, which is

l2i � 2 mi � lnið Þli þ mij j2 � c2 ¼ 0 ð4Þ
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Fig. 2 Schematic view of a kinematic chain. a Relationship of position vectors, b relationship of
velocity vectors
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solve this equation, and abandon the solution which does not meet the real archi-
tecture of the manipulator, the length of the cylinder can derived as follows

li ¼ mi � lnið Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mi � lnið Þ2� mij j2 þ c2

q
ð5Þ

Till now, the vector li and the vector ci can be completely determined.
Figure 2b shows the relationship of the velocity vectors in a kinematic chain. As

calculating the velocities, a condition should be noticed that the generalized

velocity of the moving platform is known as _q ¼ _t;x½ �T, in which _x; _y; _z½ �T¼ _t is the

end-effector coordinate’s translation velocity in the ground coordinate, and x ¼
xx;xy;xz
� �T

is the angular velocity of the end-effector coordinate in the ground
coordinate, which can be derived from Euler equation and is a function of w; h;u.

Choosing point Op as the base point, the velocity of the upper gimbals point Ai

can be described as

vai ¼ _tþ x� Rapi ð6Þ

which can also be expressed as a matrix equation that is

vai ¼ Jai;q _q ð7Þ

Jai;q is the jacobian that translates the generalized velocity of the moving platform
into the velocity of the upper gimbals point.

As shown in Fig. 2b, assume that the c.o.g. of the piston rod is point rc, and the
c.o.g. of the linkage is point cc. Assume that the linkage is prismatic, then point cc
is at the geometric center of the linkage. As the orientation of the cylinder is
stationary, the translation velocity of the actuator is the same as the velocity of point
rc. This relationship can be expressed by the equation below

vrci ¼ _lilni ð8Þ

_li is the translation speed of the actuator. According to the velocity projection
theorem, the projection of the actuator translation speed on the linkage equals to the
projection of the upper gimbal point velocity on the linkage, which leads to the
equation below

cTnivai ¼ cTni _lilni
� � ð9Þ

Solve Eq. (9), and the translation speed of the actuator is

_li ¼ cTnivai
cTnilni

ð10Þ
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considering Eq. (6), Eq. (10) can be described as

_li ¼ 1
cTnilni

cTni; Rapi � cnið ÞT
h i

_q ð11Þ

According to Eq. (11), a matrix equation for all the six kinematic chains can be
defined as

_L ¼ CT
n ; RAp � Cnð ÞT

h i
_q ¼ Jlq _q ð12Þ

with the definition that

_L ¼ _l1; _l2; . . .; _l6
� �

;Cn ¼ cn1
cTn1ln1

;
cn2

cTn2ln2
; . . .;

cn6
cTn6ln6

� �
;Ap ¼ ap1; a

p
2; . . .; a

p
6

� �

And is the jacobian between the actuator translation speed vector and the gen-
eralized velocity of the moving platform.

The angular velocity of the linkage is going to be calculated next. According to
the knowledge of analytical mechanics, the angular velocity of a rigid body is
constant wherever the base point is. When point Ci is chosen as the base point, the
velocity of the upper gimbal point Ai will be described as

vai ¼ _lilni þ xci � ci ð13Þ

replace _li with Eq. (10), the angular velocity of the linkage can be obtained,

xci ¼ 1
c
cni � I � lnicTni

cTnilni

	 

vai ð14Þ

which, I is a 3-order unit matrix (similarly hereinafter). With the introduction of the

notation Plci ¼ I � lnicTni
cTnilni

, Eq. (14) can be reordered into a matrix equation,

xci ¼ CtiPlcivai ¼ Jxi;avai ð15Þ

in which Cti is a skew symmetric matrix constituted by the elements of the vector
cni
c , and it has property: CT

ti ¼ �Cti. Jxi;a is the jacobian between the velocity of the
upper gimbal point and the angular velocity of the linkage.

With matrix Plci, Eq. (8) can be rewritten as

vrci ¼ I � Plcið Þvai ¼ Jri;avai ð16Þ

which Jri;a is the jacobian between the velocity of the upper gimbal point and the
c.o.g. velocity of the piston rod.
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Chosen point Ci as the base point, the c.o.g. velocity of the linkage is

vcci ¼ vai � xci � c
2
cni ð17Þ

replace xci with Eq. (14), reorder Eq. (17) into

vcci ¼ I � 1
2
Plci

	 

vai ¼ Jci;avai ð18Þ

which Jci;a is the jacobian between the velocity of the upper gimbal point and the
c.o.g. velocity of the linkage.

By differentiating Eq. (6), the acceleration of the upper gimbal point Ai can be
calculated,

_vai ¼ €tþ _x� Rapi þ x� x� Rapið Þ
¼ Jai;q€q� xj j2Pxai

ð19Þ

Px ¼ I � xnxT
n is the projection matrix.

Similarly, the angular acceleration of the linkage, the c.o.g. acceleration of the
linkage and the c.o.g. acceleration of the piston rod can be derived by differentiating
Eqs. (14), (18) and (16).

_xci ¼ Cti _Plcivai þ Plci _vai
� � ð20Þ

_vcci ¼ _Jci;avai þ Jci;a _vai ð21Þ

_vrci ¼ _Jri;avai þ Jri;a _vai ð22Þ

The kinematics of this type of parallel manipulator and the motion relationship
of deferent parts of this mechanism is established.

3 Dynamics Modeling

Depending on whether the inertial forces of the actuators and the linkages are taken
into account, the dynamics of the parallel manipulator divided into single-body
dynamics or multi-body dynamics. And on the assumption that parts of the
mechanism which constitute the manipulator are rigid bodies.

When it comes to the situation where the mass of the moving platform and the
load is much larger than that of the actuators and the linkages so that the inertial
forces of the actuators and the linkages can be neglected, the dynamics of the
manipulator will be simplified as single-body dynamics.
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The drive force that is generated by the actuator can be denoted as fci. As the
inertial force of the linkage is ignored, it can be considered as a two-force member,
and the force it outputs will be denoted as fai. In the ideal case, the power that is
transmitted by the linkage is always conserved, which can be easily described by
the equation below

fci � _li ¼ f ai � vc ð23Þ

where vc ¼ cTni _lllni
� �

is the axial translation speed of the linkage. The force that the
linkage outputs can be easily derived by solving Eq. (23), which is

f ai ¼
fci

cTnilni
cni ð24Þ

With Newton’s law, the translational motion of the moving platform can be
described as

Cnf c þ mpg ¼ mp€t ð25Þ

where f c ¼ fc1; fc2; . . .; fc6½ �T is the drive force vector of the actuators, mp is the mass
of the moving platform and g is the acceleration of gravity which is a vector.

And with Euler equation, the rotational motion is described by

RAp � Cn½ �f c ¼ Ib _xþ x� Ibx ð26Þ

where Ib ¼ RIpRT, and Ip is the inertia matrix of the moving platform in the
end-effectors’ coordinate. Combine these two equations; the single-body dynamic
model of the manipulator is derived,

Cn

RAp � Cn

� �
f c ¼ mpI 0

0 Ib

� �
€t
_x

� �
þ 0 0

0 XIb

� �
_t
x

� �
� mpg

0

� �
ð27Þ

where X is a skew symmetric matrix constituted by the elements of the vector x. In
short, Eq. (27) is rewritten as

JTlqf c ¼ Mp€qþ Cp _q� Gp ð28Þ

in which

Mp ¼ mpI 0
0 Ib

� �
the mass matrix

Cp ¼ 0 0
0 XIb

� �
the coriolis/centripetal effect matrix

Gp ¼ mpg
0

� �
gravity matrix
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However, when it comes to the situation where the mass of the moving platform
and the load is not that large, and the inertial forces of the actuators and the linkages
can’t be neglected, the dynamics of the manipulator will be considered as
multi-body dynamics. The inertial forces of the actuators can be split up in two
parts: the gravitational forces and the translational inertial forces. And the inertial
forces of the linkages can be split up in three parts: the gravitational forces, the
translational inertial forces and the rotational inertial forces. These forces will first
be projected on the upper gimbal points, and then any force generated at this point
can be easily projected at the generalized platform velocities using jacobian Jai;q.
And at the generalized platform velocities, Kane’s method will be applied to
establish the multi-body dynamics of the manipulator.

Assume that the masses of the linkage and the piston rod are mc and mr. The
gravitational forces are easily projected on the upper gimbal point,

Ga
ci ¼ JTci;amcg ð29Þ

Ga
ri ¼ JTri;amrg ð30Þ

The translational inertial forces generated by the mass at the c.o.g. of the linkage
and the piston rod are easily projected at the upper gimbal point,

f aci ¼ JTci;amc _vcci ð31Þ

f ari ¼ JTri;amr _vrci ð32Þ

By rewriting _vcci and _vrci as a function of _vai using Eq. (21) and Eq. (22), these
two Eqs. (21) and (22) are rewritten as

f aci ¼ JTci;amc _Jci;avai þ Jci;a _vai
� � ¼ Mci _vai þ Ccivai ð33Þ

f ari ¼ JTri;amr _Jri;avai þ Jri;a _vai
� � ¼ Mri _vai þ Crivai ð34Þ

Assuming that the inertia of the linkage around an axis which passes through the
c.o.g. of the linkage and is orthogonal to its axial direction is ic, then the rotational
inertial force generated by the inertia of the linkage is projected at the upper gimbals
point,

f aici ¼ JTxi;aic _xci ð35Þ

replace _xci with _vai by using Eq. (20) and rewrite Eq. (35), the result is

f aici ¼ JTxi;aicCti _Plcivai þ Plci _vai
� � ¼ Mici _vai þ Cicivai ð36Þ
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The generalized inertial force of the system along the generalized platform
velocities can be derived by summing all the inertial forces of the six kinematic
chains as well as the moving platform and projecting them to the generalized
platform velocities. And that is

f � ¼
X6
i¼1

JTai;q f aci þ f ari þ f aici
� �þMp �qþ Cp _q ð37Þ

The generalized drive force of the system along the generalized platform
velocities consists of the projected drive forces of the actuators and gravitational
forces of the parts at the generalized platform velocities. It is described as

f ¼ JTlqf c þ
X6
i¼1

JTai;q Ga
ci þ Ga

ri

� �þ Gp ð38Þ

According to Kane’s method, the multi-body dynamics of the manipulator is
derived,

JTlqf c ¼ Ms€qþ Cs � Gs ð39Þ

where Ms, Cs and Gs are given as below,

Ms ¼ Mp þ
X6
i¼1

JTai;q Mci þMri þMicið ÞJai;q

Cs ¼ Cp _qþ
X6
i¼1

JTai;q½ Cci þ Cri þ Cicið ÞJai;q _q

� Mci þMri þMicið Þ xj j2Pxai�

Gs ¼ Gp þ
X6
i¼1

JTai;q Ga
ci þ Ga

ri

� �

4 Simulation Results

The multi rigid body dynamics model of this type parallel mechanism established
by Simulink according to the formulations derived in the parts 3, the displacements
and driving forces of the actuators can be calculated, which could be pavements for
the optimization and real-time control of this type of manipulators.

The structure parameters of the 6-DOF platform are given in Table 2, and the
displacements and driving forces of the actuators are shown from Figs. 3, 4, 5,
and 6.

478 Q.-T. Huang et al.



4.98 4.982 4.984 4.986 4.988 4.99 4.992 4.994 4.996 4.998 5

-5

0

5

x 10
-3

Time(s)

D
is

pl
ac

em
en

t(
m

)

Cylinder 6

Cylinder 1

Cylinder 4

Cylinder 3

Cylinder 5

Cylinder 2

4.98 4.982 4.984 4.986 4.988 4.99 4.992 4.994 4.996 4.998 5

-10

-5

0

5

x 10
4

Time(s)

F
or

ce
(N

)

Cylinder 1

Cylinder 6

Cylinder 4

Cylinder 2
Cylinder 5

Cylinder 3

(a)

(b)

Fig. 3 Translation along X axis with movement 0:01m � sinð2p � 50tÞ. a Displacement curves,
b force curves

Table 2 The structure
parameters of the 6-DOF
platform

Variable Value

ra 0.75 m

rb 1.3 m

da 0.26 m

db 0.35 m

/ 60°

c 26.375°

c 0.8 m

l0 0.5 m

s 0.2 m

d 0.1 m

mr 20 kg

mp 100 kg

mc 15 kg

ic 1.6 kg m2

s is the stroke of the cylinder, and d is the diameter of the piston
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5 Conclusion

The kinematics of the newly proposed hydraulically driven 6-PSS parallel
manipulator was analyzed, and the velocity and acceleration relationship between
different parts of the manipulator was derived as well as the Jacobians. To deriving
the multi-rigid-body dynamics, Kane’s method was applied which avoided a lot of
differential operations, and thus the dynamics is concise and could be easily realized
in the computer. According to the multi-rigid-body dynamics derived, the Simulink
model was established. The displacement and driving force of the actuators under
different movements were derived, this could be the useful base for the optimization
and real-time control of this type of parallel mechanism.

Acknowledgement This research has been supported by National Natural Science Foundation of
China, Research Project No. 51105094.
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The Application of Robotic Welding
in the Shipbuilding

Hua-Bin Chen, Tao Lin and Shan-Ben Chen

Abstract Welding is the most critical, expensive and time consuming procedure
among the whole shipbuilding manufacturing process. Welding automation and
intelligence play an important role in the modern shipbuilding industry. Arc
welding robot can be ideal for the shipbuilding to increase productive efficiency and
improve the working conditions. However, traditional “teach-playback” robot lack
of intelligence on the assembly variation, welding deformation and the plate of
machining errors. And the paper developed an off-line programming system for the
inner bottom hull, which was implemented and successfully used in the ship-
building. Firstly, we focus on the CAD model building of the inner bottom hull that
can be described as geometry information. Secondly, we present a suitable offline
programming and seam path planning method, which can generate robot program
automatically. Finally, in combination with the touch and arc sensor, a novel arc
welding robotic system is set up. Experiments on the inner bottom hull are con-
ducted, and the fillet weld size can meet the requirements on the shipbuilding
quality standards.

1 Introduction

The shipbuilding industry is steadily advancing by introducing robots to its work
fields for increases in productivity and improvements in working conditions.
Traditionally, the shipbuilding industry has relied on the labor of a large pool of
skilled workers, who faced the prospect of long hours and demanding tasks such as
welding, cutting and painting to get large vessels launched. In the recent years, with
the development of electronic technique and computer technology, robots and
robotic technologies are now mature enough to release welder from hard manual
work [1]. And, how to apply commercial robotic system properly to meet the
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production purpose in the shipyard is a key research topic for shipbuilding
engineers.

It is well known that welding is the most crucial, expensive, and time-consuming
process among the shipbuilding process. Therefore, arc welding robot applications
will yield a large productivity improvement in hull assembly welding [2].
Currently, robot programming through the conventional teaching process is still a
tedious and time-consuming task, which requires more skills and expertise [3].
Currently, Offline programming (OLP) technology, which is base on the 3D model
of the complete robot work cell, is becoming more popular. In contrast to the
traditional “teach-playback” method, OLP has more strength on programming
complex systems and efficient for production with large volumes [4]. For most of
the past few decades, CAD-based systems have been proposed to assist operator in
the robot programming process. In order to improve the intuitiveness and flexibility
of OLP task, researchers combine the prior knowledge of real world and CAD
model together. Typically, it introduced the sensor-assisted technology to the path
planning and automatic programming [5, 6]. Ahn [7] proposed the offline automatic
teaching method to use vision information. The operator can teach the desired
locations according to the environmental vision information in OLP directly.
Solvang et al. [8] also presented a vision based programming methodology by
identifying a path drawn onto the workpiece. Takarics and Szemes [9] attempted to
a new way to determine the trajectory for welding robots based on the stereo vision.
It can determine the welding path in the space and to give the welding trajectory of
the robot using two fixed cameras [10]. In Ref. [5], the author presents a
CAD-based system to program a robot from a 3D CAD environment, allowing
users to generate robot programs through human-robot interface platform. Kim
presents a method to generate three-dimensional robot working paths off-line based
on CAD data in an automatic adhesive spray system for shoe outsoles and uppers
[11]. This research do much for increasing productivity in shoe manufacturing as a
core work of a robotic adhesive spray system. Pires et al. [4] presented a CAD
interface capable of adding in the programming process of welding applications,
which enable pre-program is so easy to simulate and adjust the position and ori-
entation by extracting welding definition from the CAD file.

Although a variety of research has been done in the area of CAD-based robot
planning and automatic generation programming [12], how to apply above men-
tioned technology properly to meet the production purpose in the shipyard is a
difficult research topic. In this study, a new arc welding robotic system is proposed
for the inner bottom hull in the shipbuilding. We develop a offline programming
system of inner bottom hull provides robot calibration, inner bottom hull CAD
model acquisition, fillet weld path planning, and automatic program generation.
Ultimately, we hope that it can be applied for the shipbuilding process to liberate
much more labor.
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2 Robotic Arc Welding System Set Up

The robotic arc welding system mainly includes PLC control-cabinet, MH6 robot,
NX100 controller, multiple axis gantry system, teach pendant, digital welding
power, wire cutter device, arc tracking sensor and inner bottom, see Fig. 1. The
whole welding steps can be strictly controlled by a sequential process. The robot
could not enter into the inner bottom before the gantry dropping out completely. At
beginning, the multiple axis gantry system dropped out the welding zone before
accurate assembling of the inner bottom. In our developed off-line programming
system, we call this task-level programming. In this step, it is important to trans-
form an off-line CAD model into a robot program with further error correction. On
the one hand, it can eliminate the assembling error through the touch sensor
function. Considering the welding deformation, on the other hand, the method uses
the seam arc welding sensor to accommodate the inconsistencies of the work piece
during welding process.

Before doing all the welding tasks, it enables the robot to return to the home
positions. First of all, the standard-program is finished using the off-line program-
ming. In this session, the job program is transformed to the robot controller. Given
the variation of the size and shape in the inner bottom, the initial welding position
and key welding points of the seam path would be revised during the welding
process. Among them, the off-line programming included four parts: the acquisition
of geometric model, robot calibration, seam path planning in robotic welding and
generation of the tasks file. In this system, PLC-based controller process is a process
control system which generated and transfer control instruction for the servo system.
Considering the safety and flexibility of motion structure, PLC system has two
control modes which consisted of logical and illogical type. Thus the operator could
manually control each motion structure separately. Finally, the system had the
function of fault alarm detection in IPC (Industrial Personal Computer)-PLC

Fig. 1 Arc welding robot system of inner bottom
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communication through the inspection of response of PLC. Figure 2 depicts the
whole software flow chart of the inner bottom arc welding robotic system.

3 Weld Path Planning and Automatic Robot Program
Generation

In this paper, the study concerned offline programming, seam path planning and
welding based on the analog work piece of the inner bottom hull. Actually there are
critical problems about the coordinate transform, where the position system of the
robot is a key issue on the CAD model. Aimed at inner bottom hull, a simple
rectangle was described as geometry information. In consideration of the special
requirements of weld path planning for the inner bottom hull, it should be inserted
two points, i.e. initial and end welding point. So we can proceed to read from the
DXF files, it can be realized to extract and save the graphic information. The
graphic elements sample after pre-processing was shown in Fig. 3.

Aside from the basic DXF information mentioned above, weld arrangement and
path planning are continued to be processed by the storage DXF information.

The sub-assembly is separated to stringers and floor plate, so large number of
fillet weld need to be conducted. For the single inner bottom, it included four flat
fillet seams and vertical fillet seams. The robot was mounted on the gantry beam, as
well as the installing orientation was parallel to the trail. Figure 3 shows the
coordinate correlation between the inner bottom frame and 6-axis Cartesian robotic
manipulator. {R} denotes the base coordinate system affixed to the base of the
robot. {W} denotes the fixed world coordinate system attached to the trail.

Robotic System

Servo System

Communication Module
Program up-download
Data Transform

Offline Programming 
CAD/CAE

HMI(human conversation interface)
Robot Operation
Manual Control
Parameter Input
Log Backup

Windows OS
ACCESS Database
C++ Develop Platform

Process Control Block
Servo Control Command
Data transform & interaction

Fig. 2 The flow chart of the inner bottom welding software system structure
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Since the robot home position located just above the inner bottom frame, it could
be set the initial position ðL2 ;W2 ;H0Þ of the 6-axis robot. From Fig. 4 it is apparent
that the matrix of the inner bottom and 6-axis robot frame is assumed orthogonal. In
reality, however, this is not completely orthogonal. In the following installation, the
robot deviations was up to 2–3°. To take this into account, the 6-axis robot has
turned around World z axis with a rotation of h. On this point, the following task
planning would be involved. In this case, the welding process was separated two
parts: positive orientation and negative orientation. When the robot is located at
“positive orientation”, the translation matrix from {R} to {W} is provided by the
following Eq. (1)

LWPOLYLINE 1
PolyLinePointsNum 4
PLPoint 1 0.0 0.0
PLPoint 2 1536.0 0.0
PLPoint 3 1536.0 1500.0
PLPoint 4 0.0 1500.0

…….
LWPOLYLINE 2
PolyLinePointsNum 4
PLPoint 1 0.0 2000.0
PLPoint 2 1536.0 2000.0
PLPoint 3 1536.0 2816.0
PLPoint 4 0.0 2816.0

Fig. 3 The graphic element
sample of the inner bottom
hull

Fig. 4 The coordinate of
inner bottom frame and 6-axis
robot
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Another situation is when the 6-axis turned around z axis with a rotation −180°.
The primary reason for this is the limitation of the welding accessibility. Thus, the
equation could be transformed to
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Motion planning is a main problem in a given environment. It should be stated as
finding a trajectory for a robot, such that the robot can move along this trajectory
from its initial weld position to the ending weld position without any colliding with
any obstacles in three dimensions. In this case, the longitudinal girders and brackets
are formed “#” structure in the inner bottom hull. Accordingly, there are a large
number of fillet welds needs to be welded in the shipbuilding. For the single “#”
structure, it’s composed of four flat fillet welds and vertical fillet welds, see Fig. 5.
The whole welding task was separated into two parts: the first planning path is flat
fillet weld along A → B → C → D direction and C → H, B → G vertical fillet
welds. The second planning path is D → E → F → A flat fillet welds and F → J,
E → I vertical fillet welds.

The reason for using asymmetry path planning method was to improve the
welding quality of the angular point of the inner bottom hull. From the Fig. 5, it can

Fig. 5 The task planning of
the inner bottom hull
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be seen that the A → B → C → D and D → E → F → A welding path planning
were conducted at one time. In addition, the posture of the TCP (Torch Center
Point) was not considered in the above-mentioned section during welding process.
However, the TCP should be rotated 90° when the welding torch was at the corner
of the inner bottom hull. Moreover, the posture of the welding torch needed to be
adjusted according to the practical work piece.

In order to increase the welding efficiency of the inner bottom hull and decrease
the positioning error between a real work piece and its simulation, arc welding robot
system were performed as Fig. 6. In this system, it included several functional
modules: robot calibration, CAD model acquisition, welding procedure specifica-
tion setup, off-line programming generation, robot simulation and task manage-
ment. In this case, the real positioning error could be adjusted according to the
assembled condition as shown in bottom picture of in Fig. 6. Also, the arc sensor is
used to calibrate the welding torch offset during welding process. To reduce the
affect of the assembling deviation, especially positioning deviation after tack
welding, touch sensor was applied to the recognition of the welding initial position,

Fig. 6 Inner bottom hull offline programming software system
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which can ensure the location and posture accuracy of the welding torch. Therefore
it could be avoided torch collision. Returning to the off-line programming module,
by clicking CAD acquisition button, the operator could select a certain work piece
to convert into a robot program. Second, if the jigs have translation and rotation
relative to the X or Y axis of the robot coordinate system, it was needed to correct.
Finally, the generated robot program can be simulated and tested. The results would
be presented and discussed in the following section.

In the next of this section, the software system could automatically generate
robot programs with the information extracted from CAD drawings. Figure 7
illustrates the generation of the robot programs for Motoman controller. The snippet
of a robot program generated for Motoman robot shows the seam path planning in
combination with the specific point correction of the JBI file. Finally, it is important
to note that after generating a robot program, the robot can communicate with
computers or other equipment via serial RS232 port or Ethernet. The generated
code could be downloaded to the controller smoothly. And for this application
interface makes the convenience between the user and the robot controller. Before
the welding task, the user can browse the JBI file in the main computer.

4 Experiments and Results

The CAD-based arc welding robotic system presented in this paper was designed to
perform the welding task of inner bottom hull in shipbuilding, as seen in the left
picture of Fig. 8. In the experiment, robot arc welding programs from a CAD model
of the cell in which the seam paths described in the form of DXF Point, DXFLine
and DXFPolyline. Additionally, the value of the tool center point (TCP) and ori-
entation of the weld torch on the workpiece are also obtained from the software

Fig. 7 A snippet of a robot program generated
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system. The experiment demonstrated the reliability and robustness of the proposed
CAD-based arc welding robotic system. No matter if is CAD model acquisition or
seam path planning, robot program generation or download JBI files, it can be
performed successfully without various geometry size workpiece. Through a lot of
experiments, the position and orientation of the weld torch could meet the
requirements. Also, the algorithm and software are developed that enable all the
specific weld point accessibility throughout the robot’s entire workspace.

This proposed system was also applied to the hull curved plate of the
sub-assembly. After the running of the weld task, the flat fillet and vertical seam
were straight, good weld appearance with smooth weld metal was shown in the
right picture of Fig. 8. Additionally, the fillet weld size could meet the requirements
on the shipbuilding quality standards.

There are still some aspects of this arc welding robotic system for the hull for
improvement in our future work. On the one hand, the algorithm to generate robot
program, it should be more robust through the vision sensor. This is because that
the vision sensor can help to handle the assembly deviation and machine errors in a
quick way. On the other hand, hull assembly is the most complex, the development
of the highly compatible offline programming software still face difficulties.

Fig. 8 Arc welding robotic system for inner bottom hull and appearance of fillet weld
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5 Conclusion

A novel arc welding robotic system in shipbuilding has been studied and tested. The
developed offline programming system of inner bottom hull provides robot cali-
bration, inner bottom hull CAD model acquisition, fillet weld path planning, and
automatic program generation. Finally, we carried out appropriate verification tests
for inner bottom hull on this platform. In combination with the touch and arc sensor,
the current path generation from CAD model was revised and compensated further.
Through the running of the weld task, the flat fillet and vertical seam were straight,
good weld appearance with smooth weld metal. Moreover, the fillet weld size could
meet the requirements on the shipbuilding quality standards. Using this system, it
has laid the good foundation for future process experiments and application.
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The Microstructure and Properties
of S32750 Multipass Welds

Hua Huang, Jing-Hui Jin and Zhong-Ping Ding

Abstract Factors of welding duplex stainless steel S32750 were analysed in this
article. The welding parameters were determined in the test. The results show that,
with a higher heat input, strictly control of interpass temperature, and using welding
wire containing stable austenite elements, reasonable proportion of the two phases
could be got in duplex phase stainless steel S32750, while the harmful intermetallic
phase was prevented to get.

1 Foreword

Duplex phase stainless steel has the advantages of both austenitic stainless steel and
ferritic stainless steel, such as excellent toughness, weldability, high strength and
good corrosion resistance. It is widely used in engineering of petroleum, chemical,
marine. As a typical third generation of duplex phase stainless steel, S32750 has
good resistance to pitting corrosion and stress corrosion cracking. With the
excellent mechanical properties and PREN > 40, S32750 is suitable for harsh media
conditions [1].

The material of seawater inlet pipes was made of S32750 in a power plant. This
article did the research about the microstructure and properties of S32750 multipass
welds according to the requirements of Chinese standards, and determined the
parameters for the welding on site.

2 Main Properties of Material

S32750 contains high Cr elements. The welding wire is ER2594. Their chemical
composition requirements in ASME are shown in Table 1, and the mechanical
properties of S32750 are shown in Table 2.

H. Huang (&) � J.-H. Jin � Z.-P. Ding
China Nuclear Power Engineering Co., Ltd, Shenzhen, People’s Republic of China
e-mail: hh1983@126.com

© Springer International Publishing Switzerland 2015
T.-J. Tarn et al. (eds.), Robotic Welding, Intelligence and Automation,
Advances in Intelligent Systems and Computing 363,
DOI 10.1007/978-3-319-18997-0_42

493



3 Factors of the Welding Process

For welding of super duplex phase stainless steel, the most prominent problem was
how to ensure corrosion resistance and low temperature impact properties of welds.
The phase proportion of welds and the intermetallic compounds was a key factor to
affect the corrosion resistance and low temperature impact properties.

According to Cr, Ni equivalent weight formula in WRC-1992, [Cr]eq = %
Cr + %Mo + 0.7 × %Nb, [Ni]eq = %Ni + 35 × %C + 20 × %N + 0.25 × %Cu. The
Fe–C–Ni phase diagram was shown in Fig. 1. For the phase diagram, all the phase
are complete ferrite when the steel liquid solidified, and this ferrite phase can been
retained until the temperature reach ferrite solubility curve. Next only to the lower
temperature, part of the ferrite was transformed into austenite.

Table 1 Chemical composition of base metal and welding wire (wt%)

C Mn P S Si Ni Cr Mo N Cu

S32750 0.030 1.2 0.035 0.020 0.8 6.0–8.0 24.0–26.0 3.0–5.0 0.24–0.32 0.5

ER2594 0.030 2.5 0.030 0.020 1.0 8.0–10.5 24.0–27.0 2.5–4.5 0.20–0.30 1.5

Table 2 The mechanical
properties of S3275

Material σb/MPa σ0.2/MPa Elongation/% Hardness/HB

S32750 800 550 15 310

Fig. 1 The Fe–Cr–Ni phase
diagram
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With decreasing temperature of weld pool, the cooling process after solidifica-
tion was a fast unbalance δ → γ process. If the cooling rate was too fast, with low
δ → γ conversion, δ phase became more while γ phase became less in the weld
metal; Conversely, if the cooling rate was slow with heat input, it would make more
δ → γ transformation, and enough γ phase could be obtained, but it also led to get
coarse grains, σ phase and precipitation of secondary austenite (γ2), which would
reduce the corrosion resistance and toughness of welds [2, 3].

The subsequent weld bead had a heat effect to the front layer in multipass
welding. Ferrite further transforms into austenite in the weld metal, and austenite
become dominant in the two-phase structure. The high temperature zone of heat
affected zone (HTHAZ), which was adjacent to the weld, will bear a secondary heat
cycle. So after subsequent cooling, HTHAZ will get more austenite phase, and the
microstructure and properties of welds will be significant improved [2]. It was
noteworthy that surface layer of HTHAZ was not subjected to the second heat
cycle, so this HTHAZ could not often get the two satisfactory phases (γ phase only
reached 20–30 %). It was recommended in some literatures [2], a surplus weld
would be applied to surface weld. After the surface layer bear the second heat cycle,
the surplus weld would be removed by grinding. If it was very difficult to do the
surplus weld, the layer which will contact with working medium should be welded
first, and the layer which will not contact with working medium should be welded
in the final step.

Most research [1, 4–6] suggest that, interpass temperature of duplex phase
stainless steel should be controlled below 150 °C. That ensured to form a rea-
sonable proportion of the weld phase, and reduce intermetallic phases.

According to the research for formation and increase of austenite, the effect of N
was far greater than Ni. At high temperatures, N also has better ability of stabilizing
austenite than Ni. After welding, a single ferrite phase can be prevented to form by
the element of N. The curve of σ phase formation was shifted to the right by the
element of N, so the cooling time was sufficient to ensure no formation of σ phase,
as shown in Fig. 2. For the role of N, many studies suggest to add 2–3 % of nitrogen
to protective gas. But even in Sweden, which was experienced in the welding of
duplex phase stainless steel, these mixed gas was not widely used. For the operation
and effect [7], adding nitrogen to protective gas will accelerate the loss of tungsten
electrode, made the arc unstable to cause splashing, and increase the tendency to
pores. If the content of N element in the welding material was enough, by
improving the quality of gas protection to minimize the loss of N [5], pure argon
could be directly used as the protective gas.

4 The Welding Process

The base metal of welding test was ϕ 610 × 9.53 mm pipe. The groove form and
welding sequence was shown in Figs. 3 and 4. Before welding, the groove and
around 25 mm of the groove was polished until metallic luster could be saw.
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ER2594 welding wire was use for TIG welding. The specification of ER2594 was
ϕ 2.4 mm. The swing method of weld wire was zigzag.

The back side of first welding layer was protected by a purity of 99.99 % argon
until the third welding layer was finished. The flow of 99.99 % argon for back side
was 6–15 L/min. The interpass temperature was controlled below 150 °C. The
welding parameters were shown in Table 3.

5 Test Methods and Results

The weld specimen was assessed by following items.
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5.1 Appearance and Penetration Test

No undercut, porosity, cracks were found on the surface of welded joint. According
to JB/T4730.5 standard, the penetration test was done to welded joint, and the result
was Class I.

5.2 Radiographic Examination

According to DL/T821 standard, radiographic examination was done to welded
joint, and the result was Class I.

Fig. 3 The groove of well

Fig. 4 The welding sequence

Table 3 The welding parameters

The number
of welding layer

Polarity Welding
current (A)

Voltage
(V)

Welding speed
(mm/min)

Argon flow of
welding torch (L/min)

1–3 DCSP 65–120 9–12 60–80 6–12

4–5 DCSP 70–120 9–12 8–90 6–12
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5.3 Tensile Test

Tensile specimens were machined according to GB/T2651 standard. The result was
shown in Table 4. The tensile strength of each sample was higher than the lower
limit tensile strength of the base metal S32750.

5.4 Bending Test

Bend specimens were machined according to GB/T2649 standard and GB/T2653
standard. Six bend specimens should be made according to DL/T1117 standard:
Two specimens for face bending, two specimens for back bending, and four
specimens for side bending. All bending test were qualified.

5.5 Metallography

According to DL/T884 standard, metallographic specimen was made. Macroscopic
and microscopic photos were shown in Fig. 5.

Table 4 The tensile strength result

The number of tensile specimen Tensile strength σb/MPa Fracture position

1# 858 Base metal

2# 853 Weld joint

Fig. 5 Metallography. a Macroscopic photo ×3.5. b Microscopic photo ×200
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Austenitic and ferritic structure was found in heat affected zone and welds. No
microcrack was found.

5.6 Hardness Testing

According to GB/T2654 standard, hardness testing was carried out in weld joints,
heat affected zone, and base metal. Every row of different region had three separate
dent point, as it was shown in Fig. 6. The test results were shown in Table 5.

According to DL1117 standard, if the content of nickel was above 3 % and steel
without heat treatment, the hardness value should be less than or equal to 450HV.
The welding joint met the requirements of hardness value in the test.

5.7 The Test of Ferrite Content

According to GB/T1954 standard by using magnetic method, ferrite content in five
areas of the welds was respectively 38.8, 42.6, 37.6, 39.7, and 40.5 %, with an
average of 39.8 %.

Fig. 6 Location of dent point for hardness testing

Table 5 Hardness value

The number of
tensile specimen

Hardness value of
base metal/HV

Hardness value of heat
affected zone/HV

Hardness value
of welds/HV

1# 297, 297, 297, 306,
306, 302

299, 302, 302, 290, 297,
306

270, 270, 283

2# 292, 292, 297, 292,
292, 287

302, 302, 306, 322, 311,
306

306, 311, 302
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6 Analysis of Test Results

Lower limit of the tensile strength for S32750 was 795 MPa. Although the fracture
position of 2# specimen was located in the weld area, the tensile strength was
higher than 795 MPa, which was still within the qualified scope. The result of
radiographic examination and penetration test were both Class I. The surface of
bend specimen was without cracks.

The hardness values of the weld near the covering layer were slightly lower than
the hardness values of backing layer. The subsequent weld bead had a heat effect to
the front layer in multipass welding, and ferrite further transforms into austenite in
the weld metal. So the ferrite of covering layer was relatively more than the one of
backing layer, which led the hardness value of former was low.

Austenitic and ferritic structure was found in heat affected zone and welds. The
average of ferrite content was 39.8 %, meeting the requirement of single phase who
does not exceed 65 %.

7 Conclusion

1. With a higher heat input, strictly control of interpass temperature, and using
welding wire containing stable austenite elements, reasonable proportion of the
two phases could be got in duplex phase stainless steel S32750, while the
harmful intermetallic phase was prevented to get.

2. The welding parameters were determined: By using TIG welding, the back side
of first welding layer was protected by a purity of 99.99 % argon until the third
welding layer was finished. The flow of argon for back side was 6–15 L/min.
The interpass temperature was controlled below 150 °C. The voltage was
9–12 V, and argon flow of welding torch was 6–12 L/min. The welding current
of first to third layer was 65–120 A, while the welding speed was 60–
80 mm/min. The welding current of fourth to fifth layer was 70–120 A, while
the welding speed was 80–90 mm/min.

20 seawater inlet pipes were welded with above parameters, and the qualified
rate of penetration test and radiographic examination was 100 %, which also
confirmed the correctness of the welding parameters.
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Microstructure, Mechanical Properties
of Welded Joints of F22 and F91

Min-Li Ma and Xi-Zhang Chen

Abstract This paper introduces the welding producers of F22 and F91 which is
used in high pressure forged steel valves inside hydrogenation unit, and also pre-
sents the tensile test, bend test, hardness test, impact test and microstructure
observation of the weld joints. The experimental results are as follows: the
microstructure of welds is acicular ferrite; the weld tensile strength is higher than
that of base metal F22; tensile specimen fracture in the side of base metal F22
which strength is relatively lower; the impact absorbed energy is higher than the
EU PED standard 27 J; welded joints are well adapted to harsh working
environment.

1 Introduction

Due to the successful development of high pressure forged steel valves used for
hydrogenation unit in china, F22 steel and F91 steel which can bear high tem-
perature and high pressure have been widely used in recent years. F22 steel is a kind
of low alloy steel which produced by quenched and tempering. It has good
mechanical properties and corrosion properties due to the fine distribution of
molybdenum carbides and amount of chromium [1]. F91 steel is a kind of
heat-resistant steel which microstructure is tempered martensite, it has many
advantages such as high allowable stress, high persistent strength, high fatigue
strength, high ability of creep, high corrosion resistance and oxidation resistance
[2]. The maximum service temperature of F91 steel reaches to 650 °C. It has been
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widely used in high temperature and high pressure parts for the advantage of
excellent high temperature performance [3].

Figure 1 shows a forged steel brake valve produced by a company from
Nantong, the valve body and valve seat are made of F22 and F91 forging steel,
respectively. Because of the relative more concentration of alloying elements and
the relative bigger performance differences between these two steels, welding
defects such as cold and hot cracks often appear in the welding process of valve
body and valve seat. This experiment adopted the flux cored arc welding (FCAW)
for welding the F22 and F91 steel, did the mechanical properties such as tensile,
bending, impact and hardness test for welded joints, and also did the analysis of the
microstructure and fracture morphology of welding seam and heat affected zone.
We researched the influence from welding materials and weld heat input to joint
microstructures, mechanical properties and impact toughness of weld zone. The
results lay the foundation of dissimilar steel welding between F22 and F91 steel and
provide a fine technical support for the high pressure forged steel valves which used
for hydrogenation unit.

2 Experimental Materials and Methods

Experimental welding base metals are forging steel plates of F22 and F91 steel, the
thickness are 40 mm, supply status are tempered sorbite (Figs. 2 and 3); welding
materials are low alloy steel flux-cored wires E91T1-B3C with the diameter of
1.2 mm; Table 1 shows the chemical composition and mechanical properties of F22
steel, F91 steel and deposited metal of flux-cored wires E91T1-B3C.

The welding equipment is YD-350GR3 CO2 gas shielded welder produced by
Tangshan Panasonic industrial machinery co. Ltd.; the size of welding procedures
test plates is 350 mm (direction of weld bead) × 150 mm (direction of roll-
ing) × 40 mm, as shown in Fig. 4, the joint type is butt joint, the groove type is Y.
This experiment employed the multi-layer and multi-pass welding. Figure 5 shows
the specific welding sequence.

The Y-groove cracking sensitivity test was conducted according to GB/T4675.1
Method of Y-groove cracking test. The size of welding procedure test plates is
200 mm (direction of weld bead) × 75 mm (direction of rolling) × 8 mm (thickness).
The length of the test weld is 80 mm, the groove type is inclined Y, the foot height
is half of the thickness. The length of constraint welds on both sides is 60 mm, the
groove type is X and the foot height is half of the thickness. The constraint welds
(double sided welding) and the test weld were all welded by using solid wire
WH80-G. Table 2 shows the process parameters of Y-groove cracking test, without
heat treatment after welding. Dye penetrant inspection were used to inspect surface
cracks and root cracks after 48 h, mechanical processing and polishing corrosion
were used to inspect section cracks.

The experiments and inspections were conducted according to EN15614
Specification and qualification of welding procedures for metallic materials—
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Fig. 1 A forged steel brake
valve produced by a company
from Nantong, China

Fig. 2 Microstructures of the
base metal F22

Fig. 3 Microstructures of the
base metal F91
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Welding procedure test—Part 1: Arc and gas welding of steels and arc welding of
nickel and nickel alloys. Table 3 shows the content and species of our experiment.

The specimens were cut from the qualified parts according to EN15614 after
passing non-destructive testing.

The appearance inspections were done to specimens according to EN970.
The radiographic testing was conducted according to ASTM IX Qualification

Standard for Welding and Brazing Procedures, Welders, Brazers, and Welding and
Brazing Operators. The specimens were detected by using flaw detector
XCF-3005Q referring to EN1435. Agfa films were used; osmosis grade was A;
Tube voltage was 290 kV; the distance from specimen to film was 700 mm and the
exposure time is 7 min.

Fig. 4 The joint type and
groove type

Fig. 5 The welding sequence

Table 2 Welding parameters

Welding
layers

Welding
method

Filler metal Current Voltage
range (V)

Welding
speed
(mm/s)

Class Diameter Polar Current
(A)

Root FCAW E91T1-B3C Φ1.2 DCRP 160–
200

20–28 3.0–6.0

Filler FCAW E91T1-B3C Φ1.2 DCRP 180–
230

20–28 3.0–6.0

Cover FCAW E91T1-B3C Φ1.2 DCRP 180–
230

20–28 3.0–6.0
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Surface cracks detection was conducted according to ISO03452. HD-RS pene-
trant, HD-BX cleaner and HD-EV imaging agent were used in the experiment, the
penetration time should be greater than or equal to 10 min under the temperature
conditions between 10 and 50 °C. Observation should be done in 7–30 min later
after applying imaging agent.

Then producing metallographic specimens, the specimens size of base metal was
15 mm × 20 mm × 10 mm which were cut in 1/4 thickness of the 40 mm thick steel
plate and far away from the weld. The specimen size of welded joints was 20 mm
(perpendicular to the weld) × 20 mm × 40 mm, contained the areas of base metal,
heat affect zone and weld, weld was located in the center of the specimen. After
being grinded, polished and corroded by 4 % nital for 4 s, specimens were placed in
the field emission scanning electron microscope JSM-7001F for observing the
microstructure morphology. Impact toughness test was conducted by using pen-
dulum impact testing machine JBC-300B according to GB/T2650-2008, the spec-
imen size was 55 mm × 10 mm × 5 mm, the V-notch of weld impact specimen was
located in the center of weld, the V-notch of heat affected zone impact test specimen
was located in the heat affected zone (1.5 mm far from the surface of weld fusion
line), the gap plane was perpendicular to the surface of the specimen, the groove
depth was 2 mm, the test temperature was 20, 0, −20, and −40 °C respectively.
Cold bending test were conducted according to GB/T2653-2008 Bend test methods
on welded joints, surface bending and back bending test were conducted on
hydraulic universal testing machine WE-300A. Tension test at room temperature
was conducted according to GB/T2651-2008 Tension test method on welded joints,
the test plate size was 55 mm × 350 mm × 8 mm, the tensile fracture was observed
by using scanning electron microscope JSM-7001F, the SEM photos of fracture
morphology was photographed by using electronic scanner PHILIP-XL30.
Specimens after metallographic observation were selected for microhardness test;
the test was conducted according to GB/T2654-2008 Hardness test methods on
welded joints, the load and hold time was 0.5 N and 20 s, respectively. As shown in
Fig. 2 position 1 (2 mm distance from the upper surface), microhardness test was
conducted in every 0.3 mm from one side of the base metal through weld to the
other side; and then the same test was conducted in position 2 (2 mm distance from
the lower surface).

Table 3 The content and species of the experiment

Experimental
species

Appearance
inspection

Radiographic
testing

Surface
cracks
detection

Transverse
tensile

Transverse
bending

Experimental
content

100 % 100 % 100 % 2
specimens

4 specimens

Experimental
species

Impact test Hardness test Low multiples
metallographic test

High-expansion
metallographic
test

Experimental
content

2 groups 1 specimen 1 specimen Not required
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3 Experimental Results and Analysis

3.1 Appearance Inspection

Table 4 shows the results of specimen appearance inspection; defects of the quality
grade can permissible limits for class B according to EN25817. The height of weld
should be not less than the surface of base metal, weld and base metal should be
smooth transition. When the weld is lower than the base metal, the bearing
cross-sectional area will be reduced and the strength will be weakened. But when
the weld is much higher than the base metal, the cross-sectional mutation will easily
cause the stress concentration. Excess weld metal can in theory improve the bearing
ability of the weld cross-section, but it will cause the stress concentration and the
falling of fatigue life when the excess weld is too large. Practice has proved that
excess weld does not have much effect on strengthening the joint

Crack is the most harmful one of welding defects; it is caused by the local
fracture of materials. Bearing area is significantly reduced when cracks appear.
Sharp gap is formed in the crack tip and became the area of stress concentration; the
crack tip is easy to extend leading to destruction. Therefore, cracks must not be
allowed to exist in the boiler and pressure vessel.

The edges and corners of dregs are likely to lead to stress concentration; it will
become fatigue source under the cyclic loading. Dregs are mainly come from the
electrode coating and the flux slag. It is necessary but often being overlooked to
clean the dregs on the surface. When I worked for product inspection in a manu-
facturing enterprise, I found that an organic heat carrier furnace did not appear any
abnormal situation such as leakage in the beginning of the hydrostatic test. When
checked the fillet weld that connects the smoke tube and the boiler shell, it was found
that there were dregs on the weld surface, and then we asked workers to clear the
dregs. Works felt that there was fine water injected to hand in the clean process.
Water jet out could not be observed by naked eyes without any other inspection
tools. It was found that a very fine water beam jetted out and presented a faint light

Table 4 Appearance inspection results of welding specimen

Inspection items Excess weld
metal

Back excess
height

Weld
width

Crack Lack of
fusion

Lack of
penetration

Result 10459
specimens

8–1.5 mm No About
30 mm

No No No

10460
specimens

1.2–2 mm No About
30 mm

No No No

Inspection items Misalignment Undercut Tungsten
inclusion

Dregs Root
concavity

Overlap Back
concavity

Result 10459
specimens

No No No No No No No

10460
specimens

No No No No No No No
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by using a flashlight. It was obviously found the water leakage after cleaning up the
dregs. If the other defects were failed to check out caused by not completely clear
the exterior surface of the equipment, potential safety hazard will exist when the
equipment is put into operation, especially for the equipment which hold flammable
or toxic medium.

Porosity will also reduce the strength of welding structure. The main reason is
that the defects reduce the bearing sectional area of welding structure and cause
stress concentration in the edges of the defects. In the high stress concentration area,
the stress concentration may lead to craze in the edges of porosity and gradually
extend to cracks. The stress concentration will become more serious.

Undercut not only thinning the base metal, but also forming geometric discon-
tinuity between weld and base metal, forming stress concentration, making the
reduction of weld strength. It is often caused by large welding current however the
electrode moves too fast. Undercut can be polished to a smooth transition in order
to eliminate the stress concentration if the thickness of base metal could meet the
strength requirement.

For the pressure vessel, undercut must not be existed on weld surface of vessels
made of steel which standard tensile strength lower limit is greater than 540 MPa,
Cr–Mo low alloy steel, stainless steel and vessels which welding joint coefficient is
1. Undercut on weld surface of other vessels should not be longer than 0.5 mm;
continuous length should not be greater than 100 mm and the overall length on both
sides of the weld should not be exceed 10 % of the weld length.

For the steam boiler, undercut must not be existed in longitudinal seam, girth
seam and butt seam of the shell cover or tube sheet in the boiler shell, tank and
header. The depth of undercut in other welds should not be greater than 0.5 mm; the
overall length on both sides of the pipe weld should not be exceed 20 % of the pipe
perimeter and should no be greater than 40 mm.

3.2 Radiographic Testing

The inspection results of specimens 10459 and 10460 are grade 1. Therefore, they
can be received.

3.3 Surface Crack Detection

Mechanical property test and sampling method were conducted according to
ASTMA370-12 Standard Test Methods and Definitions for Mechanical Testing of
Steel Products.
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3.4 Tensile Test

The tensile test equipment is a computer screen explicit hydraulic universal testing
machine WEW-1000B; Fig. 6 shows the processing size of the specimen. Table 5
shows the tensile test parameters and results. Results are as follows: the tensile
strength of welded joint is more than 550 MPa, which satisfies the tensile strength
requirement of base metal F22. Tensile specimen fractured in the base metal F22
which strength was relatively lower.

3.5 Bending Test

Both bending test and tensile test devices are the same, Fig. 7 shows the processing
size of the specimen. Table 6 shows the results of 180° lateral bending test. The
results of 180° lateral bending test are qualified.

Fig. 6 The processing size of tensile test specimen

Table 5 The tensile test parameters and results

Tensile strength/N/mm2 The nature and location of destroy

10460-1 560 Base metal (F22)

10460-2 550 Base metal (F22)

Fig. 7 The processing size of bending test specimen
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The results of tensile test and bending test show that the strength of welded joint
is higher than base metal, the toughness of welded joint is much better and the
performance of weld is high.

3.6 Hardness Test

The hardness test equipment is a Vickers hardness tester HVS-50. Figure 8 shows
the measuring points distribution of hardness test; the scale of test force is HV10;
the results are shown in Table 7.

As shown in the above experiment, the average hardness of weld metal layer is
226.9HV. The average hardness of base metal F22 and HAZ are 231.8HV and
243.1HV, respectively. The average hardness of base metal F91 and HAZ are

Table 6 The results of 180° lateral bending test

Specimen no. Quantity Result Specimen no. Quantity Result

10460-3 1 Qualified 10460-5 1 Qualified

10460-4 1 Qualified 10460-6 1 Qualified

Fig. 8 The measuring points distribution of hardness test

Table 7 The results of hardness test

Base material Welding line HAZ

Measuring
points

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Hardness 237 228 234 243 238 234 228 238 228 253 242 251 263 268 266

Measuring
points

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Hardness 235 227 233 242 239 247 232 223 216 241 246 249 256 260 247

Measuring
points

31 32 33 34 35 36 37 38 39 40 41 42 43 44 45

Hardness 231 232 229 234 238 236 221 221 235 239 235 232 238 247 242
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239.0HV and 254.1HV, respectively. For the weld center, although the hardness is
overall decline, because of the further proliferation of element in both sides of the
weld, near weld area on both sides of base metal has a high hardness than the base
metal F22 and F91; it also ensures the strength of the weld area. It reaches an
agreement with the results of the tensile test and the bending test.

3.7 Impact Test

The impact test equipment is an ultra-low temperature automatic impact testing
machine JBD-300D, Fig. 9 shows the location and processing size of the specimen,
the impact position is the weld area of welded joint. Table 8 shows the impact test
parameters and results.

The results are as follows: the impact absorbing energy of welded joint reached
to 72.3 J when the specimen was impacted in 24 °C, much higher than the EU PED
standard 27 J; The impact absorbing energy of welded joint was 27.7 J in −15 °C,
satisfied the EU PED standard 27 J.

The results show that the toughness of weld joint can meet the requirement of the
EU PED standard.

Fig. 9 The location and processing size of the specimen
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4 Microstructure Analysis

The microstructures of the weld center, the fusion line by the side of F22 steel and
the fusion line by the side of F91 steel were observed by using digital metallo-
graphic microscope. The results are shown in Figs. 10, 11 and 12, the results meet
the requirement of NB/T47014, NB/T47015, NB/T47016-2011 Welding procedure
qualification for pressure equipment.

It can be seen that the microstructures of weld center are mainly acicular ferrite,
a tiny amount of spheroidal pearlite and divorced pearlite; grains are fine and evenly
distributed. The white substrate in the fusion line by the side of F22 steel is ferrite;
the small dot objects are all carbide, and the grain size is fine. The white substrate in
the fusion line by the side of F91 steel is ferrite; most of the pearlite is nodulized,
and the grain size is fine.

The above results show that the welding procedures is rational; the welding
parameters are suitable and the welding organization is preferable.

Table 8 The results of
impact test

Specimen no. Test temperature (°C) Impact value (J)

10460-1 24 79

10460-2 24 74

10460-3 24 64

10460-4 −15 28

10460-5 −15 28

10460-6 −15 27

Fig. 10 400× Aqueous
solution of ferric chloride (the
weld center)
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5 Conclusion

The welding procedures of dissimilar steel F22 and F91 has been applied in
products shown in Fig. 1; these products have been used in petrochemical enter-
prises of CHINA, AMERICA and SPAIN, etc. In the past two years, quality
problems such as early failure did not appear in welded joints; the weld quality is
reliable enough to adapt to the bad working environment of high pressure hydro-
genation valves.
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Enhanced Active Control of Metal
Transfer in GMAW

Jun Xiao, Shu-Jun Chen, Guang-Jun Zhang and Yu-Ming Zhang

Abstract An optimized current waveform is proposed in this study to first excite
enhanced droplet oscillation and then utilize it to enhance the droplet detachment.
The excitation is intentionally generated by reducing the current from a peak level,
referred to as the exciting peak, to the base level. Another peak level, referred to as
the detaching peak, is then applied after a time interval called the detaching phase
delay to synchronize the detaching action with the beneficial droplet momentum as
a phase match such that the droplet detachment is enhanced by the beneficial
momentum. The active metal transfer control utilizing the enhanced droplet oscil-
lation, referred to as the enhanced active metal transfer control, is further system-
atically studied in this paper. Experimental research shows that the minimum
detaching peak current in the enhanced active metal transfer control is not only
remarkably lower than the spray transition current, but also significantly lower than
that of the original active control process.

1 Introduction

Pulsed gas metal arc welding (GMAW-P) produces drop spray transfer at a wide
range of average current lower than the spray transition current by applying a
pulsed current waveform [1, 2], however, the peak current still must be higher than
the spray transition current [3–5]. The active metal transfer control by utilizing an

J. Xiao � S.-J. Chen (&)
The Welding Research Institute, Beijing University of Technology, Beijing, China
e-mail: sjchen@bjut.edu.cn

G.-J. Zhang
The State Key Lab of Advanced Welding and Joining, Harbin Institute of Technology,
Harbin, China

Y.-M. Zhang
The Institute for Sustainable Manufacturing and Department of Electrical and Computer
Engineering, University of Kentucky, Lexington, KY, USA

© Springer International Publishing Switzerland 2015
T.-J. Tarn et al. (eds.), Robotic Welding, Intelligence and Automation,
Advances in Intelligent Systems and Computing 363,
DOI 10.1007/978-3-319-18997-0_44

517



excited droplet oscillation is an innovative method to achieve robust drop spray
transfer in GMAW-P with reduced peak current lower than the spray transition
current [6, 7]. As an evolution to the original active control, an optimized current
waveform was proposed to achieve stronger droplet oscillation at lower currents
[8]. As shown in Fig. 1a, the droplet grows during the growing period, and gets
elongated during the exciting pulse. At the falling edge of the exciting pulse the
droplet springs back to the wire tip and starts to oscillate. It is the droplet downward
momentum that can be synchronized with a detaching peak to enhance the droplet
detachment, thereby, the detaching peak current can be reduced to be lower than the
spray transition current. The synchronization between the droplet downward motion
and detaching pulse, referred to as the phase match, is prerequisite for effective
utilization of the beneficial droplet momentum. The active metal transfer utilizing
such enhanced droplet oscillation is studied in this paper to reveal its advantage in
reducing the detaching peak current.

2 Approach

Two current waveforms are used to conduct the experiments: (1) the one shown in
Fig. 1a, denoted as Wave1; (2) the one inheriting from Wave1 by inserting a
relatively low detaching pulse with a detaching phase delay, denoted as Wave2 and
as shown in Fig. 1b. Wave1 allows fully observation of the enhanced droplet
oscillation to measure key variables such as the optimal detaching phase delay and
the oscillation frequency. For Wave2, it will be used to conduct the resultant
enhanced active metal transfer control experiments. In all the experiments below,
the following parameters are fixed: Ig = 80 A, Tg = 20 ms; Ib = 30 A, Tp1 = 2 ms,
Ifd = 175 A, Tfd = 5 ms. Thus the initial droplet diameter before the exciting pulse
in all the experiments is controlled to be 1.2 mm approximately. The following
terminologies are defined: (1) The moment when the excited droplet reaches its

Fig. 1 Waveform for enhanced droplet oscillation and detachment a for enhanced oscillation b for
active metal transfer control
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maximum elongation is referred to as the elongation peak moment; (2) The moment
when the droplet changes its moving direction from upward (toward the wire) into
downward (away from the wire) is referred to as the oscillation reversing moment;
(3) The time interval between the end of the exciting pulse and the start of the
detaching pulse is referred to as the detaching phase delay, denoted as Tp2, which
determines the phase match. Further, if the detaching pulse starts exactly at the
reversing moment, the resultant detaching phase delay is referred to as the optimal
detaching phase delay, denoted as T�

p2, and the oscillation can be fully utilized.

3 Experimental Setup

Figure 2 shows the experimental system including the welding cell, data acquisition
system, high-speed camera and the controllers. The power source works in constant
current mode. The arc length is controlled to be stable by regulating the wire feed
speed based on arc voltage feedback. An embedded controller is designed to
compute the current output waveform and adjust the wire feed speed. The data
acquisition system and high-speed camera are triggered by the same 5 V TTL
signal, thus the recording of the actual current waveform and metal transfer are
synchronized. The recording frequency is set at 5000 Hz. All the welding experi-
ments are conducted as bead-on-plate welding with 3 mm/s travel speed and
15 L/min pure argon shielding gas. The base metal is mild steel; the wire is
ER70S-6 with 0.8 mm diameter; and the distance from the contact tip to the
workpiece is set at 12 mm. If not otherwise specified, the arc length in the
experiments is approximately 6 mm.

Fig. 2 Sketch of experimental system
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4 Effect of Exciting Parameters

Experiments 1–12 using Wave1 are conducted to study the effect of the exciting
parameters on the optimal detaching phase delay. A complete metal transfer cycle
being studied here includes four sub-stages: droplet growing, exciting, oscillating
and forced detaching. The varying parameters are listed in Table 1.

It can be seen from Fig. 3 that T�
p2 increases with Ie. Because the initial droplet

mass at the exciting end moment slightly increases with the exciting peak current.
However, with the same Ie, the T�

p2 decreases when Te from 2 to 4 ms, even though
the initial droplet mass under a longer exciting peak duration is slightly greater.
That is caused by the phase offset between the exciting end moment and elongation

Table 1 Exciting parameters
in experiments 1–12

No. Ie (A) Te (ms)

1 140 4

2 140 3

3 140 2

4 120 4

5 120 3

6 120 2

7 100 4

8 100 3

9 100 2

10 80 4

11 80 3

12 80 2

Fig. 3 T�
p2 measured from

experiment 1–12
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peak moment, which means the initial phase of the oscillation is significantly
affected by the exciting peak duration. Also the three lines in Fig. 3 are approxi-
mately parallel, indicating that the phase offset is mainly determined by the exciting
peak duration but almost independent to the exciting peak current. Figure 4 shows
that the standard deviations of T�

p2 in experiments 1–12 are all sufficiently small.
The maximum standard deviation is only approximately 0.1 ms. Such a low fluc-
tuating level suggests sufficient robustness of T�

p2 under given current waveform
parameters.

5 Minimization of Detaching Peak Current

The minimization study will be conducted by experiments using Wave2 with
optimal detaching phase delays obtained from experiment 1–12. For each used
exciting peak current (Te fixed at 3 ms), the metal transfer under different detaching
current and duration are analyzed, and thus the minimum detaching peak currents
under different exciting parameters are determined and shown in Fig. 5. The typical
metal transfer in the enhanced active metal transfer control is shown in Figs. 6 and 7.
It can be seen from frame 2–4 of these two figures, the droplets are effectively
elongated by the exciting pulses, and the detaching pulses are then applied right after
the droplets start to move away from the wire tips; therefore the oscillation is fully
utilized and the droplets are detached at low currents.

It can be seen from Fig. 5 that the minimum detaching current 120 in the
enhanced active metal transfer is significantly lower than the transition current
165 A. For only 4 ms detaching peak duration, the detaching peak current needed in
conventional GMAW-P (single pulse) to detach droplets at the same size increases

Fig. 4 Standard deviation of
T�
p2 in experiment 1–12
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to over 180 A; however, in the enhanced active control, it is only 125 A. In the
original active control process, the minimum detaching peak current is determined
to be 145 A. It also can be seen from Fig. 5 that the minimum detaching current in
the enhanced active metal transfer control decreases as the exciting peak current
increases. However, such decrease becomes less significant as the exciting peak
current increases and eventually stops. The selection of the exciting peak current
should be based on the resultant reduction in the minimum detaching peak current
such that the greater of the exciting peak current and corresponding minimum
detaching current be minimal.

Fig. 6 Droplet oscillation and detachment in enhanced active metal transfer control. Ie = 120 A,
Te = 3 ms, Id = 120 A, Td = 6 ms, 1 ms per frame

Fig. 5 Minimum detaching current under different exciting peak current
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6 Conclusion

Active metal transfer control utilizing the enhanced droplet oscillation is system-
atically studied in this paper. The effect of the exciting parameters on the optimal
detaching phase delay is examined. A series experiments have been conducted to
determine the lower limit of the detaching current using the optimal detaching
phase delays. The main conclusions are summarized below:

1. Given other waveform parameters, the optimal detaching phase delay decreases
as the exciting peak duration increases because the initial phase of the excited
oscillation changes with the exciting peak duration.

2. The minimum detaching current to achieve stable drop spray transfer in the
enhanced active metal transfer is determined to be significantly lower than that
in conventional GMAW-P. The advantage of the enhanced active metal transfer
control is thus clearly confirmed.
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Research on Reconstruction of Weld Pool
Surface Based on Shape from Shading
During Robot Aluminum Alloy Pulse
GTAW

Jiyong Zhong, Chengdong Yang, Yanling Xu, Huabin Chen
and Shanben Chen

Abstract In the interest of controlling the weld bead formation quality during
robot aluminum alloy gas tungsten arc welding (GTAW) process, it’s necessary to
monitor the shape and surface height information of the weld pool in real-time,
which can indicate the penetration and formation. This paper presents an algorithm
of shape from shading (SFS) based on single image for weld pool surface recon-
struction. Two classic SFS algorithms are analyzed with the results of reconstruc-
tion from the synthetic half sphere image. Based on the Zheng and Chellapa
algorithm, this paper proposes some measures for the improvement, such as
smoothing process, strengthening the boundary constraints, using the known
characteristics of the object surface and weighting error functions. And the
improved algorithm is used to reconstruct the aluminum alloy weld pool surface
during the robot pulse GTAW process. The result shows that the algorithm can
successfully reconstruct the weld pool surface with effectiveness and accuracy and
the computation of the surface height can be applied in real-time.

1 Introduction

In practical welding, deformation, variable heat radiation, variable gap and mismatch
often influence the formation of weld bead. Human welders adjust the welding
parameters to ensure the weld quality with their eyes to be the delicate visual sensors.
Robots with only teaching and playback function or welding equipments with constant
parameter configuration are unable to overcome these disturbances and changes
encountered in mass production, so it has been difficult to meet the high welding
quality requirements. Especially in the time of pursuit of high quality and efficiency,
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welding automation and intelligent has become the trend, so the requirement of real
time control of weld is very urgent [1]. Therefore development of sensory technology
of dynamic weld pool characteristics acquisition and intelligent control has been a
hotspot and difficulty in welding research [2–5].

For sheet weld formation control, welding process sensing mainly refers to the
detection of the controlled parameter, which is always backside width of the weld
bead. In practical welding, it’s always unreachable for the backside monitoring, so
people often detect the weld pool front characteristics information to indirectly
reflect backside width of the weld bead. Visual sensor uses CCD devices to acquire
the welding process images in the wave rang of visible light. The sensor system
does not contact with welding loop, and do the monitoring job without affecting the
welding process, and can provide a wealth of information, such as the type of the
joint, the weld pool shape, arc shape etc. According to the imaging light source
whether the auxiliary light source or self light source of the welding region, direct
visual sensor system can be divided into active and passive two categories [6].
Based on the image characteristics information acquired by visual sensing system,
visual monitoring system can be divided into two-dimensional and three-
dimensional two methods. With respect to the 2D information, the 3D informa-
tion of weld pool has more advantage in revealing weld pool surface shape and
weld formation. As everyone knows, weld pool surface fallen height and weld
reinforcement can better reflect the appearance of backside weld bead.

Seinivasan et al. [7] designed a 3D visual sensor of structure light to detect the
sinking height of the weld pool surface. The point light source produced by laser
generator turns into a line light source through a cylindrical lens, and illustrate
upper the groove to form laser stripe corresponding to the shape of the groove with
intersection with workpiece. The stripe image is processed by computer to calculate
the position of the center of groove, groove width and deformation of the stripe.
This way easily affected by welding arc light and the detection is located in the pool
rear solidified, which will bring a certain lag for penetration control.

In order to obtain 3D information of weld pool surface, Kovacevic et al. [8],
Kovacevic and Zhang [9] designed a suit of weld pool visual detection system,
which is consist of strong pulse laser grid multi structure light strip and high-speed
electronic shutter camera. The electronic shutter of camera synchronizes the laser
pulse frequency. In the laser pulse duration, the laser energy density is far stronger
than the arc energy density, and all intensity of laser is far stronger than the arc
intensity, which can effectively restrain the arc interference and help to get clear
reflectance image of weld pool surface. Then the height of weld pool surface can be
calculated out. However the detection system has complicated structure that is often
not suitable to some certain welding condition.

Zhao et al. [3] researched the visual sensor for low carbon steel pulse GTAW.
He first used the way of shape from shading in 3D computer vision to obtain weld
pool surface height information. With deep analysis of the characteristics of low
carbon steel butt welding, he put forward the general reflectance map model mat-
ched actual imaging conditions and a basic algorithm for solving equation. Due to
characteristics of the actual weld pool image, surface smooth constraints, boundary
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conditions and the gray weighted adjustment are introduced to acquire 3D infor-
mation of weld pool surface based on single weld pool image. Li et al. [10] obtained
the aluminum alloy weld pool surface height information based on SFS. However
the calculation time is too long to apply on the real-time information acquirement in
welding process.

Hence the present work attempts to develop the algorithm of SFS for the
acquirement of weld pool surface height in aluminum alloy pulse GTAW process.
The algorithm will have enough effectiveness and accuracy to be applied to the
real-time information acquirement in welding process.

2 Experiment System

2.1 Experimental Apparatus

The robot pulse GTAW system is nonlinear, multivariable and suffers the external
disturbance. Hence, the control system must have high reliability and respond
quickly. And to achieve automation of the process we need to develop the sensors
and control technologies. The system for sensing and controlling the weld bead is
shown in Fig. 1.

The experimental apparatus consists of five parts: the computer, the interface
circuit box, the robotic system, the weld power supply, and the vision sensor. The
computer for main control is equipped with a DH-CG400 image acquisition card

Fig. 1 System architecture of robot GTAW
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and a 4-CH 12-bit multi-function PCI Express DAQ card, which is respectively
applied to obtain the images and data samples and to run the program. The interface
circuit box was designed to keep the robot encoder and the computer from the high
frequency interference and intense current. The robotic system consists of a six
degree of freedom robot, a robot controller and a two axis manipulator. A dual
inverter arc welding power source which is OTC AVP500 and a CM-271 wire
feeder make up the weld power supply. The vision sensor which is shown in Fig. 2
includes a CCD camera and some optical filters.

2.2 Capturing the Weld Pool Image in Real-Time

In robotic welding automation, obtaining a clear weld pool image is the most
important prerequisite for the control of the weld process. It will directly affect the
weld formation quality and control precision in follow-up welding process. In this
paper, a clear weld pool image will be helpful to reconstruct the weld pool surface
and to get the precise reinforcement of weld seam. The main issue of using the
passive visual sensor needed to be solved is to reduce the influence of arc light so
that to get the details of the weld pool. Xu et al. [11] detected the distribution of arc
spectrum for aluminum alloy during pulse GTAW. And He tested out the spectrum
of wave pass of filter and dimmer glasses. That research helps this paper to choose
the right filter and dimmer glasses with proper peak transmittance and center
wavelength. Different combination of the filter and dimmer glasses can get images
with different quality. Figure 3a is the image of weld pool with only two pieces of
dimmers. The dimmers can reduce most of the arc light and the pool radiation. The
pool radiation is much weaker than the arc light, consequently when the arc light is
reduced successfully the clarity of the pool will be sacrificed, which adds the dif-
ficulty of acquiring the details of the pool. Figure 3b is the image of weld pool with

Fig. 2 The vision sensor device. a The actual sensor; b the sensor structure
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only two pieces of filter glasses. The filter glasses only allow the arc light with
wavelength at about 660 ± 10 nm get through. Without the attenuation of dimmers
the arc light is still too dazzling. With the combination of one piece of filter glass and
dimmer glass this paper get the clear image of weld pool which is shown at Fig. 3c.

Figure 4 is the waveform of the pulse alternating current for the aluminum
GTAW in one pulse, which contains base current and peak current. During the
welding process, the peak current causes the arc light much stronger than the
current at the base value. Even if images obtained at a different time of the base
current get differences.

As can be seen from Fig. 5a, the image got at peak current shows that the arc is
so strong that the weld puddle is covered by the brightness. As the base current is
much smaller than the peak current, the arc was stable and weak enough for the
clear images. When the current alternates from peak to base, the arc is not stable.
It’s better to delay enough time to capture an image so that to avoid to get a dim
image, which is shown at Fig. 5b. But too much time to delay will affect the
efficiency of image processing. After a lot of experiments, this paper finds out that
50 ms delay after the alternation is the best time to capture the image. So the right
way to get clear images of weld pool during robotic pulse GTAW process is to use a
composite filter-dimmer with two dimmer glasses and one narrow-band filter, and
to capture images 50 ms delay after the alternation which alternates the current from
peak to base.

Fig. 3 The images of weld pool with different filters, a with dimmer glasses; b with filter glasses;
c with filter-dimmer glasses

Fig. 4 The welding current
of one pulse
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3 Establishment of Pool Surface Illumination Model
Based on SFS

Shape from shading (SFS) is one of the key technologies in computer vision
three-dimensional shape recovery. Its mission is to recover the parameters of the
surface points’ relative height and the normal surface direction from a gradual
variation of shading in the single image. In computer vision, SFS realization
consists of two processes. First, describe the brightness of the image as a geo-
metrical function of the actual object’s surface, which is the imaging model of the
actual object’s surface. Then, reconstruct the surface at a given imaging model.
Thus the accuracy of SFS will depend on the appropriate imaging model that is able
to determinate the relationship between surface shape and brightness, and a good
numerical algorithm which can reconstruct the surface shape from a given image.

Actually, the brightness of the image surface points will be affected by many
factors, such as the light source, the surface material properties and shape, the
position and other parameters of the camera. To solve the problem quickly and
precisely, SFS conventional methods carry out the following assumptions. (1) The
light source is a point source at infinity. (2) Lambertian Surface Model for the
reflection model. (3) The imaging geometrical relationship is orthogonal projection.
Then the surface point’s brightness E is affected only by the cosine of the source
incidence angle θi, where E ¼ cos hi. In terms of the camera coordinate system as
the reference, the height of the surface is expressed as z = z(x, y). The surface
normal direction can be indicated by each point’s surface normal vector n = (n1, n2,
n3) and the surface gradient (p, q), or surface slant angle γ and tilt angle τ.

Model can be expressed as

Eðx; yÞ ¼ ð1þ pps þ qqsÞ
ð1þ p2 þ q2Þ1=2ð1þ p2s þ q2s Þ1=2

¼ Rðp; qÞ ð1Þ

where (−ps, −qs, 1) represents direction of light source, E(x, y) is normalized value
of image brightness, and R(p, q) is the reflection function.

Fig. 5 The images taken at different time, a at peak current; b 10 ms delay at base current; c 50 ms
delay at base current
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Generally, the SFS problem determined only by that model is pathological. So to
eliminate the morbid and to establish appropriate regularization model, there must
be restrictions upon the surface shape. According to the different ways to establish
regularization model, the existing SFS algorithms can be divided into a minimum
value method, evolution method, local analytical method and linearization method.
Because of the request of harsh conditions, the last three methods are not suitable
for the reconstruction of welding pool image. Therefore, this paper will focus on
analysis and research of the minimum value method.

3.1 Weld Pool Surface Illumination Model

Equation 1 gives the general illumination model. However, combined with the weld
pool image sensing characteristics of the experiment system, the general illumi-
nation can be simplified further. The actual weld pool image sensing has the fol-
lowing characteristics

1. As can be seen from Fig. 5c, arc shrinks to a spherical and can be assumed as a
point light source with the same intensity in all directions.

2. The effect of distance from the light source to the weld pool surface on image
brightness can be neglected because of these reasons, small area of the weld
pool surface, small differences of every surface point distance from the arc,
strong arc light.

3. In the sensing system, the relative position between CCD, arc and weld pool is
fixed. Then in the equation, vectors i, v, h are the functions of the weld pool
surface vector n.

Then the weld pool surface illumination model is

E ¼ Rðp; qÞ ¼ RðnÞ

¼ gðvTnzÞ4ðbdðiTnÞ þ bs
expf�k½cos�1ðhTnÞ�2g

ðiT nÞðvTnÞ Þ þ b; ðiTnÞ� 0

0; otherwise

(
ð2Þ

where n ¼ ð�p;�q; 1Þ, g ¼ g I0
r2 is the illumination coefficient, which is relevant

with the light source intensity and the gain of CCD.

3.2 Improved Algorithm

This paper takes the following measures in the process of the solution based on
Zheng and Chellapa algorithm.
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1. Smoothing process
Before calculation, smoothing process is used on the input image (only for the
actual image). The smoothing process is to filter and remove the influence of
high frequency noise on the solving process.

2. Strengthen the boundary constraint
Before the reconstruction, extract the edge of the object in the image, with a
dark background for the region beyond the boundaries (set the gray value as
zero).

3. Using the known characteristics of object surface
In SFS algorithm, if the known characteristics conditions of object surface are
substituted in the process of calculation, the accuracy of calculation results can
be improved well. The known characteristics of object surface contains the
absolute height of some characteristic points (maxima, minima) on the surface,
edge height, self shading boundary or shading boundary position, or some
geometric characteristics of surface, such as central symmetry, bilateral sym-
metry and contour distribution, and so on. All of them can be used as constraints
in the process of solution.

4. Weight error function
Define error cost function the overall brightness error. Seen from the surface
height calculation results of single image, when the normal direction is similar
with the light source direction, the height calculation gets biggest error, which is
caused by the local height nonlinearity of the reflectance map equation. At the
same time, the image gray value corresponding to the surface is the maximum,
so we can introduce the brightness weighted factors to adjust the proportion of
the error in whole brightness. The weighted factor is introduced into the
brightness error cost function

E1 ¼ WðIÞ � ½Iðx; yÞ � Rðp; qÞ�2 ð3Þ
As the reflectance map equation corresponding to the surface with big gray value

has strong nonlinearity, we need weaken its action in the error cost function. When
the gray value is less than 150, the weighted factor is set the maximum 1.0. That is
because in the way of shape from shading, the pixels with lower gray value contain
accurate and rich information of surface height. The gray value weighted factor is
described as follows.

WðIÞ ¼ e�ðI�150Þ2=5000; I� 150
1:0; otherwise

�
ð4Þ

The above brightness error weighted factor W is introduced to the Zheng and
Chellapa functional expression Eq. (2) to get following equation
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RR
Fðp; q; ZÞdxdy

F ¼ W ½Iðx; yÞ � Rðp; qÞ�2

þ ½Ixðx; yÞ � Rpðp; qÞpx � Rqðp; qÞqx�2

þ ½Iyðx; yÞ � Rpðp; qÞpy � Rqðp; qÞqy�2

þ l½ðp� ZxÞ2 þ ðq� ZyÞ2�

ð5Þ

where,

R(p, q) image illumination equation
(p, q) gradient of the surface to be calculated
I(x, y) gray value of the surface
[I(x, y) − R(p, q)]2 brightness error
½Ixðx; yÞ � Rpðp; qÞpx � Rqðp; qÞqx�2

þ ½Iyðx; yÞ � Rpðp; qÞpy � Rqðp; qÞqy�2
gradient error

½ðp� ZxÞ2 þ ðq� ZyÞ2� integrability constraint

W Weighted factor of brightness error
μ integrability factor

Compared to Horn algorithm, this constraint has the advantages of avoiding that
smooth constraint makes the surface too smooth and difficult to adjust the smooth
factor.

To solve the solution, specific calculation steps are as follows.

Step 1. Initialize imaging model parameters (τ, γ).
Step 2. Standardize the input image, generate images with different resolutions.

The minimum size of image is 32 * 32 pixels, and (p0, q0, z0) = 0.
Step 3. Update (p, q, z).

Condition judgment: if the solution is stable or the number of iterations
reaches the maximum number which is set before, then go on to Step 4, or
continue Step 3.

Step 4. Enlarge image size, and use the last results to get the initial value of last
layer by interpolation, and obtain the image with this layer resolution.
Then turn to Step 3, until calculate to the layer with highest resolution.

Firstly initialize imaging model parameters. Then standardize the input image to
keep the gray value of image in the range of 0–1, and generate images with different
resolutions. The image with lowest resolution is first calculated, and (p0, q0, z0) is
initialized as zero. Solve equations to get the solution of this layer. Enlarge image
size, and use the last results to get the initial value of last layer by interpolation, and
obtain the image with this layer resolution. Continue the calculation till the layer
with highest resolution. In the iterative computation of the lowest resolution layer
introduce into the absolute height, edge height, self shading boundary or shielding
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boundary position of some typical points (maxima, minima), or some surface
geometry feature, such as center symmetry, bilateral symmetry and contour dis-
tribution etc., which are the prior knowledge of the object surface to guide the
solving process.

The iterative computation process under every kind of resolution is shown in
Fig. 6. In the figure, Nmax is the biggest iteration number, which is set as 300 in
this paper. (dP, dQ, dZ) is the increment sum of every pixel (p, q, z) of the image in
this iteration. And (dP1, dQ1, dZ1) is the increment sum of every pixel (p, q, z) of
the image of last iteration. As the weighted coefficient μ is fixed to be 1 in this
paper.

In order to verify the effectiveness of the improved algorithm, this paper uses the
synthesized image as input image, and sets the light source direction as (135°,
−135°). Figure 7a is the reconstruction of the synthesized half sphere calculated by
the improved algorithm. Figure 7 shows that the improved algorithm calculation
has a good closeness to the real solution. And the improved algorithm improves the
smoothness of Zheng and Chellapa algorithm. In order to further verity the accuracy
of this algorithm, this paper cuts the synthesized and reconstructed half sphere
along with the direction of light source to get a group of points, and compare the
height of those points. As is shown in Fig. 7b, the height errors of those points are
very small, and the mean error is about 0.0723. The results indicate that the

Start

Initialize: Nmax,

Initialize (dP,dQ,dZ) as 0

Compute (p,q,z), (dP,dQ,dZ)

?N>Nmax or
|dP-dP1|,|dQ-dQ1|,
|dZ-dZ1|<0.00001

(dP1,dQ1,dZ1) =
(dP,dQ,dZ)

End

N

Y

µ

Fig. 6 Flowchart of the
iteration computation process
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improved algorithm can well reconstruct the object surface and has good accuracy.
So this paper will use this algorithm to reconstruct the surface of weld pool in the
welding process.

4 Reconstruction of Weld Pool Surface from a Single Image

According to the weld pool surface imaging illumination equation, 3D recon-
struction of pool image is calculated based on the above improved algorithm, and
then the weld pool surface height is extracted. Three dimensional reconstruction of
the weld pool surface process is as follows.

Fig. 7 Calculation result of the improved algorithm. a Reconstructed height map by the improved
algorithm; b height compare along with the direction of light source
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1. Initialize the imaging illumination model parameters (g; b; k; qs; qd ; ns; nc; nZ).
2. Preprocess the weld pool image, including noise reduction, image enhancement,

wire stain clearance and segmentation of the pool target.
3. Standardize the input image. That is normalizing the image data.
4. SFS calculation. Introduce into the known characteristics of the weld pool

surface during the calculation. (a) Incident light direction vector is (0, 0, 1).
(b) The workpiece surface height is 0. (c) The contour of the weld pool surface
along the welding direction is approximately symmetrical.

5. Coordinate conversion. The coordinate of the object calculated from the above
steps of SFS is the camera coordinate. In order to facilitate the extraction of the
weld pool surface height, the coordinate needs to be conversed to the workpiece
coordinate. Set the camera coordinate system and the workpiece coordinate
system respectively as O-XYZ and o-xyz. The workpiece coordinate system take
the weld pool center (the point on the workpiece surface right below the
tungsten pole) as the origin, the welding direction as X axis, the direction
perpendicular to the surface of the workpiece as Z axis. Then the conversion
relationship between the two coordinate systems is

X; Y ; Z; 1ð Þ ¼ x; y; z; 1ð ÞTM ð6Þ

where, T and M respectively is shift transformation matrix and rotation
transformation matrix.

T ¼
1 0 0 0
0 1 0 0
0 0 1 0

�xT �yT �zT 1

0
BB@

1
CCA ð7Þ

M ¼
cosu cosw� cosu cosw cos h � cosu cosw� cosu cosw cos h sinw sin h 0
sinu sinwþ sinu cosw cos h � sinu sinwþ cosu cosw cos h � cosw sin h 0

sinu sin h cosu sin h cos h 0
0 0 0 1

0
BB@

1
CCA
ð8Þ

where, θ, ψ and φ are the Euler angles between axes of the two coordinate
systems (nutation angle, precession angle and rotation angle).

6. Output the results.

Figure 8 shows the weld pool image, the surface reconstruction results calculated
by the improved SFS algorithm, the heights along x-axis and y-axis going through
the pool centre of the reconstructed surface. The calculation reconstructed the weld
pool surface correctly and got the height information precisely. Total calculation
process cost less than 84 ms and that indicated the SFS reconstruction can meet the
requirements of the real-time processing during welding process.
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5 Conclusions

In this paper an algorithm of shape from shading based on single image is pre-
sented. This paper proposes some measures to improve the algorithm, such as
smoothing process, strengthening the boundary constraints, using the known

Fig. 8 SFS calculation results of the weld pool surface. a The input image; b 3D reconstructed
surface; c the heights along x-axis going through the centre of the reconstructed surface; d the
heights along y-axis going through the centre of the reconstructed surface
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characteristics of the object surface and weighting error functions. This algorithm
successfully reconstructs the aluminum alloy pulse GTAW weld pool surface based
on the pool image and calculates out the height of the weld pool surface. The
computation results indicate that this algorithm has good effectiveness and accu-
racy, and lays the foundation for the real-time control of three-dimensional weld
pool information in welding process.
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Part IV
Intelligent Control and Its Applications

in Engineering



The Development of a Low Cost
Autonomous Robotic Arc Welding System

Mitchell Dinham and Gu Fang

Abstract A significant challenge for robotic welding to be widely adopted is the
time taken to program robot paths for new parts. While computer vision can be used
to detect and locate weld joints, due to the large number of possible joint config-
urations, work piece materials and environmental impacts such as lighting condi-
tions, autonomous weld joint detection and localisation remains a significant
challenge. This paper introduces an autonomous robotic arc welding system that is
capable of detecting realistic weld joints and calculating their position in the robot
workspace with minimal human interaction. The proposed method is capable of
detecting and localising butt and fillet weld joints regardless of base material,
surface finish or imperfections. The welding results show that the proposed method
is capable of producing high quality weld paths suitable for industrial applications.

1 Introduction

At present, robotic welders are generally programmed by human operators using
teach and playback methods. It can take considerable amounts of time to program
and commission new jobs. This makes robotic welding unsuitable for low to
medium volume manufacturing, as it is often quicker to weld the parts manually.
Furthermore, teach and playback programming requires highly repeatable parts
with tight tolerances and expensive tooling to hold them in place. This can be
justified in mass production; however the expense of designing new jigs and tooling
as well as the costs associated with the lost production time for reprogramming
makes the investment in robotic welding unjustifiable for low to medium volume
production runs in small to medium size enterprises (SME’s).
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To make the benefits of robotic welding a viable option for these applications, it
must become more flexible. The systems should be quickly and easily adapted to
new parts. To achieve this, the system would be required to automatically recognise
the weld joints and accurately locate their positions in the robot’s workspace.
Computer vision systems can be used to detect the weld joints and provide a path to
the robot to weld them automatically. The autonomous system must also be ver-
satile and robust to cope with the varying environmental and operational conditions
of welding workshops. For a computer vision system these environmental effects
can include poor lighting conditions and imperfect work pieces that may be covered
in rust, mill scale and scratches. The system would also have to be versatile to cope
with a variety of joint configurations, surface finishes and base material such as
paint, steel and aluminium which will affect contrast of the weld joint and increase
or decrease the effects of reflections.

Since 2008, the University of Western Sydney and Lincoln Electric Australia
have undertaken extensive research with the goal of developing an autonomous
robotic arc welding system. The aim of the project was to develop new computer
vision methods for the reliable and accurate detection and localisation of butt and
fillet weld joints in an industrial welding environment. These methods were verified
through experimentation on an industrial robot in a typical workshop environment.
This paper summarises the key research breakthroughs and publications of the
project [1–3]. This paper is organised as follows: Sect. 2 presents related work in
the area of vision based seam identification and localisation. Section 3 details the
methodology used to develop the autonomous robot arc welding system with the
experimental results given in Sect. 4. The conclusions are then given in Sect. 5.

2 Related Work

There are currently no commercial weld joint detection methods capable of iden-
tifying weld joints without human operator involvement. In industry, current state
of the art implementations of flexible robotic welding include vision systems such
as the Fanuc’s iR Vision [4] and ServoRobot [5]. These are simple “look” and
“shift” solutions. They are used to identify a pre-taught weld joint and then “shift”
the manually pre-programmed path to accommodate any offsets in position. Offline
simulation programs such as the Fanuc’s WeldPro [6] and ABB’s robot studio [7]
can reduce setup time, however they still require significant human operator
interaction and the programs taught in a virtual world will inevitably need to be
“touched-up” when applied in the real world due to physical differences between
the CAD model and the physical system layout.

Much of the research for weld joint detection has focused on Gas Tungsten Arc
Welding (GTAW) of aluminium for butt weld joints [8–10]. From a computer
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vision stand point, the high contrast between the bright aluminium work pieces and
a dark background simplifies binary image segmentation. By comparison, there has
been limited work published on the detection of weld joints for Gas Metal Arc
Welding (GMAW) of ferrous materials. The detection of weld joints for steel work
pieces present unique challenges for computer vision. In a welding environment
almost everything is made of steel including the work bench. This makes image
segmentation more difficult for GMAW than GTAW as the work piece and the
bench may be similar shades of grey. Furthermore, unlike butt-weld joints, fillet
welds provide increased complexity. The thinner weld joint gaps and low contrast
between the steel work pieces can make joint detection difficult. An example of the
types of weld joints featured in literature are shown in Fig. 1a with a comparison to
the fillet weld joints our system aimed to solve shown in Fig. 1b.

If the welding joint can be found in the image plane, the 2D pixel co-ordinates
can be transformed into 3D real world co-ordinates for robot path planning using
triangulation via stereo vision. To perform triangulation it is required to find the
same point in two or more images. Finding two or more matching points requires a
process known as image matching. Weld joints do not contain unique feature points
and can be considered as a repetitive texture. Similar to weld joint detection, stereo
matching cannot be reliably solved with traditional methods due to the nature of the
welding environment.

In general image processing technology has been developed for many years with
many algorithms available for particular applications. However these applications
are specific to a certain problem in image processing [11]. For welding, image
processing is difficult and requires the development of specialised algorithms. To
date there is no method that is capable of solving the requirements for autonomous
robotic welding.

Fig. 1 a Weld Joint in [10] and b the fillet weld joint used in the proposed method
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3 Methodology

3.1 System Description

The autonomous robotic arc welding system described in this paper uses an
eye-in-hand stereo vision system. An eye-in-hand stereo vision system allows the
cameras to be manoeuvred using the robot to get an unobstructed view of the weld
joint. Their compact size also allows for better access to a wider range of welding
positions. Although stereo vision can be achieved using a single moving camera,
dual cameras allow for efficient image capture of the weld joint as the robot does
not have to be moved multiple times. The calibration of the robot, and eye-in-hand
stereo vision cameras can be achieved using the low cost method in [1]. This
particular calibration method allows for sub-millimetre accuracy in determining
weld joints in the robot workspace.

The system is shown in Fig. 2a. The setup consisted of a Fanuc ArcMate 100iC,
a 6 axis industrial robot with a repeatability of ±0.08 mm. It is fitted with a welding
torch and Lincoln Electric PowerWave welding power source. The stereo vision
system consisted of two off the shelf uEye USB colour CCD cameras (resolution
1280 × 1024). The cameras are attached to the welding torch as shown in Fig. 1b.
The work bench is an industrial grade Demmeler welding bench. The cost of the
camera hardware was approximately US$5000. Compared to existing commercial
packages such as ServoRobot US$50,000 or US$13,000 for the laser/camera sys-
tem in [12], the proposed method is much more affordable to SME’s from a cost
standpoint.

Fig. 2 a System overview and b Stereo CCD cameras
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3.2 Weld Joint Detection

There are many papers published on the detection of butt welds; however there are
no widely accepted and mature methods for fillet weld joint detection. Therefore in
order to develop an autonomous robotic arc welding system, a new weld joint
detection method was developed to adaptively detect fillet weld joints of any shape
without prior knowledge of the shape or position of the joint in the image [2]. The
proposed method can detect the weld joint in work pieces regardless of base
material, surface finish or surface imperfections such as heavy scratching, rust, mill
scale.

The proposed method introduces a new adaptive line growing algorithm to
detect the welding joints. The method is based the assumption that the weld seam is
darker than the surface of the work pieces either side of the joint. The method
analyses the entire image from a global perspective without the need for user
defined search windows. An overview of the detection process is shown in Fig. 3.
The main steps include capturing stereo images of the work piece 3(a) and then

Fig. 3 Adaptive line growing method for weld joint detection
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converting them to binary edge images where initial seed locations are determined
by eroding each edge segment to a single pixel 3(b). Each seed represents the
possible location of the weld joint in the image 3c. Each initial seed location is
grown outward using the new line growing method to find possible weld seams 3
(d). Based on growth properties of the initial seeds, they can be categorised as either
part of the seam or not 3(e). The final seed pixel is then selected from analysing the
local neighbourhood of each of the remaining seeds 3(f). The final seam line is then
grown along the weld joint until the ends of the joint are reached 3(g–i).

3.3 Weld Joint Localisation

Stereo vision can be used to calculate the 3D co-ordinates of the weld joint. This
can be achieved using triangulation through stereo matching. Due to the challenges
of the welding environment, stereo matching is not a trivial process. Typically the
image regions around the weld joints can be considered featureless as the weld joint
is a uniform groove between two metal components. They also have uniform
texture due to monotone steel surfaces which are mostly grey in colour. The
reflections off the steel surfaces together with ambient lighting conditions greatly
affect the contrast and pixel intensity between the left and right camera views.

If the weld joint is extracted as a feature in both the left and right views, then
finding the matching points is simplified by using the intersection of the epipolar
line with the weld seam. This method has an additional benefit that it does not
require rectified images, which not only simplifies the matching process but reduces
the computation time. It is also independent of pixel intensity comparisons. This
method of stereo matching is fairly trivial when the epipolar line and seam line
intersect at only one point. However this condition cannot always be met in
practice. For example, when matching points on a curved weld joint, the seam line
and the epipolar line can be tangential; this will result in multiple seam line points
intersecting with the epipolar line. Another example is when the epipolar line and
the seam line intersect in more than one location. Therefore additional matching
criteria are needed.

The problem of multiple intersections is addressed using known information
about the workspace and camera position to estimate the correct match based on the
weld joint real world co-ordinates. The seam line is detected in the left and right
images using the algorithm described previously [2], then using the seam line
co-ordinates in the left image as reference, a set of matching pixels in the right
image can be estimated by finding the intersection between the epipolar line and the
seam line in the right image. The correct match is estimated using three steps:
(i) calculate the reprojection error of the reference point using the calculated 3D
co-ordinates; (ii) introduce a height threshold, i.e., for an incorrect match, the error
in the calculated height is likely to be excessive. If we know the height of the table
and the height that the image is taken from, then the height of the weld joint must be
between the two; (iii) compare the calculated height with the height of the previous
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waypoint(s). If we choose reference points in the left image that are 20 pixels apart,
then the change in height between consecutive weld joint way points in the real
world is to be small.

The first step in the matching process is to select the reference points from the
seam line in the left image. The reference points are chosen close to each other.
Industrial robots are programmed to follow a weld path given the start and end
points as well as intermediate waypoints. The intermediate waypoints are calculated
by dividing the seam line into equal spaced points at 20 pixel intervals.

For a calibrated stereo vision system, the epipolar line Le in the right image can
be calculated by

Le ¼ F½uL vL 1�T ð1Þ

where F is the fundamental matrix and ½uL vL 1� are the homogenous pixel
co-ordinates of the reference pixel in the left image and T is the matrix transpose.
All seam line pixels that are within the intersection radius R of the epipolar line and
seam line are then calculated using

MP ¼ SRðuR; vRÞ jLer � SRðuR; vRÞj �R
null otherwise

�
ð2Þ

where MP is an array containing all the putative matching pixels in the right image,
SR is the seam line in the right image containing pixel co-ordinates (uR, vR). An
example is shown in Fig. 4.

If the epipolar line intersects the seam line once, then the correct match is found
using the reprojection error. This is achieved by calculating the 3D position for all
matches and then using these to estimate the co-ordinates of the corresponding
reference pixel in the left image. The pixel with the smallest reprojection error is
considered to be the correct match and is given by

Fig. 4 Multiple intersection example
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wPL uPL vPL 1½ �T ¼ PCL XWP YWP ZWP 1½ �T ð3Þ

where (XWP, YWP, ZWP) are the 3D co-ordinates calculated using the reference pixels
(uREF, vREF) in the left image and the initial matches in the right image MP, PCL is
the left camera projection matrix and (uPL, vPL) are the estimated co-ordinates for
the reference pixel based on the initial matches. Therefore for the single intersection
scenario the matching pixels in the right image (umatch_r, vmatch_r) are calculated by
finding the reprojected estimate with the smallest distance from the reference pixel
such that

ðumatch r; vmatch rÞ 2 MpjMPðuR;vRÞ ¼ argmin
i

ððuPLi; vPLiÞ � ðuREF ; vREFÞÞ
� �

ð4Þ

For non-trivial scenario of multiple intersections, Eq. (4) will not have a unique
solution. Therefore using pixel co-ordinates alone will result in the likelihood of a
false match. If points are incorrectly matched, then the calculated heights will
usually be some unrealistic value. Since the height of the table is known, and the
height of the cameras are known, then the height of the correct match must lie
somewhere between the two. Secondly, if the waypoints are chosen to be close to
each other, then we can compare the calculated heights with the height of the
previous correct match.

MPðuR; vRÞ ¼ SRðuR; vRÞ ZWPðuR;vRÞ � Zmax
� � _ ZWPðuR ;vRÞ

� Ztable
h i

_ ZWpðuR ;vRÞ
� Zðmatch r�1Þ

� �
� ZT

h i
null otherwise

(

ð5Þ

where Zcamera is the height of the camera, Ztable is height of the table and ZT is
height change threshold between the current seam line points ZWP(uR, vR) and the
previously matched seam line point Z(match_r−1).This will narrow the initial matches
down to a set of possible matches around one of the intersection points between the
epipolar line and seam line. From there the correct match can be found using (4).

4 Results

Experiments were conducted using a GMAW Pulse waveform with a CTWD of
18 and 0.9 mm diameter welding wire. The wire feed speed, voltage and travel
speeds for each case study were set manually based on recommended settings by
the manufacturer. The robot path was entered manually into the robot controller
using the calculated co-ordinates obtained from the proposed localisation method.
The 3D Cartesian error for weld joint localisation in the robots base co-ordinate
frame was found to be within ±1 mm for all case studies.

548 M. Dinham and G. Fang



The welding results are shown in Figs. 5 and 6. The image captured from the left
camera for three cases are shown in Fig. 5a, with the detected weld seam in Fig. 5b
and the welded result in Fig. 5c. Close ups of each work piece are given in Fig. 6a–c
which demonstrate the accuracy of the weld joint detection and localisation method.
Welding characteristics such as penetration and bead shape are not considered in
this paper.

Fig. 5 a Image captured from the left camera. b Detected weld seam and c Welded results

Fig. 6 Close ups of Welds a Case 1, b Case 2 and c Case 3
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5 Conclusion

The results show that accurate weld joint detection has been achieved. They also
demonstrate the proposed weld joint detection methods ability to detect and locate
the weld joint regardless of joint geometry, surface finish or surface condition of the
work piece such as rust or scratches. Based on extensive experimental testing, the
proposed robotic arc welding system can provide the required the flexibility to
reduce costs for both programming labour and hardware investment. Therefore the
research and development provided by this project can advance the wider use of
robotic welders in SME’s.

Acknowledgement This work is supported by the Australian Research Council under project ID
LP0991108 and the Lincoln Electric Company Australia.
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Multi-pass Route Planning for Thick Steel
Plate Using Laser Welding with Filler
Wire

Tian-Yu Huang, Li-Wen Fan, Yi-Ning Bao, Hao Shi and Ke Zhang

Abstract Laser welding with filler wire, performed by welding robots, provides
high stability and efficiency for welding thick plates used in shipbuilding, electrical
engineering and nuclear industry. The route planning methodology is of central
importance in this process. Firstly, build a welding system suitable for thick plate
laser building with filler wire. Then, establish a strategy on the principle that the
cross section areas of the welding beads are equal under same welding parameters,
parallelogram/trapezoid method is applied to plan the layers, number of beads for
each layer, and the concrete position for each bead before the welding for both
V-shape and trapezoid grooves. Auto-planning and visualization are achieved by
programming. Furthermore, a specially designed method for welding capping layer,
concerning the coverage of the edges of the groove, is introduced to perfect the joint
quality. Finally, experimental test shows the effectiveness of this planning philos-
ophy in laser welding with filler wire of thick plate. Testing results highly agree
with the planning with only slight differences in both normal and capping layers.
High quality leveling interface and fusion can be realized after filler passes based on
the multi-pass route planning.

1 Introduction

Laser welding process is now much used for different kinds of industry like avi-
ation, navigation as a high-energy beam welding process due to its stable and
focusing energy input and high productivity [1]. Compared to conventional welding
process, its higher heating and cooling rate can cause less distortion thus providing
a more satisfied work [2, 3]. On the other hand, laser beam is highly concentrated
beam, which can meet the need for industrial sustainable processes and systems [4].
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Welding with continuous filling wire is a common practice for fusion welding
process and route planning is associated with the laser welding with filling wire [5].
Thick plate structures adopt conventional methods such as manual and
semi-automatic welding, which are very complicated and of low productivity [6].
To improve the automatic welding technique, research on multi-pass route planning
for thick steel plate planning makes great significance and it develops a new
automatic welding method [7]. In this research, for a stable performance and
convenience for route planning, the process parameters like welding speed, filling
rate and welding power are fixed to get a fixed weld bead model [8, 9]. After getting
the welding parameters, automatic welding will come true through the route
planning. Near the end of fill welding, the top layer of the weld groove may no
longer be well defined [10]. This research will also give an appropriate solution to
the planning of the capping layer.

2 Laser Welding with Filler Wire: System
and Methodology

Figure 1 shows the framework of the laser welding with filler wire system, which
mainly includes a KUKA robot, a fiber laser system, a welder and a worktable. The
IPG-10000 fiber laser, which maximum power can be up to 10 kW, and a Fronius
welder, being in charge of feeding filler wire, are loaded on the KUKA 60HA robot.
To satisfy the high assembly accuracy required by robot welding, a worktable
equipped with a fixture is designed to grip the work piece. Shielding gas is applied
through a gas cylinder during the process of welding.

The process of laser welding with filler wire is illustrated as Fig. 2. A molten
pool is formed under laser-matrix reaction. The filling wire is fed into the leading
end of the pool. Meanwhile, the protective gas of Argon is applied externally in
consideration of eliminating inclusions and bubbles. Three parameters have major
impact on the morphology of welding bead: welding speed, laser power and feeding
speed. Preview study [3] has shown the relationship between geometric parameters
of a bead and welding parameters, which indicates that under given welding

Fig. 1 Laser welding with filler wire system
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parameters, the area of the bead is fixed and possible to be predicted. In the study of
multi-pass route planning, a basic assumption is that welding parameters are
unchanging, namely the area of every single bead is constant.

3 Multi-pass Route Planning Algorithm

3.1 Coordinate System

Before route planning, it is necessary to measure the parameters of the grooves:
H (the height of the groove), θ (the angle of the groove), δ (the bottom width of the
groove), W (the upper width of the groove). Then we can establish the coordinate
system.

Figure 3 shows the coordinate system defined in the trapezoid grooves. The
original point is at the midpoint of the groove bottom. The X-axis is parallel to the
width of groove, the Y-axis is parallel to the length of groove and the Z-axis crosses
over the original and is vertical to the back surface of groove.

3.2 Route Planning

In the process of thick steel plate welding, it has been mentioned that the cross
section areas of the welding beads under same welding parameters are equal. For
simplicity, the welding beads in route planning can be considered as parallelograms
and trapezoids. It is required to measure the cross section area of welding beads
under the same parameters through surface welding. Then, two parameters of
welding beads shall be measured: l (the bottom width of the bead), S (the cross
section area of welding bead). The li (the bottom width of the i layer) has a

Fig. 2 Laser welding with
filler wire
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relationship with l that can calculate the number of welding beads of every layer, m,
through the following formula:

m ¼ li
l

� �
þ 1 ð1Þ

Generally, welding sequence can be divided into two categories, one is welding
from one side to the other side, another is welding from sides to the middle. The
latter category is usually adopted for its good fusion. For beads located in the same
layer, each bead has the same Z direction offset. However, the beads in the different
layer have different Z direction offsets. The offset in Z direction is expressed as the
following formula:

DZ ¼ �li þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2i þ 4 tan h

Pn
i¼1 miS

p
2 tan h

ð2Þ

mi is the number of welding beads of the i layer.
When more than one beads are in a layer, offsets in X direction for the welding

gun are necessary, which is:

DX ¼ mi � 1� 2ðj� 1Þ
2mi

ðli þ 2DZ � tan hÞ ð3Þ

j is the ordinal number of the bead of layer (j = 1, 2…m).
On the basis of the work of route planning, the number of layers and beads will

be successfully calculated. Assuming that the total number of layers is K. This
process of planning for thick steel plate welding can be demonstrated in Fig. 4.

Fig. 3 Schematic diagram of
the groove
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3.3 Capping Planning

Capping layer is the last layer filled in the groove. This step is important since it is
closely related to the joint quality both mechanically and morphologically. The
filler wire cannot fill all the vacancy of the groove under conventional route
planning, which will lead to notches causing stress concentration. So not only does
capping fill in the vacancy of the groove, but also it needs to connect the surface of
two plates so that compensation is needed. The morphology of the filled groove
should be sector shaped, that is to say, the surface is slightly convex, covering over
the matrix surface. Since the cross section area of each bead is fixed, the core
principle of the compensation is to add one or more beads to the last layer to feed
more wire, thus increasing the total area of the filling layer. As the increase of area,
the height of this layer will rise due to the fixed width of the layer to be filled. In this
way, a larger connected area between the wire and the matrix can eliminate notches
and improve the mechanical performance. In this part of route planning, two sit-
uations are proposed due to different parameters.

Fig. 4 Process of route
planning
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First, the approximated number of beads can be calculated by the equation:

m ¼ li
l

ð4Þ

Generallym is not an integer. In that case m is round to the nearest tenth. So it can be
represented as the general format “a + b/10”. Both a and b are positive integers and
b should be no more than 9. The number b is taken as the criterion to decide how
much beads are required to compensate the vacancy: If 0 ≤ b < 5, one more bead is
added to the last layer, the total bead number of capping layer m should be a + 1,
while if 5 ≤ b < 10, two beads are added for compensation, the number m will
become a + 2. Thus, the exact number of bead to weld will be defined. Then
substitute the value ofm into the formula (2) and (3) to calculate ΔX and ΔZ (Fig. 5).

3.4 Programming and Visualization

Combining the strategy of route and capping planning, Both Matlab and KUKA
robot program is developed to perform the calculation and visualization of the
welding plan. The function of the Matlab program is to input appropriate param-
eters (groove and bead size) for outputting a table including detailed information of
each bead, e.g. its layer number, its coordinate and the predicted height of the bead

Fig. 5 process of capping
planning
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(calculated by dividing the area of the parallelogram by its width). Visualization is
achieved with these data. The output result format is shown in Fig. 6 and Table 2
under the input listed in Table 1.

The KUKA program, coded via OrangeEdit, is able to do the planning and
transform the result into movement commands of robot, through which laser
welding with filler wire can be accomplished automatically.

Fig. 6 Visualization of the
planning

Table 1 Input data for the example

Groove H/mm θ (cotangent) δ/mm

12 4 2

Bead Area/mm2 Width/mm

6 4

Table 2 Output offsets for each bead planned

Layer No. Bead No. Bead height X coordinate Z coordinate

1 1 2.32 0.00 0.00

2 1 1.68 0.00 2.32

3 1 1.38 0.00 4.00

4 2 2.28 1.46 5.38

4 2 2.28 −1.46 5.38

5 2 1.90 1.70 7.66

5 2 1.90 −1.70 7.66

6 2 1.67 1.90 9.56

6 2 1.67 −1.90 9.56

7 3 2.03 3.13 12.73

7 3 2.03 0.00 12.73

7 3 2.03 −3.13 12.73
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4 Experiment and Discussion

Two plates in the thickness of 15.5 mm constituting a trapezoid groove were
welded to testify the planning theory proposed above. Due to thermal deformation
in backing welding, the groove size is measured after the backing welding. The
geometric information of the groove are listed in Table 3.

The welding parameters and the size of the bead accordingly are listed in
Table 4.

Figure 7 shows the comparison between the route plan and the welded joint. It
reveals that the welding result approximately agree with the plan, with good
interfacial fusion and almost no inclusion or bubble. Few voids appear in first few
passes along the edges of groove, which can be attributed to the instability of the

Table 3 Groove size

δ/mm W/mm H/mm θ/°

1.863 8.874 15.525 12.75

Table 4 Welding parameters and bead size

Welding
parameters

Welding velocity
(m/min)

Laser power
(kW)

Feeding velocity
(m/min)

0.5 4 4

Bead size Area/mm2 Width/mm Height/mm

8.535 4.6 2.921

Fig. 7 Experiment result: a Visualized plan by Matlab. b Welding joint under the plan
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feeding of filler wire and shielding gas, and deviation of laser spot and wire. The
capping layer is accord with what is expected, covering the edges and filled the
groove completely.

5 Conclusion

This research investigated multi-pass route planning for thick steel plate using laser
welding with filling wire. A 15.5 mm thick plate is welded to testify the planning
theory. The major findings are listed as follows: (1) Build a system based on KUKA
robot for laser welding with filling wire which can be applied to thick plate welding.
(2) Establish a strategy for multi-pass route planning for thick plate on the basis of
constant welding parameters and parallelogram and trapezoid simplification.
A software has been programmed to plan and visualize thick plate planning auto-
matically given appropriate parameters. (3) Propose the principle of capping layer
planning to improve the quality of the welding joint (4) Prove the effectiveness of
the strategy by experimental test of welding a thick steel plate, with good fusion and
no bubble or inclusion.

Acknowledgement This article is conducted with the program “The key technologies of
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ported by the special development of key technologies and equipment of Shanghai, in China. The
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Study of Mechanism and Kinetic About
Low Frequency Piezoelectric Motor

Rui Wang, Shu-Chen Yang, Xiao-Yang Jiao and Xiao-Tao Li

Abstract This paper presents a new type of tilting low frequency piezoelectric
motor which can satisfy the need of small size and high torque for precise instru-
ment. The driven mechanism of the motor is studied and the dynamic model of the
motor is established. Based on the need of experimental research, the prototype is
manufactured. In addition, the experimental test of the prototype, namely, the
impact of input frequency on output speed and torque, is conducted, which shows
that for the new type of low frequency piezoelectric-motor the optimal work per-
formance is achieved, when input frequency is 290 Hz.

1 Introduction

Compared with the piezoelectric ultrasonic motor, the low frequency piezoelectric
motor is a new kind of piezoelectric drive motor working at low frequency. On the
drive pattern, the low frequency piezoelectric motor is similar to the current contact
ultrasonic motor, that is, by the frictional force produced between stator and rotor of
the motor, the vibration of the piezoelectric vibrator is transferred into the driving
force that drives the rotor. However, the driving frequency of low frequency piezo-
electric motor is much lower than that of the contact ultrasonic piezoelectric motor, so
that the problem that the contact ultrasonic piezoelectric motor must be equipped with
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high frequency drive power supply is solved. In addition, the piezoelectric motor has
the merits of compact structure, high precision transmission, anti-electromagnetic
interference and so on, therefore, it is widely applied in the precision instruments.
Scholars abroad have studied piezoelectric motor long time ago, for example,
Williams and Brown applied for the patent of piezoelectric motor in 1942, from then
on, piezoelectric motors [1] have been successively developed by the German
Siemens company and Matsushita company, the American IBM company, the Japan
canon company and so on. The research of piezoelectric motor in China started
relatively late. In the 1990s, Professor Jiwei Jiao and others from Dalian University of
Technology developed a kind of vibration feeder using double piezoelectric wafer
[2, 3]; Professor Yuming Du cooperating with colleagues obtained the design thought
and method based on the low frequency of piezoelectric vibrator, in the view of the
design method of feeder [4]; In 2005, Chunyue Lu and others studied and developed a
piezoelectric motor with clutch coupling [5]. Also, in the research field of low fre-
quency piezoelectric drive technology, study of piezoelectric vibrating motor in order
to reduce driving frequency is carried out by many scholars abroad in recent years,
however, its working frequency is several thousand Hz or so [6–8]. At present, due to
the vibration frequency of piezoelectric motor studied by scholars at home and abroad
is generally larger than several thousand Hz and its drive needs to be equipped with
high-frequency electric source, thus, it has characteristics of high cost, large volume
and complex method of application, therefore, its practical application is limited.

This paper presents a new type of piezoelectric motor driven by low frequency
power supply, that is, it is driven by vibration between 30 Hz and 300 Hz, instead
of ultrasonic vibration. Compared with ultrasonic piezoelectric motor, it has many
merits, such as, small noise, high torque, the ability to form a continuous rotary
motion and work in frequently-used power supply (50 Hz) and so on, thus, it has
good practical application prospect. In this paper, the drive capability and drive
mechanism of low frequency piezoelectric motor are studied and the dynamic
model of driving structure is established. In addition, the prototype is manufactured
and the experimental research of input and output performance is carried out.

2 The Structure and Driving Mechanism of Low Frequency
Piezoelectric Motor

As shown in Fig. 1, the structure of low frequency piezoelectric motor is mainly
composed of rotor, stator, disc spring, Z-shaped piezoelectric vibrator, base and so
on. Piezoelectric vibrator is the driving source of low frequency piezoelectric
motor, which is uniformly arranged along the circumferential direction of pedestal,
at 90° and the upper and lower end face are respectively fixed to the stator and the
base. Because of the inverse piezoelectric effect of piezoelectric materials, when
applied with appropriate alternating voltage, the piezoelectric vibrator produces
double vibrations harmony with the supply frequency. It is because the piezoelectric
vibrator is fixed to the stator and the base that when the piezoelectric vibrator
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produces flexural vibration, it is forced to make small torsional deformation, thus,
the bending torsional vibration of piezoelectric vibrator is achieved.

The bending torsional vibration of piezoelectric vibrator drives the stator to
produce slant reciprocal rectilinear motion. The rotor is fixed to the base by bearing 1,
disc spring 2, axle 4 and screw nut 3, thus, the rotor has free rotational motion, but its
vertical displacement relative to the base is limited. Adjusting screw nut 3, an
appropriate pre-tightening force C is applied to the rotor. When the piezoelectric
vibrator drives the stator oblique upward movement, the pressure N between the
stator and the rotor increases gradually, the frictional force f between the stator and
the rotor increasing gradually, as well. When the friction force f exceeds the critical
value fc, the rotor is forced to move upward obliquely with it; when the piezoelectric
vibrator starts to do downward bend torsion movement, the piezoelectric vibrator
drive the stator to do downward twist motion, however, because of the inertia effect of
the motor, the motor will continue oblique upward movement with a certain dis-
placement δ, thus, the motor separates from the stator and the frictional force f
between the stator and the rotor is less than the critical value fc, that is, the motor can’t
be driven to move down diagonally with the stator. In this way, in the process of
bending torsional vibration of the piezoelectric vibrator (generally a vibration per-
iod), the motor makes a tiny rotary movement. If piezoelectric vibrator vibrates
continuously, the continuous rotation of the piezoelectric motor rotor is achieved.

3 Establishment of the Dynamic Analysis Model

3.1 Force Analysis of Motor in Vertical Direction

When the contact force exists between the stator and motor of the piezoelectric
motor, that is, the braced force of the leaf spring at the bottom is not equal to the
gravity of the stator and center shaft, pressure will exist between the stator and the

Fig. 1 Low frequency piezoelectric motor structure diagram
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motor. Assume that the value of the pressure is C and its direction is vertically
downward. Periodic exciting force F(t) was applied to the motor by the stator. In the
first half period of motion, the motor moves, which is driven by the stator and the
vibration model of this system is shown in Fig. 2; the disc spring, as part of the
motor, works as a spring. On this occasion, the damp of this system is generally
small, which can be neglected. Therefore, this system can be seen as a second order
linear undamped spring mass system.

The differential equation of this system can be expressed as Eq. 1

mx
::þ kxþ C ¼ FðtÞ ¼ FðtÞ sinxt ð1Þ

Under the condition of single degree of freedom, the solution of differential
equation of forced oscillation is composed of two parts, that is, the general solution
x1 and the particular solution x2, that is, x = x1 + x2.

Generally, when the damp is fairly small, the general solution x1 is the solution
of homogeneous equation of free vibration. Therefore, only in the primary stage of
the movement of this system, does the general solution x1 have practical signifi-
cance. In the differential equation of this system, only the particular solution x2, that
is, the steady-state solution has practical significance.

Since the motivation F(t) is simple harmonic vibration, supposed that the par-
ticular solution is

x2 ¼ X sin xt þ uð Þ þ C1 ð2Þ

where x is amplitude; φ is phase angle; C1 is constant.
Substitute Eq. 2 into Eq. 1 and the solution is obtained and systemized as

X ¼ F=k

1� ðx=xnÞ2
ð3Þ

C1 ¼ �C=K ð4Þ

Fig. 2 Low frequency of
piezoelectric motor vibration
model
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xn ¼
ffiffiffiffiffiffiffiffiffi
k=m

p
ð5Þ

The particular solution is expressed as

x ¼ x2 ¼ F=k

1� ðx=xnÞ2
sinxt�C=K ð6Þ

From the analysis above, it can be seen that, generally, for the tilting low-frequency
piezoelectric motor, the forced oscillation of the motor in simple harmonic vibration
belongs to simple harmonic vibration, its frequency of vibration equal to excitation
frequency. If the stiffness value of the spring at the bottom is equal to the excitation
frequency of the stator, namely,

mx
::þkxþ c ¼ 0 ð7Þ

Its general solution is

xðtÞ ¼ A1 cosxnt þ A2 sinxnt þ c0 ð8Þ

The resonant frequency is expressed as

xn ¼
ffiffiffiffiffiffiffiffiffi
k=m

p
ð9Þ

From the formula above, it can be seen that when the excitation frequency of
piezoelectric vibrator is equal to the resonant frequency of this system, the normal
rotation movement of the rotor will be achieved.

3.2 Force Analysis of Rotation Movement of the Rotor

The Piezoelectric vibrator, simulated by alternating current, can be seen as doing
simple harmonic motion, the simple harmonic motion of the rotor expresses as

S ¼ A sinxt ð10Þ

where A is amplitude of vibration; ω is frequency of vibration; t is time of vibration.
When the rotor is applied with periodic impact force, that is, F = P · sinωt, of the

stator and the restoring force of the spring at the bottom, the differential equation
can be expressed as:

my
::þkyþ f þ mg� p sinxt sin h ¼ 0 ð11Þ

where f is pulling force provided by spring at the bottom; k is the stiffness coef-
ficient of spring at the bottom.
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When the item of Eq. 11 on the left is less than zero, the rotor of the system can
be thrown up; when the item of Eq. 11 on the left is equal to zero, the rotor will be
at the critical state of being thrown up; when the item of Eq. 11 on the left is larger
than zero, The rotor will not be thrown up.

During the movement of the rotor, driven by the stator, the stress of the rotor in y
direction is expressed as

N ¼ my
::þ kyþ f þ mg� p sinxt sin h ð12Þ

The stress of the rotor in x direction is expressed as

P sinxt cos h� lN[ 0 ð13Þ

At this moment, the rotor will rotate in the positive direction.

4 Experimental Analysis

Through the prototype test of the manufactured low frequency piezoelectric motor,
the impact of input frequency of the low frequency piezoelectric motor on output
speed and torque and the impact of input voltage of the motor on output speed and
torque.

4.1 The Relationship of Frequency and Speed

Figure 3 shows the relation curve of output speed changing with input frequency,
when the input voltage of the low frequency piezoelectric motor is 180 V.
Adjusting the input frequency, when the frequency is up to 200 Hz, the rotor starts
to move slightly. When the frequency increases to 250 Hz, the rotor speed is
4.2 r/min. After then, the rotor speed will be measured once if the frequency

Fig. 3 Low frequency
piezoelectric motor speed
changing with frequency
relations
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increases 10 Hz. It can be seen that when the input frequency is up to 290 Hz, the
rotor speed gets the maximum 30.7 r/min; when the input frequency exceeds
290 Hz, the rotor speed decreases sharply. The conclusion of this experiment is that
resonant frequency of the low frequency piezoelectric motor is 290 Hz.

4.2 The Relationship of Voltage and Speed

Figure 4 shows the relation curve of output speed changing with input voltage,
when the input frequency of the low frequency piezoelectric motor is 290 Hz (the
resonant frequency). When the input voltage is up to 60 V, the rotor starts to move
slowly. The rotor speed will be measured once if the voltage increases 10 Hz, the
input voltage adjusted from 60 to 220 V. It can be seen that the output speed
increases with the increase of input voltage. When the voltage is between 60 and
100 V, the rotor speed increases gently; when the voltage exceeds 100 V, the rotor
speed increases distinctly and when the voltage is up to 220 V, namely, the power
frequency voltage, the maximum rotor speed is 41.6 r/min.

4.3 The Relationship of Voltage and Output Torque

Figure 5 shows the relation curve of output torque of the rotor changing with input
voltage, when the input frequency of the low frequency piezoelectric motor is
290 Hz (the resonant frequency). The output torque increases with the increase of
input voltage. When the input voltage is less than 60 V, the torque is quite small;
when the voltage is between 60 and 140 V, the output torque increases sharply with
the increase of input voltage; however, when the input voltage exceeds 140 V, the
output torque increases slightly. When the input voltage is 220 V, the maximum
torque is 18.3 mN m.

Fig. 4 Low frequency
piezoelectric motor speed
vary with voltage
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4.4 The Relationship of Frequency and Output Torque

Figure 6 shows the relation curve of output torque of the rotor changing with input
frequency, when the input voltage of the low frequency piezoelectric motor is
180 V. From the experiment, it can be seen that when the input frequency is
288.3 Hz, the maximum torque of the rotor is 13.1 mN m. It shows that the rotor
with load is almost coincident with the resonant frequency without load.

5 Conclusion

Through the experiment study and analysis above, it can be seen that

1. The rotor vibration of the low frequency piezoelectric motor can be seen as
simple harmonic vibration in the vertical direction, the vibration frequency equal
to the excitation frequency applied to piezoelectric vibrator.

2. The continuous rotation of the low frequency piezoelectric motor rotor is
determined by the pre-tightening force FC between rotor and stator and the
driving force of piezoelectric vibrator. The pre-tightening force FC can’t be too

Fig. 5 Low frequency
piezoelectric motor torque
vary with voltage

Fig. 6 Low frequency
piezoelectric motor torque
vary with frequency relations
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small and the driving force of piezoelectric vibrator can’t be too large, other-
wise, the stator can’t make the rotor rotate continuously.

3. The low frequency piezoelectric motor can make the rotor rotate continuously in
low frequency with certain output torque. When the input frequency is resonant
frequency, the optimal output speed and torque are achieved; when input fre-
quency is a fixed value, the output speed and torque of the low frequency
piezoelectric motor will increase with the increase of the input voltage.
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Microstructures and Mechanical
Properties of 30CrMnSiA Steel Joints
Welded by Vacuum Electron Beam

Shan-Lin Wang, Shan-Ben Chen, Xing Li and Li-Peng Wan

Abstract The 30CrMnSiA plate with 2 mm thickness which is applied extensively
in aerospace industry was welded by vacuum electron beam, and the microstruc-
tures and mechanical properties of joint were investigated. The results indicate that
a well-formed joint can fabricated by vacuum electron beam with various welding
parameters. Due to intensive heat and rapid cooling rate, the typical lath martensite
is formed in fusion zone and the grains in the narrow heat affected zone are grown
greatly. The microhardness and tensile strength of joint exceed to 600 Hv and
1400 MPa, respectively, which are extensively higher than that of basic metal. The
fracture is occurred in the heat affected zone during tensile experiment.

1 Introduction

Due to higher hardness, penetration and specific strength, 30CrMnSiA steel presents
excellent complex mechanical properties, resulting in the usage as welded con-
structions such as blade in high pressure blower, high strength structural parts in air
plane served in the condition with oscillating load. The shielded metal-arc welding
(SMAW), CO2 gas metal-arc welding (GMAW), and so on are usually applied for
the joint of 30CrMnSiA steel, however, the severe distortion and cold crack are
usually occurred. Therefore, the parts welded by SMAW or GMAW are difficult to

S.-L. Wang (&) � S.-B. Chen
Intelligentized Robotic Welding Technology Laboratory, Shanghai Jiao Tong University,
Shanghai 200240, China
e-mail: slwang70518@nchu.edu.cn

S.-L. Wang � X. Li
School of Aeronautic Manufacturing Engineering, Nanchang Hangkong University,
Nanchang 330063, China

L.-P. Wan
AVIC Jiangxi Hongdou Aviation Industry Group Corporation Limited,
Nanchang 330024, China

© Springer International Publishing Switzerland 2015
T.-J. Tarn et al. (eds.), Robotic Welding, Intelligence and Automation,
Advances in Intelligent Systems and Computing 363,
DOI 10.1007/978-3-319-18997-0_49

571



apply in aerospace products requiring high tensile strength [1–4]. The cold metal
transfer technology, pre-roll-assisted welding, etc. are reported to improve strength
and crack resistance of joint [5–7]. While the tensile strength and crack resistance of
the joint can be improved when they are welded by pulsed metal argon-arc welding,
plasma arc welding, and vacuum electron beam which exhibit high heat density,
resulting from the fine grains formed in fusion zone and a narrow heat affected zones
[8, 9]. Since the parts of 30CrMnSiA steel are welded scarcely in aerospace industry,
and the microstructure and mechanical properties of the joints are reported rarely.
Therefore, providing experimental proof for the welding application of vacuum
electron beam in 30CrMnSiA steel, in this study, the effect of welding parameters on
microstructures and mechanical properties of the joints are explored.

2 Experimental

The butt joints of the 30CrMnSiA steel plate with the size of 300 mm ×
100 mm × 2 mm were welded by vacuum electron beam, which is a medium-carbon
quenching and tempering steel, consisted of sorbites and some ferrites, as shown in
Fig. 1. During welding process, the accelerating voltage was 150 kV, the beam
current was 4–13 mA, the welding velocity was 5 mm/s, and other parameters are
listed in Table 1. In order to avoid the entrance of metal steam and ion into chamber
of electron beam generator, the central axis of electron beam generator was deviated
a 3° angle with the vertical direction of welds surface during welding processes.
The microhardness along cross section of joint was measured by 401MVD hardness
test machine, the hold time is 10 s, and load force is 1.96 N. The tensile test
specimen was made according to the standard of metallic materials-tensile testing
(GB/T 2652-2008) at ambient temperature, and the tensile strength was measured
by Instron 4200IX testing machine at a strain rate of 1 × 10−4 m/s. The fracture
morphologies were observed by SEM.

Fig. 1 Microstructure of
basic metal
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3 Results and Discussions

Figure 2 shows the surface shape of four joints welded with different parameters.
The smooth surfaces and ripples are obvious, and no lack of fusion, incomplete
penetration, undercutting and weld flash, etc. can be observed, except for the some
shallow cavities on the top surface for the 2# joint. With decrease of heat input, the
weld width at cross section also reduces. The weld width is near 5 mm using the
weld parameters of welding current 4 A, welding velocity 5 mm/s and a cycle

Table 1 The welding parameters of vacuum electron beam

No. EB focus
distance/mm

EB focus
current/mA

Welding
voltage/kV

Welding
current/mA

Scanning waveform Welding
velocity/mm s−1

1# AA400 2290 (27 mA) 150 4 ×0.3 F50 Hz cycle 5

2# AA400 2290 (27 mA) 150 10 ×0.5 F200 Hz cycle 10

3# AA400 2290 (27 mA) 150 10 ×0.5 F5000 Hz
square wave

10

4# AA400 2290 (27 mA) 150 13 ×0.5 F200 Hz cycle 25

Fig. 2 Surface shape of four joints welded with different parameters: a and b 1#, c and d 2#, e and
f 3#, g and h 4#
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scanning waveform with 0.3 mm in radius and 50 Hz frequency, while the weld
width decrease to 2 mm with welding current 13 A, welding velocity 25 mm/s and a
cycle scanning waveform with 0.5 mm in radius and 200 Hz frequency, as shown in
Fig. 3.

Figure 4 shows the microstructures of heat affected zone as marked with ‘A’ in
Fig. 3. It is a typical pearlite that is composite of granular ferrite and flake carbide.
Since the temperature of this zone is lower than that of Ac1, the austenite trans-
formation can’t be developed, while the dispersal carbide will grow with the carbon
diffusion in the high temperature, and then forms the flake carbide. Thought the heat
input is different with the four weld processes, the temperature should be similar in
this zone, so the size of pearlite is similar, as shown in Fig. 3.

Figure 5 shows the microstructure of heat affected zone as marked with ‘B’ in
Fig. 3, which are attained with different weld processes. During vacuum electron
beam welding process, due to the high and concentrated heat input, thought the
width of heated affect zone is lower than that with traditional arc fusion welding, the
temperature is still higher than that of Ac3 in ‘B’ zone, so the sorbite will transform
into austenite, however, as the short holding time of the temperature higher than
Ac3, the austenite does not coarsening sharply. During cooling, the austenite will
transform into martensite, as shown in Fig. 5d, and the cooling rate increases with
the decrease of heat input, resulting in the increase of martensite. When the heat

Fig. 3 Cross section
morphologies of four joints:
a 1#, b 2#, c 3#, d 4#
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Fig. 4 Microstructures of heat affected zone for all joints: a 1#, b 2#, c 3#, d 4#

Fig. 5 Microstructures of heat affected zone for all joints: a 1#, b 2#, c 3#, d 4#
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input increases, the temperature also increase in heat affected zone. Therefore, the
cooling rate will decrease during cooling, promoting that one part of austenite
transforms into martensite, one part transforms into bainite and another are not
transformed, and forms retained austenite [10], as shown Fig. 5a–c.

The microstructures of fusion zone marked with ‘C’ in Fig. 3 are shown in
Fig. 6. It is obvious that the coarse lath martensite is formed in the fusion zone
though the heat input is different. Owing to the concentrated heat input, the peak
temperature in fusion zone is very high, while the Ac3 is only 800 °C for
30CrMnSiA steel, so austenite will coarsen in initial stage during cooling, and then
the coarse austenite transforms martensite with the temperature decreasing.
Moreover, with the increasing of cooling rate as the lower heat input, the lath
martensite is more coarsening, as shown in Fig. 6.

Figure 7 is microhardness distribution of joints, which is tested along cross
section with the weld center as original point. The microhardness exceeds 600 Hv,
near double higher than that of basic metal. Moreover, the microhardness in heat
affected zone increase gradually from basic metal side to fusion line, and no lower
value than that of basic metal is measured in this zone. As decrease of heat input,

Fig. 6 Microstructures of fusion zone for four joints: a 1#, b 2#, c 3#, d 4#
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the width of heat affected zone is also decreased, and the tendency is matching with
that as shown in Fig. 3. The maximum hardness value is similar for the four joint.
Though different heat input for the four joints, the microstructure in fusion zone is
lath martensite, so the effect of heat input on microhardness is not sharp. The
microstructures in heat affected zone are composed of martensite, bainite and
retained austenite, and the grains are not coarsened obviously, therefore, no soft-
ening is not occurred near basic metal.

In order to measure the tensile strength of welds, a half cycle with a radius of
0.3 mm is cut at the weld center line in ether side of standard tensile specimen. The
fracture of four joints welded with different heat input is shown in Fig. 8. It can be
seen that a fracture is developed in heat affected zone for all specimens. The
maximum tensile strength exceed 1400 MPa for 1# joint, and as decrease of heat
input, the tensile strength also decrease, while the minimum tensile strength also
exceeds 1200 MPa for 4# joint, which is most higher than that of basic metal of
1000 MPa, as shown in Fig. 9. As the excellent weldability for 30CrMnSiA steel,
no defects are formed in the joints, and the martensite with high tensile strength and
hardness also presents some ductility, as shown in Fig. 10a, where the uniform
dimples can be developed in the fracture. Therefore, the excellent tensile strength
can be obtained for this joint. However, as decrease of heat input, the cooling rate
increases, leading to the microstructural non-uniformity more and more apparently
since the lower diffusion velocity of alloying elements in heat affected zone, and the
martensite is more and more coarsening, so the tensile strength and ductility of joint
reduces gradually [11], and a cleavage fracture occurs for 4# joint as shown in
Fig. 10b.

Fig. 7 Microhardness along horizontal central line in cross section of four joints
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Fig. 9 Tensile strength of
four joints

Fig. 8 Fractural images of joints after tensile strength test: a 1#, b 2#, c 3#, d 4#
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4 Conclusion

1. The excellent formation and no defects joint can be attained for 30CrMnSiA
steel welded by vacuum electron beam welding. The lath martensite is formed in
fusion zone and the microstructure of heat affected zone is consisted of mar-
tensite, bainite and some retained austenite.

2. The tensile strength of joint exceeds 1400 MPa and is most superior basic metal.
No softening occurs in the joints and the fracture always is developed in heat
affected zone.
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Key Technologies and Automation System
for Large-Scale Aerospace Component
Welding

Yirong Zou, Baohua Chang, Li Wang, Jiluan Pan and Dong Du

Abstract The welding of large-scale structures is a challenging issue for automatic
welding robots and systems. We present the technologies and the implementation of
system for the automatic welding of complex large-scale structures. Numerical
simulation technology for calculating the welding distortion and the residual stress
is applied for the optimization of the welding process. The on-line sensing tech-
nology is proposed for the control of welding torch motion. The implementation of
the automatic welding system is presented in a case study on the welding of the
launcher fuel tank.

1 Introduction

Technologies of welding automation are gathering more and more attentions as the
development of shipbuilding, civil construction, automobile manufacturing, and
aerospace manufacturing, etc. The welding of large-scale structures which possess
complex configuration is a challenging issue for automatic welding robots and
systems. The difficulty of large-scale component welding can be described in the
following three aspects:

• The complexity of the welding trajectory requires the synchronized control of
the torch motion and the welding parameters. Difficulty arises when the seam to
be welded takes the shape of a space curve. The combined planning of both the
welding pose and the welding parameters should be implemented in the pro-
gramming of the automatic welding system. Also, the scale and the weight of
the structure requires large operation range and robust mechanical performance
of the actuating part of the system.
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• Tremendous heat input during the welding process causes directly the problem of
distortion of large-scale structure, especially for the welding of large components
with small thickness, which is one of major challenges in aerospace manufac-
turing. Welding distortion may bring difficulties to the automatic welding pro-
cess. Jigs and fixtures need to be used in order to minimize the welding distortion.
Residual stress and distortion exist after removing the jigs and fixtures.

• The clamp positioning error and the distortion generated during the welding
process both can give rise to the deviation of the planned welding path to the
desired trajectory. Real-time sensing technology for on-line feedback control
should be implemented. High adaptability is required.

Industrial robots are widely used in the welding of large components with
complex structure. Using the offline robot programming method, the welding robot
or the automatic welding system can repeat the pre-planned welding trajectory with
precision. However, the “teach-and-playback” method is time-consuming and
hardly flexible [1]. Machine vision has been introduced to the domain of welding
automation for several years. A typical early installation was at Volvo Flygmotor in
1987. A visual sensing system has been applied to the welding of the square section
tube that formed the exhaust cone for Ariane 5 rocket motor [2]. An accuracy of
0.1 mm has been achieved. The welding of complex structure has been drawing the
attentions of researchers and engineers. A binocular method for weld detection has
been proposed to recognize the starting point of the weld in unstructured envi-
ronment [3]. A laser scanning method has been studied to solve the problem of
welding trajectory auto-planning [4]. However, the drawbacks of the existing
methods [3–7] include: although using general industrial robots provides conve-
nience to the trajectory programming, the operation range is limited by the robot
size; the visual sensing methods are not designed for the recognition of the weld
seam which has an width of less than 0.5 mm; the compromise between the sensing
range and the accuracy needs to be taken into consideration.

The aim of this paper is to provide a brief introduction of key technologies and
the system implementation. The remaining part of the paper proceeds as follows:
Sect. 2 describes the numerical simulation technology for calculating the welding
distortion and the residual stress, in order to optimize the design of the welding
process. Section 3 presents the on-line sensing technology for the control of
welding torch motion. Section 4 analyzes the implementation of the automatic
welding system via a case study on the welding of the launcher fuel tank. Finally,
the conclusions give a brief summary on the whole study.

2 Numerical Simulation Technology for Process
Optimization

The petal-shaped pieces are important components of launcher fuel tank. They
experience highly inhomogeneous thermomechanical process during the welding
process. Significant residual distortion and even cracks can be induced by high
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thermal stress. Various factors, including the welding parameters and the welding
sequence, may influence the conditions of stress and distortion during and after the
welding process. For better product quality, the welding procedure should be
analyzed and improved.

The numerical simulation technology provides a cost-effective and accurate
alternative to the actual tests for the optimization of the welding procedure. In this
section, the finite element software ANSYS is used for the numerical simulation of
the petal unit welding. The optimal welding parameters and weld sequence are
determined for controlling the residual stress and the welding distortion within the
limit of the design requirements.

2.1 Establishment of Computational Model

The unit consists of six petal-shaped LY19 aluminum alloy pieces, with a bottom
diameter of 2250 mm, a height of 900 mm and a thickness of 3 mm. The geo-
metrical model is established as shown in Fig. 1a. Figure 1b shows the 3D finite
element mesh. In the weld region, finer elements are employed due to the high
gradients of temperature, stress and strain. The minimum element is
2 mm × 2 mm × 3 mm. The whole mesh consists of 63,600 elements and 129,600
nodes.

2.2 Results of Simulation

Based on the thermo-elastoplastic finite element model that has been established,
the temperature field, stress and strain fields, in addition to the distortion of the
welding process can be calculated. The computational results are presented as
following.

Fig. 1 Geometric model and its mesh division. a Geometrical model of the petal unit, b finite
element mesh
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2.2.1 Temperature Field

Figure 2 shows the temperature distribution in the petal-unit at different time of the
welding process. The welding arc is considered as the heat source, and the positions
of high temperature zone coincide with the position of the welding arc. The tem-
perature decreases as the arc passed by. The temperature distribution and its evo-
lution history obtained by thermal analysis are used as to define the body load for
the mechanical analysis that follows. The distribution and the evolution of stress,
strain, distortion and temperature of the welding process are thus determined.

2.2.2 Stress Field

The distribution of longitudinal stress in the petal unit evolves during the welding
process, as shown in Fig. 3. The position where the heat source exists experiences
high compressive stress due to the thermal expansion, while the neighboring region
experiences tensile stress. During the stage of cooling, the stress inside the weld
seam turns to tensile stress, due to the compressive plastic strain generated in the
weld zone and its neighborhood.
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Fig. 2 Evolution of the temperature field. a Arc at the middle of the first weld, b arc at the middle
of the third weld, c arc at the middle of the sixth weld, d during the post-welding cooling
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2.2.3 Residual Stress and Distortion

The longitudinal residual stress and the distortion of the petal unit after cooling to
ambient temperature and removing the jigs and fixtures are simulated, as illustrated
in Fig. 4. Tensile residual stress exists inside the weld zone, while the compressive
residual stress exists near the weld zone. The upper part of the petal-shaped piece
has larger tensile residual stress than the lower part. The distortion mainly occurs
near the weld. The shrinkage distortion results in difficulty in the detaching of the
unit from the fixture after the welding is completed.

3 Sensing Technologies for Trajectory Control

During the welding process, the preplanning of the path may become inadaptive
under the condition that deviation may occur between the preplanned trajectory and
the real position of the weld seam. It is necessary to apply on-line sensing

1

MN

MX

X
YZ

-289.378
-250.082

-210.787
-171.492

-132.196
-92.9011

-53.6059
-14.3106

24.9847
64.28

NODAL SOLUTION

STEP=10
SUB =1
TIME=10
SZ       (AVG)
RSYS=2
DMX =.67253
SMN =-289.378
SMX =64.28

1

MN

MX

X
YZ

-297.651
-257.457

-217.264
-177.07

-136.876
-96.6823

-56.4885
-16.2947

23.8991
64.0929

NODAL SOLUTION

STEP=50
SUB =1
TIME=50
SZ       (AVG)
RSYS=2
DMX =.901287
SMN =-297.651
SMX =64.0929

1

MN

MX

X
YZ

-304.259
-261.937

-219.615
-177.293

-134.971
-92.6493

-50.3275
-8.00556

34.3163
76.6382

NODAL SOLUTION

STEP=90
SUB =1
TIME=90
SZ       (AVG)
RSYS=2
DMX =.967838
SMN =-304.259
SMX =76.6382

1

MN

MX

X
YZ

-308.879
-265.284

-221.69
-178.095

-134.501
-90.9063

-47.3119
-3.71747

39.877
83.4714

NODAL SOLUTION

STEP=110
SUB =1
TIME=110
SZ       (AVG)
RSYS=2
DMX =.987246
SMN =-308.879
SMX =83.4714

(a) (b)

(c) (d)

Fig. 3 Distributions of the longitudinal stress at different welding time. a Arc at the middle of the
first weld, b arc at the middle of the third weld, c arc at the middle of the fifth weld, d arc at the
middle of the sixth weld
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technology for trajectory control, in the purpose of ensuring the accuracy of the
welding position and the welding pose for every instance of the welding process.
Two major problems are to be solved: (a) the deviation caused by clamp positioning
error should be eliminated by trajectory adjustment before the welding starts; (b) the
offset of the welding torch should be detected and serves as the feedback for the
seam tracking control. The following technologies are implemented to provide
solutions to the existing problems.

3.1 In Situ Rapid Adjustment of Trajectory

The position of the weld seam can be deviated by the clamp positioning error,
welding distortion and other factors. Thus, if the welding proceeds along the
pre-planned trajectory without correction, the welding quality cannot be ensured,
even server defaults may occur. An in situ technology for rapid adjustment of
trajectory needs to be applied. The proposed technology involves a visual sensing
system including a multi-linear structured light source and a camera. The mathe-
matical model of the system is illustrated in Fig. 5. The transform between the
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Fig. 4 Residual stress and distortion. a Longitudinal residual stress, b residual welding distortion
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camera coordinate frame (OCXCYCZC), the world coordinate frame (OWXWYWZW)
and the image coordinate frame (OIXIYI) can be established by a calibration
step. The calibrated system allows rapid calculation of the desired welding trajec-
tory in the world coordinate frame. Each point on any one of the laser stripes
satisfies Eqs. (1)–(3), where xim; yim represent the pixel coordinates in the image
coordinate frame, xc; yc; zc represent the coordinates in the camera coordinate frame,
xw; yw; zw represent the coordinates in the world coordinate frame, j represents the
index of the laser planes. Parameters including fx; fy; u0; v0;R; T are the calibrated
variables determined in the calibration of the camera. The position of projected laser
stripes can be localized in the world coordinate frame. The surface of the work
pieces is then determined, leading to precise positioning of the weld seam in the
world coordinate frame. The effectiveness and the accuracy of the proposed tech-
nology has been verified through experiments of welding trajectory detection.
A weld seam which takes the form of a space curve is used in the experiments. The
seam detected by the visual sensing technology and the measurement by robot
teaching are compared with each other. Figure 6 shows one pair of the detected
trajectory and the measured one in the world coordinate frame. The average error
between the two curves is calculated for the estimation of the sensing accuracy.
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With the rapid trajectory adjustment technology, the welding path can be
automatically adjusted to adapt arbitrary change of the position of the weld seam.
The visual sensing technology can help to re-plan the welding path, which can
significantly reduce the deviation to less than 1 mm. The remaining deviation
between the re-planned path and the true position of the seam should be taken into
account during the process of welding. A seam tracking technology in real time
needs to be applied.

3.2 On-Line Seam Tracking and Pose Detecting

For on-line seam tracking, the visual sensing of the weld seam offset to the welding
torch is of great necessity. The welding of thin large-scale structure involves square
groove with the width of gap which is less than 0.5 mm. It is difficult for the widely
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industrialized structured light method (single or triple line) to detect the position
and the size of the square groove with high accuracy. The proposed technology
involves a visual sensing system including auxiliary illumination, a pose-detection
aperture and a camera. The auxiliary illumination is provided by a spherical light
source which consists of the LED array and the reflecting inner surface of a
spherical enclosure. Figure 7 illustrates the design of the system. Figure 8 shows the
simulated intensity distribution in a distance of 150 mm provided by the spherical
light source. The light emitted onto the visual field have approximately homoge-
neous intensity. The detection of weld seam can reach an accuracy of 0.03 mm with
a high resolution camera through the image processing method.

The pose-detection aperture consists of three laser point light sources, also
shown in Fig. 7. The aperture provides a three-point pattern of laser projected on to
the surface of the work piece. The image of the laser pattern is captured by the
camera and processed for the calculation of the relative pose of the welding torch,
which is fixed to the pose-detection aperture as well as the camera. The equation of
the plane can be determined in the coordinate frame of the camera, by solving the
combination of Eqs. (4)–(8), where f1, f2 are the transform function between the
image coordinate frame and the camera coordinate frame, Xi represents the points
on the laser propagation direction of the ith laser point light source, Si is the unit
vector of the laser propagation vector.

Ai ¼ ½Xi;0 þ ti;1ðui; viÞ � Si þ ti;2ðui; viÞ � V iðui; viÞ�=2 ð4Þ

V iðui; viÞ ¼ ½f1ðui; viÞ; f2ðui; viÞ; 1�T ð5Þ

Fig. 6 Trajectory adjustment: welding paths before and after adjustment
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4 System Implementation: Case Study on Launcher Fuel
Tank Welding

The launcher fuel tank welding is a challenging task in the astronautic manufac-
turing. High welding quality is required. The welding parameters, including the
welding voltage and current, the welding pose, the travel speed and the wire feed
rate, should be strictly controlled and synchronized to the motion of the welding
torch. The welding process should be optimized. The accurate trajectory pro-
gramming and the adaptive on-line adjustment should be applied.

The numerical computation indicates how the process parameters influence the
residual stress and the distortion. Based on the analysis of the simulation results, the

Fig. 7 Design of the system for seam and pose detection. 1 Control module, 2 sensor enclosure, 3
spherical light resource, 4 laser array, 5 camera, 6 filter, 7 work piece, 8 welding torch
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welding process is optimized to achieve high quality of the petal unit welding.
The time-consuming experimentations on the welding procedure specification are
avoided. It is economical and efficient to obtain optimal procedure parameters by
simulation instead of procedure test.

A robotic system of automatic welding is implemented and specialized for the
ellipse weld seam of the fuel tank for the launcher. The actuating part of the robotic
system consists of a two-axis positioner, an actuator for X-axis motion and an
actuator for Y-axis motion, illustrated in Fig. 9. The kinematics of the robotic
system is modeled by Eqs. (9)–(11), where a and b represent separately the length
of the major and the minor axis of the ellipse, e represents the distance between the
center of the ellipse and the rotating center of the two-axis positioner, α represents
the rotating angel, V3 represents the horizontal velocity of the welding torch, Vh

represents the vertical velocity of the welding torch. In the described case, the
welding velocity is required to be constant during the whole process, supposed that
the velocity equals C.

The evolution of the kinematics of the actuating system is determined by solving
the equation group. The results are illustrated in Fig. 10. Vw represents the welding
velocity, xc represents the angular velocity of the positioner, VA represents the
linear velocity of the welding point, V2 represents the horizontal component of VA,
Ltx represents the horizontal displacement of the welding torch, Lty represents the
vertical displacement of the welding torch, Lw represents the length of the weld.
The trajectory is pre-programmed using the numerical solution. Kinematic
parameterizations of typical points on the trajectory are presented in Table 1. Other
components of the robotic system include the in situ trajectory detecting system, the
on-line seam tracking and pose detection system, the arc length control system and
the high performance TIG welding aperture.

Fig. 8 Simulated intensity
distribution of the integrating
sphere light source
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Fig. 9 System configuration for automatic welding of launcher fuel tank

Fig. 10 System kinematics as functions of time. a Linear and angular velocities, b displacement
and angle
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Table 1 Numerical results of system kinematics of typical points

Point
index

Welding
speed C
(mm/min)

Time
(min)

Kinematics

V3
(mm/min)

Vh
(mm/min)

ωc
(°/min)

Ltx
(mm)

Lty
(mm)

α
(rad)

0001 300 0.001 390.825 166.510 0.430 387.138 1606.077 1.306

0100 300 0.121 363.702 181.086 0.419 432.526 1585.144 1.255

0200 300 0.247 333.336 193.078 0.406 476.137 1561.704 1.203

0300 300 0.376 300.537 202.173 0.391 517.172 1536.079 1.152

0400 300 0.511 265.884 208.297 0.375 555.286 1508.412 1.100

0500 300 0.651 229.964 211.455 0.358 590.125 1478.863 1.048

0600 300 0.799 193.359 211.728 0.341 621.318 1447.609 0.997

0700 300 0.955 156.631 209.266 0.323 648.477 1414.848 0.945

0800 300 1.119 120.306 204.282 0.304 671.197 1380.800 0.894

0900 300 1.294 84.865 197.040 0.286 689.053 1345.704 0.842

1000 300 1.480 50.733 187.843 0.268 701.602 1309.822 0.791

1200 300 1.894 −12.217 164.922 0.233 708.923 1236.865 0.687

1400 300 2.372 −66.444 138.239 0.201 689.364 1164.507 0.584

1600 300 2.927 −110.898 110.315 0.173 639.293 1095.712 0.481

1800 300 3.571 −145.427 83.118 0.150 555.966 1033.778 0.378

1900 300 3.927 −159.105 70.197 0.140 501.512 1006.474 0.326

1950 300 4.115 −165.087 63.945 0.136 471.150 993.930 0.301

1990 300 4.268 −169.473 59.047 0.133 445.400 984.474 0.280

2000 300 4.304 −170.412 57.957 0.132 439.431 982.421 0.275
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5 Conclusions

This paper has presented the technologies and the implementation of system for the
automatic welding of complex large-scale structures. The performance has been
investigated and discussed. The simulation of the welding distortion and the
residual stress plays an important role in designing and optimizing the welding
process. Distortion and residual stress are preferred to be minimized. The welding
process is designed based on the result of the numerical simulation. Before the
welding starts, the in situ weld seam detection technology has been applied for the
adjustment of the programmed welding trajectory. The miss-positioning of the
welding torch can be reduced to less than 1 mm. Higher accuracy has then been
achieved by the application of the on-line seam tracking and pose detection tech-
nology during the welding process. An accuracy of 0.03 mm has been achieved for
the detection of weld seam. An automatic welding system specialized for the ellipse
seam of the launcher fuel tank has been implemented.
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Research of a Linear Switched Reluctance
Motor

Xiao-Yue Liang, Su Wang and Xin-Gang Miao

Abstract It completely designs a sort of Linear Switched Reluctance Motor and
states a research of high speed working Linear Motor. Through the designing of the
specific parameters and the building of actual stereo model and the FEMM stim-
ulation of electromagnetism, the result of stimulation can prove the accuracy of the
calculation. Furthermore, the comprehensive outcome verifies the capability of high
speed Linear Motor to be reality and its expanding developing space.

1 Introduction

Nowadays as the traditional electric machine develops much more mature, the
research of Linear motor already has a sort of basement. The idea of translating the
traditional electric machine could take advantage of saving the median transmission
devices. As the development of electromagnetism catapult, the linear motor has
been made several applications. The US has excogitated the linear motor applied on
catapulting device.

2 Research of the Linear Switched Reluctance Motor

2.1 Linear Switched Reluctance Motor

Linear Switched Reluctance Motor (LSRM), it is different from the traditional
linear machine which depend on the first and second coil to produce magnetic field
and traction by interaction. It obeys the theory of flux closing along the largest
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permeability route while produces magnetic force to drive the machine. LSRM has
more phase, meanwhile it has less step pitch. It is in favor of reducing the pulsation
of moment.

LSRM is mainly constituted of the motor itself, the power reviser, controller, test
device of position, as in Fig. 1. The power reviser can provide power directly to the
machine. It has to match the requirement of power transmission of the machine. The
test device of position will deliver the detected position of the machine to the
controller so the controller can manage the transmission speed and position.

2.2 The Design of LSRM

2.2.1 The Design of Motion Science

The motion of Linear motion is similar to the catapult device. The magnetic force is
in direct proportion of the square of current. To produce enough push in the catapult
device, it has to ensure certain current input. The magnetic force F can be confirmed
by formula (1),

F ¼ 1
2
L0I2 ð1Þ

a ¼ F=m ð2Þ

in formula (2): m is the mass of the moved object. Velocity of the object after t time is:

V2 ¼ V1 þ at ¼ V1 þ F
m
t ¼ V1 þ L0I2t

2m
ð3Þ

Fig. 1 Structure of LSRM
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the accelerate is:

aa ¼ vm
ta

¼ 7:9
0:125

¼ 63:2m=s2

the temporary resultant force can be calculated as:

Fa ¼ M � aa ¼ 1 � 63:2 ¼ 63:2N

the accelerate in the period of speed cut:

ad ¼ �63:2m=s2

the temporary resultant force is:

Fd ¼ �63:2N

2.2.2 The Parameter Design of LSRM [1]

It designs a 12/8 poles LSRM, its construction of winding is as Fig. 2.
The rate of LSRM: P = Favm = 63.2 × 7.9 = 499.28 W.
Suppose that RSRM has a stator’s polar angle βs = 30° = 0.5236 rad and a

rotor’s polar angle βr = 36° = 0.6283 rad. After the accurate debugging of
parameter, the constant is: ke ¼ 0:4, kd ¼ 1, k2 ¼ 0:7, Bg ¼ 1:1215, Asp ¼ 23886:5
and k = 0.6545. The aperture can be calculated as:

D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pp
60 kekdk1k2kBgAmpvm

s
¼ 33:29mm

The RSRM’s thickness of steel stick is: L = kd = 0.6545 × 33.29 = 21.79 mm.

Fig. 2 LSRM’s construction of winding

Research of a Linear Switched Reluctance Motor 597



The groove width can be calculated as: C ¼ Dbs=2ð Þ ¼ 21:72mm:
HypotheticallyD0 ¼ 70mm, then the pole height of the stator can be calculated as:

Hs ¼ D0

2
� D

2
� C¼ 70

2
� 33:29

2
� 8:72 � 25mm

The back board of the rotor:

Cry ¼ D
2

� �
br ¼

33:29
2

� �
36� p
180

¼ 10:46mm

The pole height of rotor is:

hr ¼ D=2ð Þ � g� Cry ¼ ð33:29=2Þ � 0:3� 10:46 � 6:2mm

Based on the calculation of Cry and hr above can gain the size of aperture:

D ¼ ðhr þ Cry þ gÞ � 2 ¼ ð6:2þ 10:46þ 0:3Þ � 2 ¼ 34mm

The magnetic density in the air gap is:

Hg¼Bg

l0
¼ 1:1215

4p� 10�7 ¼ 892461:3A=m

Based on maximum current i = 10.42 A,

Tph¼Hg � 2� g
i

� 210

Suppose the current density J = 6 A/mm2 the conductor cross-section is:

ac ¼ i
J

ffiffiffiffi
m

p ¼ 85
.
6

ffiffiffi
3

p� �
¼ 0:8179mm2

AWG #18 is the general coil material of RSRM, the cross-section is 0.871 mm2.
So far, it completes the design of RSRM. Then it come the design of transmission to
LSRM.

The period of LSRM is:

NSC ¼ Lt
pD

¼ 4:8
p� 33:29� 10�3 ¼ 46

The stator pole is:

n ¼ NsNSC ¼ Lt
pD

¼ 276
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The stator width is:

wsp ¼ As

L
¼ ðD

2
Þb ¼ 33:29� 30p

2� 180
¼ 8� 7mm

The stator groove width is:

wss ¼
pD� Nmwsp
� �

Nm
¼ p� 33:29� 6� 8:7ð Þ

6
¼ 21:7mm

The rotor pole is:

xtp ¼ Cry ¼ 10:46mm

The rotor groove width is:

wts ¼
pD� Ntwtp
� �

Nt
¼ p� 33:29� 4� 10:46

4

� �
¼ 15:69mm

The rotor length is:

Ltr ¼ 8xtp þ 8xts ¼ 209:2mm

The coil diameter is:

dc ¼
ffiffiffiffiffiffiffi
4ac
p

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4� 0:817

p

r
¼ 1:02mm

Supposing that x ¼ 5 and the number of vertical windings is:

Nv ¼ Ff
hs � x
dc

� �
¼ 0:7

25� 5ð Þ
1:02

¼ 13:73 � 14

Ff ¼ 0:7 in the formula above.
The number of horizon windings is:

Nh ¼ Tph

2Nv
¼ 210

2� 14
¼ 7:5 � 8

The area of the coil is:

2
acNhNc

Ff
¼ 261:44mm2

Hs, Hg, Hr, Hry are respectively the magnetic field strength of the stator pole,
stator back board, rotor pole and rotor back board.
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Magnetic flux in the air gap is:

Bg ¼ BsAs

Pg

lo
g
¼ 1:2881� 0:002� 0:005

1:5081� 106
4p� 107

0:001
¼ 1:0733 T

Single phase magnetic conductibility when rotor right above the groove is:

Pgu ¼ loLxð2� 1:3229þ 2
hs
xss

� 2
p
þ g
xss

� �
þ xsp

2 gþ hrð ÞÞ

The inductor when rotor right above the groove is:

LU ¼ 2
Tph
2

� �2

Pgu ¼ 2
210
2

� �2

� 3:5799� 107 ¼ 7:8936Mh

In the modeling research, the magnetic conductibility when rotor is right above
the groove is:

Pgu ¼ 3:5799� 107 Wb=A

The model finally is figured out as a 50 cm machine, which has the maximum
velocity of 7.9 m/s and accelerate time of 1.125 s. Obviously the result is much
better than traditional linear machine.

3 Stereo Modeling Research

3.1 Solidworks Stereo Model

As the rotor shown in Fig. 3, eight poles rotor are mainly pressing by steel sticks.
The single steel stick is used to test the position of the rotor. The rotor has wheels
beneath and the assist board on the top [2].

3.2 Finite Element Stimulation [3]

It used traditional finite element stimulation software FEMM to verify the magnetic
field of LSRM [4]. The result proved the theory parameter research in part one.
Finite element is an effective magnetic field count method. Based on that, the
passage analyses magnetic field different rotor position at it’s working condition,
which is shown in Fig. 4.

The stimulation shows that the minimum magnetic field comes when the rotor is
right above groove, meanwhile the maximum magnetic field comes when the rotor
is right above stator.
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4 The Advantages of Linear Motor

4.1 Superiority of LSRM

LSRM has flexible adjust method, many adjustable parameter and large radiation
area [5]. As a result, it is unnecessary to add low temperature cooling devices. In the
same time, it has the easily controllable f-v property. The outstanding speed reg-
ulation and robustness can adapt to different load and improve stability of the
system. It uses power converter to power-up the LSRM in order to reach better
power saving and improve efficiency. On the account of the complexity of LSRM
magnetic circuit and the low efficiency at low speed, this linear motor hasn’t been
applied in reality yet.

Fig. 3 a Rotor model. b LSRM model

Fig. 4 Finite element analysis. a Finite element stimulation. b H–L curve B–L curve
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4.2 Speed Optimization

To use the linear motor as the carrier of robot arms or scanner meanwhile the
stability controlling of its velocity, accelerate and position can adjust its parameters.
It use the theory of state space to optimize the motor speed.

5 Conclusion

In the paper, it expatiates a high speed linear motor model, research of a 12/8 poles
LSR0 M. As the application direction of linear motor expends, high speed and
optimal control will be a development tendency in the future. Linear motor will be
used much more in machine tools, magnetic catapult, linear motion etc. On account
of higher speed than other motors, LSRM can combine traditional numerical control
machine tool to gain higher processing speed.
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The Stone Carving Reproduction
for the Reservation of Chinese Ancient
Architectures

Zhuo Liu, Xin-Gang Miao and Su Wang

Abstract Chinese ancient architectures as a kind of historical and cultural heritage,
witness the splendid history of civilization and the wisdom of our ancestors.
However, they encounter the inevitable embarrassment situation because of
accelerating of urbanization. Currently ancient architectures, more or less are suf-
fering from some natural or man-made destruction, therefore, the protection of
ancient architectures is particularly important. The preservation and reproduction
for carved stone which as an essential part of ancient architectures, has become an
attractive topic. But because the process for reproduction of carved stone, can’t be
an integrated system. The process become cumbersome, slow and inefficient. This
paper presents a method that using modern means such as three-dimensional
reverse system combined with robot carving technology to deal with this problem.

1 Introduction

Chinese ancient architecture is very special in global architecture. It’s famous for its
cultural value and historical heritage. Especially the biggest feature of ancient
architecture is the use of carved stone and wood carving. As for the preservation
and reproduction of carved stone and wood carving, the significant question is how
to reserve the value of art and history.

The combination of the traditional process and 3D Reverse Process technology
method, used in the preservation and reproduction of carved stone and wood
carving, can dispose the problems that reserve the value of art and history, at the
same time get the products efficiently. Originally, through these processes, we can
understand the initial of Chinese ancient architecture more deeply.
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As Fig. 1, this paper presents a new perspective that designs a systematical
process to deal with this question by using 3D reverse and robot carving
technology.

2 Application

One of the key procedures for reproduction of stone carving is the extraction and
analysis of the 3D data from the original product. The using of 3D reverse tech-
nology can speed up the process of data acquiring and 3D structured light scanner
can make this process more efficient. As Fig. 2, this paper used the 3D structured
light scanner from breuckmann of Germany.

Analysis for original product

3D Reverse process for material

3D Reverse process for original product

Process for 3D model

Generation for tool path

Carving by robot carving 

Fig. 1 System for
reproduction of stone carving

Fig. 2 3D structured light
scanner
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2.1 3D Reverse Process for Material

Because of the high accuracy and stability, 3D Reverse Technology is widely used
in designation and products for aviation and aerospace fields, animation or game.

The traditional method for reproduction always waste more material because of
neglecting the preprocessing of material targeted. During the process of carving, the
3D reverse preprocessing for the material can save the resource efficiently and it can
smooth the process at the same time. Point cloud data extraction process is shown in
Fig. 3.

After extract the point cloud data, it is necessary to dispose the useless point, the
noise, etc. These procedures include patching holes, noise reduction, deleting
redundant surface, model simplifying. The reason why simplify the model is to
accelerate the entire process. The result of processing shown in the Fig. 4.

2.2 3D Reverse Process for Original Product

Certainly, the process for original product is important as well because the purpose
of reproduction is to make the product seemed as the original one. The result of
process based on the material shown as Fig. 5.

Fig. 3 Point cloud data extraction process

Fig. 4 The result of
processing
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3 The Definition of Point Cloud Surface

This paper apply to the definition of point cloud surface during the experiment and
seemed the definition of point cloud surface as an important part to research. In Rn

space, P ¼ Pi 2 Rnf g express a n� 1 dimension Closed surface space. Define
f :Rn ! R as zero level set of the surface, namely: Sp ¼ f�1 0ð Þ.

Resume a point x on the surface, c xð Þ is Center of mass, n xð Þ is its distance field
of approximated gradient, the main definition is:

1. When the normal direction of x is predictable, define the Local centroid x 2 Rn,
shown as equal (1):

CðxÞ ¼
P

i h x� Pik kð ÞPiP
i h x� Pik kð Þ ð1Þ

θ is weighting function, namely compactly supported function. Generally, this
function can be defined by piecewise polynomial, shown as equal (2):

h rð Þ ¼ 1� r
h

� �4 4r
h þ 1

� �
0

0� r� h
r[ h

�
ð2Þ

h is the control parameter, it can be used to control the function of scale.
2. Because the normal direction of x is predictable, The method of vector field

definition is varied, The definition of different function corresponds to different
solutions. Using distance function, the normal can be defined by calculating the
local normal direction to the weighted centroid distance, shown as equal (3):

Fig. 5 The result of process
based on the material
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nðxÞ ¼
P

i h x� Pik kð ÞniP
i h x� Pik kð Þ ð3Þ

This is only the way we define the point cloud surface, as for the disposal of
point cloud we used Hermit surface model.

4 The Application of Robot Carving System

4.1 General Structure

The robot system is four axis space structure: X, Y, Z and the rotating platform the
axis of rotation A. The rotation axis A is used to accomplish the 3D carving. During
the process of 3D carving, the scale of rotation axis A is 0°–360°. The designation
of rotating platform is the key part of 3D carving. Vacuum adsorption platform is
used to the outside of robot carving system, axis Y is gantry mode movement, the
robot install on the gantry beam. The carving machine is on the end of robot.
Combined the robot and gantry, a variety of complex tasks can be solved.

Because the industrial auxiliary robot installed on the gantry, the gantry must
have enough static stiffness and dynamic stiffness. Compared with normal CNC
machine, the static stiffness and dynamic stiffness should be increased by more than
50 % at least. The General structure shown as Fig. 6.

4.2 Introduction of Robot

MOTOMAN-MH50 robot is Vertical joint structures which has axis S, L, Y, R, B,
T. This kind of structure, which is more flexible and efficient, can deal with
complex tasks. The robot shown as Fig. 7.

Fig. 6 The general structure
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Using the model which is processed can generate the tool path and through robot
carving system the product can be reproduced perfectly.

5 Conclusion

Chinese ancient architectures as the heritage of art and culture, should be protected
as possible. Stone carving, as a crucial part, should be paid more attention. This
paper present a new perspective to reproduce carved stone systematically.
Three-dimensional reverse system combined with robotic carving technology fin-
ished the reproduction efficiently.
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Research and Analysis of Architectural
Construction Safety Dynamic Infrasound
Network System Based on Acoustic Vector
Sensor

Hui-Chao Xu, Su Wang and Bao-Jun Zhao

Abstract This paper introduces the research of ACSDINS (Architectural
Construction Safety Dynamic Infrasound Network System) based on the analysis of
research background and research situation in building safety monitoring. The
system adopted acoustic vector sensor as the main equipment to achieve the signal
acquisition and chose steel model as the monitoring object. Experimental and
analytical results demonstrated the feasibility of ACSDINS. It has broad application
prospects and important practical significance in the field of safety monitoring.

1 Introduction

Recently, with the application of steel in the building industry and the development
of steel structures, people increasingly focus on the performance of building
structure which, therefore, increasing the amount of researches on the aspect of test
deformation of steel structure. Solid materials like steel structure are easy to make
inside changes of structure under complicated conditions like under the outside
stress. However, the changes of solid materials after survived from some forces are
quite few, which are not possible to tell through the exam of the inside structure.

Hence, for the tiny changes, people can use mechanical wave produced during
the steel structural changes, which is similar to the transmit of acoustic wave, to
observe the situations in steel structure changes through collection, management,
analysis of acoustic waves, as well as carrying on analysis and conduction to realize
the problems live inside the structure in order to process effective protection and

H.-C. Xu (&) � S. Wang
School of Mechanical Engineering and Automation, BeiHang University,
Beijing 100191, China
e-mail: gezi_xuhuichao@126.com

S. Wang � B.-J. Zhao
Beijing Engineering Research Center of Monitoring for Construction Safety,
Beijing University of Civil Engineering and Architecture, Beijing 100044, China

© Springer International Publishing Switzerland 2015
T.-J. Tarn et al. (eds.), Robotic Welding, Intelligence and Automation,
Advances in Intelligent Systems and Computing 363,
DOI 10.1007/978-3-319-18997-0_53

609



consolidation to ensure the safety of building and avoid accidents and damages
result from some safety problems in the structure.

ACSDINS (Architectural Construction Safety Dynamic Infrasound Network
System) adopted non-destructive sensing technology and used physical principles
of resonance film to detect the micro-displacement, thereby continuous monitoring
the force and deformation of various types of steel in different environments [1].
Through the applications of ACSDINS, it can achieve the functions of real-time
online monitoring, data analysis, and risk and early-warning for a number of steel
structures which have high security requirements. That can make us discover the
security risks in time, and take the necessary measures to remove potential hazards
to avoid sudden accidents. The model of ACSDINS consists of three main parts. It
is steel structure dynamic infrasound square, infrasound information acquisition and
processing platform, the man–machine interface. As the composite function of the
polybasic dynamic infrasound roles in any mechanical pole of the steel structure, its
strength and rigidity of mechanical pole would occur with quick response and
physical changes. So the dynamic infrasound monitoring system is a special
apparatus of measurement test and on-line monitoring and analysis.

2 Dynamic Infrasound Detection Technology

The application of Infrasound detection technology in complex steel structures are
solid infrasound field of study, or is to study the mechanical vibration generated by
the mechanical kinetic energy from the power source of direct or indirect role in the
complex steel structure [2–4]. The vibration is the radiant point of solid infrasound.
Infrasound propagated in complex steel structure, and its propagation speed,
transmission distance, spectral characteristics and wave type conversion have a
direct and close correlation with the physical properties of complex steel structure.

2.1 The Application of Infrasound Detection Technology
in Steel Structure

The main equipment of architectural safety infrasound detection program is the
infrasound detection system. The infrasound propagated in complex steel structure
is seemed as information carriers to do physical field detection analysis, calibration
and positioning of the dynamic properties of steel target objects in any wave
surfaces [5, 6]. It includes the calibration and measurement of internal stress field
and strain gradient, micro-displacement and macro-displacement, flow of energy
and torque, far infrasound load and high infrasound load, mechanical strength and
stiffness, mechanical fatigue damage and destruction and free resonance and forced
vibration of the infrasound wave surface in physical field. It also includes dynamic
field of measurement on the target surface and properties of infrasound calibration.
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2.2 Acoustic Vector Sensor

Differential resistive sensors and vibrating wire sensors have become increasingly
unable to meet the requirements of sensitivity and response speed in modern
monitoring system. ACSDINS adopted acoustic vector sensor as the main equip-
ment to achieve the signal acquisition. The main internal components of acoustic
vector sensor are divided into four parts: vector film, baseline block, coil and core.
Internal structure diagram of acoustic vector sensor is shown in Fig. 1.

Fastened the acoustic vector sensor with mechanical steel rods tightly, they
could generate deformation together when external force is applied. As force acting
on the baseline block, the sensor is deformed and the vector film will also be
deformed at the same time. So the coil cut the magnetic field lines that the internal
magnetic field changes, and induced electromotive force. Therefore, the acoustic
signals are converted into electrical signal. Energy transfer mainly comes from the
baseline block sampling, so it is featured with high reliability and stability.

3 Architectural Construction Safety Dynamic Infrasound
Network System Model

The model of ACSDINS consists of three main parts. It is steel structure dynamic
infrasound square, infrasound information acquisition and processing platform, the
man–machine interface. As the composite function of the polybasic dynamic infra-
sound roles in any mechanical pole of the steel structure, its strength and rigidity of
mechanical pole would occur with quick response and physical changes. That is to say
that dynamic infrasound role in the mechanical pole of steel structure and causes the
mechanical strength and rigidity changing. Thus the dynamic infrasound monitoring
system is a special apparatus of measurement test and on-line monitoring and analysis.

3.1 Steel Structure Dynamic Infrasound Square

Define Steel structure dynamic infrasound square is the most basic bottom part. One
end of vector film in Infrasound vector film sensors are installed on the steel

1 - vector film; 2 - baseline block; 3 - coil;  4 - core

Fig. 1 Internal structure diagram of acoustic vector sensor
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structure fixed reference side; the other end is fixed to the movable sampling end. So
the tension of vector film is facilitating to adjustment. Summing the one-dimensional
infrasound into a multi-dimensional infrasound applied in the system.

One-dimensional and multi-dimensional infrasound channel design is shown in
Figs. 2 and 3. Resonance frequency selection device and harmonic drive are used to
detect the vector film. The circuit connects to its outputs end. Infrasound vector film
sensors work closely with related tooling components and they are installed on the
position to be monitored of the mechanical pole of steel structure. Then connect
vector film infrasound sensor output with front-end amplifier module input; connect
front-end amplifier module output with opt coupler input.

3.2 Infrasound Information Acquisition and Processing
Platform

Data acquisition system is an independent single-loop monitoring system and
mainly composed of two-dimensional solid infrasound sonar sensor, current
transducer, signal analysis processor and communication interface. Its acquisition

Fig. 2 One-dimensional infrasound channel design

Fig. 3 Multi-dimensional
infrasound channel design
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of mechanical and acoustic micro-change signal from buildings or other facilities is
transmitted into a standard signal through current transmitter. Then input to signal
analysis processor to calculate a standard measurement.

The section of infrasound information acquisition and processing platform
connects opt coupler module output and serial digital acquisition module parallel
input; the serial digital acquisition module parallel output connect with the pre-
processing signal acquisition computer parallel input through parallel data bus;
connect the preprocessing signal acquisition computer serial output with data
processing and analysis computer serial input to form the serial data flow trans-
mission between preprocessing signal acquisition computer and data processing and
analysis data processing and analysis computer so as to make the data flow send out
through the window of the preprocessing signal acquisition computer can be safely
transmitted to the data processing and analysis computer input. Data processing and
analysis computer is connected with the LCD screen to ensure smooth data flow.

3.3 Units Man–Machine Interface

Man–machine interface makes the real-time online data that calculated by the in-
frasound information acquisition and processing platform display on the screen. At
the same time, signal analysis and measurement processor outputs signal. Signal is
incorporated into the field data bus through the communication module. Then it is
sent to the central data processing system.

Central data processing system consists of IPC and various types of signal
expansion and the control module. On the one hand, it can complete sets of
multi-loop signal processing and computing and send the signal and data to the
master monitoring system in central control room through the field bus. On the
other hand, it accepts and analyzes the field signals and instruction of the central
control room, and then outputs a corresponding control signal. It can directly
control the field or control room signal light or alarm devices, and can also control
the start and stop switch, to ensure that the facilities operate in the range of security
force.

In conclusion, the three parts of the model is steel structure dynamic infrasound
square, infrasound information acquisition and processing platform, the man–
machine interface. Hence, Fig. 4 shows the structure of overall system.

4 Experiment and Analysis

In order to verify the accuracy, reliability and validity of the dynamic infrasound
monitoring system, a large number of experiments based on ACSDINS model have
been done.
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4.1 System Experiment

In the experiments, the system detected the strength and rigidity of mechanical pole
of steel structure through line monitoring and early warning analysis. As an
example, the perception trend of the sensor is shown in Figs. 5 and 6. The system

Fig. 4 The structure of overall system

614 H.-C. Xu et al.



Fig. 5 The perception trend on longitudinal wave

Research and Analysis of Architectural Construction … 615



Fig. 6 The perception trend on transverse wave
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has a higher selectivity vector and can effectively filter out various types of acoustic
interference. A large number of accumulation and analysis were done on the
monitoring data.

This system is suitable for temperature, vibration, centripetal force, nuclear
radiation and electromagnetic interference and other adverse working conditions.
With self-test and zero automatic correction function, the system is easy to install
and maintain. Due to simple man–machine interaction, professionals and
non-professionals can easily use the system.

4.2 System Analysis

After lots of long time experiments, preliminary estimates of the monitoring data
show that: for the changes of tensile and compressive stress, transverse wave sensor
is about 4–6 % of the power source, while longitudinal wave sensor is about
11–13 %. Experiments and analytical results show that ACSDINS is featured with
speed response, accurate detection and analysis, and anti-interference ability. The
results of the force and strain analysis were accurate and small errors.

5 Conclusion

A method of autonomous seam acquisition and tracking with passive vision for arc
welding robot is proposed. By means of obtaining the weld seam information of
anterior seam in the welding direction and generating corresponding seam coor-
dinates, the robot can track the weld seam and finish the whole weld task with PD
controller.
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Design and Optimization of Magnetic
Wheel for Wall Climbing Robot

Zheng-Yi Xu, Ke Zhang, Xiao-Peng Zhu and Hao Shi

Abstract To satisfy the requirements on payload and surface adaptability of wall
climbing robot working on ship hull, a kind of magnetic wheel with optimized
adhesive ability is designed. A numerical computation model for accurately com-
puting the 3D magnetic field is developed by using finite element method. Force
requirements under various surface conditions are studied and dimensions of the
wheel are optimized. Prototype results show that the wheel achieved desirable
adhesive ability with decent weight, which can provide adhering force over 1100 N
on ship hull per wheel, and satisfies engineering requirements under all considered
conditions in the design of robot.

1 Introduction

In the ship building industry, many procedures are performed on ship hulls
including the removal of rust, the stripping of coatings and corrosion, the cleaning
of weld seams, non-destructive testing and inspecting, and so on. Traditionally,
these operations are done manually by staff on aerial working platforms: the tasks
are intense, tedious, and potentially dangerous. A ship hull could be over 30 m
high, with a surface area exceeding 20,000 m2 [1], and could include a variety of
surface features such as: obstacles, high curvature, weld seams, and so on.

Based on these conditions above, we proposed to develop a wall-climbing robot
system to climb up the hull and do these operations instead of manual operation.

There’re already some cases that robots are used in surface projects of ship hulls
or iron tanks [1–6].
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Flow Water Jet developed a robot system called HydroCAT as Fig. 1a, to do
surface cleaning job with ultra-high pressure (UHP) water jet equipment [3]. Its
adhesion force is provided by vacuum suction.

Another instance is VAL-250, as Fig. 1b, which was designed by Urakami
Research Company, under the request from Samsung heavy industries [4]. Different
with HydroCAT, it uses grit-blasting device as the surface process solution, which
costs less compare to UHP blasting. But its adhering method is also vacuum suction.

Differently, Magnetic Crawler M250 [5], as Fig. 1c, which is a product of
Jetstream GmbH, uses magnetic force as its adhering solution as its name. Magnets
are mounted on the chassis to apply magnet force. These magnets do not directly
contact the surface but with a constant small gap, between 2 and 10 mm, to keep the
chassis adhering. A problem worth to be concerned is the magnetic force varies too
much and even hinders robot’s locomotion against curvature. In a similar design
[7], same problem is also posed. As designed force of 2300 N, the magnets generate
1300–3470 N as curvature radius changes from 1.5 to −1.5 m.

Some low payload robots [8, 9] just simply put magnets on their caterpillars. As
only magnets on both ends will functioning as adhering force during locomotion,
but all magnets on surface do hindering when the robots are steering, these robots’
steering abilities are not well enough.

2 Magnetostatic Model for Wheel

2.1 Requirements of Payload and Working Condition

Our design embodies a four-wheeled structure as shown in Fig. 2a. With moderate
wheel spacing it could efficiently balance stability and mobility. A set of
grit-blasting devices with recycling functions is applied as the working unit rather

Fig. 1 Surface cleaning robots already in application. a HydroCAT. b VAL-250. c M250
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than a UHP device: this costs less and will not cause as much pollution. However,
the shortcoming of the chosen grit-blasting method is that its payload requirement is
relatively high. For this reason, how to design the wheel structure and how much
force they should apply became key foci for this study.

The total mass of our robot will be controlled under 40 kg and it can carry 80 kg
extra payload.

Also, as shown in Fig. 2b, by analyzing the geometry data on 3D-model of ship
hull, we decided the minimum curvature radius our robot can met as 1.2 m (or
maximum curvature as 0.833 m−1). Except the red zones at the both ends of hull, all
other surfaces can meet that standard. On the other hand, a typical weld-seam model
we defined with 20 mm width and 5–8 mm height. The robot should cross the weld
seam safely by any direction: either parallel, perpendicular or just one sided.
Influences of the surface conditions to magnetic force will be studied.

2.2 Wheel Structure

As shown in Fig. 3, the wheel is with a N38H NdFeB magnet which is axial
magnetized in the middle and two soft irons as yokes at both sides. The diameter of
yoke iron is slightly bigger than the magnet, so the magnet do not contact with the
adhered surface directly. All the three pieces are fixed on a bronze sleeve, adapting
with rotating shaft. The wheel will be directly contacting the surface at any time,
which means the thickness of air gap is low, stable and predictable.

Some important dimensions are also shown in Fig. 3, such as DM: out diameter of
magnet; dM: inner diameter of magnet; dR: differences between yoke iron radius and
magnet radius; tY: thickness of yoke and tM: thickness of magnet. Additionally,
about the working condition, lg represents the length of non-ferromagnetic gap and
tP as the thickness of adhered plate.

In magnetostatic solution, virtual displacement method [10] could be used to
calculate magnetic force. Introducing Maxwell’s Force Tensor [11], magnetic force
could be written as:

Fig. 2 Robot concept and working surface. a Grit blasting robot design. b Ship hull curvature
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F ¼
I
S

h 1
l0

ðB � bnÞB� 1
2l0

B2bnidS ð1Þ

Here S refers to a close surface that we select for integration and F refers the
magnetic force applied on it. And μ0 refers to magnetic permeability of vacuum; B
refers to magnetic induction intensity and n̂ refers the unit vector on the closed
interface which integrates on.

In our study, ANSYS Maxwell is chosen as the finite element (FE) solution
environment. By setting up the FE model, we need to build up the wheel’s
geometry and apply meshes to them, definite materials and set boundary conditions
[12], then magnetostatic field could be solved and so as magnetic force. As depicted
in Fig. 4a, the scalar of magnetic induction intensity over the wheel body and hull
surface. And as depicted in Fig. 4b, the force distribution on hull surface could be
portrayed intuitively.

3 Analysis, Optimization and Discussion

3.1 Static Analysis

A static model is built to analysis how much force is needed in this design. As
depicted in Fig. 5, ship hull is simplified as a plane with a tilt angle, which scope is
h 2 ½0; p=2�, corresponding the situations from bottom–up to vertical surface. The
total payload is simplified as a single force applied on point D. And we consider

Fig. 3 Magnetic wheel
design in section view
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two conditions of the direction of the robot, as shown in Fig. 5, called longitude
direction and latitude direction.

In longitude crawling direction, it faces such possible failure cases:

(1) Peeling off: this failure refers to not enough normal force is generated for
adhering.

(2) Sliding down: this refers to not enough static friction force is generated to
preserve static equilibrium.

Fig. 4 Results of FE simulation. a Mapping of magnetic induction intensity. b Magnetic force
distribution

Fig. 5 Static analysis of both crawling direction. a Static model on longitude direction. b Static
model on latitude direction
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(3) Rolling down: this refers to the critical state that upper part would peel off
while lower part still adhering because the moment produced by payload.

For case (1) and (2), we can build equations of force balance at critical state:

2Fmw1 þ 2Fmw2 ¼
P

Gy þ 2Nm1 þ 2Nm2P
Gx ¼ 2

P
f ¼ 2lNm1 þ 2lNm2

�
ð2Þ

By self-lock function supplied by motors, influences of rolling friction force can
be ignored. So μ here refers to its sliding friction coefficient. We can build an
equation that minimum magnet force needed as:

Fmwmin ¼
P

G
4

�
cos hþ 1

l
sin h

�
ð3Þ

For case (3), an anti-topple structure is mounted downside, which changed the
possible rolling pivot from point B to point A. By lengthening arms of forces, it can
help generating greater magnetic force torques to prevent robot from rolling down.
An equation of critical torque state could be built:

2Fmw1lAC þ 2Fmw2lAB � 2Nmw1lAC � 2Nmw2lAB �
X

GylAE �
X

GxlDE ¼ 0 ð4Þ

In critical state, as the normal force on all contacts expect rolling pivot come to
zero, we can build an equation that minimum magnet force needed as:

Fmwmin ¼
P

G
4

�
cos hþ 2lDE

2lAB þ lBC
sin h

�
ð5Þ

By introducing actual parameters, as ΣG = 120 kg, μ = 0.5, lAB = 0.105 m,
lBC = 0.37 m, lDE = 0.36 m, we can plot the minimum magnet force needed by h.
Also we can reach solutions in similar way for the latitude position, with
lHK ¼ 0:412m. In intermediate directions, requirements are between them.

As a conclusion, the minimum requirement of magnetic force for each wheel is
Fmwmin ¼ 657:40N.

3.2 Evaluations on Practical Working Condition

The result above is under the condition that approximates the hull as a flat plane.
But in practical working condition, there’re still some factors to influence magnetic
force the wheel can afford. So magnetic force the wheel should offer must be with a
reasonable design margin.
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To evaluate these influences, we built corresponding FE model and environment,
to compare its magnetic force in various situations with plane condition. Then the
margin will be decided accordingly.

Curvature Evaluation As depicted in Fig. 6, this situation appears typically in
longitude direction. The curvature slightly changes magnetic force, when it comes
to the largest value of 0.833 m−1, magnetic force will remain 89.61 % of plane case.

Tilt Evaluation A tilting condition means not the both sides of one wheel can
perfectly fit the hull. There’re two occasions that cause the status. As depicted in
Fig. 7a, a height difference between left and right chassis will cause imperfect
contacting. With such height difference up to 30 mm, the tilt angle will be 1.87°
max. And as depicted in Fig. 7b, which is typical in latitude direction of chassis,
high curvature will cause imperfect contact. Such tilt angle will be as high as 5.01°
in extreme condition. That angle will cause 49.16 % loss of magnetic force, as
shown in Fig. 7c, d.

Fig. 6 Magnetic force variance with curvature changes. a Schema of surface curvature.
b Magnetic force variance with curvature (longitude)

Fig. 7 Tilt angle cases and evaluation. a Schema of height difference case. b Schema of curvature
caused case. c Magnetic force variance with tilt angle. d Magnetic force distribution at 5.01° tilt
angle
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Although this influence is explicit, but to ship hull structure, a curvature that
high only appears on low height when external payload is actually much lower than
the upper limit of 120 kg. By such fact, it will not affect the requirement of
magnetic force obviously.

Weld Seam Crossing Evaluation Actually, we can treat this situation as a
variation of curvature issue. When wheel is on top of a weld seam, it is equivalent
as on a small section of curved surface with small curvature radius. The influence is
instantaneous but also should be evaluated.

The seams on ship hull are normally with width of 20 mm and height of 5–
8 mm. By placing the wheel on top of seam model, the simulate result is shown in
Fig. 8. Magnetic force decreases to 66.91 % by the height of 8 mm.

Design Margin of Magnetic Force By evaluations above, about 66.91 % of
magnet force on plane will meet the requirement of 657.40 N. So the final
requirement is 982.40 N, which approximately as 1000 N, will be the standard for
wheel optimization.

3.3 Optimization

As working condition, lg is defined as 0.5 mm, which is a decent estimate with
ample allowance; tP is set as 20 mm, a typical thickness of ship hull, which will not
be the bottleneck of magnetic force. Main optimization goal is Fmag, refers to the
magnetic force of a wheel. Two other responses are defined as references, as m:
mass of whole structure and R: defined by Fmag/mg, to show the efficiency every
mass of the wheel could provide.

Optimization on Diameters By Eq. (1), we can recognize that relationships
between Fmag with dM; also Fmag with DM are monotonously. By fix other
parameters and change these factors individually, the result of magnet force is
shown in Fig. 9a, b.

At last, dM is chosen at the engineering minimum as 46 mm and DM was
chosen at 100 mm, by which we can have enough space to optimization other
parameters and keep magnet force over 1000 N.

Fig. 8 Weld seam crossing case and evaluation. a Schema of weld seam crossing. b Magnetic
force variance with seam height
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And about dR in Fig. 9c, as it slightly lengthens the magnet circuit, it has a
relatively small effect on magnet force though it’s also monotonous. Considering
M3 screw holes are bored beside the edge of yoke iron to help positioning, dR is
decided as 6 mm.

Optimization on Thicknesses With an upper limit on total thickness, tM and tY
constraint with each other. We use response-surface research to optimization the
best distribution of tM and tY. By planning 14 parameter combinations and sim-
ulate, a best solution is optimized under our constraint.

We set two gauges of total thickness. To guarantee the safety factor in our
design, we set the upper limit of total thickness as 40 mm in the first gauge. As
shown in Fig. 10a, the sheared zone represents the limit of total thickness. And to
the surface graph, the blue planar part refers to the lower limit of magnetic force as
1000 N. The higher point shows more desirability to our optimize goal. At the peak
of the surface, the recommended distribution is tM = 14.36 mm, tY = 12.82 mm.
When Fmag predicted is as high as 1348.55 N, which is also proved by simulation.
Simultaneously R reached 59.74.

Another gauge considers more about the mass. Due to the weight of robot is
strictly controlled; we set the other gauge as 36 mm by total thickness. In this

Fig. 9 Diameters’ influences on magnetic force. a DM influences. b dM influences. c dR
influences
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situation, the recommended distribution is tM = 13.09 mm, tY = 11.46 mm, when
Fmag = 1155.52 N and R = 56.69, with the mass per wheel is controlled to 2 kg.
The result is shown in Fig. 10b.

4 Prototype and Implementation

At last, we choose the second gauge for prototyping. And for engineering conve-
nience, the final parameters are decided by the nearest integers, as tM = 12 mm,
tY = 12 mm. Plus with DM = 100 mm, dM = 46 mm and dR = 6 mm. The magnet
force is tested by varying gap length lg, from 0.5 to 3.0 mm. By comparing
with result of simulation, as shown in Fig. 11, magnetic force simulated is

Fig. 10 Optimization on thicknesses. a Desirability evaluation under 40 mm total thickness.
b Desirability evaluation under 36 mm total thickness

Fig. 11 Comparing magnetic force of prototype and corresponding FE model. a Prototype versus
simulation. b Prototype and experiment equipment
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1095.9 N, and the actual value is over 1125.4 N, the validity and accuracy of FE
model and optimization result is proved, which also satisfies our requirements.

5 Conclusion

In this study, by using FE method, a numerical magnetostatic model for the magnet
wheel is built, which proves a reliable reference for parameters optimization. And
the dimensions of magnet wheel are optimized, referencing theoretical models and
working condition evaluations. Prototype of wheel is also made, proving the cor-
rectness and accuracy of FE model, as magnetic force per wheel could reach
1100 N under 0.5 mm air gap.

In next step, the optimized wheels will be assembled into the main assembly of
robot prototype, in order to validate their further performance in working condition.
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Improved Cold Crack Resistance of Q690
Steel Weldments Using Double-Sided Arc
Welding

Cheng-dong Yang, Yu-xi Chen and Shan-ben Chen

Abstract A new technology of double sided double arc welding (DSAW) in which
gas metal arc welding (GMAW) is employed for root welding and filler passes of
Q690 thick plate was proposed in this paper. Numerical simulation has been used to
study the cold crack resistance of Q690 steel weldments. The critical stress rcrð Þ in
DSAW without preheating is 514.49 MPa, while in conventional welding with
100 °C preheating temperature, it is 378.21 MPa. The higher critical stress implies
that the samples in DSAW without preheating have lower cold crack sensitivity
than those in conventional welding with 100 °C preheating temperature. DSAW can
improve the cold crack resistance of Q690 with lower preheating temperature or
even without preheating.

1 Introduction

High-strength low-alloy steel has been widely used in shipbuilding, high pressure
vessels, nuclear engineering, heavy-duty machinery and ocean engineering for its
high strength and good toughness. However, the sensitivity to cold crack of this
material requires preheating treatment before welding to prevent the formation of
cold cracks. Unfortunately, the process of preheating may lead to many problems
such as softening of the welding structure, increasing the cost of welding and
reducing production efficiency [1]. Currently, these thick plate structures adopt
conventional methods such as manual and semi-automatic arc welding, which are
very complicated and of low productivity. The process of conventional welding
technology is presented as follows: preheating, gas metal arc welding (GMAW) on
one side, then back chipping via carbon arc air gouging, polishing, magnetic particle
examination, preheating again, GMAW on the other side and post-heating. It is well
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know that industry robot has been applied largely in welding for its high accuracy
and efficiency [2–7]. To solve these problems, a technology of DSAW in which
GMAW is employed for root welding and filler passes. The process of DSAW
presented first by Zhang et al. [8], used one power supply and two torches: normally
a plasma arc welding torch on one side of the plate and a plasma arc or gas tungsten
arc welding torch on the other side. Special welding fixtures are required to provide
access to both sides of the plate during welding. The arc is struck between the two
torches. The plates to be welded are grounded and not part of the electric welding
circuit. To date, for the advantages of DSAW, it has been widely used in welding Al
alloy [9–13] and some applications in stainless steel [14] and Mg alloy [15].

To control the welding parameters on each side of the plate respectively by a
DSAW system with only one welding power is not possible. To this end, the
DSAW system with two powers was presented. In this paper, experiments have
been conducted to investigate the thermal characteristics in DSAW.
Simultaneously, numerical simulation has been used to predict the transient tem-
peratures. In addition, theoretical analysis have been done to investigate the effect
of DSAW on cold crack resistance in welding thick plate of Q690 steel.

2 DSAW Experiment

The system of DSAW is shown in Figs. 1 and 2. It mainly consists of two robots (a
KUKA robot and an ABB robot), a central controller, a coordinated control center,
two welding powers, a worktable and a vision sensor. The communication between

coordinated control
center

centralized
controller

ABB
cnotrol cabint

KEMPPI
power

KUKA
control cabinet

KEMPPI
power

DEVICE NET

worktable
ABB
robot

KUKA
robot

KUKA
robot KCP

ABB robot
KCP

DEVICE NET

vision
sensor

Fig. 1 System of DSAW
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welding powers and two robots is implemented by Device Net. The central con-
troller administers the arc on and arc off. Vision sensor in the system is used for
initial welding position guiding, multi pass path planning and correcting. Due to the
rigid assembly accuracy demanded by robot welding, a worktable has been ad hoc
designed in this system with the functions of location, quick fixation and providing
external restrictions to alleviate the welding deformation.

The plate with a symmetric double V groove is 50 mm in thickness, 160 mm in
width, and 250 mm in length, and the gap width is 4 mm. The distance between fore
torch and rear torch is kept fixed at 30 mm. With the purpose of verifying the results
which calculated by the numerical simulation, thermocouples have been used to
measure the actual temperature during welding. Welding parameters used in the
experiment are as follows: the welding speed is 30 cm min−1, the welding voltage is
19.5 V, the welding current is 135 A and the flow rate of shielding gas is
20 L min−1. The chemical constitution of low alloy high strength steel in this
experiment has been shown in Table 1.

3 Finite Element Model

In this section, the three-dimensional model was established by using the numerical
simulation software MARC.MSC. Figure 3 shows the finite element model used in
the welded butt joint plate. The whole model is made up of 17,160 elements and
19,337 nodes. Considering that the temperature gradient of welded zone is very

Fig. 2 Experimental system

Table 1 Chemical constitution of low alloy high strength steel (wt%)

Element C Si Mn P S Ni Cu Cr Nb Mo V

Content 0.10 0.280 1.29 0.008 0.0005 1.177 0.020 0.518 0.018 0.579 0.002
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high, the mesh in weld and heat affected zone is dense, whereas the mesh far away
from the weld is sparse. The element size around the weld region is 2 mm in the
welding and thickness direction. The initial condition is an ambient temperature of
20 °C. The X axis is the width direction of the plate, the Y axis is the thickness
direction, and the Z axis is the welding direction of the plate in Fig. 3. This paper
adopts the double ellipsoid heat source model proposed by Goldak [16]. Physical
and mechanical properties are determined by considering the characteristics of
temperature dependence.

The low alloy high strength steel with 0.1 % carbon has been adopted in this
paper. Under the condition of ambient temperature, Poisson’s ratio is 0.285, the
density is 7.8 kg m−3, and the melting point is 1450 °C. The thermodynamic
property of the material [17]: the specific heat is 434 J kg−1 °C−1, the yield strength
is 850 MPa, the heat conductivity is 30.7k °C/W m−1, the thermal expansion
coefficient is 1.06 × 10−5 °C−1, and the Young’s modulus is 2.08 × 105 MPa under
room temperature. The heat transfer near the weld molten pool zone is mainly
dominated by heat radiation, while in the further place surface heat exchange
dominates. Considering the common effects of radiation and surface heat exchange,
the formula of compound heat conduction coefficient is shown below [18].

h ¼
eemrbol ðT þ 273Þ4 � ðTamb þ 273Þ4

� �
T � Tamb
� � þ hcon ð1Þ

where h is the compound heat conduction, eem is the radiation coefficient, hcom is the
convection coefficient, rbol is the Stefan–Boltzmann constant, T is the temperature
variable, and Tamb is the surrounding temperature.

The process of root welding in double-sided double arc is shown in Fig. 4. The
effect of DSAW on temperature field is investigated. Arc distance variant is set as d,
which means the fore torch is ahead of the rear torch by an arc distance of d during
root welding. Both torches have the same welding speed. The fore arc is loaded
first, then after t1(s) the rear arc is actuated. Both torches go along together in the
weld direction for a period of time t2(s) before the unloading of the fore arc.
Whereafter the rear arc goes alone for another period of time t1(s) until it is finally

Fig. 3 Three-dimensional
finite element model
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unloaded and the work-piece starts to be naturally cooled in the air. t3 is the time
needed for the work-piece to be cooled from its average temperature to the sur-
rounding temperature. According to the arc distance d and welding speed v, the
foregoing time t1 is expressed as follows.

t1¼ d
v

ð2Þ

t2 is described as:

t2¼ L� d
v

ð3Þ

where L is the length of the plate (mm), v is the welding speed (mm s−1).
It can be determined quantitatively when the arc distance is known. This time

mainly related to the material’s heat release coefficient and the ambient temperature.

4 Results and Discussions

4.1 Thermal Analysis

The thermal cycle curves of conventional welding (CW) with 100 °C preheating
temperature and DSAW without preheating are shown in Fig. 5. The thermal cycle
curve of CW shows only one peak, while two peaks appears on that of DSAW.
Another apparent difference is the DSAW has slower cooling rate compared to CW.
The fore arc provides the rear pass with a preheat action, leading to the first peak of
DSAW in Fig. 5b. Meanwhile the rear arc provides the fore pass with a second
thermal cycle, and this thermal cycle induces the second peak of DSAW in Fig. 5a.

Start to load rear arc

Unload fore arc

Unload rear arc

Cooling to ambient temperature

t1

t2

t1

t3

Start to load fore arc
Fig. 4 Root welding loading
sequence
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The mutual interaction of preheating by fore arc and post-heating by rear arc can
reduce the temperature gradient and make the cooling rate of DSAW small.

The actual transient temperatures have been measured by thermocouples, and the
curve clearly indicates that the calculated temperatures agree with that of the
experimental temperature both in fore pass and rear pass.

Table 2 shows the cooling parameters under different welding methods and
various preheating temperatures. Cooling parameters play a greatly important role
in welding microstructure and properties, especially the parameters of t8=5 and t8=3.
t8=5 and t8=3 is the time for the welded zone to be cooled from Ar3 (800 °C) to the
most unstable temperature of austenite (500 °C) and to the temperature (300 °C)
that the martensite begins to transform respectively. Comparing the CW and
DSAW, Table 2 obviously reveals that t8=5 and t8=3 are larger in DSAW. Under the
different preheating conditions: non-preheating, 50 and 100 °C preheating respec-
tively in DSAW, t8=5 and t8=3 increase with the preheating temperature rising, t8=5
increases in a slow speed, while t8=3 has a relatively faster rate. Quick cooling rate
prevents the diffusible hydrogen from escaping from welded and heat affected
zones, and causes the formation of hardened structure as well. The residual dif-
fusible hydrogen remained in the welded zone will induce cold cracks. But if the
cooling rate is extremely slow, the welded zone and heat affected zone will maintain
in high temperature for longer time, thus the structure of upper bainite and M-A
component may appear in welding heat affected zone which will influence
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Fig. 5 The thermal cycle curves of CW and DSAW. a Fore pass. b Rear pass

Table 2 Cooling parameters

Welding method Preheating temperature
T (°C)

Fore pass Fear pass

t8=5 ðsÞ t8=3 ðsÞ t8=5 ðsÞ t8=3 ðsÞ
CW 100 9.4 32.4 8.7 31.8

DSAW 100 15.1 55.1 15.3 56.3

DSAW 50 14.0 46.4 14.2 47.5

DSAW 20 12.9 40.6 13.1 42.3

636 Cheng-dong Yang et al.



the strength of welding heat affected zone. So a reasonable t8=5 and t8=3 are very
necessary to guarantee the welding quality of low alloy high strength steel.
When CW with 100 °C preheating temperature is chosen, the t8=5 is only 9.4 s. It
means the martensite which has transformed from austenite in heat affected zone
does not have enough time to finish self tempering, therefore it is not decomposed
completely, result in decreasing the impact toughness of fusion zone. If the way of
DSAW is selected, the time which it takes to cool from 500 to 300 °C is twice as
that needed by CW under the same preheating temperature. Cooling process slows
down in the range of temperature from 400 to 200 °C wherein martensite has been
transformed. This provides the function of self tempering for martensite in heat
affected zone, which can decrease the content of diffusible hydrogen in welded zone
and heat affected zone, alleviate cold crack sensitivity and improve the crack
resistance.

The most obvious phenomenon in Table 2 is that the t8=5 and t8=3 under
non-preheating condition in DSAW is longer than in CW with 100 °C preheating
temperature. For the function that the fore pass preheating and the rear pass
post-heating reduce the temperature gradient, the cooling rate in DSAW without
preheating is lower than that in CW with 100 °C preheating temperature, and
diffusible hydrogen has more time to escape from welded and heat affected zones.
The escape of diffusible hydrogen contributes to improving the crack resistance,
alleviating the cold crack. It means the DSAW without preheating has better
property in cold crack resistance than CW with 100 °C preheating temperature.

4.2 Cold Crack Sensitivity Analysis

The mechanism of cold crack generation in welding high strength steel is that the
quenched steel is subject to the invasion and induction of hydrogen, which causes
embrittlement and cracks under the influence of restraint stress. The higher critical
stress rcrð Þ of the sample, the better cold crack resistance it will get. The higher
critical stress rcrð Þ is closely related to lower content of hydrogen and the longer
time of t8=5 and t100. The formula is shown as follows [19].

rcr ¼ 86:3� 211pcm � 28:2 lg H½ � þ 1ð Þ þ 2:73t8=5 þ 9:7� 10�3t100
� �� 9:8 ð4Þ

where [H] is the content of diffusible hydrogen in deposited metal (ml/100 g), pcm is
the carbon equivalent of alloying element, t100 is the time that it takes welded zone
to cool from peak temperature to 100 °C.

Pcm ¼ C þ Si
30

þMnþ Cuþ Cr
20

þMo
15

þ V
10

þ Ni
60

þ 5B ð5Þ

Combining formula (5) and the chemical constitution of low alloy high strength
steel shows in Table 1, pcm ¼ 0:259 % can be calculated.
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HR100 is the residual diffusible hydrogen content when the welded zone of HSLA
(high strength low alloy) steels is cooled down to 100 °C. HR100 has more important
effect on cold crack sensitivity than the initial hydrogen content H0 in the deposited
metal [20]. Based on Fick diffusion law, when welded zone is cooled to 100 °C, the
expression of residual diffusible hydrogen is shown as follows:

HR100 ¼ 8
p
H0 exp � p2M

4�hw

� �
ð6Þ

H0 is the initial content of hydrogen when weld is solidified (ml/100 g). This
study applies ultra-low hydrogen wire, thus the initial hydrogen content is
3.4 ml/100 g. �hw is the average bead thickness (mm), and M is the diffusion factor
of hydrogen (mm2).

�hw ¼ pv1d2aH
4v2w

ð7Þ

where v1 is the wire feed rate, d is the wire diameter, v2 is the welding speed, w is
the weave range, and aH is the deposition coefficient. The �hw ¼ 5 mm can be
calculated.

M ¼ 183:7þ 2:543t200 � 2:298t250 þ 3:551t100 þ 14:47t300ð Þ � 10�3 ð8Þ

According to formula (8) and the characteristic parameters of CW and DSAW
shown in Table 3, MCW ¼ 1:582 mm2 (conventional welding with 100 °C pre-
heating temperature), MDSAW ¼ 2:21 mm2 (DSAW without preheating) can be
readily obtained.

The calculated result reveals that HR100 ¼ 2:91 (DSAW without preheating),
HR100 ¼ 3:97 (conventional welding with 100 °C preheating temperature), t8=5 in
DSAW without preheating and CW with 100 °C preheating temperature is 12.9 and
9.4 s respectively, t100 ¼ 212 (DSAW without preheating), t100 ¼ 193 (CW with
100 °C preheating temperature), then the critical stress (rcr) can be calculated,
rcr ¼ 514:49 MPa (DSAW without preheating), rcr ¼ 378:21 MPa (CW with
100 °C preheating temperature). The higher the critical stress (rcr), the better
property of cold crack resistance the DSAW has. The calculated results demonstrate
clearly that rcr in DSAW without preheating is higher than rcr in CW with 100 °C
preheating temperature, which indicates that DSAW without preheating has better
property of cold crack resistance than CW with 100 °C preheating temperature.

Table 3 Characteristic parameters of CW and DSAW

Welding method Preheating temperature (°C) t100 (s) t200 (s) t250 (s) t300 (s)

CW 100 193 76 57 45

DSAW 20 212 122 97 82
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5 Conclusions

The effect of double-sided double arc welding on preheating temperature in welding
thick plate of low alloy high strength steel has been discussed, and the major
findings are summarized as follows.

(1) A new technology of DSAW in which GMAW is employed for backing
welding and filler passes was proposed.

(2) The critical stress rcrð Þ in DSAW without preheating is 514.49 MPa, while the
critical stress in conventional welding with 100 °C preheating temperature is
378.21 MPa. The higher critical stress implies the lower cold crack sensitivity.

(3) DSAW can improve the cold crack resistance of Q690 weldments with lower
preheating temperature or even without preheating.
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