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SENSOR FUSION AND EMBEDDED DEVICES TO ESTIMATE AND CONTROL 

THE DEPTH AND WIDTH OF THE WELD BEAD IN REAL TIME 

Abstract 
The GMAW process is widely used in industry, but the automatic control is limited by the 
difficulty in the process for measuring the main magnitudes and for closing the control loop. 
Adverse environmental conditions in the process make it harder to use conventional 
measurement systems to obtain information about the weld bead geometry. Under these 
conditions, the control system design is complex and good performance is not guaranteed. In 
this research, systems and tools were developed to collect the values of the welding variables 
and send stimuli to the GMAW conventional process with constant voltage power source, which 
us allows to estimate the geometry of the weld bead in an open-loop control. The depth and 
width estimates of the weld bead are implemented based on the fusion of the thermographic 
data, the welding current and the welding voltage in a neural network. An algorithm was 
developed to extract the features of the infrared image and deliver this information to the 
estimators. To validate the estimator models, a laser profilometer was implemented to measure 
the external dimensions of the bead and an image processing algorithm to measure the depth 
by making a longitudinal cut in the weld bead. The results obtained are documented and 
discussed in the text. This work also includes a design proposal for a robotic orbital welding 
emulator and its multivariable control system to control the geometry of the weld bead using 
the developed estimators. The algorithms are optimized for embedded devices and real-time 
processing. 

 

FUSÃO SENSORIAL E DISPOSITIVOS EMBARCADOS PARA ESTIMAR E CONTROLAR A 

PENETRAÇÃO E A LARGURA DO CORDÃO DE SOLDA EM TEMPO REAL 

Resumo 
O processo GMAW é amplamente utilizado na indústria, mas seu controle automático está 
limitado pela dificuldade existente em medir as principais grandezas do processo e fechar a 
malha de controle. As condições ambientais adversas dificultam o uso dos sistemas de medição 
convencionais para obter informações da geometria do cordão de solda. Nestas condições o 
desenvolvimento do sistema de medição é complexo e o correto desempenho não é garantido. 
Neste trabalho desenvolvem-se sistemas e ferramentas para coletar os valores das variáveis e 
fornecer estímulos ao processo de soldagem GMAW convencional com fonte de soldagem de 
tensão constante, permitindo a estimação da geometria do cordão de solda em um sistema de 
controle em malha aberta. Os estimadores da penetração e a largura do cordão são 
implementados baseados na fusão dos dados termográficos, a intensidade da corrente e a 
tensão de soldagem em uma rede neural. Desenvolveu-se um algoritmo para extrair as 
caraterísticas da imagem infravermelha e para fornecer essas informações aos estimadores. 
Para validar os modelos dos estimadores foi implementado um perfilômetro a laser para obter 
as dimensões externas do cordão de solda e um algoritmo de processamento de imagem para 
medir a penetração fazendo um corte longitudinal no cordão. Os resultados obtidos são 
documentados e discutidos no texto. Este trabalho também inclui uma proposta de projeto para 
um emulador robótico de soldagem orbital e seu sistema de controle multivariável para 
controlar a geometria do cordão de solda utilizando os estimadores desenvolvidos. Os 
algoritmos são otimizados para dispositivos embarcados e processamento em tempo real. 

  



 
 

Table of contents 

Dedicatory .......................................................................... 18 

Acknowledgements ............................................................ 19 

Abstract .............................................................................. 20 

Resumo ............................................................................... 20 

Table of contents ................................................................ 21 

Figures index ....................................................................... 25 

Tables index ........................................................................ 29 

Abbreviations list ................................................................ 30 

Symbols list ......................................................................... 31 

1 Introduction. .................................................................. 19 

1.1 General objective. ....................................................................................................... 19 

1.2 Specific objectives. ...................................................................................................... 19 

1.3 Summary of contributions. .......................................................................................... 20 

1.4 Potential applications. ................................................................................................. 20 

1.5 Summary of results. .................................................................................................... 20 

1.6 Work organization. ...................................................................................................... 21 

2 Literature review. .......................................................... 23 

2.1 GMAW process. ........................................................................................................... 23 

2.2 Measurements in the GMAW process. ....................................................................... 27 

2.2.1 Measurement of arc welding variables. .............................................................. 27 

2.2.2 Measurement of contact tip to work distance. .................................................. 28 

2.2.3 Measurement of welding joint and weld bead geometry. ................................. 29 

2.2.4 Estimation of weld bead depth. .......................................................................... 31 

2.2.5 Sensor fusion in welding process. ....................................................................... 38 

2.2.6 Chronological evolution of the research in geometry sensing and estimators. . 40 

2.3 Control of the weld bead geometry in arc welding process. ...................................... 42 

2.3.1 Chronological development of the geometry control in arc welding process. ... 45 

2.4 Embedded devices in welding process control. .......................................................... 51 

2.5 Chapter considerations. .............................................................................................. 52 



 
 

3 Methods and tools. ........................................................ 53 

3.1 Data acquisition system .............................................................................................. 54 

3.1.1 Measurement of the welding voltage and welding electric current. .................. 54 

3.1.2 Measurement of the welding speed. .................................................................. 54 

3.1.3 Measurement of the weld bead profile. ............................................................. 55 

3.1.4 Feature extraction of the bead profile. ............................................................... 56 

3.1.5 Infrared measurement. ....................................................................................... 57 

3.1.6 Feature extraction of the infrared image. ........................................................... 57 

3.1.7 Image processing for offline measuring of the weld bead depth. ...................... 59 

3.1.8 Sensor fusion for estimating the depth and width of the weld bead. ................ 59 

3.2 Actuator system. ......................................................................................................... 61 

3.2.1 Welding power source ........................................................................................ 61 

3.2.2 Flat welding table. ............................................................................................... 63 

3.3 Open loop control system. .......................................................................................... 63 

3.4 User interface. ............................................................................................................. 65 

4 Experimental results. ..................................................... 67 

4.1 Experiments with argon and oxygen as the shielding gas. ......................................... 67 

4.1.1 Experiment 1: Process response to the steps in the welding speed and wire feed 

speed using 98% argon and 2% oxygen as the shielding gas. ............................................. 68 

4.1.2 Experiment 2: Process response to the steps in the welding voltage using 98% 

argon and 2% oxygen as the shielding gas. ......................................................................... 73 

4.1.3 Modeling and validation of the weld bead depth estimator with data from 

experiments with argon and oxygen as the shielding gas. ................................................. 78 

4.1.4 Modeling and validation of the weld bead width estimator with data from 

experiments with argon and oxygen as the shielding gas. ................................................. 80 

4.2 Experiments with argon and carbon dioxide as the shielding gas. ............................. 83 

4.2.1 Experiment 3: Process response to the steps in the welding speed and wire feed 

speed using 96% argon and 4% carbon dioxide as the shielding gas. ................................. 83 

4.2.2 Experiment 4: Process response to the steps in the welding voltage using 96% 

argon and 4% carbon dioxide as the shielding gas. ............................................................ 87 

4.2.3 Modeling and validation of the weld bead depth estimator with data from 

experiments with argon and carbon dioxide as the shielding gas. ..................................... 91 

4.2.4 Modeling and validation of the weld bead width estimator with data from 

experiments with argon and carbon dioxide as the shielding gas. ..................................... 93 

4.3 Chapter considerations. .............................................................................................. 96 

5 Conclusions. ................................................................... 98 



 
 

6 Future works. ................................................................. 98 

Bibliographic references. .................................................... 99 

Apendix 1 Representative information about 

measurement and estimation of the bead weld geometry 

found in literature. ........................................................... 114 

Apendix 2 Representative information about control 

systems found in welding research literature. ................. 129 

Apendix 3 Design proposal of a multivariable control 

system to GMAW orbital process. .................................... 137 

A 3.1 The measuring system........................................................................................... 137 

A 3.1.1 Measurement of the orbital angle and the welding speed. .............................. 138 

A 3.1.2 Measurement of the joint profile and weld bead profile. ................................ 138 

A 3.1.3 Measuring the contact tip to work distance. .................................................... 139 

A 3.1.4 Calculation of the volume deposited by length unit. ........................................ 140 

A 3.1.5 Infrared measurement. ..................................................................................... 141 

A 3.1.6 Sensor fusion for estimating the depth and width of the weld bead in orbital 

welding position. ............................................................................................................... 141 

A 3.1.7 Data acquisition. ................................................................................................ 141 

A 3.2 The actuator system. ............................................................................................. 142 

A 3.2.1 Robotic emulator of orbital welding process .................................................... 142 

A 3.2.1.1 Relationship between the torch speed and the base orbital movement. 144 

A 3.3 The multivariable control system. ......................................................................... 144 

A 3.3.1 Control of seam tracking. .................................................................................. 146 

A 3.3.2 Control of contact tip to work distance. ........................................................... 146 

A 3.3.3 Control of welding speed and welding angle. ................................................... 146 

A 3.3.4 Control of depth and width of weld bead. ........................................................ 147 

A 3.3.4.1 Professional version of the PID controller................................................. 149 

A 3.3.4.2 Smith Predictor variation for the weld bead width control loop. ............. 151 

A 3.3.4.3 Fuzzy self-adaptive PID controller. ............................................................ 152 

A 3.3.4.4 Decoupling the control loops. ................................................................... 154 

A 3.3.4.5 Fuzzy logic for manipulated the CTWD. .................................................... 156 

A 3.3.5 Estimation of the initials control parameters. .................................................. 156 

A 3.3.6 Sequential controller. ........................................................................................ 157 



 
 

A 3.3.7 Task distribution. ............................................................................................... 158 

A 3.4 Web user interface for process monitoring and parameter configuration. ......... 159 

 

  



 
 

Figures index 

Figure 1 Number of documents relevant to the work published between 2007 and 2017 (Total=119) ..... 23 
Figure 2 Number of documents relevant to the work that were published before and after 2007 

(Total=228) ................................................................................................................................................. 23 
Figure 3 Process arc welding. Adapted from (NIT, 2015) ........................................................................... 24 
Figure 4 Equipment for constant voltage GMAW process (MILLER ELECTRIC MFG. CO., 2012). ................ 24 
Figure 5 GMAW torch cutaway (LINCOLN ELECTRIC, 2017) ....................................................................... 25 
Figure 6 Contact tip to work distance and electrical stick out (or electrode extension) differences 

(LINCOLN ELECTRIC, 2017) .......................................................................................................................... 28 
Figure 7 Time of flight measurement principle (MICRO-EPSILON, 2017b). ................................................ 28 
Figure 8 Phase-comparison measuring principle (MICRO-EPSILON, 2017b). ............................................. 29 
Figure 9 Triangulation measuring principle (MTI INSTRUMENTS, 2017). ................................................... 29 
Figure 10 Geometric dimensions of the weld bead. ................................................................................... 29 
Figure 11 Two-dimensional laser triangulation principle. .......................................................................... 30 
Figure 12 Weld pool and penetration: (a) partial penetration; (b) total penetration. ............................... 31 
Figure 13 Analysis method used to measurement or estimate the weld bead geometry found in the 

documents analyzed. .................................................................................................................................. 32 
Figure 14 Type of model used to estimate the weld bead depth in documents analyzed. ......................... 32 
Figure 15 Welding position used in documents analyzed. .......................................................................... 33 
Figure 16 Technologies of indirect monitoring used to estimate the bead geometry found in the 

documents analyzed. .................................................................................................................................. 34 
Figure 17 Infrared emission in welding process (a). Discontinuities caused by oil (b) and lack of 

penetration (c) (NIT, 2015). ........................................................................................................................ 38 
Figure 18 Set up and functional main units of the multi-sensor welding system (a). Multi-sensor 

information flow (b) Adapted from (ALFARO, SADEK C. A; DREWS, 2006) ................................................. 39 
Figure 19 Evolution of number of documents relevant to the work, published in the last fifty years. ....... 40 
Figure 20 Evolution of main measuring technologies used to obtain the information to estimate the bead 

geometry. ................................................................................................................................................... 41 
Figure 21 Evolution of main methods de analysis used to estimate the bead geometry. .......................... 41 
Figure 22 Welding position used in control systems of the weld bead geometry, found in the analyzed 

documents: (a) Control in flat and orbital welding; (b) Control of the GMAW orbital process. ................. 42 
Figure 23 Model type (a) and quantity of variables controlled (b) in the control systems of the weld bead 

geometry found in the analyzed documents. ............................................................................................. 42 
Figure 24 Graphic summary of the main methods or techniques used for control the geometry of weld 

bead. ........................................................................................................................................................... 43 
Figure 25 Main variables used in the bead geometry control in arc welding process. ............................... 45 
Figure 26 Control loop proposed for Andersen process (Anderson et al. 1990) when the initial set point 

condition are defined by neural network and the penetration are estimated (COOK, GEORGE E; BARNETT; 

STRAUSS, 1999) .......................................................................................................................................... 46 
Figure 27 SISO (a) and DIDO (b) control loops that employ infrared information. ..................................... 47 
Figure 28 Neural network for determining weld parameters (YANG, SANG-MIN et al., 2007) .................. 48 
Figure 29 Block diagram of the weld pool controller (SHEN et al., 2008). .................................................. 48 
Figure 30 Model-based predictive control to orbital GTAW process (YU KANG LIU; YU MING ZHANG, 

2014)........................................................................................................................................................... 50 
Figure 31 Embedded devices in welding process. ....................................................................................... 51 
Figure 32 Block diagram of the data acquisition and closed loop control system architecture. ................ 53 
Figure 33 Block diagram of the data acquisition and open loop control system architecture. .................. 53 
Figure 34 Data acquisition and open loop control system: (a) Main components and data flow; (b) Flat 

welding table and instruments support; (c) Schematic side view. .............................................................. 54 
Figure 35 Low cost laser profilometer components. ................................................................................... 55 
Figure 36 Laser scanner software and profile data stored in a text file. .................................................... 56 



 
 

Figure 37 Curves of the bead profile (above) and from its second derivative (below). .............................. 56 
Figure 38 Infrared feature extraction block. ............................................................................................... 57 
Figure 39 Features extracted of the infrared images. ................................................................................ 58 
Figure 40 Longitudinal cut of the weld bead (above). Weld bead depth profile (yellow line) and base 

surface (red line) on the same picture (below), obtained using image processing algorithms. ................. 59 
Figure 41 Neural network structure for estimate the depth and width of the weld bead. ......................... 59 
Figure 42 Estimator of depth and width of the weld bead that uses the thermographic features with 

welding current or voltage in cooperative mode. ....................................................................................... 60 
Figure 43 Welding power source operation sequence for the process control and data acquisition. ........ 62 
Figure 44 Data acquisition and control interface. ...................................................................................... 63 
Figure 45. Electronic circuit of the data acquisition and control interface. ................................................ 64 
Figure 46 Main loop of the data acquisition and control interface. ........................................................... 64 
Figure 47. Data acquisition and stimulus sequence design software. ........................................................ 65 
Figure 48. Examples of configuration, stimulus and data files. .................................................................. 66 
Figure 49 Three-dimensional reconstruction of the weld bead obtained with the low-cost laser scanner in 

the experiment 1. ....................................................................................................................................... 69 
Figure 50 Weld bead obtained in the experiment 1: (a) Top view of the weld bead; (b) Weld bead depth 

profile (yellow line) and surface of the workpiece (red line) obtained by the macrographic analyses 

algorithm. ................................................................................................................................................... 69 
Figure 51 Unfiltered measurements obtained with the data acquisition and open-loop control system in 

the experiment 1. ....................................................................................................................................... 70 
Figure 52 Filtered measurements obtained with the data acquisition and open-loop control system in the 

experiment 1. .............................................................................................................................................. 71 
Figure 53 Sample of the thermographic data and feature extraction process in the experiment 1. .......... 72 
Figure 54 Three-dimensional reconstruction of the weld bead obtained with the low-cost laser scanner in 

the experiment 2. ....................................................................................................................................... 74 
Figure 55 Weld bead obtained in the experiment 2: (a) Top view of the weld bead; (b) Weld bead depth 

profile (yellow line) and surface of the workpiece (red line) obtained by the macrographic analyses 

algorithm. ................................................................................................................................................... 74 
Figure 56 Unfiltered measurements obtained with the data acquisition and open-loop control system in 

the experiment 2. ....................................................................................................................................... 75 
Figure 57 Filtered measurements obtained with the data acquisition and open-loop control system in the 

experiment 2. .............................................................................................................................................. 76 
Figure 58 Example of the thermographic data and feature extraction process in the experiment 2. ........ 77 
Figure 59. Results in the training of the weld bead depth model for experiments with argon and oxygen: 

(a) Regression curve between the model output and the real depth (target); (b) Performance curve in 

training, validation and test. ...................................................................................................................... 78 
Figure 60 Comparison between the response of the weld bead depth model (outputs) and the 

measurements obtained in the experiment 1 (targets). In the time axis, each time value corresponds with 

a position in the piece. ................................................................................................................................ 79 
Figure 61 Regression curve between the measurements of the weld bead depth (target) obtained in 

experiment 2 and the output of the weld bead depth model obtained from the data of experiment 1. ... 79 
Figure 62 Comparison between the measurements of the weld bead depth (target) obtained in 

experiment 2 and the output of the weld bead depth model obtained from the data of experiment 1. In 

the time axis, each time value corresponds with a position in the piece.................................................... 80 
Figure 63. Results in the training of the weld bead width model for experiments with argon and oxygen: 

(a) Regression curve between the model output and the real depth (target); (b) Performance curve in 

training, validation and test. ...................................................................................................................... 81 
Figure 64 Comparison between the response of the weld bead width model (outputs) and the 

measurements obtained in the experiment 2 (targets). In the time axis, each time value corresponds with 

a position in the piece. ................................................................................................................................ 81 
Figure 65 Regression curve between the measurements of the weld bead width (target) obtained in 

experiment 1 and the output of the weld bead depth model obtained from the data of experiment 2. ... 82 



 
 

Figure 66 Comparison between the measurements of the weld bead width (target) obtained in 

experiment 1 and the output of the weld bead width model obtained from the data of experiment 2. In 

the time axis, each time value corresponds with a position in the piece.................................................... 82 
Figure 67 Three-dimensional reconstruction of the weld bead obtained with the low-cost laser scanner in 

the experiment 3. ....................................................................................................................................... 83 
Figure 68 Weld bead obtained in the experiment 3: (a) Top view of the weld bead; (b) Weld bead depth 

profile (yellow line) and surface of the workpiece (red line) obtained by the macrographic analyses 

algorithm. ................................................................................................................................................... 84 
Figure 69 Unfiltered measurements obtained with the data acquisition and open loop control system in 

the experiment 3. ....................................................................................................................................... 85 
Figure 70 Filtered measurements obtained with the data acquisition and open loop control system in the 

experiment 3. .............................................................................................................................................. 86 
Figure 71 Three-dimensional reconstruction of the weld bead obtained with the low-cost laser scanner in 

the experiment 4. ....................................................................................................................................... 87 
Figure 72 Weld bead obtained in the experiment 4: (a) Top view of the weld bead; (b) Weld bead depth 

profile (yellow line) and surface of the workpiece (red line) obtained by the macrographic analyses 

algorithm. ................................................................................................................................................... 88 
Figure 73 Unfiltered measurements obtained with the data acquisition and open-loop control system in 

the experiment 4. ....................................................................................................................................... 89 
Figure 74 Filtered measurements obtained with the data acquisition and open-loop control system in the 

experiment 4. .............................................................................................................................................. 90 
Figure 75. Results in the training of the weld bead depth model for experiments with argon and carbon 

dioxide: (a) Regression curve between the model output and the real depth (target); (b) Performance 

curve in training, validation and test. ......................................................................................................... 91 
Figure 76 Comparison between the response of the weld bead depth model (outputs) and the 

measurements obtained in the experiment 3 (targets). In the time axis, each time value corresponds with 

a position in the piece. ................................................................................................................................ 92 
Figure 77 Regression curve between the measurements of the weld bead depth (target) obtained in 

experiment 4 and the output of the weld bead depth model obtained from the data of experiment 3. ... 92 
Figure 78 Comparison between the measurements of the weld bead depth (target) obtained in 

experiment 4 and the output of the weld bead depth model obtained from the data of experiment 3. In 

the time axis, each time value corresponds with a position in the piece.................................................... 93 
Figure 79. Results in the training of the weld bead width model for experiments with argon and oxygen: 

(a) Regression curve between the model output and the real depth (target); (b) Performance curve in 

training, validation and test. ...................................................................................................................... 94 
Figure 80 Comparison between the response of the weld bead width model (outputs) and the 

measurements obtained in the experiment 4 (targets). In the time axis, each time value corresponds with 

a position in the piece. ................................................................................................................................ 94 
Figure 81 Regression curve between the measurements of the weld bead width (target) obtained in 

experiment 3 and the output of the weld bead depth model obtained from the data of experiment 4. ... 95 
Figure 82 Comparison between the measurements of the weld bead width (target) obtained in 

experiment 3 and the output of the weld bead width model obtained from the data of experiment 4. In 

the time axis, each time value corresponds with a position in the piece.................................................... 95 
Figure 83 Data acquisition and control system proposed for the orbital welding process. ...................... 138 
Figure 84 Sensors for measure the orbital angle and the welding speed (a) Encoder for welding angle 

measurement; (b) Optical sensor for detect the start position. ............................................................... 139 
Figure 85 Profilometer laser. Adapted from (RIFTEK, 2015) ..................................................................... 139 
Figure 86 Calculus of the contact tip to work distance using the bead profile. ........................................ 140 
Figure 87 Area of the weld bead and joint. .............................................................................................. 140 
Figure 88 Infrared camera. Adapted from (NIT, 2014) ............................................................................. 141 
Figure 89 Estimator of depth and width of the weld bead for orbital welding position. .......................... 142 
Figure 90 Mechanic structure for robotic emulator of orbital welding process. ...................................... 143 
Figure 91 Degrees of freedom of the robotic emulator. ........................................................................... 143 



 
 

Figure 92 Motor and gearbox: (a) Stepper motor and gearbox to linear movement; (b) Stepper motor and 

gearbox to CTWD movement; (c) DC motor, encoder and gearbox to orbital movement. ...................... 144 
Figure 93 General diagram of the multivariable control system. ............................................................. 145 
Figure 94 Blocks diagram of the seam tracking control loop. .................................................................. 146 
Figure 95 Blocks diagram of the contact tip to work distance control loop. ............................................ 146 
Figure 96 Blocks diagram of welding speed and orbital welding control loop. ........................................ 147 
Figure 97 Welding process represented as a multiple input-multiple output process. ............................. 147 
Figure 98 Diagram of the weld bead width and depth control loops. ...................................................... 148 
Figure 99 Professional version of the Proportional-Integral-Derivative controller. .................................. 149 
Figure 100 Controller of depth and width of the weld bead based on the Professional PID algorithm. .. 151 
Figure 101 Typical control loop with Smith Predictor. .............................................................................. 151 
Figure 102 Weld bead width controller with modified Smith Predictor. .................................................. 152 
Figure 103 Fuzzy self-adaptive professional PID controller. Adapted from (LIU, WEN HONG; XIE, 2011) 152 
Figure 104 The membership functions for the inputs (𝑒 and ∆𝑒) and outputs (𝐵𝑝, 𝑇𝑖 and 𝑇𝑑) of the fuzzy 

system....................................................................................................................................................... 153 
Figure 105 Weld bead width and depth controller with Fuzzy Self-Adaptive Professional PID algorithm.

 .................................................................................................................................................................. 154 
Figure 106 Typical feed forward control in a single control loop. ............................................................ 154 
Figure 107 Weld bead width and depth penetration controller with decouples. ..................................... 155 
Figure 108 Weld bead width and depth penetration controller with Fuzzy and P-PID controllers. .......... 156 
Figure 109 Estimator of the initials control parameters executed in three steps by the same neural 

network structure. .................................................................................................................................... 157 

 

  



 
 

Tables index 

Table 1 Main variables of automatic GMAW process to constant voltage. ............................................... 26 
Table 2 Methods or techniques used for modeling and control of the geometry of weld bead. ................ 44 
Table 3 Inversal 450 welding power source characteristics (IMC-SOLDAGEM, 2005). ............................... 61 
Table 4 Sequence of stimulus applied during the experiment 1 ................................................................. 68 
Table 5 Sequence of stimulus applied during the experiment 2 ................................................................. 73 
Table 6 Sequence of stimulus applied during the experiment 3 ................................................................. 83 
Table 7 Sequence of stimulus applied during the experiment 4 ................................................................. 87 
Table 8 Results obtained in train and test of estimators with argon and oxygen as protection gas.......... 96 
Table 9 Results obtained in train and test of estimators with argon and carbon oxide as protection gas. 96 
Table 10 Fuzzy matrix to 𝐵𝑝, 𝑇𝑖 and 𝑇𝑑. .................................................................................................. 153 
Table 11 Task distribution between the three logics components of the system. .................................... 158 

 



 
 

Abbreviations list 

3D Tree-dimensional 
ANFIS Nonlinear neuro-fuzzy 
ANFIS Adaptive Neuro-fuzzy Inference System 
ARMA Auto-regressive Moving Average 

Bp Proportional band 
CCD Charge coupled device 

DARMA Deterministic Auto-regressive Moving Average 
DC Direct current 

DIDO Double-input and double-output 
D-S Dempster-Shafer evidence theory 

FCAW Flux-Cored Arc Welding  
FFT Fast Fourier Transform 

FL-PID Feedback linearization based PID 
FPGA Field Programmable Gate Array 

GMAW Gas Metal Arc Welding  

GMAW-P Gas Metal Arc Welding – Pulsed mode  

GMAW-S Gas Metal Arc Welding – Short Circuit Mode  
GPC Generalized predictive control 

GTAW Gas Tungsten Arc Welding  
IGBT Isolated gate bipolar transistor 

LAN Local Area Network  
MA Moving-average 

MAG Metal Active Gas 
MFC Model-free adaptive control 
MIG Metal Inert Gas 

MIMO Multi-Input-Multi-Output  
MIMO Multiple Input, Multiple Output 
MISO Multiple Input, Single Output 
MLP Multilayer perceptron artificial neural network 

MPC Model Predictive Control  
MSE Median square error 

P Proportional controller 

PAW Plasma Arc Welding  
PI Proportional-Integral controller 

PID Proportional-Integral-Derivative controller 
PID Proportional-Integral-Derivative controller 

P-PID Proportional-Integral-Derivative Professional controller 
PWM Pulse width modulation 
RAM Random Access Memory  
RTOS Real-time operating system 
SAW Submerged Arc Welding  
SISO Single-Input-Single-Output  

SMAW Shielded Metal Arc Welding  
SoC System on Chip 

SPOT Spot welding 
SPSS Statistical Package for the Social Sciences 
SQL Structured Query Language 



 
 

Symbols list 

A Area of the weld bead 
α Angle between the camera and the laser diode or welding angle 

CTWD Contact tip to work distance 

 Delay time 
di Weld bead depth or weld bead reinforcement value supplied by the scanner profile 

�̂� Weld bead depth  

𝐷�̂� Weld bead depth or weld bead width 
i Welding current 

iu Welding current or welding voltage 
n Sample number 
R Weld bead reinforcement  
r Step or scanner resolution in the horizontal axis 

RSP Weld bead reinforcement set point 
SM Step motor signal 
T Sample time 
Ta Thermographic area 
Tb Thermographic base plane  
Tc Control time 
Td Derivative time 
Ti Integration time 
Tp Thermographic peak  
TP Torch position 

TPSP Torch position set point 
ts Longitude of the torch step 
Tv Thermographic volume 
Tw Thermographic curve width  
u Welding voltage 

WD Volume deposited by length unit 
WS Welding speed 

WSO Orbital welding speed 
Wsp Weld bead width set point 

�̂� Weld bead width  
 



19 
 

1 Introduction. 

The Gas Metal Arc Welding (GMAW) is a versatile process and allows us to obtain weld beads of 

high quality. It is a very important welding process in automobile, naval and aeronautic indus-

tries; the production of machines, instruments and tools for the industrial, scientific, domestic 

and medical sectors; the manufacture of power plants such as thermoelectric, hydroelectric, 

nuclear and wind farms; the transportation of fluids such as water, oil and gas; and in the con-

struction of civil and military buildings. 

In the process, the geometry of the weld bead is very important and it is commonly used to 

quality validation, but an online measurement is very difficult due to extreme environmental 

conditions imposed on the welding arc (BESTARD; ALFARO, 2016). Although its applications are 

extensive, the use in automatic forms is limited by the difficulty in closing the control loop. The 

existing conditions in the arc zone and close to it, make it impossible to use conventional meas-

urement systems for obtaining information of the bead geometry and other significant variables. 

The use of non-contact measuring techniques is expanding more and more, for example: in 

video or thermographic cameras, microphones, spectrometers, x-rays, and ultrasound, among 

others. The weld bead depth (or bead penetration) is very important for obtaining good results 

in this process, but the online measurement of this geometry variable is very difficult or impos-

sible with the current technology. In this case, the design of a control system is complex and 

involves many criteria and decisions. 

The sensor fusion techniques are used to describe the static or dynamic behaviors of variables 

of process. These techniques are strongly used to estimate magnitudes that are impossible to 

measure directly. The sensor fusion is based on several others areas of knowledge, such as sta-

tistic and artificial intelligence, but it finds new applications in this field. This notion suggests the 

use of these methods to estimate the weld bead depth and other variables in the welding pro-

cess. 

Nowadays, the electronic component manufacturing technology increasingly reduces the de-

vices size. The control systems do not escape this trend and embedded devices are at the fore-

front. Among them are the microcontrollers and more recently the Field Programmable Gate 

Array (FPGA), which are already part of many control systems and has to demonstrate excellent 

performance. 

The combination of FPGA and sensor fusion system can be a solution close to the optimum for 

the control of welding processes, resulting in high performance, low power consumption, reduc-

ing size and weight. In addition, the selection and design of suitable control strategies can help 

obtain high quality weld beads and reduce the exposure of the welder to this harmful environ-

ment. 

1.1 General objective. 

The main objective of this work is to develop techniques to estimate the depth and width of the 

weld bead in real time, using sensor fusion and embedded devices. These techniques must be 

optimized for use in monitoring and control systems of the weld bead geometry in GMAW con-

ventional process with constant voltage source.  

1.2 Specific objectives. 

1. Develop an estimator of the weld bead depth, based on the fusion of thermographic 

images information and welding current intensity, for use in real-time. 
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2. Develop an estimator of the weld bead width, based on the fusion of thermographic 

images information and welding voltage, for use in real-time. 

3. Develop a data acquisition and real-time open loop control system of the bead geometry 

for GMAW conventional process with constant voltage source, using embedded devices. 

4. Develop an algorithm of image processing, tools and methodology to measure the weld 

bead depth in longitudinal cuts of the weld bead. 

1.3 Summary of contributions. 

The expected contributions are summarized thus: 

1. The estimator of the weld bead depth, based on the fusion of thermographic images 

information and welding current intensity, for use in real-time. 

2. The estimator of the weld bead width, based on the fusion of thermographic images 
information and welding voltage, for use in real-time. 

3. The algorithm of image processing, tools and methodology to measure the weld bead 
depth in longitudinal cut of the weld bead. 

1.4 Potential applications. 

This work develops an open loop control system that can be applied in welding manufacture 
processes, fill of joint, metal structure repair and researches in welding and automatic control. 
It is useful for testing the parameters in orbital and flat welding position, research the fusion 
weld and arc thermal behavior, and the modeling of the process. Also, if other sensors are 
added, it is possible to extend the application of this system to other research fields.  

The estimators are an important application of this work because they allow the monitoring and 
control of the process in many ways: open loop control, closed loop control, quality control, 
among others. 

The algorithm to measure the weld bead depth in longitudinal cut of the weld bead is an inex-
pensive solution to weld bead depth research, which can achieve good precision and capture 
the dynamics of the process. 

The proposed robotic emulator of the orbital welding process can be useful for orbital welding 
research, and the education and training of welding operators in the industry. 

Finally, the proposed multivariable control system is the first step in a project that can help im-
prove the quality of automatic welding in industrial processes.  

1.5 Summary of results. 

The main results of the work are described below.  

 Methodology for developing an estimator of the weld bead depth, based on the fusion 

of thermographic images information and welding current intensity, for use in real-time. 

 Methodology for developing an estimator of the weld bead width, based on the fusion 

of thermographic images information and welding voltage, for use in real-time. 

 The data acquisition and real-time open loop control system of the bead geometry for 

GMAW conventional process with constant voltage source, using embedded devices. 

 The algorithm, tools and methodology to measure the weld bead depth in longitudinal 

cuts of the weld bead. 

 The CNPQ project and resources for developing the design proposal of robotic emulator 

of orbital welding process and its multivariable real-time control system (ALFARO, 

SADEK CRISÓSTOMO ABSI, 2016)  
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Five papers were published and two were submitted to scientific journals. Two documents being 

reviewed for submission. The following describes the results: 

 Four papers were presented in conferences and published in conference proceedings. 

1) Bestard, G. A. and Alfaro, S. C. A. (2015) ‘Sensor fusion: theory review and ap-

plications’, in 23rd ABCM International Congress of Mechanical Engineering 

COBEM 2015. Rio de Janeiro, Brazil. doi: 10.20906/CPS/COB-2015-0365. 

2) Bestard, G. A. and Alfaro, S. C. A. (2016) ‘Propuesta de diseño de un sistema de 

control de la geometría del cordón en procesos de soldadura orbital’, in Taller 

de Cibernética Aplicada TCA 2016. La Habana, p. 9. 

3) Bestard, G. A. and Alfaro, S. C. A. (2017) ‘Sistema de adquisición de datos y con-

trol en lazo abierto para procesos de soldadura GMAW’, in Taller Internacional 

de Cibernética Aplicada TCA 2017. La Habana, ISBN 2312-5276, pp. 1–7. 

4) Bestard, G. A., Martínez, R. T. and Alfaro, S. C. A. (2017) ‘Open loop control sys-

tem and tools for data acquisition and feature extraction of the weld bead ge-

ometry in GMAW process’, in 24th ABCM International Congress of Mechanical 

Engineering COBEM 2017, pp. 1–5. 

 One paper was published in scientific journals. 

5) Bestard, G. A. and Alfaro, S. C. A. (2016) ‘Propuesta de diseño de un sistema de 

control de la geometría del cordón en procesos de soldadura orbital’, Revista 

Control, Cibernética y Automatización, IV(1). ISSN 2312-5276. Available at: 

http://revista.icimaf.cu/?q=content/propuesta-de-dise%C3%B1o-de-un-sistema-

de-control-de-la-geometr%C3%ADa-del-cord%C3%B3n-en-procesos-de-solda 

 Two papers were submitted to scientific journals. 

6) Bestard, G. A. and Alfaro, S. C. A. (2017) ‘Measurement and estimation of weld 

bead geometry in arc welding process: the last fifty years of development’, Jour-

nal of the Brazilian Society of Mechanical Sciences and Engineering. B1 journal. 

Submitted at 9/22/2017. 

7) Bestard, G. A., Sampaio, R. and Alfaro, S. C. A. (2017). ‘Sensor fusion to estimate 

the depth and width of the weld bead in real time’, Sensors. A1 journal. Submit-

ted at 11/25/2017. 

 Two papers are being reviewed for submission to scientific journals.  

8) Sensor fusion and embedded devices to estimate the depth and width of the 

weld bead in real time: two different implementations in FPGA. 

9) Control of weld bead geometry in arc welding process: the last fifty years of 

development. 

1.6 Work organization. 

This work is organized in six chapters, the bibliography references and appendix. 

The first chapter shows the introduction, the objectives of the work, the foreseen contributions, 

the potential applications and the results summary. 

The second chapter discusses the literature review about the GMAW process, the measurement 

and the control systems related to the bead geometry and weld bead depth. Several sensing 

technologies and sensor fusion algorithms are described in this chapter. A summary at the end 

shows the sensing and control of the geometry of the weld bead and also its chronological de-

velopment. The use of embedded systems in this process is also discussed. 

http://revista.icimaf.cu/?q=content/propuesta-de-dise%C3%B1o-de-un-sistema-de-control-de-la-geometr%C3%ADa-del-cord%C3%B3n-en-procesos-de-solda
http://revista.icimaf.cu/?q=content/propuesta-de-dise%C3%B1o-de-un-sistema-de-control-de-la-geometr%C3%ADa-del-cord%C3%B3n-en-procesos-de-solda
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Chapter three describes the data acquisition and open-loop control system developed for the 

experimental work. This chapter is subdivided in four parts: the measuring system, the actuator 

system, the control system and the user interface. It includes an exhaustive description of the 

whole system components and the algorithms used in its operation is shown. 

Chapter four describe and analyzes several results obtained in this work, based on four experi-

ments developed under different process conditions. 

The last chapter shows the conclusions of the work and analyzes in a global way the results 

obtained and the fulfillment of the objectives of the work. 

The bibliographic reference lists the papers, books, thesis, patents and other consulted materi-

als.  

The appendix 1 and 2 has a summary of the measurement, estimation control strategies of the 

bead geometry founded in literature review. 

The appendix 3 describes a design of the data acquisition and real-time control system proposed 

for the control of the bead geometry in GMAW orbital process. 
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2 Literature review. 

The literature review on the topic of work shows a great research activity in the last ten years, 

as shown in Figure 1. The number of documents relevant to the work found in the last decade is 

similar to the number of documents found between 1971 and 2006, as shown in Figure 2. Of the 

244 references cited in the text, only 228 were considered for this comparison. 

 

Figure 1 Number of documents relevant to the work published between 2007 and 2017 (Total=119) 

 
Figure 2 Number of documents relevant to the work that were published before and after 2007 (Total=228) 

The following describes the main characteristics of the GMAW process, the ways to measure of 

the main variables, the most common methods of automatic control found in the literature and 

the embedded devices in welding process applications. 

2.1 GMAW process. 

The Gas Metal Arc Welding (GMAW) process, also referred by its subtypes Metal Inert Gas (MIG) 

welding or Metal Active Gas (MAG) welding, employs a consumable electrode, which is supplied 

by a feed system continuously, and a shielding gas which reduces the incorporation of impurities 

and defect formation (AMERICAN WELDING SOCIETY STAFF, 2002; KIELHORN et al., 2002). The 

electric arc created between the electrode and the base metal, causes the fusion of both and 

the molten weld pool is formed, containing the metal in liquid state. The movement of the torch 

over the weld joint and the deposition of addition material, form the weld bead, as shown in 

Figure 3. 
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Figure 3 Process arc welding. Adapted from (NIT, 2015) 

A constant voltage and direct current power source is the most commonly used in GMAW pro-

cess, but constant and alternating current systems can also be used (KIELHORN et al., 2002). The 

principal technological equipment for the constant voltage GMAW process is shown in the Fig-

ure 4. 

 
Figure 4 Equipment for constant voltage GMAW process (MILLER ELECTRIC MFG. CO., 2012). 
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Shielding gases are necessary for gas metal arc welding to protect the welding material from 

atmospheric gases such as nitrogen and oxygen, which can cause fusion defects, porosity, and 

weld metal embrittlement if they come in contact with the electrode, the arc, or the welding 

metal. 

The choice of a shielding gas depends on several factors, most importantly the type of material 

being welded and the process variation being used. Pure inert gases such as Argon and Helium 

are only used in nonferrous welding, but the first is the most used mixed with other gases (Oxy-

gen, Helium, Hydrogen and Nitrogen). The addition of up to 5% Oxygen can be helpful in welding 

stainless steel, however, in most applications Carbon Dioxide is preferred. 

The desirable rate of shielding-gas flow depends primarily on weld geometry, speed, current, 

the type of gas, and the metal transfer mode. Welding flat surfaces requires higher flow than 

welding grooved materials, since gas disperses more quickly. Faster welding speeds, in general, 

mean that more gas must be supplied to provide adequate coverage. 

The electrode selection is based on the composition of the base metal, the process variation 

being used, the joint design and the material surface conditions. This has a significant influence 

on the mechanical properties of the weld and is a key factor of weld quality. Depending on the 

process variation and base material, the typical diameters of the electrodes used in GMAW have 

a range from 0.7 to 2.4 mm. 

 
Figure 5 GMAW torch cutaway (LINCOLN ELECTRIC, 2017) 

The main process variables of GMAW orbital welding process to constant voltage can be divided 

in five basics groups: 

 Fixed, that can’t be modified by the operator and it is defined in the process design. 

 Adjustable online, that can be modified during the process. 

 Adjustable offline, that can be modified only before starting the process. 

 Quantifiable online, that is measurable during the process. 

 Quantifiable offline, that is measurable only after the process ended. 

The variables and groups are shown in Table 1. 
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Table 1 Main variables of automatic GMAW process to constant voltage. 

 

1Only in sources where the inductance is simulated with semiconductors. 
2If a control valves are installed in the gas flow path 

 

Many of these variables are strongly coupled and if you change one, the others are also modi-

fied. These correlation are mentioned in the literature but often they are not totality quantified 

(CHEN, S B; WU, 2008; KIELHORN et al., 2002; MIGUEL et al., 2012; SCOTTY; PONOMAREV, 2008; 

ZHANG, Y. M., 2008), indicating that there is still a wide open field of research in modeling these 

processes. 

The process has three primary methods of metal transfer in GMAW process, called short-circuit-

ing, globular and spray, but many variations of these have been defined (AMERICAN WELDING 

SOCIETY STAFF, 2002; KIELHORN et al., 2002). 

•Shielding gas composition.

•Position of the piece or pipe.

•Electrode characteristics (Ø, composition material, among others)

•Thickness of the base metal.

•Physic properties of the base metal.

•Polarity of the weld electric current.

Fixed

•Welding voltage.

•Inductance of the welding power source. *1

•Wire-feeding speed, wire speed or wire feed rate.

•Welding speed  or torch speed

•Orbital angle (torch angle relative to pipe center)

•Gun angle or attack angle (torch angle side view relative to base metal surface)

•Work angle (torch angle end view relative to base metal surface)

•Contact tip to work distance (CTWD)

•Electrical stick out (ESO) or electrode extension.

•Nozzle to plate distance.

•Shielding gas flow rate. *2

Adjustable online

•Inductance of the welding power source.

•Shielding gas flow rate.

Adjustable offline

•Welding voltage.

•Welding electric current intensity.

•Width of weld bead or bead width.

•Weld buildup or reinforcement of the weld bead.

Quantifiable online

•Weld bead depth, depth of penetration or weld depth of fusion.

•Width of weld bead or bead width.

•Weld buildup, reinforcement of weld bead or bead reinforcement.

Quantifiable offline
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According to the form of use of the tools and control of process parameters, it can be classified 

into: manual, mechanized or automated welding (SCOTTY; PONOMAREV, 2008) 

Another possible classification is based on the movement of the torch, where two types of weld 

are defined: flat and orbital. In the flat, the torch moves in a plane following the weld joint. In 

the orbital, the torch goes in a circular motion around of tubular work pieces. In this, the torch 

angle (position of the torch around the pipe), is a disturbance of great influence in the formation 

of the weld bead, due to the action of gravity force on the molten weld pool. 

This process is characterized as inherently multivariable, nonlinear, time varying, with stochastic 

behavior and having a strong coupling among welding parameters. For this reason, it is very 

difficult to find a reliable mathematical model to design an effective control scheme for arc 

welding by conventional modeling and control methods. This issue will be discussed in the next 

section. 

2.2 Measurements in the GMAW process. 

In the GMAW process there are many variables, which need to have measurements, estimated 

or controlled, in order to obtain a weld bead with optimal quality. Some parameters can be 

measured directly from the welding power source, through any analog or digital interface, such 

as the voltage and electric current.  

Other measurements need more complex techniques because the electric arc is a powerful ra-

diation emitter, in a long range of the frequency spectrum, including high temperature and vis-

ible light. In the arc zone, you can find vapor and drops of melt metal to come from the electrode 

and base metal. This group includes parameters of the weld bead geometry. 

Automatic welding is affected by variations that often occur in the production parameters, es-

pecially if the system lacks sensory abilities. For example, variations in positioning and dimen-

sions of components, alignment of the weld joint, edge preparation and surface conditions. 

However, by adding measuring systems it is possible that the control system will have a better 

performance when disturbances is found. 

Some of the techniques selected in this work to measure the main parameters of the welding 

process are described in the next sections. A total reference and important data are shown in 

Appendix 1.  

2.2.1 Measurement of arc welding variables. 

The most common measurement variables in the welding process are the electric voltage and 

electric current. But in many cases, it is necessary to know or modify other parameters of the 

process, in particular the welding power source, for example the wire feed speed, the gas flow, 

the pre-gas and post-gas time, the source impedance and the arc open or close actions. 

The welding power sources with microcontroller or microprocessor control, usually have a serial 

interface to obtain or send this information from a control system (computer, programmable 

logic controller, among others), but not all have an open protocol. In this case, the user needs 

to buy and use a proprietary software. In both cases the information is obtained or sent in digital 

format. One example of the open protocol is the Brazilian welding power source Inversal 450, 

manufacturing for IMC-Soldagem (IMC-SOLDAGEM, 2005). The closed protocol is presented in 

the Fronius welding power sources, but it offers the analogic ROB5000 interface and specific 

cards with digital interface (FRONIUS, 2001). 
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The welding power sources without this interface, needs a data acquisition system dedicate at 

this work. This system converts the analog values in digital information and needs to add the 

test point in the welding power source or torch electric circuit. 

2.2.2 Measurement of contact tip to work distance. 

The contact-tip to work distance, the electrical stick out or electrode extension (see Figure 6), 

can be obtained from the robot control system related to torch or piece position, or it can be 

measured with a laser distance sensor. 

 
Figure 6 Contact tip to work distance and electrical stick out (or electrode extension) differences 

(LINCOLN ELECTRIC, 2017) 

The first method is more economical but has low accuracy. The zero reference of the robotic 

system is calibrated with the work piece position, but the surface variations and thickness of the 

material can affect the accuracy of the value. In the GMAW process with constant voltage, any 

small variations in the CTWD can affect the electric resistance of the arc, the welding electric 

current and the heat input significantly (R. S. PARMAR, 1997). For example, the reduction of the 

arc length causes the increase of heat input (and more current because it reduces the equivalent 

resistance of the arc) which makes the wire electrode melt more quickly and thereby restore 

the original arc length (AMERICAN WELDING SOCIETY STAFF, 2002; LINCOLN ELECTRIC, 2017). 

The laser sensor can be more accurate, but the measurement point needs to be selected cor-

rectly. It has three basic principles of operation: time of flight, phase comparison or triangulation 

method (ACUITY L, 2014; CHANG et al., 2012; LAP LASER, 2017; MICRO-EPSILON, 2017a).  

In the time of flight measurement principle, a laser diode produces short pulses which are pro-

jected onto the target. The light reflected from the target is recorded by the sensor element. 

The time of flight of the light pulse to the target and back determines the measured distance. 

The integrated electronics in the sensor compute the distance using the time of flight. Sensors 

using this principle are not sensitive to external light. 

 
Figure 7 Time of flight measurement principle (MICRO-EPSILON, 2017b). 

In the phase-comparison measuring principle, a high frequency modulated laser light with low 

amplitude is transmitted to the target. Depending on the distance of the object, it changes the 
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phase relationship between transmitted and received signal. Sensors using this principle operate 

with high accuracy for measurement distances up to 150 m. 

 
Figure 8 Phase-comparison measuring principle (MICRO-EPSILON, 2017b). 

In the triangulation method, the laser beam is projected and is reflected from a target surface 

to a collection lens. The lens focuses an image of the spot on a linear array camera. The camera 

views the measurement range from an angle at the center of the measurement range. The po-

sition of the spot image on the pixels of the camera is then processed to determine the distance 

to the target. The camera integrates the light falling on it, so longer exposure times allow greater 

sensitivity to weak reflections. 

 
Figure 9 Triangulation measuring principle (MTI INSTRUMENTS, 2017). 

Others researched methods use the voltage and current feedback signals from the welding pro-

cess, computing the minimum resistance during the short circuit period, and uses this to esti-

mate the CTWD after applying a correction factor for the duration of the short circuit. The effect 

of wire feed speed, actual CTWD and shielding gas on the correction factor, is determined ex-

perimentally (CUIURI, 2000).  

2.2.3 Measurement of welding joint and weld bead geometry. 

The geometry of the weld bead is a set of parameters defined in the design stage, and to achieve 

the required quality should be measured and controlled throughout the process. The parame-

ters show in Figure 10 define the most important characteristics of the geometry of the weld 

bead. 

 
Figure 10 Geometric dimensions of the weld bead. 

The quality of arc welding is commonly described by the geometry of the molten weld pool. This 

is because the weld pool geometry affects directly the mechanical properties of the welding 
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joint. In this sense, is important to note that the expert operators can control the welding pro-

cess using the molten weld pool visual information (KOVACEVIC; ZHANG, 1997; KOVACEVIC; 

ZHANG; LI, 1996; LIM; CHO, 1993).  

The weld pool and the weld bead geometry include the width, the reinforcement and depth or 

penetration. These geometry parameters are governed by many factors, such as welding cur-

rent, welding voltage, wire feed speed, welding speed and the contact tip to work distance. 

The molten metal reaches very high temperatures (1500°C or more) and the arc even higher, 

which would damage most measuring instruments that require physical contact with the surface 

to be measured. This makes the measuring of the weld bead geometry a difficult task using con-

ventional measuring principles. Instead, non-contact measurement techniques have been de-

veloped and employed successfully. 

Among the methods proposed in available literature (BAE; LEE; AHN, 2002; HIRAI et al., 2001; 

SAEED; ZHANG; JAYNES, 2005), vision sensing is one of promising solution. One common method 

is formed by a laser beam, which drawing one or more lines on the surface to be measured and 

a camera then captures the image that this line creates, filtering it for obtaining only the wave-

length emitted by the laser. Subsequently, employing special lenses, image processing algo-

rithms and triangulation techniques, a profile of the piece is obtained with the required infor-

mation (BROSED et al., 2011; LUO, HONG; CHEN, 2005). 

This system, referred as laser scanners or profile sensors, is shown in  Figure 11. In it, the opti-

cal system projects the diffusely reflected light of this laser line onto a highly sensitive sensor 

matrix. From this matrix image and angle between the camera and the laser diode (α), the con-

troller calculates the distance information (z-axis) and the position alongside the laser line (x-

axis). These measured values are then projected in a two-dimensional coordinate system that is 

fixed with respect to the sensor. In the case of moving objects or a traversing sensor, it is there-

fore possible to obtain tree-dimensional (3D) measurement values. (MICRO-EPSILON, 2017a). 

 

Figure 11 Two-dimensional laser triangulation principle. 

It can also use the same principle to obtain a profile of the weld joint before joining the one. This 

allows to the implementation of algorithms to define or adjust the trajectory to be followed by 

the torch (DE; PARLE, 2003; HUANG, WEI; KOVACEVIC, 2012; LUO, HONG; CHEN, 2005; MOON, 

H S; KIM; BEATTIE, 2006; WEI et al., 2011). Similarly, it is possible to calculate the amount of 

material required (deposition rate) for the formation of a bead with the desired dimensions.  

Other way to obtain the 3D profile is using a laser dot matrix or laser line grill (KOVACEVIC; 

ZHANG, 1996, 1997; YU KANG LIU; YU MING ZHANG, 2014). With this two-dimensional infor-

mation and using the same triangulation techniques is possible obtain the third dimension of 

the profile. The use of video cameras to measure the weld bead width and reinforcement is 

possible too, as is shown in (CHEN, SHANG-BEN; WU, 2009; CRUZ, 2014; FONT COMAS et al., 

2017; PINTO-LOPERA; S. T. MOTTA; ABSI ALFARO, 2016; TORRES, 2013) but these methods need 

optimal light conditions and are difficult to applicate in the industrial environment.  
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These principles cannot be applied to penetration measurement because the laser has no access 

to the inner of the workpiece. This variable could be estimated from others measurements if is 

necessary to process control. 

2.2.4 Estimation of weld bead depth. 

The weld bead depth can be determined by nondestructive testing techniques such as ultra-

sound or x-ray, but the robustness of these traditional instruments is not sufficient to support 

the hard conditions of the process and allows the development of a practical system to be ap-

plied online. 

The weld pool offers much information correlated with the penetration state; the information 

includes temperature, arc voltage, arc light, arc sound, geometry parameters, among others. For 

obtaining the information and estimate the weld penetration, indirect sensing technologies 

were used. But many works are oriented to detect the total or partial penetration (see  Figure 

12) and not for obtaining a value useful for the control system algorithm. 

 
Figure 12 Weld pool and penetration: (a) partial penetration; (b) total penetration. 

For obtaining an effective value, estimators have been successfully used under specific condi-

tions. But it is imperative to create a model which can be programmed easily and fed to the 

control system. It should have a high degree of confidence in predicting the weld bead depth 

and the model should cover all welding positions. It is very helpful if it also represents a wide 

range of thicknesses of the material, but this is not always possible. 

The research about modeling the weld bead depth, tries to relate this variable with the welding 

electric current intensity, welding voltage, wire feed speed and welding speed. It works mostly 

in horizontal or flat welding and obtains static models employing statistical techniques such as 

multiple regression analysis and least square  (KIM, I. S.; BASU; SIORES, 1996; KIM, I S et al., 

2005; KIM, ILL-SOO et al., 2001) or  factorial design (MURUGAN; GUNARAJ, 2005), neural net-

works (AKKAS et al., 2013; HIRAI et al., 2001; KIM, I S et al., 2005; KOVACEVIC; ZHANG; LI, 1996; 

NAGESH; DATTA, 2002, 2010; SUDHAKARAN et al., 2011), fuzzy logic (NELE; SARNO; KESHARI, 

2013; SUNG et al., 2007; XUE et al., 2005), neuro-fuzzy system (AKKAS et al., 2013; SUBASHINI; 

VASUDEVAN, 2012) and others. A graphical summary of analysis techniques used to estimate 

the weld bead geometry is shown in Figure 13. 

In the welding process, the thermal energy is supplied through electric current and stored in the 

material. In it there is thermal inertia and that is why dynamic models can be a better represen-

tation of the process. In these models, the historical values of welding parameters were also 

selected as inputs. The dynamic behavior is essential for estimating the current or future state 

from to the past state. Despite this, the minority report dynamic models (BEARDSLEY; ZHANG; 

KOVACEVIC, 1994; CHEN, BO; FENG, 2014; CHEN, BO; WANG; CHEN, 2010; CHEN, HUABIN et al., 

2009; CHEN, S B et al., 2003; DOUMANIDIS, C.C.; HARDT, 1990; DOUMANIDIS, CHARALABOS; 

KWAK, 2002; LIU, YUKANG; ZHANG; ZHANG, 2015; LV et al., 2014; SONG; HARDT, 1993; WU, CS; 

GAO, 2006; YAN, ZH; ZHANG; WU, 2011; YU KANG LIU; YU MING ZHANG, 2014; ZHANG, G J; 

CHEN; WU, 2005; ZHANG, Y. M.; KOVACEVIC; WU, 1996; ZHANG, YM Y.M.; KOVACEVIC, 1998; 

ZHAO et al., 2001) as show the summary in Figure 14. One example of use of dynamic models 

are show in (CHEN, HUABIN et al., 2009; CHEN, S B et al., 2003), that employs neural networks 



32 
 

adding previous values of the interest variables and (LIU, YUKANG; ZHANG; ZHANG, 2015; YU 

KANG LIU; YU MING ZHANG, 2014) that develop an adaptive neuro-fuzzy inference system (AN-

FIS) based human intelligence. Are both used for total penetration control in GTAW process. 

 

Figure 13 Analysis method used to measurement or estimate the weld bead geometry found in the 
documents analyzed. 

 

Figure 14 Type of model used to estimate the weld bead depth in documents analyzed. 

Based on the literature review and the experience of the author of this work, we consider that 
the main cause of static model selection is the difficult to obtain a continuous data set of pene-
tration. A way to obtain it is making longitudinal cut and macrographic analysis in the bead with 
an image processing algorithm. In the traditional transversal cut is not possible obtain enough 
information to make a dynamic model. 

The arc welding process has various welding positions commonly used in industry (AMERICAN 
WELDING SOCIETY STAFF, 2002), but the researchers worked mostly in horizontal or flat welding 
positions (see Figure 15) and a few researchers work in orbital welding (BAE; LEE; AHN, 2002; 
CHEN, HUABIN et al., 2009; DOUMANIDIS, CHARALABOS C., 1994; DOUMANIDIS, CHARALABOS; 
KWAK, 2002; FRANCOIS et al., 1988; LIU, YUKANG; ZHANG; ZHANG, 2015; MOON, H S; KIM; 
BEATTIE, 2006; SREEDHAR et al., 2012; YU KANG LIU; YU MING ZHANG, 2014). A cause of this is 
the sensory techniques did not have the robustness, portability and performance needed to 
move next to the torch. This will change in the next years with the increasing miniaturization of 
sensors.  It is important to note that only 4 research (3.5%) used dynamic models in orbital weld-
ing and none of them applies longitudinal cutting in the macrographic analysis. 
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Figure 15 Welding position used in documents analyzed. 

Some published papers about methods and technologies, used in this subject, are discussed as 

follows. 

I. S. Kim et al. (KIM, I. S.; BASU; SIORES, 1996) presents in experimental data that the weld bead 
penetration is increased when the wire diameter, arc current and welding voltage are increased, 
whereas an increase in welding speed was found to decrease the weld bead penetration. Kim’s 
results show that the gas flow rate does not have a significant effect on the weld bead penetra-
tion. 

Similary, Karadeniz studies the effects of various welding parameters on welding penetration 
(KARADENIZ, 2007). The result shows that increasing the welding current has increased the weld 
bead depth.  

In (SUDHAKARAN et al., 2011) a neural network is employed for estimating the weld bead depth, 
that the welding current, shielding gas flow rate, welding speed and welding gun angle have. 
The network used is a feedforward backpropagation network with 4 input neurons, 15 in the 
hidden layer and one in the output. The static model is obtained using experimental data of 125 
tests for training the neural network with Levenberg-Marquardt algorithm. The data are nor-
malized between slightly offset values such as 0.1 and 0.9 rather than between 0 and 1 to avoid 
saturation of the sigmoid function leading to slow or no learning. The results show similar effects 
to previous works, of process parameters on weld bead depth for welding current and welding 
speed but add the analysis of gas flow rate and gun angle. They concluded that welding speed is 
one of the main the factors that control heat input and weld bead width. The weld bead width 
and dimensions of the heat-affected zone decrease as welding speed is increased. This is be-
cause heat input is inversely proportional to welding speed. Due to the above facts, the weld 
bead depth decreases as welding speed is increased. 

The indirect sensing technologies from topside of weld pool can be classified as conventional 
sensing technology where some parameters closely related with the weld pool geometry are 
monitored, vision sensing technology (ALFARO, SADEK C. A; DREWS, 2006; BAE; LEE; AHN, 2002; 
BESTARD; ALFARO, 2017; CHEN, BO; CHEN; FENG, 2014; CHEN, BO; FENG, 2014; CHEN, BO; 
WANG; CHEN, 2009, 2010; CHEN, HUABIN et al., 2009; CHEN, S B et al., 2003; CHENG et al., 
2004; CRUZ, 2014; FONT COMAS et al., 2017; FRANCOIS et al., 1988; HIRAI et al., 2001; HUANG, 
WEI; KOVACEVIC, 2012; KOVACEVIC; ZHANG, 1997; KOVACEVIC; ZHANG; LI, 1996; LIN, M.; 
EAGAR, 1985; LIN, M. L.; EAGAR, 1984; LIU, YUKANG; ZHANG; ZHANG, 2015; LUO, HONG; CHEN, 
2005; MOTA, CAROLINA PIMENTA et al., 2011; MOTA, CAROLINA PIMENTO et al., 2013; PINTO-
LOPERA; S. T. MOTTA; ABSI ALFARO, 2016; SAEED; ZHANG; JAYNES, 2005; SFORZA; BLASIIS, 
2002; SHI et al., 2015; TORRES, 2013; WANG, XUEWU, 2014; WEI et al., 2011; WU, CS; GAO, 
2006; YAN, ZH; ZHANG; WU, 2011; YU; YE; CHEN, 2013; YU KANG LIU; YU MING ZHANG, 2014; 
ZHANG, G J; CHEN; WU, 2005; ZHANG, Y. M.; KOVACEVIC; WU, 1996; ZHANG, YM Y.M.; 
KOVACEVIC, 1998) where weld pool characteristic is monitored as skilled welders do, and multi-
sensor or sensor fusion technology (ALFARO, SADEK C. A; DREWS, 2006; ALFARO, SADEK 
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CRISÓSTOMO ABSI; CAYO, 2012; CHEN, BO; CHEN; FENG, 2014; CHEN, BO; FENG, 2014; CHEN, 
BO; WANG; CHEN, 2009, 2010; MOON, H S; KIM; BEATTIE, 2006; PAL; PAL, 2011; SFORZA; 
BLASIIS, 2002; SONG; HARDT, 1993, 1991; YU; YE; CHEN, 2013) where various sensing technolo-
gies are fused in a sensing system. 

The conventional sensing technologies include ultrasonic, infrared thermography, weld pool os-
cillation, arc sound, x-ray, among others. The vision sensing technologies comprehend two-di-
mensional and three-dimensional sensing technology. In the last 20 years, these technologies 
were applied to get the weld pool geometric shape with good results (WANG, XUEWU, 2014). A 
graphical summary is shown in Figure 16, where the vision, the infrared thermography (ALFARO, 
SADEK C ABSI et al., 2015; ALFARO, SADEK CRISÓSTOMO ABSI, 2012; ALFARO, SADEK 
CRISÓSTOMO ABSI; CAYO, 2012; BANGS; LONGINOW; BLAHA, 1989; BEARDSLEY; ZHANG; 
KOVACEVIC, 1994; CAYO, EBER HUANCA; ALFARO, 2011; CHANDRASEKHAR et al., 2015; CHEN, 
W.; CHIN, 1990; CHEN, W. H.; NAGARAJAN; CHIN, 1988; CHEN, ZIQIN; GAO, 2014; 
CHOKKALINGHAM; CHANDRASEKHAR; VASUDEVAN, 2012; CULLEN et al., 2008; DE; PARLE, 2003; 
DOUMANIDIS, C.C.; HARDT, 1990; DOUMANIDIS, CHARALABOS C., 1994; DOUMANIDIS, 
CHARALABOS; KWAK, 2002; FAN et al., 2003; GWEON, 1999; HKS PROZESSTECHNIK, 2017; 
HURTADO; ALFARO; LLANOS, 2012; ICELAND; MARTIN E. O’DOR, 1971; LIM; CHO, 1993; LLANOS; 
HURTADO; ALFARO, 2016; MOTA, CAROLINA PIMENTA et al., 2011; MOTA, CAROLINA PIMENTO 
et al., 2013; NAGARAJAN et al., 1990; NAGARAJAN; CHEN H.; CHIN, 1989; NIT, 2015; NOMURA, 
H. et al., 1980; PAL; PAL, 2011; PALACÍOS, 2010; PEÑA SANTOS, 2012; S. NAGARAJAN; CHIN; 
CHEN., 1992; SCHLICHTING et al., 2012; SFORZA; BLASIIS, 2002; SONG; HARDT, 1993; SREEDHAR 
et al., 2012; SUBASHINI; VASUDEVAN, 2012; WIKLE III et al., 2001; WIKLEIII; ZEE; CHIN, 1999) 
and the sensor fusion techniques are the most used. 

 

Figure 16 Technologies of indirect monitoring used to estimate the bead geometry found in the 
documents analyzed. 

The total penetration in the welding process is important to ensure the weld quality.  When the 
total penetration take place, the melt weld pool crosses to bottom side of the workpiece. In this 
moment, the metal in liquid state can drop out from workpiece because the solid metal support 
is not present.  A method to ensure the total penetration is the measurement of backside width 
of the weld pool, but this method is difficult because the practical conditions of the process 
(such as space, movements, restrict access, among others) make impossible to place the sensors 
under the weld pool. The measurement of the weld pool (on front side) too offers information 
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about the total penetration state and some sensing technologies are used for this purpose 
(WANG, XUEWU, 2014). 

In this sense, the weld pool oscillation methods have been used innovatively by Renwick 
(RENWICK; RICHARDSON, 1983), Zacksenhouse and their coworkers (ZACKSENHOUSE; HARDT, 
1983). Wang, et. al. (WANG, Q. L.; YANG; GENG, 1993) found a relation between the weld pool 
resonance frequency and the width of a stationary weld pool, in total penetration conditions, 
and distinguish between the partial penetration and total penetration using the resonance fre-
quencies. In (XIAO; OUDEN, 1990, 1993; YOO, 1990) the authors shown that the oscillation fre-
quency decreases when the penetration state changes from partial to total penetration. For the 
measurement of the weld pool oscillation, both arc voltage and arc light fluctuations have been 
used (RENWICK; RICHARDSON, 1983; YOO, 1993). Aendenroomer and den Ouden 
(AENDENROOMER; DEN OUDEN, 1998) detect under-penetration, optimal penetration or over-
penetration states using the oscillation frequency of the weld pool. The oscillation frequency is 
calculated from the measured voltage variations using a Fast Fourier Transform (FFT) algorithm. 
Shi et. al. (SHI et al., 2015) develop an image processing algorithm to extracting the weld pool 
oscillation frequency in real time and proved that of frequency of partial penetration is higher 
than the frequency of complete penetration, along with an abrupt transition. But these methods 
only detect discrete states, it is not possible to estimate the weld bead depth value. 

The contact ultrasonic testing has become a standard off-line technique for locating cracks, in-
complete fusion, porosity and other discontinuities in fusion welds (HARDT; KATZ, 1984). A di-
rect method was developed to measure the depth of weld pool by detecting solid-liquid inter-
face, using ultrasonic reflection techniques (CARLSON, N.M. ET AL., 1992; CARLSON, N.M.; 
JOHNSON, 1988; FENN, 1985; HARDT; KATZ, 1984; LOTT, 1984). However, in on-line applications, 
the hard conditions of the process can damage the contact transducer or make very difficult its 
use. 

But the contactless ultrasound is generated by a pulsed laser and eliminated the contact trans-
ducer (CARLSON, N.M. ET AL., 1992). The sensing system used a laser phased array technique to 
generate focused and steered ultrasound, and an electromagnetic acoustic transducer (EMAT) 
as a receiver. Both were non-contact, which could thus eliminate the need for a coupling me-
dium (MILLER et al., 2002; WANG, XUEWU, 2014; YANG, J. ET AL, 1994). The ultrasonic data, too, 
is employed combined with other information. 

The three-dimensional topography of the weld pool surface may also be used to determine the 
weld penetration. Previous research shows that the pool sag or the pool depression is correlated 
to the weld penetration (LIN, M. L.; EAGAR, 1984; ROKHLIN; GUU, 1993) and develops a specular 
reflection-based vision system to directly monitor, the three-dimensional topography of the 
weld pool surface (KOVACEVIC; ZHANG, 1996, 1997; YU KANG LIU; YU MING ZHANG, 2014). 
However, sensing the three-dimensional pool surface was difficult and employed complex algo-
rithms. 

The acoustic signal was employed for detecting defects in many research efforts (ALFARO, 
SADEK CRISÓSTOMO ABSI; CAYO, 2012; CAYO, EBER H.; ALFARO, 2009; GRAD et al., 2004; LV et 
al., 2013; PAL; PAL, 2011; VAN BOHEMEN; HERMANS; DEN OUDEN, 2001) or for identify the 
transfer mode (CAYO, EH, 2008). Na Lv et al. presents a method for real-time arc length moni-
toring and sag-depression prediction through arc sound signal in GTAW (LV et al., 2014) 

The X-ray was used by (GUU; ROKHLIN, 1989; ROKHLIN; GUU, 1993; ROKHLIN; CHO; GUU, 1989) 
to measure the surface shape of the weld pool. The depression depth of the weld surface makes 
the thickness decrease, so that the X-ray radiation penetrated and received in the other face are 
increased. Many valuable results have been obtained based on pool surface measurements by 
using this approach. However, the imaging device and X-ray source could not both be easily 
attached to the torch and therefore its application is restricted.  
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The modern infrared thermograph equipment provides a non-contact feasible means to meas-
ure the temperature field. The infrared sensing of arc welding processes has been extensively 
investigated by Nagarajan, Chen and coworkers (CHEN, W.; CHIN, 1990; CHEN, W. H.; 
NAGARAJAN; CHIN, 1988; NAGARAJAN et al., 1990; NAGARAJAN; CHEN H.; CHIN, 1989; S. 
NAGARAJAN; CHIN; CHEN., 1992). The temperature distribution is measured in gas metal arc 
welding (CHEN, W.; CHIN, 1990) and it was found that the weld bead depth can be determined 
using the characteristics of the temperature profiles. In (CHEN, W. H.; NAGARAJAN; CHIN, 1988) 
the thermal volume was obtained and was observed to be proportional to penetration depth. 
Beardsley, et al. (BEARDSLEY; ZHANG; KOVACEVIC, 1994), found that the root surface weld bead 
width of the total joint penetration welds can be determined in GTAW using the pool area and 
a ratio between a surrounding area (600°C isotherm area) of the weld pool and the weld pool 
area. The research in (WIKLEIII; ZEE; CHIN, 1999) shows the direct correlation between the weld-
ing current and infrared emission.  

Since 1971 several patents have been registered on the use of infrared emission information to 
total penetration detect and control (BANGS; LONGINOW; BLAHA, 1989; ICELAND; MARTIN E. 
O’DOR, 1971; NOMURA, H. et al., 1980) 

In 1989 Edmund R. Bangs and others (BANGS; LONGINOW; BLAHA, 1989), registered a patent 

that described a system for real-time welding adaptive control using infrared images, artificial 

intelligence (expert system) and distributed processors. The point infrared sensor, used in (FAN 

et al., 2003; WIKLE III et al., 2001) to weld bead depth monitoring in GTAW and SWA process, 

proves that it is useful for compensating the process perturbations and is a low cost system. In 

(SONG; HARDT, 1993) the thermally information is used to closed loop control of the weld pool 

depth and the experimental tests in (CAYO, EBER HUANCA; ALFARO, 2011) prove that the be-

havior of infrared emission is representative of the arc power dynamics. 

Ghanty et al. (GHANTY et al., 2008) using an artificial neural network to predict weld bead ge-

ometry. The inputs of the neural network are the features derived from the infrared thermal 

video of a GTAW welding process. These features are extracted using line scan analysis and im-

age processing techniques corresponding to particular locations of the weld joint. The depth and 

width data of the weld bead are obtained by the traditional procedure (transversal cut and mac-

rographic image). The data points were generated from eleven welding experiments, each with 

5 cut sections. A set of 55 samples is obtained and is used to train and validate the neural net-

work. This procedure has some limitations discussed below. 

Four years later, two members of the previous research team and Chokkalingham 

(CHOKKALINGHAM; CHANDRASEKHAR; VASUDEVAN, 2012) used a similar experimental and fea-

ture extraction procedure to estimate the width and depth of the weld bead in A-TIG welding 

process. They used the infrared images of the weld pool and a static model obtained with an 

artificial neural network. Real time infrared images were captured using an infrared camera for 

the entire weld length at various current values. The image features such as the length and width 

of the hot spot, the peak temperature, the mean and the standard deviation of the Gaussian 

temperature profile, the thermal area under the Gaussian temperature profile, the full width 

half maximum of the Gaussian temperature curve and the weld bead width (computed from the 

first derivative curve of the Gaussian temperature curve) are obtained. These features are ex-

tracted using line scan analysis and image processing techniques corresponding to particular 

locations of the weld joint.  

These parameters along with their respective current values are used as inputs while the meas-

ured of width and depth of the weld bead are used as output of the neural network models. The 

two neural network models have the same structure 9-11-1 (9 input nodes, 11 hidden nodes 

and one output node) and are static models. The weld bead penetration and weld bead width 
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data are obtained by the traditional procedure (transversal cut and macrographic image). A set 

of 90 samples is obtained in several experiments and is used to train and validate the neural 

network. The correlation coefficient obtained between the predicted and measured weld bead 

depth was 0.99184 for the test dataset and 0.92255 for validation data set. Similarly, the corre-

lation coefficients obtained in the test and validation of the weld bead width model were 

0.98862 and 0.95525 respectively.  

The previous results are very good, but the authors assume that the thermographic curve has a 

Gaussian behavior and use this curve to obtain several parameters. The measures obtained in 

this doctoral work for the GMAW process, prove that the thermographic curve can be approxi-

mated to Gaussian behavior using a median or average filter (with a wide filter window), but it 

should show several peaks and irregular contour that makes a first derivative very different from 

the Gaussian theoretical curve. The static model does not represent the dynamic of the process 

because it did not consider the previous states. This model type has a limited use in control 

algorithms that need a quick response and an understanding of the process dynamic.  

In (CHANDRASEKHAR et al., 2015) a predictive methodology is developed for the A-TIG welding 
process, using hybrid soft computing techniques for estimating the weld bead width and weld 
bead depth from the infrared thermal image of the weld pool. The adaptive neuro fuzzy infer-
ence system and artificial neural network based models are used. The image features extraction 
and estimator algorithm are similar to the previous work (CHOKKALINGHAM; CHANDRASEKHAR; 
VASUDEVAN, 2012) and the model has the same limitations. The algorithm is programing in 
Matlab environment and analytical results were processed in the Origin software, therefore it is 
not optimized for embedded systems. 

A adaptive neuro-fuzzy inference system (ANFIS) is used in (SUBASHINI; VASUDEVAN, 2012) for 
predicting the weld bead width and weld bead depth using the infrared thermal image of the 
weld pool and the welding current. The extracted features from the thermal image such as 
length and width of hot spot (using k-means algorithm), thermal area (using the Gaussian fit) 
and thermal bead width (using the first derivative of the thermal curve) were used as inputs for 
models. 

A weld inspection sensor based on a scanning thermal profile called ThermoProfilScanner (TPS) 
was developed by HKS Prozesstechnik GmbH for evaluation of weld quality and misalignment of 
welds during cooling. As the characteristics of the thermal profile (symmetry, width of a thermal 
zone, maximum temperature, among others) and the seam quality are directly correlated, the 
abnormalities like weld seam offset, holes, lack of fusion, insufficient weld penetration, among 
others, can be detected by TPS. The correlations between thermal profile and weld quality from 
previous experience can be used to compare the desired values and tolerances. If tolerance lim-
its are exceeded, an alarm is trigger and marking the defective point (HKS PROZESSTECHNIK, 
2017). 

Several research detects on-line the most common defects with the infrared information 

(ALFARO, SADEK C ABSI et al., 2015; ALFARO, SADEK CRISÓSTOMO ABSI; CAYO, 2012; GWEON, 

1999; HURTADO; ALFARO; LLANOS, 2012; LLANOS; HURTADO; ALFARO, 2016; MOTA, CAROLINA 

PIMENTO et al., 2013; NIT, 2015; PALACÍOS, 2010; PEÑA SANTOS, 2012; RODRIGUEZ-COBO et 

al., 2013; SCHLICHTING et al., 2012; SREEDHAR et al., 2012), with the analysis of the differences 

in the spatial and temporal surface temperature distributions, joint strength, Kalman filter, cu-

mulative sum, among others, or combined with other information (see section 2.2.5). This shows 

that the infrared emission offers much information, not only for the weld bead depth, but also 

other aspects of welding. The Figure 17b and c, has an example of it.  
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Figure 17 Infrared emission in welding process (a). Discontinuities caused by oil (b) and lack of penetration (c) 
(NIT, 2015). 

Illuminating the weld pool with infrared light is another way for obtaining a good image of it. 
The research in (CHEN, ZIQIN; GAO, 2014; MOTA, CAROLINA PIMENTA et al., 2011; MOTA, 
CAROLINA PIMENTO et al., 2013) are examples of this. 

It is important to note that the temperature measurements of the weld pool using a thermo-
graphic camera should be considered approximate measurements because of the uncertainty 
or variable emissivity of it, which oscillates with the temperature, surface finish and type of work 
material. The weld pool is in a liquid phase with its surface almost a mirror, which results in a 
low emissivity (ALFARO, SADEK C ABSI et al., 2015). 

2.2.5 Sensor fusion in welding process. 

The use of magnitudes obtained by various sensors or measuring systems and compiled to ob-
tain a value or values that describe the static or dynamic behavior of process or variables, have 
been popularized in the scientific community with the expression “sensor fusion” or “fusion sen-
sory data” (ALFARO, SADEK CRISÓSTOMO ABSI, 2012; BESTARD; ALFARO, 2015; HENDERSON, 
THOMAS C. et al., 1998).  

If some different sensing technologies are combined, better sensing results may be found. For 
example, you can combine the weld pool information obtained from a vision system and infrared 
camera for obtaining the weld pool dimensions, with more accuracy and more information, or 
combine the weld bead width (from vision system) and back bead temperature (from pyrome-
ter) to estimate the bead penetration value on-line (SONG; HARDT, 1991, 1993). Because of 
these and other advantages, multi-sensor systems were studied in recent years to realize effec-
tive weld pool and weld bead sensing. 

There are applications in different spheres such as the aerial and ground navigation of mobile 
robots (INVENSENSE, 2014; MURATA MANUFACTURING CO., 2014; SANTIAGO MARTÍNEZ, 
2009), the systems for environmental monitoring (BARRON ADAME, 2010; REGUEIRO et al., 
2017) and visual sensor networks (CASTANEDO SOTELA, 2010; MALDON, 2002; RODRÍGUEZ 
MUÑOZ, 2003). This grows daily and the continuing research has envisioned many others appli-
cations in fields such as medicine, security, fault detection, quality control, among others. This 
relatively young research area has few but important results in the welding process. Below we 
will comment on some. 

Sforza and Blasiis combined the visible, infrared and ultraviolet emission of the plasma in a sys-
tem for detecting the bad welds. For this they employed the Fourier frequency monitoring rules 
and statistical analysis (SFORZA; BLASIIS, 2002).  

Chen el al. (CHEN, BO; WANG; CHEN, 2009) employed an arc sensor and visual sensor to acquire 
welding current, welding voltage, and weld pool image of pulsed GTAW. Then electronic signal 
features and weld pool image features were extracted. Based on the data acquired in a random 
experiment, a back-propagation neural network was used to fuse the information and predict 
the backside width of weld pool. Comparison results showed that more precise predicting result 
was presented by the multi-sensor information model. 



39 
 

The information of welding current, voltage, weld pool image, and welding sound information, 
about the pulsed GTAW process, and special algorithms was used in (CHEN, BO; WANG; CHEN, 
2010) to features extraction of different sensors information. Then Dempster-Shafer (D-S) evi-
dence theory was used to fuse the different signal features to predict the penetration state (in-
complete penetration) about the welding process. Neural network was used to obtain the basic 
probability assignment for D-S algorithm. The experiments with fusion demonstrated that the 
information of different sensors obtained better prediction result than a single sensor. In other 
similar research (CHEN, BO; FENG, 2014), fuzzy logic was used to obtain the basic probability 
assignment for D-S algorithm  and predict the penetration status. 

In the reference work (ALFARO, SADEK C. A; DREWS, 2006) show in Figure 18, a video system 
was coupled to the torch to observe the welding pool directly, and a sensor for optical seam 
tracking was put in front of the torch. The sensor fusion was implemented using specialized dis-
tributed processing units, artificial neural networks, pattern recognition and fuzzy logic supervi-
sion. 

For spot welding, in (CULLEN et al., 2008), ultrasonic, infrared and force sensors are combined 

with voltage, weld current and dynamic resistance measurement for monitoring the integrity of 

the weld parameters. They use a neural network that predicts the quality and nugget size of 

each spot weld in real time. 

A sound sensor and infrared pyrometer were used to monitor the weld bead depth in pulsed 

MIG welding in (PAL; PAL, 2011).  

In (YU; YE; CHEN, 2013), a spectrometer and a visual sensor were used simultaneously to collect 

the arc spectral and visual information in pulsed GTAW process. A fuzzy system was developed 

to estimate the weld penetration status. 

Chen el al. (CHEN, BO; CHEN; FENG, 2014) study the multi-sensor information fusion technology 

in welding process, and used the choquet fuzzy integral method to fuse the information ob-

tained by arc, sound, and visual sensors in pulsed GTAW process. 

 

Figure 18 Set up and functional main units of the multi-sensor welding system (a). Multi-sensor information flow (b) 
Adapted from (ALFARO, SADEK C. A; DREWS, 2006) 

From the above research, it can be noticed that more accurate sensing results were obtained 

based on multi-sensor information fusion technology, due to more weld pool information and 

effective information fusion techniques. 
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2.2.6 Chronological evolution of the research in geometry sensing and estimators. 

Although the objective of this work was not to investigate the evolution of the studied theme 

and the number of publications found is not representative of this evolution, it was interesting 

to note some tendencies that we share next. 

Despite the existence of some publications on how to estimate the penetration in the weld bead 

since 1971, it is not until the decade of the 80s that a greater interest in this subject is observed. 

In the last 12 years the number of published documents is greater than to published in the pre-

vious time, as show the Figure 19. This prove a grown interest in improve the welding process, 

in special the bead penetration control. 

The increase in the number of scientific works was propelled by the technological develop of 

sensors, the need of welding process control in industrial environment (robotic welding) and the 

sensors cost reduction. The infrared sensor is a good example.    

 

Figure 19 Evolution of number of documents relevant to the work, published in the last fifty years. 

Since the 1970s infrared sensors (pyrometer) were available and during the 80’s the Department 
of Defense gave both Honeywell and Texas Instruments classified contracts to develop uncooled 
infrared sensor technology. In 1992 the US Government de-classified the use of this technology 
for commercial products and the use of infrared was moving towards civil use. The U.S. govern-
ment allowed to sell their devices to foreign countries, but not to divulge manufacturing tech-
nologies. In the first decade of this century, several countries developed their own uncooled 
imaging systems (ROGALSKI, 2003). There was a dramatic lowering of costs for uncooled arrays 
and in the Figure 20 can be observed a signify increase of scientific publications in this decade. 

The use of acoustic signal and vision techniques to geometry estimation show mayor activity in 
the last twenty years. The development of high speed, little size and low-cost cameras, high-
quality audio systems and digital signal processors helped in this trend. The weld pool oscillation 
had a peak in 90’s but has others publications more recently. 

In other way, the analysis techniques evolved from the statistic to artificial intelligence. In the 
last century was intensely used the regression models, the least mean square, the Kalman filter 
and others statistical methods. The principal techniques used in the last 10 years are the neural 
network, fuzzy logic and both combinations. The development of vision system and high pro-
cessing capabilities was accompanied by the intense research of image processing algorithms in 
the last twenty years. The Figure 21 shows the evolution of main methods of analysis used to 
estimate the bead geometry in the found publications. 
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Figure 20 Evolution of main measuring technologies used to obtain the information to estimate the bead geometry. 

 

Figure 21 Evolution of main methods de analysis used to estimate the bead geometry. 
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2.3 Control of the weld bead geometry in arc welding process. 

All fusion welds involve the melting and subsequent solidification of the base metal. The geom-

etry of the weld bead is a good indicator of the melting and solidifying process. Generally, weld 

inspection starts by evaluating this weld bead geometry and is followed by further inspection of 

the mechanical properties and metallurgical structures (JOU, 2002). This is one of the reasons 

why the control of the weld pool geometry is imperative for obtaining good quality in the weld. 

Research and development in this area has increased in the last five decades, starting from sim-

ple control methods and analogical devices (ICELAND; MARTIN E. O’DOR, 1971), to complex al-

gorithms and digital devices and computers (LIU, YUKANG; ZHANG; ZHANG, 2015; LIU, YUKANG; 

ZHANG, 2015) But the most of cases (90%) work in a horizontal position and only the 10% work 

in orbital welding, as shown in Figure 22a. Of this 10% that works in orbital welding, only 14% 

do it in GMAW processes (see Figure 22b). That is, only one (1.6%) of the control systems found 

in the analyzed documents, work in orbital GMAW processes. 

In this work we considered the GMAW orbital welding process for a design proposal. Only a few 

researchers (in the literature review) are working in this important area. For example (CHEN, 

HUABIN et al., 2009; DOUMANIDIS, CHARALABOS; KWAK, 2002; LIU, Y. K.; ZHANG; KVIDAHL, 

2014a, b; LIU, YUKANG; ZHANG; ZHANG, 2015; LIU, YUKANG; ZHANG, 2015; YU KANG LIU; YU 

MING ZHANG, 2014).  Of these only one  (DOUMANIDIS, CHARALABOS; KWAK, 2002) worked in 

the GMAW process. 

 

Figure 22 Welding position used in control systems of the weld bead geometry, found in the analyzed 
documents: (a) Control in flat and orbital welding; (b) Control of the GMAW orbital process. 

In addition, most cases apply static models, do not control all parameters of the bead geometry 

and do not apply multivariable techniques, as shown in Figure 23. The black box model approach 

is widely used. Because the complex characteristics of the process, a physic model approach is 

very difficult and needs an extensive research and resources. 

 
Figure 23 Model type (a) and quantity of variables controlled (b) in the control systems of the weld 

bead geometry found in the analyzed documents. 
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The dynamic models can be a better representation of the process producing best prediction 

results (see section 2.2.3). The research where these models were used represent only 13% of 

the total (BROWN; MEYN; WEBER, 1998; CHEN, S.B. et al., 2000; DOUMANIDIS, CHARALABOS C., 

1994; DOUMANIDIS, CHARALABOS; KWAK, 2002; JOU, 2002; LU, WEI et al., 2005; MOUSAVI; 

HAERI, 2011; XIONG; ZHANG, 2014; ZHANG, YM; KOVACEVIC; WU, 1996) 

With the multivariable techniques, it is possible to consider the interactions between variables 

in the process and reduce their effect in the control loop. Only a few works (9%) used multivar-

iable control loops, for example, in (CHEN, S.B. et al., 2000; DOUMANIDIS, C.C.; HARDT, 1990; 

DOUMANIDIS, CHARALABOS; KWAK, 2002; LÜ et al., 2010; MASMUDI; HARDT, 1992; SONG; 

HARDT, 1991) 

Due to the characteristics of this process (see section 2.1), the use of adaptive techniques has 

spread in the last decades with favorable results, only overcome by Proportional-Integral-Deriv-

ative (PID) controller. The adaptive control has been implemented in some researchers to cope 

with the problem of the high dependence of process parameters to its operating condition. The 

main drawback of this method is that it requires online estimation or tuning of the parameters, 

which is usually a time-consuming operation. The single implementation of PID and low compu-

tational resources, make it still the most used, as in the rest of industrial applications. A graphic 

summary is shown in Figure 24 and Table 2 shows the documents found. 

 
Figure 24 Graphic summary of the main methods or techniques used for control the geometry of weld bead. 

Neural-networks, fuzzy methods and their combinations also stand out. Note that the magnifi-

cent behavior of the neural network can be clouded by a slow convergence because the exces-

sive quantity of neurons or hidden layers. Many research efforts use this approach but neglected 

the need of quickly response of the control system. 

Statistical methods, as the classic autoregressive moving average (ARMA) and expert systems, 

are represented too. Other less used techniques include: state space, model-free adaptive, first 

and second order model, support vector machine and finite elements.  
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Table 2 Methods or techniques used for modeling and control of the geometry of weld bead. 

Model type or  
control technique 

References 
Quantity of 
references 

On/Off, classic PID 
or PID combined 
with other method 

(ANDERSEN et al., 1990; BOUGHTON; RIDER; SMITH, 1978; 
BROWN; MEYN; WEBER, 1998; CHENG et al., 2004; CHIN, 2001; 
DOUMANIDIS, CHARALABOS C., 1994; ICELAND; MARTIN E. 
O’DOR, 1971; LV et al., 2014; MOORE; NAIDU; OZCELIK, 2003; 
NOMURA, H. et al., 1980; SMITH, C.J., 1974; SMITH, JEREMY S.; 
BALFOUR, 2005; VORMAN; BRANDT, 1978; WIKLE III et al., 2001; 
ZI et al., 2012) 

16 

Adaptive 

(BANGS; LONGINOW; BLAHA, 1989; BROWN; MEYN; WEBER, 
1998; CHEN, HUABIN et al., 2009; DOUMANIDIS, C.C.; HARDT, 
1990; DOUMANIDIS, CHARALABOS C., 1994; HENDERSON, D E et 
al., 1993; KOVACEVIC; ZHANG; RUAN, 1995; LU, WEI et al., 2005; 
LV et al., 2014; MOON, H.; BEATTIE, 2002; NIED; BAHETI, 1986; 
OZCELIK; MOORE; NAIDU, 1998; SUZUKI; HARDT; VALAVANI, 
1991; WANG, ZHIJIANG; ZHANG; WU, 2012; ZHANG, Y. M.; LIU, 
2003) 

15 

Neural network 
and fuzzy logic, or 
neuro-fuzzy 

(BANERJEE; CHIN, 1992; CASALINO; HU; HOU, 2003; CHEN, S.B. 
et al., 2000; CRUZ, 2014; DI et al., 2001; LIU, Y. K.; ZHANG; 
KVIDAHL, 2014a, b; LIU, YUKANG; ZHANG; ZHANG, 2015; LIU, 
YUKANG; ZHANG, 2015; LUO, H et al., 2002; WU, CS; GAO, 2006; 
YU KANG LIU; YU MING ZHANG, 2014) 

11 

Neural network 
(CHENG et al., 2004; TORRES, 2013; YAN, JUN RONG et al., 2011; 
YANG, SANG-MIN et al., 2007) 

4 

Fuzzy logic 
(CHEN, HUABIN et al., 2009; HUANG, XIXIA et al., 2009; SHEN et 
al., 2008) 

3 

Autoregressive 
moving average 
(ARMA or similar) 

(DOUMANIDIS, CHARALABOS C., 1994; DOUMANIDIS, 
CHARALABOS; KWAK, 2002; XIONG; ZHANG, 2014) 

3 

Expert systems 
(BANGS; LONGINOW; BLAHA, 1989; CHEN, S.B. et al., 2000; 
DOUMANIDIS, C.C.; HARDT, 1990) 

3 

State space  (JOU, 2002; MOUSAVI; HAERI, 2011) 2 

Model-free adap-
tive 

(LÜ et al., 2010; MOUSAVI; HAERI, 2011) 2 

First or second or-
der model 

(DOMFELD; TOMIZUKA; LANGARI, 1982; HALE, 1990) 2 

Support vector ma-
chine 

(HUANG, XIXIA et al., 2009) 1 

Finite elements (CASALINO; HU; HOU, 2003) 1 

 

A generic diagram of a multivariable control loop of the weld bead geometry for GMAW process, 

are shown in the Figure 25. It used the main variables that affect the process, to control the bead 

geometry, but it should be noted that due to the interdependence between them, setting the 

controller parameters and the use of uncoupling becomes difficult. 
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Figure 25 Main variables used in the bead geometry control in arc welding process. 

It is important to note that the orbital welding adds more complexity to control, due to the effect 

of gravity on the transfer of material, the weld pool and the weld bead formation (SCOTTY; 

PONOMAREV, 2008),  in addition to other requirements (DE GARCIA et al., 2010). So, it is im-

portant to consider the orbital angle as a measurable disturbance. 

2.3.1 Chronological development of the geometry control in arc welding process. 

Developments in the field of automatic control of the geometry in the arc welding process have 

been intense in the last four decades. The most representative research efforts found in the 

literature in this area at the last two decades (and exceptions) will be discussed below and the 

rest are listed in Appendix 2. 

In 1986 Nied (NIED; BAHETI, 1986) registered a patent where a robotic welding system has an 

integrated vision sensor to image and analyze the weld scene in real time. It used an adaptive 

feedback control to assure the full penetration, the weld puddle area and maximum width in 

TIG process. The adaptive control system determines a puddle geometry error and a correction 

to nominal welding current to change the heat input to the weld pool, regulating a combination 

of puddle area and width. Arc voltage is modulated to reflect changes in welding current and 

maintain constant arc length. 

In 1989 Edmund R. Bangs and others (BANGS; LONGINOW; BLAHA, 1989), registered a patent 

that described a system for real-time welding adaptive control using infrared images, artificial 

intelligence (expert system) and distributed processors. 

Already in 1990 Andersen designed an interesting control system for GMAW process (Anderson 

et al. 1990). A neural network set-point selector defines the start parameters of welding speed 

(V), current (I) and arc length (L). Other neural network estimates the width (W) and penetration 

(P). Two independently closed-loops PI adjust continuously the start parameters in function of 

weld bead width and depth penetration control error (see Figure 26). The experimental results 

are satisfactory. In (TORRES, 2013) a similar structure was proposed for the control of weld bead 

width, without the estimator and using a fuzzy controller. The same philosophy is used in (CRUZ, 

2014) for width and reinforcement control in independent control loops. 

Zhang et al. in (ZHANG, YU. M.; KOVACEVIC; LI, 1996) developed an adaptive control of full pen-

etration for GTAW processes, based on the generalized predictive control (GPC) algorithm pre-

sented by Clarke in (CLARKE; MOHTADI, 1989; CLARKE; MOHTADI; TUFFS, 1987a, b). The con-

trolled variables are the sag width and reinforcement of the weld bead, measured by a vision 

system and laser strip. The control variables are the welding current and arc length. The sam-

pling interval of the control system is 0.5 s. The process has been described by a moving-average 

(MA) model with a predictive decoupling algorithm. The system is not controlling the penetra-

tion directly but has a good performance in the weld quality control.  

Brown et al. (BROWN; MEYN; WEBER, 1998) designed a control loop with PID and an adaptive 

dead-time compensator for GMAW processes in a horizontal position. The controlled variable is 

the weld pool width and while the welding speed is manipulated. The simulation results show a 

good response. 
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Figure 26 Control loop proposed for Andersen process (Anderson et al. 1990) when the initial set point condition are 

defined by neural network and the penetration are estimated (COOK, GEORGE E; BARNETT; STRAUSS, 1999) 

A neural network dynamic model was designed in (CHEN, S.B. et al., 2000) to predict the maxi-

mum backside width in pulsed GTAW processes. Also, a self-learning fuzzy neural network con-

troller was developed for control of the maximum backside width and the fuzzy rules were mod-

ified on-line. Based on the neuro-fuzzy, and combined with an expert system, a double-input 

and double-output (DIDO) intelligent controller was developed for controlling the maximum 

backside width and the shape of the weld pool. Experiment results showed the best behavior in 

the DIDO intelligent controller. 

In (DI et al., 2001) a neuro-fuzzy controller is designed for the GTAW process. This technique 

overcomes limitations such as the dependency on the experts for fuzzy rule generation and non-

adaptive fuzzy set. The adaptation of membership function as well as the self-organizing of fuzzy 

rule are realized by the self-learning and competitiveness of the neural network of 3 hidden 

layers. The simulation test obtained a good behavior. 

Chin (CHIN, 2001) development a system for infrared image sense and PID control of the SAW 

process. He executed various tests with diverse conditions in the control variables. Similarly a 

point infrared sensor is used in (WIKLE III et al., 2001) to estimate the weld bead depth  in GTAW 

and SAW process. The penetration is controlled indirectly (through infrared emission) by a PI 

regulator, that changes the welding current in the GTAW process and the welding voltage and 

speed in the SAW process. A good result is obtained under laboratory conditions. 

Moon and Beattie (Moon & Beattie 2002) developed an adaptive fill control for the multi-torch 

multi-pass SAW process. The system measures the joint geometry with laser seam tracking and 

calculates the total area of the joint, computing by a numerical integration based on the actual 

joint profile and not one based on any idealized profile. With the area ratio of the joint the weld-

ing current/voltage combination is obtained and the welding speed is adjusted inversely in pro-

portion to the area to be filled. The control improves the bead quality significantly. This technol-

ogy has been used in longitudinal and spiral pipe mills and in pressure vessel production. 

In (DOUMANIDIS, CHARALABOS; KWAK, 2002) two simultaneous but independent control loops 

are used. One senses the temperature with infrared camera and controls the torch trajectory. 

The other senses the geometric profile with laser stripe and controls the welding speed and wire 

feed speed. One variable delay Smith predictor is used for reducing the dead time effect of laser 

strip sensor. The author tested a SISO closed loop with PI controller and a MIMO GOSA. The last 

one obtains the best result. 
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Figure 27 SISO (a) and DIDO (b) control loops that employ infrared information.  

Adapted from (DOUMANIDIS, CHARALABOS; KWAK, 2002) 

A H-Infinity robust control system is proposed in (JOU, 2002) to control the length and width of 

the weld pool, regulating the welding current and the weld speed. The simulation shows an ef-

fective robust control method that is capable of controlling the processes with large uncertain-

ties in the dynamics. However, the complexity of the H-infinity control algorithm can make the 

implementation in embedded devices difficult. Also, it needs an effective description of the un-

certainties of the welding process dynamics and this is difficult under conditions of the real pro-

cess. 

A weld pool imaging system employing a LaserStrobe high shutter speed camera is used in (LUO, 

H et al., 2002) to obtain contrasting images and eliminate arcing interference. Two image pro-

cessing tools based on edge detection and connectivity analysis extract online information about 

the weld pool length and width. A neuro-fuzzy controller, based in human experience and ex-

perimental results, has been developed to control the welding feed speed in real time. Closed 

loop control of welding speed is used to achieve desirable weld pool geometry. The control re-

sults are satisfactory, but the response time was somewhat slow because the time required for 

the image processing and fuzzy calculation. 

Similarly, in (MOORE; NAIDU; OZCELIK, 2003) the difficult to tune PI parameters to get desired 

performance in the whole range of the process operation is shown. Therefore, design and im-

plementation of more complex controllers are required to obtain higher welding process con-

trol. 

The Casalino method (CASALINO; HU; HOU, 2003) defines an automated methodology for se-

lecting weld process parameters based on the artificial intelligence. Though many methods are 

available to improve the reliability of the traditional “open loop” type control schemes, they can 

only be applicable to use with a particular welding power source and a specific welding arrange-

ment. 

Lu et al. (LU, WEI et al., 2005) developed a non-transferred plasma charge sensor based vision 

system for measuring the depth of the weld pool surface in the orbital GTAW process. The sen-

sor measures the arc voltage when the arc current is off and obtains the arc distance by a linear 

inversely relation. An isolated gate bipolar transistor (IGBT) power module is utilized to tempo-

rarily switch off the main power supply. During this period, the large arc pressure associated 

with the main arc is not present so that the depth of the weld pool surface decreases and the 

sensor output increases. When the main arc is off, only the measurement arc is present and the 

sensing can be done automatically. An adaptive interval algorithm controls the depth of the weld 

pool surface, regulating the main-arc-on period. Four experiments were executed under differ-

ent conditions and show good response. 
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Smith et al. (Smith & Balfour 2005) uses two independent PI to control a pulsed TIG process in 

horizontal position. Both controllers have the top face weld pool width error as input. The inde-

pendent outputs are the welding current and the wire feed speed. Active adjustment of the 

current and wire feed rate allows a drift or variation in the weld pool size to be compensated 

for. A camera and the use of imagen processing algorithm, measures the top face weld pool 

width. A step change in plate thickness was used to test the controller. The result produced 

welds with a more consistent profile if variations in the process conditions occur. 

In (YANG, SANG-MIN et al., 2007) a three-dimensional vision system is used for obtaining the 

geometrical parameters of weld joint. A closed-loop neuronal-network controller is developed 

to control the width and depth of the weld joint, by regulating the welding voltage, welding 

speed and wire feed speed. The neuronal model has two hidden layers with 6 and 4 neurons 

respectively as shown in Figure 28. The validation results applied to the welding using the neural-

network learning data and the error range of width and depth is within 3%. 

 
Figure 28 Neural network for determining weld parameters (YANG, SANG-MIN et al., 2007) 

A fuzzy and PID controllers are employed in (SHEN et al., 2008) to control the geometry stability 

in a GTAW process, by regulating the welding current (ΔI) and wire feed rate (v). A visual image 

analysis algorithm was developed for seam tracking and seam gap measuring. The control has 

been applied in the “teach and playback” robotic welding process, which helps the robot track 

the seam and chooses the corresponding welding procedures with the gap variation. The quality 

of the products has reached the standard of first-order welding seam in terms of dimensions 

and soundness as demonstrated by X-ray inspection. Figure 29 shows the block diagram. 

 
Figure 29 Block diagram of the weld pool controller (SHEN et al., 2008). 
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In (LI; ZHANG, 2009) two SISO subsystems are developed to control the Double Electrode GMAW 

process. The control structure is selected for convenient implementation and design. One sys-

tem controls the welding current of the main torch by manipulating its wire feed speed. The 

other controls the welding voltage of the bypass torch by manipulating its current. Two interval 

models have been obtained, based on experimental data from step-response experiments un-

der different manufacturing conditions. These simple controllers show an acceptable behavior 

to control this relatively complex process. 

Chen solved the full penetration detection, in orbital the GTAW process, with a vision system 

over the top-side pool and a neural network model for estimating the back-side weld bead width 

(CHEN, HUABIN et al., 2009). The neural network has 17 neurons in the input layer, 40 in the 

hidden layer and 1 in the output. An adaptive controller receives the back-side weld bead width 

estimated by the neural network and regulates the peak current. A fuzzy controller received the 

gap state and controlled the wire feed speed. The experimental results, examined in X-ray, 

shown a uniform back-side weld bead width. 

A adaptive inverse control based on support vector machine–fuzzy rules acquisition system is 

proposed by (HUANG, XIXIA et al., 2009) for the pulsed GTAW process. The proposed adaptive 

inverse control method can automatically extract the control rules from the process data using 

an adaptive learning algorithm and a support vector machine to adjust the fuzzy rules. The con-

trolled variable is the backside weld width and the control variable is the peak current of pulse. 

A double-side visual sensor system captures the topside and back-side images of the weld pool 

simultaneously. The data for model identifying is obtained experimentally. The control is simu-

lated and shows satisfactory results. 

Fenglin Lü and others  (LÜ et al., 2010) developed a MISO algorithm for the control of the width 

of the weld pool back side in the GTAW process. The vision sensing technology and model-free 

adaptive control (MFC) are used. The welding current and wire-feeding speed are selected as 

the control variable, and the backside width of weld pool is selected as the controlled variable. 

The main difficulty was the availability of computational resources to maintain the control pe-

riod and the processing speed of the images within acceptable values. It has the disadvantage 

of using complex optical systems for obtaining the image of the back and front side of the weld 

pool. They propose the development of a MIMO system that adds the welding speed and rein-

forcement of welding bead. 

In (MOUSAVI; HAERI, 2011) a space state model of the GMAW process is obtained to compare 

the behavior of three controllers: ARMarkov-PFC (based MPC controller), PI and feedback line-

arization based PID (FL-PID). The controller outputs are the wire feed motor voltage and the 

welding voltage. The controlled variables are the welding current and voltage. The simulation 

results show that the ARMarkov-PFC outperformed other controllers from the viewpoints of the 

transient response, desired output tracking, and robustness against the process parameters un-

certainties, but require more computational resources. The FL-PID controller was sensitive to 

the process parameters variations, presence of noise and disturbance, and results in an im-

proper performance. The PI controller produced inappropriate transient response and inade-

quate interaction reduction in spite of good tracking performance, low sensitivity to parameter 

variations and low computational resources requirements. 

The main advantages of MPC over structured PID controllers are its ability to handle constraints, 

non-minimum phase processes, changes in system parameters (robust control) and its straight-

forward applicability to large, multivariable or multi-input multi-output (MIMO) processes. In 

spite of having many advantages, a noticeable drawback of an MPC is that it requires higher 

computation capability. (ABU-AYYAD; DUBAY, 2007).  
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The change in arc voltage during the peak current is used to estimate the weld penetration depth 

in a pulsed GMAW process (WANG, ZHIJIANG; ZHANG; WU, 2012). An adaptive interval model 

control system is implemented but, contrary to the author’s comment, the control accuracy is 

not good. 

Lui et al. (YU KANG LIU; YU MING ZHANG, 2014) developed a model-based predictive control for 

the orbital GTAW process. The control input is the backside weld bead width and the outputs 

are the welding current and welding speed. A nonlinear neuro-fuzzy (ANFIS) model is utilized to 

estimate the backside weld bead width (related with weld depth penetration) using the front-

side weld pool characteristic. The Figure 30 shows a block diagram of this approach.  

In  (XIONG; ZHANG, 2014) the GMAW LAM process is modeled using the recursive least squares 

algorithm for system identification. An image processing algorithm is employed for obtaining 

the nozzle to top surface distance. An adaptive controller adjusts the deposition rate and keep 

the nozzle to top surface distance constant. The precision range of the control system is limited 

within ±0.5 mm. 

 
Figure 30 Model-based predictive control to orbital GTAW process (YU KANG LIU; YU MING ZHANG, 2014) 

A segmented self-adaptive PID controller was developed in (LV et al., 2014) to controlling the 

arc length and monitoring the arc sound signal in the pulsed GTAW process for flat and arched 

plate. The experiments show that the controller has an acceptable accuracy. 

Lui and Zhang (LIU, YUKANG; ZHANG, 2015) developed a machine–human cooperative control 

scheme to perform welder teleoperation experiments in the orbital GTAW process. They devel-

oped an ANFIS model of the human welder’s adjustment on the welding speed. The welder sees 

the weld pool image overlaid with an assistant visual signal, and moves the virtual welding torch 

accordingly. The robot follows the welder’s movement and completes the welding task. The ex-

perimental data is used to obtain the model. Later, they transfer this model to the welding robot 

controller to perform automated welding. The controller receives the 3-D weld pool character-

istic parameters (weld pool length, width, and convexity) and change the welding speed. In other 

similar work (LIU, YUKANG; ZHANG; ZHANG, 2015) a neuro-fuzzy-based human intelligence 

model is proposed for implementing an intelligent controller to maintain a full penetration by 

governing the welding current. These works establish a method to rapidly transform human 

welder intelligence into welding robots by using 3D weld pool surface sense, fitting the human 
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welder response to the information by a neuro-fuzzy model, and using the neuro-fuzzy model 

as a replacement for human intelligence in automated systems. In a previous work (LIU, Y. K.; 

ZHANG; KVIDAHL, 2014a, b) correlated the skilled human welder response to the fluctuating 3D 

weld pool surface and compared with a novice welder. 

2.4 Embedded devices in welding process control. 

Embedded systems, especially the FPGA and System on Chip (SoC), are used in a multitude of 

technological processes in various industries, covering hazardous areas such as medical, aero-

space and military, or even the most common household appliances.  

With the increase in processing capabilities of these systems, based on microcontrollers and 

new processors generation, it is possible to obtain remarkably improved measurement and con-

trol systems with the use of advanced algorithms for processing information provided by the 

sensors. The parallel processing capabilities of the FPGA (into the SoC) allow execution times 

lower than in processors or microcontrollers. These capabilities are important to estimators 

based in neural networks (parallel execution) and to control systems in real time that needs 

attend several sensors and actuators.  

The FPGA have numerous digital inputs and outputs, with the possibility of adding several analog 

and other peripherals. Many of them have a hard processor, with one or more cores and various 

peripherals for communication, video, sound and large Random Access Memory (RAM) capacity, 

where you can run a standard operating system interconnected with the FPGA. These features 

and small size, low power consumption, low heat dissipation and reconfigurable architecture, 

make it an ideal tool for monitoring and control systems with real time requirements. 

The literature review does not show the application of FPGA to bead geometry control in arc 

welding process. But other works, related with welding, as the weld pool volume control (DAVE; 

COLA, 2013), the images processing (NEFEDYEV; GOMERA; SUDAKOV, 2014) , the wire feed con-

trol (YANG, FU; ZHANG; ZHANG, 2013), the defect detection (HURTADO; ALFARO; LLANOS, 2012; 

LLANOS; HURTADO; ALFARO, 2016; VELASCO, 2010) and the arc signal monitoring (MACHADO 

et al., 2012; MILLÁN; QUERO; FRANQUELO, 1997), were found. This prove that the FPGA can be 

useful for this research and is a new field of application for this technology. A graphical summary 

is shown below. 

 
Figure 31 Embedded devices in welding process. 
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2.5 Chapter considerations. 

Based on the literature review about measurement of welding bead geometry, this work se-

lected the thermographic and arc welding variables to obtain the information for estimating the 

geometry of the weld bead. 

The artificial neural network algorithm was selected to fusion the measurements and obtain the 

estimate values of depth and width of the weld bead.  
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3 Methods and tools. 
In this work, an experimental system was developed to collect the values of the selected varia-

bles and to send stimulus to GMAW process, allowing the open loop control and data storage in 

a personal computer. The methods and tools used to data processing and estimate the depth 

and width of the weld bead are discussed in this chapter. 

The general structure of a data acquisition and control system involves a measuring system, a 

control system and an actuator system. The measuring system collects and processes the sen-

sor’s measurements, estimates or predicts the not measurable variables values and saves the 

data. The control system calculates the control strategy and manipulates the process inputs, 

through the actuator system, to achieve the desired behavior in its output.  

When the control strategy is based on the measurements received from the data acquisition 

system through any feedback channel, the control system operates in a closed loop (see Figure 

32). When the controller does not receive information from the measurement system, the con-

trol system operates in an open loop (see Figure 33). In this case, the control strategy is defined 

by an operation sequence or a human operator. 

 
Figure 32 Block diagram of the data acquisition and closed loop control system architecture. 

 
Figure 33 Block diagram of the data acquisition and open loop control system architecture. 

Disturbances affect the behavior of the process and can cause instability and a significant control 

error in open-loop systems. These can be measurable or not measurable. Measurable disturb-

ances can be compensated with anticipatory or feed-forward control systems. 

A user-friendly interface is also required that allows the easy configuration of the controller op-

erating parameters and monitor the state of the process. The complexity of each system fluctu-

ates according to the number of variables involved as well as the quantity and complexity of 

control loops and the processing algorithms, among others. 

The variables measured by the developed system are: welding voltage, welding current, infrared 

thermography and welding torch (or work piece) position. The system controls of the welding 

speed and sends several set points to the welding power source such as the set point of welding 

voltage and the set point of the wire feed speed. Despite this, the control is in open loop because 

the system does not use the measurements to change the welding parameters and follows a 

sequence defined by the user. 
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The data acquisition and open loop control system has six main components: the welding power 

source, the welding table, the thermographic camera, the laser scanner, the data acquisition 

and control interface and the computer where a data acquisition and stimulus sequence design 

software are executed (BESTARD; ALFARO, 2017). The components, the data flow and a sche-

matic side view are shown in Figure 34. 

 
Figure 34 Data acquisition and open loop control system: (a) Main components and data flow; (b) Flat welding table 

and instruments support; (c) Schematic side view. 

The main components, algorithms and software developed for the data acquisition and open 

loop control system are described below. 

3.1 Data acquisition system 

The measuring system for this work involves the measurement of the infrared data, weld bead 

profile and arc variables. It also provides the feature extraction of this data, the estimation of 

the depth and width of the weld bead, and others necessary calculations in the data processing 

algorithm. The next sections describe each subsystem of the measuring system. 

3.1.1 Measurement of the welding voltage and welding electric current. 

The welding power source Inversal 450 has an RS232 interface to read the operation parameters 

(see section 3.2.1). This allows the acquisition of values of the effective welding voltage and the 

welding electric current with 2ms (or less) of sampling time. 

The analog to digital converter of this measurement system has 10 bits. The input range (or 

span) for the welding voltage is 0 to 68V, obtaining 0.07V of resolution. The input range for the 

welding electric current is 0 to 450A, obtaining 0.44A of resolution (FRADEN, 2004; IMC-

SOLDAGEM, 2005). 

3.1.2 Measurement of the welding speed. 

The control interface (see section 3.3) has the control of the stepper motor driver that moves 

the workpiece. The welding speed is obtained directly from the registers in the interface. 
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3.1.3 Measurement of the weld bead profile.  

The weld bead dimensions must be checked after finishing the welding process to verify the 

project requirements and the behavior of the model (see section 3.1.8).  

A scanner or profilometer was developed to obtain a three-dimensional profile of the weld bead 

geometry after the completion of the welding process. Its operation is based on the triangula-

tion technique and image processing algorithms was explained in section 2.2.3. The scanner uses 

a laser that draws a line on the weld bead, a low-resolution camera with USB communication 

(webcam of 600x400 pixels, 0.24 MP) and an optical filter adjusted to the laser emission fre-

quency. This is shown in the Figure 35. 

 
Figure 35 Low cost laser profilometer components. 

The workpiece remains fixed on the welding table after the welding is finished and the control 

interface moves the workpiece to the position of the scanner. A program developed in 

Matlab/GUI, takes the image from the webcam and applies the image processing algorithm. The 

image is filtered and the missing data is completed. The algorithm rotates the image to find the 

base line corresponding to the surface of the base metal and thus calculates the reinforcement 

and width of the bead (see section 3.1.4). The procedure is valid only for flat parts. The Figure 

35 (below-left) shows the image obtained by the camera for the current position in red and the 

calculated profile in white. 
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The system saves the position information, the profile, the reinforcement and the width values 

of the bead for each position in a text file (see Figure 36). The collected data is useful for tridi-

mensional reconstruction and statistical analysis of the weld bead geometry. 

 
Figure 36 Laser scanner software and profile data stored in a text file. 

With this system, it is possible to scan up to 20 mm wide and 10 mm high. Its calibration is done 

with an automatic procedure using pieces with known dimensions. A resolution of 0.035 mm x 

0.05 mm (width x reinforcement) has been verified, with an error of less than 5% of the full scale. 

Despite this, the execution of the scan is very slow and the image has low resolution, but it is an 

acceptable low-cost solution for educational and research purposes. 

3.1.4 Feature extraction of the bead profile.  

A feature extraction algorithm is used to obtain the weld bead width and bead reinforcement 

from the bead profile. The bead or joint width is obtained from the second derivate analysis and 

the difference between 𝑥 values of the inflexion points. The reinforcement is obtained from the 

difference between the base line of the piece and the maximum 𝑦 value. It will be necessary to 

filter and rotate the matrix to obtain the required horizontal alignment of the piece. The Figure 

37 above shows a real profile of a welding bead with its second derivative below.  

 
Figure 37 Curves of the bead profile (above) and from its second derivative (below). 

In the Figure 37, the dotted vertical lines define the maximum values of the second derivative 

and the horizontal limits of the bead. The base line is calculated with the left and right segments 
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of the profile. The maximum reinforcement is obtained on the center segment. The dotted hor-

izontal lines define this maximum value and the base line. The joint dimensions can be obtained 

using a similar analysis but flipping the profile in the 𝑦 axis.  

3.1.5 Infrared measurement. 

The thermographic camera ThermoVision A40 (see Figure 34) is used to obtain the temperature 

values (based on infrared measurement) from the weld pool. It employs a semiconductor sensor 

of focal plane array uncooled microbolometer technology. It has a spectral range between 7.5 

and 13 μm, a temperature range between -40°C and 2000°C, a sample frequency of 120 Hz (120 

frames for second) and a maximum resolution of 16-bit monochrome and 8-bit color (FLIR-

SYSTEMS, 2004). The data is obtained from a Firewire interface in matrix format, with the tem-

perature of each pixel of the image. Among other notable features, it has automatic correction 

of the measurement by the effects of environmental reflection, temperature, distance, relative 

humidity and external optics that could have coupled. 

The emissivity of the weld pool is not constant, so the temperature measurements of the weld 

pool using a thermographic camera should be considered approximate (see section 2.2.4). The 

accurate measuring of the absolute values of temperatures is not considered significant for the 

purposes of this work. In this work we used absolute values and not the calculated temperature 

values based in emissivity coefficient. 

3.1.6 Feature extraction of the infrared image. 

The infrared image is processed with a feature extraction algorithm developed to obtain the 

thermographic peak (𝑇𝑝), the base plane (𝑇𝑏), the curve width (𝑇𝑤), the area (𝑇𝑎) and the volume 

(𝑇𝑣) parameters. These values are used in the estimations of the depth and width of the weld 

bead explained in the section 3.1.8 . The block diagram is shown in the Figure 38. 

 

Figure 38 Infrared feature extraction block. 

The thermographic matrix (supplied by the camera) is processed with a moving average filter of 

3x3 pixels. The thermographic peak or maximum value of the matrix is calculated. The base 

plane is calculated as the average of 10% of the values in the left and right edges (left and right 

side, see Figure 39 down left). The boundary plane is 10% above the base plane.  

The intersection plane between the thermographic surface and the boundary plane is the area 

and the maximum width in the front axis (front side in the Figure 39 down right) is the width. 

The sum of the thermographic values within the intersection plane is the thermographic volume. 

In this image, it is possible to observe the two peaks present in several images of the thermo-

graphic profile and the difference with the Gaussian curve. This characteristic makes  the first or 

second derivative analysis to determinate the width of the profile inaccurate.  

This algorithm is very simple and can be implemented in an FPGA or microcontroller device. 
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Figure 39 Features extracted of the infrared images. 
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3.1.7 Image processing for offline measuring of the weld bead depth. 

The weld bead depth profile can be obtained from the macrographic analysis. For this, the cuts 

for the macrographic analysis are made in a longitudinal direction, this is in the direction of the 

torch movement. Could be necessary more than one cut due a bad alignment of the cut tool 

with the weld bead. In these cases, we take the maximum value in each measurement point.  

In the processing, the specimen will be polished and etched using 2.5% nital solution (or it was 

etched by 3% HNO3 and 97% H2O nital solution) to display the weld bead penetration. In similar 

position as shown in the Figure 40, a picture will be taken and analyzed with image processing 

algorithms. 

 

 
Figure 40 Longitudinal cut of the weld bead (above). Weld bead depth profile (yellow line) and base surface (red 

line) on the same picture (below), obtained using image processing algorithms. 

The algorithm corrects image misalignment and filters the image for the border detection pro-

cedure. The base line (show by red color in the Figure 40) is detected. The piece thickness and 

length are known and used to calculate the scale coefficients. The penetration limit is detected 

(shown by the yellow color) and the difference between it and the base line produce the weld 

bead depth penetration profile. The profile is filtered and the missing values are repaired with 

the interpolation method. The algorithm was developed in Matlab scripts. 

3.1.8 Sensor fusion for estimating the depth and width of the weld bead. 

A cooperative, data-in/data-out and centralized sensor fusion [15] algorithm was developed 

based on a Multilayer Perceptron (MLP) artificial neural network to estimate two characteristics 

of the weld bead geometry. The same MLP structure is used to estimate both the weld bead 

depth (�̂�) and the weld bead width (�̂�), by changing the input parameters of the welding cur-

rent (𝑖) to the welding voltage (𝑢).  It is possible because both estimators have the same neural 

network structure and a selection signal is used to change the parameters (weights), the inputs 

and the output of the network. A controller performs the evaluation of two algorithms in se-

quence, updating the weights of the neural network for each case.  

The artificial neural network has eight neurons in the input layer, twelve in the hidden layers 

and one in the output layer. The size of the hidden layer was selected by balancing the compu-

tational cost (neuron quantity) and the estimation error, by testing different configurations. The 

structure of neural network is shown in Figure 41. 

 
Figure 41 Neural network structure for estimate the depth and width of the weld bead. 
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The inputs variables are the thermographic peak (𝑇𝑝), the thermographic base (𝑇𝑏), the thermo-

graphic area (𝑇𝑎), the thermographic volume (𝑇𝑣), the thermographic width (𝑇𝑤), the measure-

ments of welding current or voltage (𝑖𝑢) in the actual (𝑛𝑇) and previous sample (𝑛𝑇 − 𝑇), and 

the previous estimated value [𝐷�̂�(𝑛𝑇 − 𝑇)] for capturing the process dynamic. The symbol 𝑇 

is the sample time and 𝑛 is the sample number. The activate function is the hyperbolic tangent 

sigmoid transfer function (MATHWORKS, 2017). The network training should be done with ex-

perimental measurements of the parameters of input and output, and using the backpropaga-

tion algorithm. The input data is normalized in the Matlab neural network tool. The Figure 42 

shows the block diagram of the estimator. 

 

Figure 42 Estimator of depth and width of the weld bead that uses the thermographic features 
with welding current or voltage in cooperative mode. 

The relation between inputs and outputs of the models is explained on the basis of the power 

density concept as proposed by Ponomarev and Scotti (SCOTTY; PONOMAREV, 2008). From the 

thermal point of view, it can be expected that the more concentrated (smaller diameter arcs) 

and intense (higher current) the heat is, the deeper the penetration of the molten metal. 

The Selection signal allows the switching between the estimation of the weld bead depth or the 

weld bead width. To estimate the weld bead depth, this algorithm uses the features of the in-

frared image and measurements of the welding current as indicators of the energy delivered 

(welding energy) and the last value of the weld bead depth. The welding voltage and the last 

value of the weld bead width are used to estimate the weld bead width. The values of neural 

network weights are changed to by the selector. 

For the training and validation of the neural network, the input values of the thermographic and 

arc variables are obtained from the data acquisition system and infrared feature extraction al-

gorithm (see section 3.1.6). The real values of depth and width of the weld bead are obtained 

from the macrographic analysis (see section 3.1.7) and the laser scanner (see section 3.1.3) re-

spectively.  

These models of estimators are valid only for the current process conditions and must be up-

dated if these change, such as electrode diameter and material, base material, gas type and flow 

rate, welding current or welding voltage range, among others. 

Several programs were developed for data processing and data plot. All the curves, the statistical 

analysis, the image processing and the neural network training and testing were made in Matlab 

scripts. 



61 
 

We must emphasize the importance of simplifying the estimating algorithm due to real-time 

requirements. The use of the proposed parameters and not the complete infrared image, can 

help reduce the resources used and increase the speed of the estimation process. The same 

structure for the estimation of two parameters in sequential mode minimizes the hardware re-

quirements, but increases the processing time. If less processing time is required and the hard-

ware resource is not a problem, two equal neural networks can be used. The implementation 

and synthesis of the neural network can be done with the methodology and tools proposed in 

(AYALA, HELON et al., 2016; AYALA, HELON VICENTE HULTMANN et al., 2017). Ayala et. al shows 

a floating-point implementation in hardware for neural network architecture that guarantees 

low time rates. 

3.2 Actuator system. 

The actuator system is in charge of changing the process status. It is made up of the welding 

power source and the welding table. The first manipulates the arc conditions directly while the 

second does the movement of the torch or the piece. These two sub-systems will be described 

in the next sections. 

3.2.1 Welding power source 

The welding power source selected is an Inversal 450 (see Figure 34), developed by Brazilian 

IMC-Soldagem company (IMC-SOLDAGEM, 2005). This power source is a multi-process machine, 

with digital control executed by a microcontroller device and IGBT for generating the electric 

arc. The principal advantage for this application, in contrast with the other welding power 

sources available in the GRACO Laboratory, is the open communication protocol over the stand-

ard serial RS232 interface. 

With the available information and the serial interface, it is possible to remote control of the 

welding power source. The controller can modify all the operation parameters and obtain the 

measurements and status of the machine. For example, in the GMAW constant voltage process, 

it is possible to modify the welding voltage, the speed and direction of the wire feed, the pre-

gas and post-gas time, the phase out time, the inductance and the open or close arc command. 

Also, the control system can read the real welding voltage and real welding electric current. The 

main characteristics of the welding power source are shown in Table 3. 

Table 3 Inversal 450 welding power source characteristics (IMC-SOLDAGEM, 2005). 

Parameter Value 

Alimentation voltage 220, 380 or 440 V Three-phasic 

Open circuit voltage 68V 

Nominal electric current 280 A 

Maxima electric current 450 A 

Electric current at 100% of duty cycle 280 A / 35 V 

Nominal power 13 kVA 

Power factor 0.95 

Dimensions 0.5 x 0.6 x 1.2 m 

Weight 170 kg 

Cooling circuit 3.5 L of distilled water 

The communication algorithm for remote control and data acquisition was developed based in 

the RS232 communication protocol. A state machine, implemented in the microcontroller of the 

control interface (see section 3.3), defines the operation parameters and obtains the measure-

ments and status of the welding power source. 
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The operation sequence for controlling the welding power source and the data acquisition soft-

ware was also developed as shown in Figure 43. This sequence uses a state machine and is re-

peated continuously into the main program of the microcontroller (see Figure 46). 

 
Figure 43 Welding power source operation sequence for the process control and data acquisition. 

The sequence is started only if the RS232 transmission buffer is empty. When the interface sends 

a command, a timer is activated. If the value of the timer is greater than the maximum response 

time, the time out flag is activated and the program execution exits the sequence. In the next 

cycle, if the time out flag is true, the synchronization command is sent to the welding power 

source and the communication is reset. 

The sequence has two blocks: the configuration and the arc open state sequence. To increase 

the data acquisition speed, the configuration parameters are sent to welding power source only 
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when the arc is closed. The necessary commands for process control are executed all the time, 

including the open and close arc sequence when necessary. 

When the arc is closed, the wire feed direction is inverted and the wire feed speed is increased 

by a few milliseconds. This roll back wire prevents the trapping of the wire in the welding bead.  

Finally, in each cycle, the arc status is read and the cycle time is updated. In this algorithm, the 

measure unit conversion, the numerical formats conversion and the treatment of communica-

tion errors are necessary. 

In the development of the communication algorithm and the operation sequence, the author 

received invaluable support from Professor PhD. Raul Gohr Jr, of the IMC-Soldagem company. 

3.2.2 Flat welding table. 

The electro-mechanical system, integrated for a linear axis of 5 mm of movement by revolution 

and a stepper motor of 1.8 grades by step, are used to move the piece, keeping the welding 

torch fixed. The support structure of the thermographic camera and the laser scanner were de-

veloped as shown in the Figure 34. 

This system, development by GRACO students (FRANCO, 2008), has a stepper motor controller 

circuit with signals for modifying the stepper time (speed) and the direction. Other signals show 

the status of the system and protect against overload (GMBH, 2006). This structure supports 15 

Kg of load and 15 mm/s of maximum speed.   

3.3 Open loop control system. 

The control system is mainly located in the data acquisition and control interface, but it has a 

close relationship with the Data Acquisition module of the data acquisition and stimulus se-

quence design software (see section 3.4). 

The control interface synchronizes the movement of the workpiece with the welding power 

source operation and obtains the process measurements in real time. The interface is connected 

to the welding power source through an RS232 port, to a computer through an USB port and to 

the stepper motor driver circuit by digital signals, as shown in Figure 34a.  

The simplicity and small size of the interface (since its larger complexity is in the firmware) as 

well as the low cost of its components are shown in Figure 44. In the figure one can also see the 

manual controls that move the welding table, the remote or manual operation selector, the 

motor on and open arc indicators, and the external connections. A small piezoelectric horn emits 

sounds indicating the start or the end of welding sequence or if an error occurs.  

 
Figure 44 Data acquisition and control interface. 

The electronic circuit developed for the interface is shown in Figure 45. The interface needs a 

power source between 7V and 24V, which plug in to the P1 connector. The USB and RS232 com-

munication wires are connected to P2 and P5 respectively. The motor driver is plugged in P6. P3 

gets the state of pushbutton and switch, and driver the light indicators in the panel. In P7 are 

plugged the limit detectors of the welding table. P4 is used for programming the microcontroller. 
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Figure 45. Electronic circuit of the data acquisition and control interface. 

The operation is totally controlled by a microcontroller PIC18F2550. Before starting the welding, 

this microcontroller receives from the computer, the sequence of values to be sent to the weld-

ing power source in each position of the work piece. These values are fixed by the user in the 

data acquisition program (see section 3.4). The start and end point of the weld, the movement 

speed and the sampling period or the distance between samples are defined by the user accord-

ing to the selected work mode. 

Following that, the interface has an autonomous and independent operation and sends to the 

computer the measurements obtained in each position in real time. The acquisition program 

(synchronized with the interface) obtains the thermographic data regardless of the clock or pri-

orities of the operating system. The main loop of the firmware is drawn in Figure 46. 

 
Figure 46 Main loop of the data acquisition and control interface. 
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The development of the interface requires a detailed study of the welding power source com-

munication protocol and numerous tests. To control and sample the operation of the welding 

power source, a state machine was used, minimizing the communication time to ensure an ac-

ceptable sampling period (see section 3.2.1) 

A communication protocol between the interface and the computer was created, based on ASCII 

characters. This allows the full control of the welding power source, the welding table, the in-

terface and the operation sequence of the process. The interface controls the driver circuit of 

the stepper motor and verifies the occurrence of an error by the feedback signal. The processing 

of these signals is done by timer interruptions, which are adjusted by the step time. 

Two modes of operation are available for data acquisition. One is based on a sampling time and 

is controlled by a timer interruption between 5 to 500 ms. In this mode, in each interruption a 

data set is sent to the computer. It has the disadvantage that by varying the speed of movement 

the distance between samples will vary. 

The other mode is based on comparing the position increment with a steep value pre-set by the 

user. Once this increment is equal to the pre-set value, a new data set is sent to the computer. 

This is repeated in equal intervals of position, independently of the movement speed and pro-

vide equidistant measurements in the piece.  

3.4 User interface. 

The user interface is mainly placed in the data acquisition and stimulus sequence design soft-

ware Thermo Data Welding (TDW) and the manual panel of the control interface. 

TDW was developed in Visual Studio using the libraries provided by the thermographic camera 

manufacturer (FLIR-SYSTEMS, 2007). This program collects and stores the data of the welding 

process and the operation of the whole system in text files. The status bar continuously displays 

the status of the communication with the data acquisition interface, the welding power source 

and the thermographic camera. The main form is shown in Figure 47. 

 

Figure 47. Data acquisition and stimulus sequence design software. 

The TDW is divided in six modules oriented to specific functions that are discussed below: 

 Thermographic Camera: It allows the configuration and verification of the camera. It 
shows the thermographic image, the maximum and minimum values, and a profile of 
the line that contains the maximum value. 

 Welding Power Source: It sets the fixed welding parameters. This includes the induct-
ance, pre-gas and post-gas times and gap wire-arc time. It also records the data for the 
experiment report such as: wire diameter, contact tip to work distance, type and thick-
ness of the material, composition and flow rate of the shielding gas. 
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 Welding Table: It facilitates the adjustment of the initial position of the piece in the 
welding table and shows the state of the control interface. 

 Data Acquisition: It provides a tool to create the welding sequence. This includes the 
start and end positions, the stimulus that will be sent to the welding power source and 
the sampling period. The user starts the process and it stops automatically when the 
sequence ends, or when the sequence is stopped manually. Three files are created in 
each experiment that store the system configuration, the stimulus sequence and the 
measurements collected. Figure 48 shows an example of these data files. 

 USB CDC: Sets the communication port where the data acquisition interface is con-
nected. 

 Data Folder Location: Defines the folder where the configuration and measurements 
files will be stored. 

 

Figure 48. Examples of configuration, stimulus and data files. 
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4 Experimental results. 
The main results of the work are shown and discussed in this chapter. Four welding experiments 

were made using carbon steel pieces with dimensions of 85x50x6mm on which welds were laid 

adopting the bead-on-plate technique (welding on top). The surfaces of the pieces were cleaned 

to eliminate any dirt and oxides. The piece was welded in a horizontal position, with the torch 

at 90 from the horizontal and 12 mm of contact tip to work distance. 

In two experiments, a mixture of 98% argon and 2% oxygen was used as the shielding gas. The 

other two used 96% argon and 4% carbon dioxide as the shielding gas. In both the gas was ap-

plied with 15 psi of pressure. In each experiment a different stimulus sequence was used. These 

changes between experiments were carried out with the objective of testing the proposed 

methodology under different process conditions.  

The selection of the welding electrode wire was based principally upon matching the mechanical 

properties and physical characteristics of the base metal, weld size and existing electrode inven-

tory. Steel wires with a diameter of 1 mm (Product code CAJMERS6100S015W00 of Merit®S-6 

Lincoln Electric) were used. 

The welding power source was configured (through the interface) with a rate up and a rate down 

of 50, 2 s of pre-gas time, 1.5 s of post-gas time and 0.05 s of gap time. The sampling time was 

20 ms. The dimensions of the thermographic image were 49x25 pixels.  

The measurements were obtained using the data acquisition and control system described in 

section 3. The bead profile was obtained using the laser scanner (see section 3.1.3) and the weld 

bead depth profile was obtained using the longitudinal macrography and image processing al-

gorithms described in section 3.1.7. 

The validation of the data acquisition and control system shows a good behavior in real time 

with acceptable accuracy and performance. The data collected for process modeling, is shown 

as an example of the usefulness of the system for research activities that do not have many 

resources and equipment.  

The neural network proposed in section 3.1.8, for estimating the depth and width of the weld 

bead, was trained and validated using the experimental data. Each experiment data set was di-

vided in 70% to train, 15% to validate and 15% to test. Experiments 1 and 3 were used to model 

the weld bead depth due to the relationship between this variable and the welding current, 

which in this case it is modified by the wire feed speed. Experiments 2 and 4 were used to model 

the weld bead width due to the relationship between this variable and the welding voltage mod-

ified in these experiments.  

In addition, the complete data set from experiments 2 and 4 were useful for testing the weld 

bead depth model under different process conditions. Similarly, the complete data set from ex-

periment 1 and 3 were useful for testing the weld bead width model. 

In the next sections, we will describe the results obtained. These results aim to demonstrate the 

feasibility of this project as far as possible with the available equipment and time. 

4.1 Experiments with argon and oxygen as the shielding gas. 

The following sections describe two experiments that use a mixture of 98% argon and 2% oxygen 

as the shielding gas. The first experiment makes variations in the welding speed and the wire 

feed speed. The second experiment makes variations in the welding voltage. The rest of param-

eters are constant.  
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4.1.1 Experiment 1: Process response to the steps in the welding speed and wire feed 

speed using 98% argon and 2% oxygen as the shielding gas. 

This experiment was carry out to research the behavior of the process with welding speed and 

wire feed speed variations. These variations were made while keeping constant the deposited 

volume by area unit by keeping constant the relation between the welding speed and wire feed 

speed. The CTWD and the voltage are constant. The step input sequence of the selected exper-

iment is shown in Table 4. 

Table 4 Sequence of stimulus applied during the experiment 1  
(shielding gas 98% argon and 2% oxygen and variations in the welding speed and wire feed speed) 

Position 
(mm) 

Welding speed 
(mm/s) 

Welding voltage 
(V) 

Wire feed speed 
(m/min) 

Arc status 

5.0 6.0 20.0 3.0 On 

30.0 8.0 20.0 4.0 On 

60.0 6.0 20.0 3.0 On 

85.0 6.0 20.0 3.0 Off 

The data set was collected and calculated, used for training the neural network model, is shown 

in the figures below. Figure 49 shows the three-dimensional bead profile obtained with the scan-

ner. Figure 50a shows the top side of the bead weld. Figure 50b shows the curves of the weld 

bead depth and baseline on the picture, obtained with the image processing algorithm. 

Figure 51 shows the unfiltered data while the Figure 52 shows the filtered data. The data used 

for modeling are unfiltered but are filtered in the modeling algorithm if necessary. In these fig-

ures, it is possible to notice that although the wire feed speed is changed, the weld bead width 

and the bead reinforcement remain stable because of the constant relationship between wire 

feed speed and welding speed and the constant value of the welding voltage. 

The correlation between the wire feed speed and the welding current is observed in the figures. 

When the wire feed speed is increased the welding current increases too. The relationship be-

tween the penetration and the welding current is clear but the penetration reaches a very small 

value, which makes us believe that the applied stimuli are not disturbing enough. This is ob-

served in Figure 52. For this reason, the data set is not recommended for the final process model. 

Anyway, this data set was used for modeling because the current objective of the work is just to 

test the methodology and not for obtaining the final process model.  

Figure 53 shows a sample of thermographic information and the feature extraction process ex-

plained in section 3.1.6.     

The autocorrelation and cross-correlation analyses show high values, indicating a satisfactory 

sampling time and a delay of 11 sampling times between the weld bead depth and the stimulus.  
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Figure 49 Three-dimensional reconstruction of the weld bead obtained with the low-cost laser scanner in 

the experiment 1. 

 

 

 

 
Figure 50 Weld bead obtained in the experiment 1: (a) Top view of the weld bead; (b) Weld bead depth profile 

(yellow line) and surface of the workpiece (red line) obtained by the macrographic analyses algorithm. 
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Figure 51 Unfiltered measurements obtained with the data acquisition and open-loop control system in the experiment 1. 
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Figure 52 Filtered measurements obtained with the data acquisition and open-loop control system in the experiment 1. 
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Figure 53 Sample of the thermographic data and feature extraction process in the experiment 1. 
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4.1.2 Experiment 2: Process response to the steps in the welding voltage using 98% 

argon and 2% oxygen as the shielding gas. 

This experiment was performed to research the behavior of the process with welding voltage 

variations. The CTWD, the wire feed speed and the welding speed are constant. The step input 

sequence of the selected experiment is shown in Table 5. 

Table 5 Sequence of stimulus applied during the experiment 2 
(shielding gas 98% argon and 2% oxygen and variations in the welding voltage) 

Position 
(mm) 

Welding speed 
(mm/s) 

Welding voltage 
(V) 

Wire feed speed 
(m/min) 

Arc status 

5.0 6.0 19.0 3.5 On 

30.0 6.0 21.0 3.5 On 

60.0 6.0 19.0 3.5 On 

85.0 6.0 19.0 3.5 Off 

The data set collected and calculated, used for training the neural network model, is shown in 

the figures below. Figure 54 shows the three-dimensional bead profile obtained with the scan-

ner. Figure 55a shows the top side of the bead weld. Figure 55b shows the curves of the weld 

bead depth and baseline on the picture, obtained with the image processing algorithm. 

Figure 56 shows the unfiltered data and Figure 57 shows the filtered data. The data used for 

modeling are unfiltered but are filtered in the modeling algorithm if necessary. The correlation 

between the welding voltage and the thermographic parameters is observed in the figures. 

When the voltage is increased, the thermographic width increases too. As a consequence, the 

area and volume are increased. The thermographic peak does not change significantly but the 

base value is increased. This base change causes that the change in the width, the area and 

volume are less noticeable. 

The relation between the weld bead width and reinforcement and the voltage is clear too, but 

the applied stimuli are not disturbing enough. This is observed in Figure 56, where the weld bead 

width variation is very low. In this case, the data set is not recommended for modeling. 

Again, this data set was used for modeling because the current objective of the work is just to 

test the methodology and not for obtaining the final model of the process. 

The complex relation between the welding parameters and the disturbances effect is noted 

when the weld bead depth changes for no apparent reason, although a small variation of the 

welding current in position 55 mm is observed. 

The autocorrelation and cross-correlation analyses show high values, indicating a satisfactory 

sampling time and a no dead time between the weld bead width and the stimulus. 
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Figure 54 Three-dimensional reconstruction of the weld bead obtained with the low-cost laser scanner in 
the experiment 2. 

 

 

 

Figure 55 Weld bead obtained in the experiment 2: (a) Top view of the weld bead; (b) Weld bead depth profile 
(yellow line) and surface of the workpiece (red line) obtained by the macrographic analyses algorithm. 
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Figure 56 Unfiltered measurements obtained with the data acquisition and open-loop control system in the experiment 2. 
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Figure 57 Filtered measurements obtained with the data acquisition and open-loop control system in the experiment 2. 
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Figure 58 Example of the thermographic data and feature extraction process in the experiment 2. 
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4.1.3 Modeling and validation of the weld bead depth estimator with data from exper-

iments with argon and oxygen as the shielding gas. 

The model obtained from the weld bead depth, with data from experiment 1, has a fit of 

0.99844, a performance or median square error (MSE) of 7.61x10-4 at epoch 6, a closed loop 

performance of 6.4x10-3 and the network response is very good. The best result was obtained 

without filtering. These results are discussed below. 

Figure 59a represents the regression plot between the model outputs and the targets (in this 

case is the real weld bead depth). The dashed line represents the perfect result (outputs = tar-

gets) and the solid line represents the best fit linear regression line. The R value is an indication 

of the relationship between the outputs and targets. If R = 1, this indicates that there is an exact 

linear relationship between outputs and targets. The regression plot for this model, achieves an 

excellent value across the range of measurements. 

The performance curve (see Figure 59b) does not show indications of overfitting and defines the 

best performance value in epoch 6. This performance is obtained in open loop and the input 

�̂�(𝑛𝑇 − 𝑇) is substituted by the corresponding target value in the input data set. The perfor-

mance value shows that the estimation error is very low. 

 

Figure 59. Results in the training of the weld bead depth model for experiments with argon and oxygen: 
(a) Regression curve between the model output and the real depth (target); (b) Performance curve in training, 

validation and test. 

The closed loop performance is obtained with the feedback activated, such as when the model 

is used as an estimator in real time. It is natural that it is larger than the previous performance 

value because the model error is also fed back. For this model, the closed loop performance 

value predicts a good behavior in a closed loop. 

The response curve (see Figure 60) shows that the model is able to reproduce the behavior of 

the process with great accuracy. The estimation error is very low (less than 0.05mm) in all the 

curve. 
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Figure 60 Comparison between the response of the weld bead depth model (outputs) and the measurements ob-

tained in the experiment 1 (targets). In the time axis, each time value corresponds with a position in the piece. 

 

The test of the model, with a different data set obtained from experiment 2, had a fit of 0.9901 

and the performance was 8.076x10-4. The closed loop performance was 0.244 and the network 

response was very good with an estimation error less than 0.1 mm. These results are shown in 

Figure 61 and Figure 62.  

 
Figure 61 Regression curve between the measurements of the weld bead depth (target) obtained in experiment 2 

and the output of the weld bead depth model obtained from the data of experiment 1. 
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Figure 62 Comparison between the measurements of the weld bead depth (target) obtained in experiment 2 and the 

output of the weld bead depth model obtained from the data of experiment 1. In the time axis, each time value 
corresponds with a position in the piece. 

4.1.4 Modeling and validation of the weld bead width estimator with data from exper-

iments with argon and oxygen as the shielding gas. 

The weld bead width estimator model was obtained with data from experiment 2. Several tests 

were performed with different filter values applied to inputs and targets values. The best result 

was obtained filtering the targets with a median filtering of a 10-element window. 

The model has a fit of 0.9957, a performance or median square error (MSE) of 3.1x10-3 at epoch 

11, a closed loop performance of 0.094 and the network response is good. These results are 

discussed below. 

The regression plot for this model shown in Figure 63a achieves an excellent value across the 

range of measurements. The performance curve (see Figure 63b) does not show indications of 

overfitting and defines the best performance value in epoch 11. This performance is obtained in 

open loop and the input �̂�(𝑛𝑇 − 𝑇) is substituted by the corresponding target value in the input 

data set. The performance value shows that the estimation error is acceptable. 
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Figure 63. Results in the training of the weld bead width model for experiments with argon and oxygen: 
(a) Regression curve between the model output and the real depth (target); (b) Performance curve in training, 

validation and test. 

The response curve (see Figure 64) shows that the model is able to reproduce the behavior of 

the process with acceptable accuracy. The estimation error was acceptable in most of the curve 

(less than 0.1 mm). 

 
Figure 64 Comparison between the response of the weld bead width model (outputs) and the measurements 

obtained in the experiment 2 (targets). In the time axis, each time value corresponds with a position in the piece. 

The test of the model, with a different data set obtained from experiment 1, had a fit of 0.852 

and the performance was 0.128. The closed loop performance was 0.67 and the network re-

sponse was acceptable with an estimating error less than 0.3mm in the curve. These results are 

shown below. 
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Figure 65 Regression curve between the measurements of the weld bead width (target) obtained in experiment 1 

and the output of the weld bead depth model obtained from the data of experiment 2. 

 
Figure 66 Comparison between the measurements of the weld bead width (target) obtained in experiment 1 and the 

output of the weld bead width model obtained from the data of experiment 2. In the time axis, each time value 
corresponds with a position in the piece. 

On the other hand, it is necessary to emphasize that the greater erros of the model are at the 

beginning and the end of the weld bead. These intervals correspond to the opening and closing 

of the arc, which are very unstable moments of the process and do not respond to the same 

dynamic, so they do not represent a threat to the quality of the model. 
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4.2 Experiments with argon and carbon dioxide as the shielding gas. 

The following sections describe two experiments that use a mixture of 96% argon and 4% carbon 

dioxide as the shielding gas. The first experiment makes variations in the welding speed and the 

wire feed speed. The second experiment makes variations in the welding voltage. The rest of 

parameters are constant.  

4.2.1 Experiment 3: Process response to the steps in the welding speed and wire feed 

speed using 96% argon and 4% carbon dioxide as the shielding gas. 

This experiment was performed to research the behavior of the process with welding speed and 

wire feed speed variations. These variations were made keeping constant the deposited volume 

by area unit by keeping constant the relation between the welding speed and wire feed speed. 

The CTWD and the voltage are constant. The step input sequence of the selected experiment is 

shown in Table 6. 

Table 6 Sequence of stimulus applied during the experiment 3  
(shielding gas 96% argon and 4% carbon dioxide and variations in the welding speed and wire feed speed) 

Position 
(mm) 

Welding speed 
(mm/s) 

Welding voltage 
(V) 

Wire feed speed 
(m/min) 

Arc status 

5.0 6.0 19.0 3.6 On 

30.0 6.7 19.0 4.0 On 

60.0 6.0 19.0 3.6 On 

85.0 6.0 19.0 3.6 Off 

The data set collected and calculated, used for training the neural network model, is shown in 

the figures below. Figure 67 shows the three-dimensional bead profile obtained with the scan-

ner. Figure 68a shows the top side of the bead weld. Figure 68b shows the curves of the weld 

bead depth and baseline on the picture, obtained with the image processing algorithm. 

Figure 69 shows the unfiltered data and Figure 70 shows the filtered data. The data used for 

modeling are unfiltered but are filtered in the modeling algorithm if necessary. In these figures, 

it is possible to notice that although the wire feed speed is changed, the weld bead width and 

the bead reinforcement remain stable because of the constant relationship between wire feed 

speed and welding speed and the constant value of the welding voltage. 

 

Figure 67 Three-dimensional reconstruction of the weld bead obtained with the low-cost laser scanner in 
the experiment 3. 
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Figure 68 Weld bead obtained in the experiment 3: (a) Top view of the weld bead; (b) Weld bead depth profile 

(yellow line) and surface of the workpiece (red line) obtained by the macrographic analyses algorithm. 
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Figure 69 Unfiltered measurements obtained with the data acquisition and open loop control system in the experiment 3. 
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Figure 70 Filtered measurements obtained with the data acquisition and open loop control system in the experiment 3. 
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4.2.2 Experiment 4: Process response to the steps in the welding voltage using 96% 

argon and 4% carbon dioxide as the shielding gas. 

This experiment was performed to research the behavior of the process with welding voltage 

variations. The CTWD, the wire feed speed and the welding speed are constant. The step input 

sequence of the selected experiment is shown in Table 7. 

Table 7 Sequence of stimulus applied during the experiment 4 
(shielding gas 96% argon and 4% carbon dioxide and variations in the welding voltage) 

Position 
(mm) 

Welding speed 
(mm/s) 

Welding voltage 
(V) 

Wire feed speed 
(m/min) 

Arc status 

5.0 6.0 19.0 3.5 On 

30.0 6.0 20.0 3.5 On 

60.0 6.0 19.0 3.5 On 

85.0 6.0 19.0 3.5 Off 

The data set collected and calculated, used for training the neural network model, is shown in 

the figures below. Figure 71 shows the three-dimensional bead profile obtained with the scan-

ner. Figure 72a shows the top side of the bead weld. Figure 72b shows the curves of the weld 

bead depth and baseline on the picture, obtained with the image processing algorithm. 

Figure 73 shows the unfiltered data while Figure 74 shows the filtered data. The correlation 

between the welding voltage and the thermographic parameters is observed in the figures. 

When the voltage is increased, the thermographic width increases too. As a result, the area and 

volume are increased.  

The relation between the weld bead width and reinforcement and the voltage is not clear. This 

is observed in Figure 56. 

 

 

Figure 71 Three-dimensional reconstruction of the weld bead obtained with the low-cost laser scanner in 
the experiment 4. 
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Figure 72 Weld bead obtained in the experiment 4: (a) Top view of the weld bead; (b) Weld bead depth profile 

(yellow line) and surface of the workpiece (red line) obtained by the macrographic analyses algorithm. 
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Figure 73 Unfiltered measurements obtained with the data acquisition and open-loop control system in the experiment 4. 
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Figure 74 Filtered measurements obtained with the data acquisition and open-loop control system in the experiment 4. 
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4.2.3 Modeling and validation of the weld bead depth estimator with data from exper-

iments with argon and carbon dioxide as the shielding gas. 

The model is obtained from the weld bead depth, with data from experiment 3. Several tests 

were performed with different filter values applied to inputs and targets values. The best result 

was obtained filtering the targets with a median filtering of a 10-element window. 

The model has a fit of 0.9993 (see Figure 75a), a performance or median square error (MSE) of 

7.16x10-5 at epoch 14 (see Figure 75b), a closed loop performance of 0.8122 and the network 

response is good. 

The performance curve (see Figure 75b) does not show indications of overfitting. This perfor-

mance is obtained in open loop and the input �̂�(𝑛𝑇 − 𝑇) is substituted by the corresponding 

target value in the input data set. The performance value shows that the estimation error is very 

low. 

 

Figure 75. Results in the training of the weld bead depth model for experiments with argon and carbon dioxide: 
(a) Regression curve between the model output and the real depth (target); (b) Performance curve in training, 

validation and test. 

The response curve (see Figure 76) shows that the model is able to reproduce the behavior of 

the process with great accuracy. The estimation error is very low (less than 0.05mm) in all the 

curve. 
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Figure 76 Comparison between the response of the weld bead depth model (outputs) and the measurements ob-

tained in the experiment 3 (targets). In the time axis, each time value corresponds with a position in the piece. 

The test of the model, with a different data set obtained from experiment 4, had a fit of 0.99196 

and the performance was 3.65x10-4. The closed loop performance was 0.8157 and the network 

response was very good with an estimation error less than 0.05 mm. These results are shown in 

Figure 77 and Figure 78. 

 
Figure 77 Regression curve between the measurements of the weld bead depth (target) obtained in experiment 4 

and the output of the weld bead depth model obtained from the data of experiment 3. 
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Figure 78 Comparison between the measurements of the weld bead depth (target) obtained in experiment 4 and the 

output of the weld bead depth model obtained from the data of experiment 3. In the time axis, each time value 
corresponds with a position in the piece. 

4.2.4 Modeling and validation of the weld bead width estimator with data from exper-

iments with argon and carbon dioxide as the shielding gas. 

The weld bead width estimator model was obtained with data from experiment 4. Several tests 

were performed with different filter values applied to inputs and targets values. The best result 

was obtained filtering the targets with a median filtering of a 15-element window. 

The model has a fit of 0.96433, a performance or median square error (MSE) of 0.125 at epoch 

5, a closed loop performance of 1.6. 

The regression plot for this model shown in Figure 79a achieves an excellent value across the 

range of measurements. The performance curve (see Figure 79b) does not show indications of 

overfitting and defines the best performance value in epoch 5. This performance is obtained in 

open loop and the input �̂�(𝑛𝑇 − 𝑇) is substituted by the corresponding target value in the input 

data set. The performance value is larger than in previous models, but still acceptable. 
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Figure 79. Results in the training of the weld bead width model for experiments with argon and oxygen: 
(a) Regression curve between the model output and the real depth (target); (b) Performance curve in training, 

validation and test. 

The response curve (see Figure 80) shows that the model is able to reproduce the behavior of 

the process with good accuracy. The estimation error was very good throughout the curve. 

 
Figure 80 Comparison between the response of the weld bead width model (outputs) and the measurements ob-

tained in the experiment 4 (targets). In the time axis, each time value corresponds with a position in the piece. 

The test of the model, with a different data set obtained from experiment 3, had a fit of 0.97287 

and the performance was 0.0174. The closed loop performance was 1.8 and the network re-

sponse was acceptable with an estimating error less than 0.5 mm throughout the curve. These 

results are shown below. 
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It is important to note that even with sharp variations in the measured variables (see Figure 82 

data near time 530), it was possible to obtain correct estimates without a considerable delay. 

 

 
Figure 81 Regression curve between the measurements of the weld bead width (target) obtained in experiment 3 

and the output of the weld bead depth model obtained from the data of experiment 4. 

 
Figure 82 Comparison between the measurements of the weld bead width (target) obtained in experiment 3 and the 

output of the weld bead width model obtained from the data of experiment 4. In the time axis, each time value 
corresponds with a position in the piece. 
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4.3 Chapter considerations. 

Four experiments were performed for this work. Two experiments use argon and oxygen as the 

shielding gas and two use argon and carbon dioxide to make two groups under different process 

conditions and process models.  

These changes between groups were carried out with the objective of testing the proposed 

modeling methodology. In this sense, the results confirm that the methodology can be success-

fully applied under different process conditions. Proof of this are the results obtained in the 

modeling of the process for different shielding gases. 

In each group two models were obtained: weld bead depth estimator model and weld bead 

width estimator model. For this, we send stimuli to the process to cause changes in the selected 

variables and capture the dynamics of their behavior. The stimuli were selected based on a basic 

knowledge about the relationships between the input and output variables of the process. The 

summary of main results as shown in Table 8 and Table 9. 

Table 8 Results obtained in train and test of estimators with argon and oxygen as protection gas. 

Estimator of Depth Width 

  Train Test Train Test 

Fit (R) 0.9984 0.9901 0.9957 0.8516 

Epoch 6 - 11 - 

MSE open loop 7.6109e-4 8.076e-4 31.008e-4 0.128 

MSE closed loop 6.4 e-3 0.224 0.094 0.67 

Table 9 Results obtained in train and test of estimators with argon and carbon oxide as protection gas. 

Estimator of Depth Width 

  Train Test Train Test 

Fit (R) 0.9993 0.99196  0.96433 0.97287  

Epoch 14 - 5 - 

MSE open loop 7.16e-5 3.65e-4 0.125  0.0174 

MSE closed loop 0.8122  0.8157  1.6 1.8  

 

The methodology proposed to estimate the depth and width of the weld bead, tries to offer a 

tool that can be used in industry by operators and technicians without a high scientific level. 

In the estimator validation is possible to notice that the initial and final instability of the arc 

welding process causes considerable errors in the estimates. This is an important aspect to take 

into account in automatic control systems of weld bead geometry. These estimation errors can 

cause the controller to respond abruptly and unacceptably, generating more instability in the 

process. Algorithms to reduce or cancel the action of the controllers must be applied in these 

intervals. 

On the other hand, once the welding arc is opened, the models behave satisfactorily, offering 

an accurate estimate. Even with sharp variations in the measured variables, it was possible to 

obtain correct estimates without a considerable delay. 

A problem, which we consider important but which was not possible to verify, is the cumulative 

error due to the feedback of the weld bead depth estimated value. This can cause the estimation 

error to increase in very long weld beads. This is because it is not possible to measure the real 

value of the weld bead depth on-line and therefore it is not possible to correct the estimation 
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error during welding. This problem also exists in the case of weld bead width estimates, but it 

can be corrected by applying the solution proposed in section Error! Reference source not 

found.. 

The results obtained show that the proposed methodology has a good performance and preci-

sion. In addition, its use can be simple if it is applied as part of a package of tools developed for 

this purpose. 
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5 Conclusions. 
Sensory fusion techniques have been developed for the estimation of depth and width of the 

weld bead using a new approach to process data processing. 

The estimators, based in the fusion of thermographic information and arc welding variables, 

were implemented and tested with satisfactory results. 

For the modeling of the estimators, a data acquisition and open loop control system was devel-

oped, which showed good performance to capture the dynamics of the welding process. 

An image processing algorithm was developed to measure the depth of the weld bead over its 

entire length and that guarantees the data to obtain the dynamic model of this magnitude. 

The models of depth and width of the weld bead are valid only in the working conditions of the 

identification experiments. In case of change in operating conditions the model must be up-

dated. 

Based on the developed estimators, was made a proposal of multivariate control of the orbital 

welding process in real-time, which includes a robotic emulator of the orbital welding process. 

The work offers a non-contact measuring tool for use in the industry by operators, technicians 

and unskilled labor. 

6 Future works. 
Continue the test of the methodology to obtain the penetration and weld bead width estimators 

under other operating conditions and other welding processes. 

Continue the development of the multivariate control of the orbital welding process within the 

framework of the approved CNPQ project. 
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Apendix 1 Representative information about measurement and estimation of the bead weld geometry 

found in literature. 

Reference Process 
Estimation Measure 

Welding 
Position 

Sample 
time 

Hardware Comment Estimated 
Variable 

Model 
Type 

Analysis 
Technique 

Measured 
Variable 

Sensor 

(ICELAND; 
MARTIN E. 
O’DOR, 1971) 

 weld bead 
depth 

   infrared thermo-
graph   

   Patent weld penetration control 

(NOMURA, H. et 
al., 1980) 

 weld bead 
depth 

   infrared thermo-
graph   

    

(RENWICK; 
RICHARDSON, 
1983) 

GTAW weld bead 
depth 

   pool oscillation    An experimental investigation of the 
dynamics of molten weld pools was 
carried out for stationary, partial 
penetration. High speed films 
demonstrated that weld pool was os-
cillating at the same frequency as the 
arc voltage. 

(ZACKSENHOUSE; 
HARDT, 1983) 

 back side 
bead 
width, 
penetra-
tion state 

  frequency of 
oscillation of 
the puddle-
surface 

pool oscillation Flat   A method for determining this bead 
back side width in real-time is pro-
posed that measures the natural fre-
quency of pool motion when driven 
by a time varying arc plasma force. It 
requires that the frequency of oscilla-
tion of the puddle-surface tension 
system be identified in real-time and 
then regulated using the torch veloc-
ity as the control input. 

(HARDT; KATZ, 
1984) 

GTAW weld bead 
depth 

  P contact ultra-
sound, contact-
less ultrasound 

Flat  Electromagnetic 
acoustic trans-
ducer (Contact-
less ultrasound) 

The use of pulse-echo techniques to 
determine weld pool dimensions is 
investigated  

Lott LA   penetra-
tion state 

   contact ultra-
sound  

Flat    

(LIN, M. L.; 
EAGAR, 1984) 

 weld bead 
depth 

 PM  vision  Flat   High speed photography was also 
used to investigate the fluid flow on 
the top surface of the liquid pool and 
to provide a clearer view of the se-
quence of formation of weld defects. 
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Reference Process 
Estimation Measure 

Welding 
Position 

Sample 
time 

Hardware Comment Estimated 
Variable 

Model 
Type 

Analysis 
Technique 

Measured 
Variable 

Sensor 

(FENN, 1985)  weld bead 
depth 

   contact ultra-
sound  

Flat   Ultrasonic sensing of the welding 
process and control 

(LIN, M.; EAGAR, 
1985) 

     vision  Flat   A new model of a compound vortex 
is proposed as a possible mechanism 
to explain the deep surface depres-
sion encountered at currents over 
300 amperes 

(CHEN, W. H.; 
NAGARAJAN; 
CHIN, 1988) 

GTAW  weld bead 
depth 

Static ST, LSM thermal pat-
tern, minor 
axis and 
area of the 
thermal 
elipse, ther-
mal volume 

infrared thermo-
graph   

Flat  PC, infrared 
camera, DAQ 
system 

Off line analyses 

(FRANCOIS et al., 
1988) 

     vision   Orbital  CCD Patent of penetration and seam 
tracking control an open butt joint.  

(CARLSON, N.M.; 
JOHNSON, 1988) 

GMAW weld bead 
depth 

 ES   contact ultra-
sound, contact-
less ultrasound 

Flat   Ultrasonic sensing of the welding 
process has the potential to detect 
weld pool geometry and discontinui-
ties in real time. Expert system. 

(ROKHLIN; CHO; 
GUU, 1989) 

 defect de-
tection 

   X-ray      

(GUU; ROKHLIN, 
1989) 

 weld bead 
depth 

   X-ray      

(NAGARAJAN; 
CHEN H.; CHIN, 
1989) 

 weld bead 
depth 

   infrared thermo-
graph   

    

(BANGS; 
LONGINOW; 
BLAHA, 1989) 

 weld bead 
depth 

   infrared thermo-
graph   

   Patent. The technique and arrange-
ment of distributed, real time, intelli-
gent control of welding including IR 
detection and measurement of pro-
cess conditions. 

(DOUMANIDIS, 
C.C.; HARDT, 
1990) 

GMAW tempera-
ture 

Dy-
namic  

ST  infrared thermo-
graph   

Flat  infrared cam-
era, PC, DAQ 

Simultaneous regulation of both 
heat-affected zone and centerline 
cooling rate. Controlling the surface 
temperature field in-process, and us-
ing temperature feedback. 
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Reference Process 
Estimation Measure 

Welding 
Position 

Sample 
time 

Hardware Comment Estimated 
Variable 

Model 
Type 

Analysis 
Technique 

Measured 
Variable 

Sensor 

(XIAO; OUDEN, 
1990) 

GTAW penetra-
tion state 

  frequency of 
oscillation of 
the puddle-
surface 

pool oscillation Flat   Monitoring oscillation frequency in 
the weld pool may offer a means of 
controlling joint penetration (full 
penetration) 

(YOO, 1990)  weld bead 
depth 

   pool oscillation     

(NAGARAJAN et 
al., 1990) 

 weld bead 
depth 

   infrared thermo-
graph   

    

(CHEN, W.; CHIN, 
1990) 

GMAW weld bead 
depth 

   infrared thermo-
graph   

Flat    

(SONG; HARDT, 
1991) 

GMAW     sensor fusion    Control 

(CARLSON, N.M. 
ET AL., 1992) 

 weld bead 
depth 

   contact ultra-
sound 

    

(S. NAGARAJAN; 
CHIN; CHEN., 
1992) 

GMAW weld bead 
depth 

   infrared thermo-
graph   

Flat    

(LIM; CHO, 1993) GMAW weld bead 
depth 
WPZ 

Static NN Poll surface 
tempera-
tures 

infrared thermo-
graph   

Flat  Pyrometer  

(WANG, Q. L.; 
YANG; GENG, 
1993) 

GTAW penetra-
tion state 

  resonance 
frequency, 
arc variables 

pool oscillation Flat   Resonance phenomenon of the weld 
pool is used for measurement and 
real-time control of full joint penetra-
tion. 

(XIAO; OUDEN, 
1993) 

GTAW penetra-
tion state 

  frequency of 
oscillation of 
the puddle-
surface 

pool oscillation Flat   The oscillation behavior of the GTA 
weld pool depends on the welding 
conditions and can be used for in-
process control of weld penetration 
(full penetration) 

(YOO, 1993)  weld bead 
depth 

   pool oscillation     

(ROKHLIN; GUU, 
1993) 

 weld bead 
depth 

   three-dimen-
sional topogra-
phy, X-ray  

Flat   Experimentation with various weld-
ing currents establishes a relation be-
tween joint penetration and weld 
pool depression  
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Reference Process 
Estimation Measure 

Welding 
Position 

Sample 
time 

Hardware Comment Estimated 
Variable 

Model 
Type 

Analysis 
Technique 

Measured 
Variable 

Sensor 

(SONG; HARDT, 
1993) 

GMAW weld bead 
depth 

Dy-
namic 

PM  infrared ther-
mography, sen-
sor fusion 

Flat   A thermally based depth estimator 
provides accurate and fast estimates 
for real-time control of weld pool 
depth in gas metal arc welding. A 
closed- loop control system for weld 
pool depth using this thermally based 
depth estimator is also presented. 

(DOUMANIDIS, 
CHARALABOS C., 
1994)  

GMAW, 
GTAW 

weld bead 
depth 

Static MR, ST  infrared thermo-
graph   

Orbital   Review 

(YANG, J. ET AL, 
1994) 

 weld bead 
depth 

   contact ultra-
sound  

    

(BEARDSLEY; 
ZHANG; 
KOVACEVIC, 
1994) 

GTAW penetra-
tion state 

Dy-
namic 

RM, ST  infrared thermo-
graph   

Flat  PC, infrared 
camera, DAQ 
system 

Present an applicable top-side infra-
red sensing technique for the pro-
spective closed-loop control of weld 
penetration in gas tungsten arc weld-
ing (GTAW). A 

(KOVACEVIC; 
ZHANG; LI, 1996) 

GTAW  penetra-
tion state 

Static NN Poll geome-
try 

vision  Flat 30ms+6
0ms 
(10Hz) 

Pentium 90, 
DAQ board, 
high-shutter-
speed video 
camera, Laser 
7mW 

Real time measure of geometry of 
weld pool. Measure the back-side 
width to determinate the full pene-
tration. 

(KIM, I. S.; BASU; 
SIORES, 1996) 

GMAW weld bead 
depth 

Static MR, ST wire diame-
ter, welding 
voltage, 
welding cur-
rent, gas 
flow, weld-
ing speed, 
penetration 

 Flat   Development of mathematical model 
(off line) for Control of Weld Bead 
Penetration  

(ZHANG, Y. M.; 
KOVACEVIC; WU, 
1996) 

GTAW  weld bead 
width, 
weld de-
pression 

Dy-
namic, 
MIMO 

LSM, ST welding cur-
rent and arc 
length 

vision   Flat  Camera, pc Off-Line and on-line identification 
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Reference Process 
Estimation Measure 

Welding 
Position 

Sample 
time 

Hardware Comment Estimated 
Variable 

Model 
Type 

Analysis 
Technique 

Measured 
Variable 

Sensor 

(KOVACEVIC; 
ZHANG, 1997) 

GTAW  penetra-
tion state 

- IP  three-dimen-
sional topogra-
phy, vision   

Flat 210ms(
4Hz) 

PC 486DX 100, 
3D video cam-
era 

3D vision and laser strip to determi-
nate the weld poll boundaries and 
deformation in real time. They don't 
complete the penetration estimation, 
only talk about this. 

(HENDERSON, 
THOMAS C. et al., 
1998) 

          

(ZHANG, YM Y.M.; 
KOVACEVIC, 
1998) 

GTAW weld bead 
width, 
back side 
bead 
width 

Dy-
namic  

IP, NF  vision   Flat  Camera, PC Closed-loop system is developed to 
control the weld fusion. Image pro-
cessing algorithm and neuro-fuzzy 
model have been incorporated to 
measure and estimate the top- side 
and back-side weld bead widths 
based on an advanced top-side vision 
sensor. 

(AENDENROOME
R; DEN OUDEN, 
1998) 

GTAW-P penetra-
tion state 

 FFT arc voltage 
and arc cur-
rent, pool 
oscillation 
frequency 

pool oscillation Flat   Measurement of the oscillation fre-
quency of the weld pool during weld-
ing yields information about the pen-
etration of the weld (Full penetra-
tion) 

(GWEON, 1999) Laser 
SPOT 

  NN  infrared thermo-
graph   

Flat   This paper introduces a method to 
estimate the joint strength of spot 
welds during the welding process. A 
point infrared sensor is used to meas-
ure temporal radiation on the top 
face of the spot weld. An artificial 
neural network (ANN) uses this fea-
ture to estimate joint strength. 

(WIKLEIII; ZEE; 
CHIN, 1999) 

GTAW weld bead 
depth 

   infrared thermo-
graph   

Flat  PC, infrared 
camera, DAQ 
system 

 

(HIRAI et al., 
2001) 

 weld bead 
depth 

Static NN pool width vision   Flat 50ms CCD, lens, pc During the welding, a fuzzy controller 
adjusts the welding current so as to 
get the desired penetration depth. 
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Reference Process 
Estimation Measure 

Welding 
Position 

Sample 
time 

Hardware Comment Estimated 
Variable 

Model 
Type 

Analysis 
Technique 

Measured 
Variable 

Sensor 

(KIM, ILL-SOO et 
al., 2001)  

GMAW welding 
set points 

Static MR, LSM, ST   Flat   Development of inverse of mathe-
matical model (off line) for Control of 
Weld Bead Penetration  

(ZHAO et al., 
2001) 

GTAW  back side 
bead 
width, 
weld bead 
reinforce-
ment 

Dy-
namic, 
MIMO 

IP, NN weld pool 
geometry 

vision   Flat  Camera, PC Neural network predictor of back 
side width and top side height . Mul-
tivariable Self-Adaptive Fuzzy Control 

(VAN BOHEMEN; 
HERMANS; DEN 
OUDEN, 2001) 

 weld bead 
quality 

  sound  acoustic signal Flat    

(WIKLE III et al., 
2001) 

GTAW weld bead 
depth 

   infrared ther-
mography  

Flat  pyrometer  

(MALDON, 2002)    KF, IP  vision      

(SFORZA; BLASIIS, 
2002) 

GMAW weld bead 
quality, 
defect de-
tection, 
penetra-
tion state 

 ST  sensor fusion, vi-
sion, infrared 
thermography, 
ultraviolet 

Flat    

(BAE; LEE; AHN, 
2002) 

GMAW   IP  vision   Orbital  CCD, lens, PC Seam tracking, control of root pass 
steel pipes 

(NAGESH; DATTA, 
2002) 

 weld bead 
depth 

Static NN welding 
voltage, cur-
rent, speeds 

 Flat   Off-line estimation 

(DOUMANIDIS, 
CHARALABOS; 
KWAK, 2002) 

GMAW, 
PAW 

weld bead 
width, 
weld bead 
reinforce-
ment 

Dy-
namic, 
MIMO 

ST, DARMA, 
SR 

 infrared thermo-
graph   

Orbital  laser profilome-
try, infrared py-
rometry, PC 

SISO control with fixed and variable 
delay Smith Predictor 

(MILLER et al., 
2002) 

 weld bead 
depth 

   contactless ul-
trasound 

Flat  Electromagnetic 
acoustic trans-
ducer (Contact-
less ultrasound) 

 

(RODRÍGUEZ 
MUÑOZ, 2003) 

   KF  sensor fusion     



120 
 

Reference Process 
Estimation Measure 

Welding 
Position 

Sample 
time 

Hardware Comment Estimated 
Variable 

Model 
Type 

Analysis 
Technique 

Measured 
Variable 

Sensor 

(ROGALSKI, 2003)           

(DE; PARLE, 2003)      infrared ther-
mography  

   Seam tracking 

(CHEN, S B et al., 
2003) 

GTAW  back side 
bead 
width, 
weld bead 
width, 
weld pool 
half-
length 

Dy-
namic  

NN, IP peak cur-
rent, pulse 
duty ratio, 
maximum 
weld pool 
width, weld 
pool half-
length 

vision  Flat  CCD camera 
with narrow-
band composite 
light filter, PC, 
DAQ 

Neuron self-learning PSD control. 
Backside weld bead width cannot be 
sensed and measured in real time, it 
is estimated with neural network 

(FAN et al., 2003) SAW weld bead 
depth 

   infrared ther-
mography 

Flat  pyrometer Changes in the temperature distribu-
tion surrounding the weld pool were 
measured using a thermopile infra-
red detector and used to control 
weld penetration through changes of 
wire feed speed (welding current). 
Plate inclination angle on weld bead 
parameters was investigated. IR sen-
sor signal variation was examined in 
the presence of plate inclination an-
gles. 

(CHENG et al., 
2004) 

GTAW    NF  vision       

(GRAD et al., 
2004) 

GMAW defect de-
tection 

  domain and 
frequency 
domain de-
scriptors. 

acoustic signal   microphone and 
PZT sensor 

Results indicate that the arc sound 
exhibits distinct characteristics for 
each welding situation and that the 
main source of acoustic waves in 
short circuit metal transfer mode is 
arc reignition. From acoustic signals 
one can easily assess process stability 
and detect welding conditions result-
ing in weld defects. 

(SAEED; ZHANG; 
JAYNES, 2005) 

 weld pool 
profile 

  depth (pro-
file) of the 
weld pool 
surface 

three-dimen-
sional topogra-
phy, vision   

Flat  structured light 
system, CCD 
sensor, filter,  

Welding current effect in weld pool 
profile 
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Reference Process 
Estimation Measure 

Welding 
Position 

Sample 
time 

Hardware Comment Estimated 
Variable 

Model 
Type 

Analysis 
Technique 

Measured 
Variable 

Sensor 

(LUO, HONG; 
CHEN, 2005) 

     vision      Seam tracking 

(KIM, I S et al., 
2005) 

GMAW welding 
set points 

Static MR, ST, NN   Flat   The developed system enables to in-
put the desired weld dimensions and 
select the optimal welding parame-
ters. 

(MURUGAN; 
GUNARAJ, 2005) 

SAW weld bead 
depth, 
weld bead 
width, 
weld bead 
reinforce-
ment 

Static FD  macrographie Flat   Off-line estimation 

(XUE et al., 2005) GMAW weld bead 
width 

Static FL  welding 
voltage, cur-
rent, weld-
ing speed 

 Flat   Regression method for prediction 
and control the weld bead width in 
the robotic arc-welding process 

(ZHANG, G J; 
CHEN; WU, 2005) 

GTAW  back side 
bead 
width, 
weld bead 
reinforce-
ment 

Dy-
namic, 
MIMO 

IP, NN weld pool 
geometry 

vision   Flat  Camera, PC Neural network predictor of back 
side width and top side reinforce-
ment . Self-learning Fuzzy Neural 
Network Control of back side width 

(MOON, H S; KIM; 
BEATTIE, 2006) 

SAW, 
FCAW 

  IP joint dimen-
sions 

sensor fusion, 
image pro-
cessing, laser tri-
angulation 

Orbital  laser-based vi-
sion sensor 

Seam tracking 

(WU, CS; GAO, 
2006) 

GTAW  back side 
bead 
width 

Dy-
namic  

IP, NN weld pool 
geometry 

vision   Flat 1Hz Camera, PC Neural network predictor of back 
side width and neuro-fuzzy control 

(ALFARO, SADEK 
C. A; DREWS, 
2006) 

GMAW   NN, FL, IP width, volt-
age, current, 
torch veloc-
ity, weld 
pool geome-
try, weld 

sensor fusion, vi-
sion, laser trian-
gulation 

Flat 20 Hz CCD, profilome-
ter, DAQ, PC, 
parallel pro-
cessing system 
for manufactur-
ing 

Photogrammetry based computer vi-
sion. The sensor fusion concept em-
ploying Artificial Neural Networks 
pattern recognition and Fuzzy Logic 
supervision were implemented on 
specialized distributed processing 
units. 
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Reference Process 
Estimation Measure 

Welding 
Position 

Sample 
time 

Hardware Comment Estimated 
Variable 

Model 
Type 

Analysis 
Technique 

Measured 
Variable 

Sensor 

bead geom-
etry 

(SUNG et al., 
2007) 
 

GMAW weld bead 
width 

Static FL  welding 
voltage, cur-
rent, weld-
ing speed 

 Flat   Regression method for prediction 
and control the weld bead width in 
the robotic arc-welding process 

(KARADENIZ, 
2007) 

 weld bead 
depth 

    Flat    

(CULLEN et al., 
2008) 

SPOT weld bead 
quality 

 NN current, in-
frared 

sensor fusion, in-
frared thermog-
raphy, contact 
ultrasound 

    

(CAYO, EH, 2008)  GMAW transfer 
mode 

 ST sound  acoustic signal Flat    

(SANTIAGO 
MARTÍNEZ, 2009) 

     sensor fusion     

(CHEN, BO; 
WANG; CHEN, 
2009) 

GTAW back side 
bead 
width 

Dy-
namic 

NN voltage, cur-
rent, wire 
feeding 
speed, top-
side length 
and topside 
width 

sensor fusion, vi-
sion   

Flat  CCD, PC, optic Electronic and welding pool image in-
formation are, respectively, obtained 
by arc sensor and image sensor, then 
electronic signal processing and im-
age processing algorithms are used 
to extract the features of the signals, 
the features are then fused by neural 
network to predict the backside 
width of weld pool. 

(CHEN, HUABIN et 
al., 2009) 

GTAW  weld bead 
depth 

Dy-
namic  

NN, IP weld pool 
geometry in-
formation, 
variation ra-
tio of the 
topside weld 
bead width, 
welding 
voltage, cur-
rent 

vision  Orbital  CCD camera 
with narrow-
band composite 
light filter, pc, 
DAQ 

Fuzzy and adaptive controller for 
back-side weld bead width 

(CAYO, EBER H.; 
ALFARO, 2009) 

GMAW defect de-
tection 

   acoustic signal Flat   Technique for defect detection based 
on acoustic of the process.  
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Reference Process 
Estimation Measure 

Welding 
Position 

Sample 
time 

Hardware Comment Estimated 
Variable 

Model 
Type 

Analysis 
Technique 

Measured 
Variable 

Sensor 

(PALACÍOS, 2010) GTAW defect de-
tection 

 ST  infrared thermo-
graph   

Flat    

(BARRON ADAME, 
2010) 

   NN  sensor fusion     

(CASTANEDO 
SOTELA, 2010) 

     sensor fusion     

(NAGESH; DATTA, 
2010) 

GTAW  weld bead 
width, 
weld bead 
reinforce-
ment 

Static NN welding 
voltage, cur-
rent, speeds 

 Flat   Off-line estimation 

(CHEN, BO; 
WANG; CHEN, 
2010) 

GTAW -P penetra-
tion state 

Dy-
namic 

NN, DSE, IP back-side 
weld bead 
width, cur-
rent, volt-
age, sound, 
wire feed 
speed, top 
side width, 
top side 
length 

vision, sensor fu-
sion 

Flat  CCD, PC Weld pool image feature extraction. 
Penetration status (incomplete pene-
tration) estimation using D-S evi-
dence theory and neural network to 
fusing the image, sound and arc 
measurements. 

(MOTA, 
CAROLINA 
PIMENTA et al., 
2011) 

GTAW, 
GMAW 

    luminosity sen-
sor, infrared 
thermography, 
vision  

Flat    

(BROSED et al., 
2011) 

         Laser triangulation 

(WEI et al., 2011)      vision      Seam tracking 

(SUDHAKARAN et 
al., 2011) 

GTAW  weld bead 
depth 

Static NN welding 
voltage, cur-
rent, weld-
ing speed, 
gun angle 

 Flat   Off-line estimation 

(YAN, ZH; ZHANG; 
WU, 2011) 

P-
GMAW 

back side 
bead 
width 

Dy-
namic 

NN  vision   Flat  Camera, PC Fuzzy controller of back side width, 
simulation and open loop experiment 
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Reference Process 
Estimation Measure 

Welding 
Position 

Sample 
time 

Hardware Comment Estimated 
Variable 

Model 
Type 

Analysis 
Technique 

Measured 
Variable 

Sensor 

(PAL; PAL, 2011) P-
GMAW 

weld bead 
depth 

Static ST, RM temp, 
sound, cur-
rent, voltage 

acoustic signal, 
infrared ther-
mography, sen-
sor fusion 

Flat 10 Hz 
(temp) / 
40 Hz 
(volt-
age, 
current, 
sound) 

pyrometer, 
sound sensor, 
hall effect sen-
sor (arc cur-
rent), DAQ, Pen-
tium 4 

The arc sound kurtosis, weld peak 
temperature along with arc power 
have been found to be correlated 
with weld penetration. The arc sound 
kurtosis was also found to better 
choice to monitor HAZ area.  

(CAYO, EBER 
HUANCA; 
ALFARO, 2011) 

GMAW-
S 

weld bead 
quality 

  voltage, 
sound, infra-
red,  

infrared ther-
mography, 
acoustic signal 

Flat    

(CHOKKALINGHA
M; 
CHANDRASEKHAR
; VASUDEVAN, 
2012) 

GTAW weld bead 
depth 
weld bead 
width 

Static NN  infrared thermo-
graph   

Flat  infrared cam-
era, PC, DAQ 

Same model structure to P and W 

(PEÑA SANTOS, 
2012) 

 defect de-
tection, 
penetra-
tion state 

   infrared thermo-
graph   

    

(SREEDHAR et al., 
2012) 

GTAW defect de-
tection 

 IP  infrared thermo-
graph   

Orbital    

(SCHLICHTING et 
al., 2012) 

SPOT defect de-
tection 

   infrared thermo-
graph   

Flat    

(HURTADO; 
ALFARO; LLANOS, 
2012) 

GTAW defect de-
tection 

 KF  infrared thermo-
graph   

Flat  FPGA, pyrome-
ter 

 

(ALFARO, SADEK 
CRISÓSTOMO 
ABSI, 2012) 

GMAW-
S 

defect de-
tection 

 KF  infrared ther-
mography, 
acoustic signal, 
spectroscopy, 
sensor fusion 

    

(HUANG, WEI; 
KOVACEVIC, 
2012) 

   IP joint dimen-
sions 

laser triangula-
tion, vision  

  laser-based vi-
sion sensor, 
multi-axis mo-
tion control 
module 

Development of laser scanner 
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Welding 
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Sample 
time 

Hardware Comment Estimated 
Variable 

Model 
Type 

Analysis 
Technique 

Measured 
Variable 

Sensor 

(SUBASHINI; 
VASUDEVAN, 
2012) 

GTAW weld bead 
depth 

Static FL, NF, AN-
FIS 

 infrared thermo-
graph   

Flat  infrared cam-
era, PC, DAQ 

 

(HURTADO; 
ALFARO; LLANOS, 
2012) 

GMAW-
S 

weld bead 
quality 

Static ST sound, infra-
red 

acoustic signal, 
infrared ther-
mography, sen-
sor fusion 

Flat   Shows the relationship between 
welding quality and optical-acoustic 
emissions from electric arcs, during 
welding runs 

(MOTA, 
CAROLINA 
PIMENTA et al., 
2013) 

GTAW, 
GMAW 

    infrared ther-
mography, vision  

Flat    

(RODRIGUEZ-
COBO et al., 2013) 

GTAW defect de-
tection 

   spectroscopy  Flat  Fiber Bragg 
Grating trans-
ducers (FBGs), 
CCD spectrome-
ters 

 

(TORRES, 2013) GMAW  Static IP weld bead 
width 

vision  Flat   Control of weld bead width 

(AKKAS et al., 
2013) 

SAW weld bead 
depth 

Static NF   Flat   Relationship between the values de-
fining bead geometry and the weld-
ing parameters and also to select op-
timum welding parameters. 

(NELE; SARNO; 
KESHARI, 2013) 

 Mechani-
cal prop-
erties 

Static FL, NF, AN-
FIS 

  Flat   Obtain the best mechanical proper-
ties, quality 

(YU KANG LIU; YU 
MING ZHANG, 
2014) 

GTAW  back side 
bead 
width, 
penetra-
tion state 

Static FL back-side 
weld bead 
width, cur-
rent, volt-
age, Spec-
trometer, 

spectroscopy, vi-
sion, sensor fu-
sion 

Flat  Spectrometer, 
CCD, DAQ, PC 

Weld pool image feature extraction. 
Penetration status (incomplete pene-
tration) estimation using D-S evi-
dence theory and fuzzy logic to fusing 
the image, sound and arc measure-
ments 

(CHEN, ZIQIN; 
GAO, 2014) 

Laser weld bead 
width 

 IP  infrared thermo-
graph   

    

(CHEN, BO; CHEN; 
FENG, 2014) 

GTAW penetra-
tion state 

 FL, IP arc, sound, 
and visual 

sensor fusion, vi-
sion, acoustic 
signal 

Flat  CCD, PC, mic  
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Model 
Type 

Analysis 
Technique 

Measured 
Variable 

Sensor 

(CRUZ, 2014) GMAW  Static IP weld bead 
reinforce-
ment 

vision  Flat   Control of bead reinforcement 

(YU KANG LIU; YU 
MING ZHANG, 
2014) 

GTAW  weld bead 
depth 

Dy-
namic  

NF  three-dimen-
sional topogra-
phy, vision   

Orbital    

(WANG, XUEWU, 
2014) 

GTAW weld bead 
depth 

   contactless ul-
trasound, three-
dimensional to-
pography, vision   

   Review 

(CHEN, BO; FENG, 
2014) 

GTAW  penetra-
tion state 

Dy-
namic 

FL, DSE, IP back-side 
weld bead 
width, cur-
rent, volt-
age, sound, 
wire feed 
speed, top 
side width, 
top side 
lenght 

vision, sensor fu-
sion 

Flat  CCD, PC Weld pool image feature extraction. 
Penetration status (incomplete pene-
tration) estimation using D-S evi-
dence theory and fuzzy logic to fusing 
the image, sound and arc measure-
ments 

(LV et al., 2014) GTAW weld bead 
depth 

Dy-
namic 

ST sound  acoustic signal Flat 36 KHz  Arc sound signal can be used to pre-
dict the weld quality as the sag de-
pression of weld pool is closely re-
lated to the weld penetration. 

(CHANDRASEKHA
R et al., 2015) 

GTAW weld bead 
depth 

Static NF, ANFIS  infrared thermo-
graph   

Flat    

(ALFARO, SADEK C 
ABSI et al., 2015) 

GTAW defect de-
tection 

   infrared thermo-
graph   

Flat    

(LIU, YUKANG; 
ZHANG; ZHANG, 
2015) 

GTAW  weld bead 
width, 
Poll pa-
rameters 
(width, 
length, 
convexity) 

Dy-
namic  

NF  three-dimen-
sional topogra-
phy, vision   

Orbital 2 Hz Laser, Camera, 
PC, DAQ 

Control of Backside weld bead 
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Reference Process 
Estimation Measure 

Welding 
Position 

Sample 
time 

Hardware Comment Estimated 
Variable 

Model 
Type 

Analysis 
Technique 

Measured 
Variable 

Sensor 

(SHI et al., 2015) GTAW-P penetra-
tion state 

 IP, FFT pool oscilla-
tion fre-
quency 

pool oscillation, 
vision, three-di-
mensional to-
pography, laser 
triangulation 

Flat   An image-processing algorithm was 
developed for extracting the pool os-
cillation frequency, and several ex-
periments with varying weld joint 
penetration for traveling and station-
ary weld pools were conducted (par-
tial and full penetration) 

(LV et al., 2013) GTAW penetra-
tion state 

 ST sound  acoustic signal Flat   Identify and classify the penetration 
state and welding quality through the 
features of arc sound signal during 
robotic GTAW process. This paper 
tried to make a foundation work to 
achieve on-line monitoring of pene-
tration state to weld pool through arc 
sound signal. The statistic features of 
arc sound under different penetra-
tion states like partial penetration, 

(LLANOS; 
HURTADO; 
ALFARO, 2016) 

GTAW defect de-
tection 

 KF  infrared thermo-
graph   

Flat  FPGA, pyrome-
ter 

 

(PINTO-LOPERA; 
S. T. MOTTA; ABSI 
ALFARO, 2016) 

GMAW   IP weld bead 
reinforce-
ment, weld 
bead width 

vision  Flat  high-speed 
camera 

Measure of the width and reinforce-
ment of weld beads in gas metal arc 
welding (GMAW) using a single high-
speed camera and a long-pass optical 
filter in a passive vision system. 

(HKS 
PROZESSTECHNIK, 
2017) 

 weld bead 
depth 

   infrared thermo-
graph   

    

(BESTARD; 
ALFARO, 2017) 

GMAW   IP  vision, laser tri-
angulation 

    

(FONT COMAS et 
al., 2017) 

Plasma   IP  Vision     

ANFIS: Adaptive Neuro-fuzzy Inference System. 

ARMA: Auto-regressive Moving Average. 

CCD: Charge coupled device. 

DARMA: Deterministic Auto-regressive Moving Average. 

DSE: D-S evidence 

ES: Expert system 

FCAW: Fluxed cored are welding. 

FD: Factorial design 

FFT: Fast Fourier Transformer 

FL: Fuzzy logic 

GMAW: Gas Metal Arc Welding. 

GTAW: Gas Tungsten Arc Welding. 



128 
 

IP: Image processing 

KF: Kalman filter 

LAM: Layer additive manufacturing. 

LSM: Least square method 

MIMO: Multiple Input, Multiple Output 

MISO: Multiple Input, Single Output. 

MPC: Model predictive control. 

MR: Multiple regression 

NF: Neuro-fuzzy  

NN: Neural networks 

PAW: Plasma Arc Welding. 

PM: Physic modeling 

RM: Regression model 

SAW: Submerged Arc Welding. 

SISO: Single Input, Single Output 

SR: Step response 

ST: Statistical 

PC: Personal computer 
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Apendix 2 Representative information about control systems found in welding research literature. 

Reference Process 
Control System 

Notes 
Model Type Inputs Outputs Sample time Sensors Hardware 

(ICELAND; 
MARTIN E. 

O’DOR, 
1971) 

Fusion 
welding 

- 
Propor-
tional 

Tempera-
ture of back 

side 

Welding 
voltage or 

current, and 
flow of gas 

- 
Infrared (pyrome-

ter) 
Analogic circuit 

United States Patent Number 
3,567,899 
Weld penetration control regu-
lating the welding power and a 
flow of auxiliary gas. 

(SMITH, C.J., 
1974) 

GTAW - 
On-off con-
trol (pulse-

step) 

Back bead 
radiation 

Welding cur-
rent 

- photoelectric -  

(GLADKOV 
et al., 1974) 

PAW -  
Penetration 

estimate 
Welding 
voltage 

- 
Back bead ion. 

voltage 
Analogic circuit Various materials 

(VORMAN; 
BRANDT, 

1978) 
GTAW - P-PI 

pool width 
@ fixed dis-

tance 

Welding 
speed 

- Line scan camera Analog computer 
Problems with delays and phase 
not minima 

(BOUGHTO
N; RIDER; 

SMITH, 
1978) 

Pulsed 
GTAW 

2nd order On-off, P 
Back side 

and top side 
width 

Welding cur-
rent and 

speed 
- photocell - 

Full penetration, partial penetra-
tion 

(CHI; YIN; 
GAO, 1980) 

PAW - PWM 
Back bead 
radiation 

Welding 
voltage 

- photoelectric - Keyhole PAW 

(COOK, G.E., 
1980; 

HUNTER; 
BRYCE; 

DOHERTY, 
1980) 

GMAW 
Static empiri-

cal 
Open / 

closed loop 
weld fillet, 

penetration 
several - several - Estimated penetration 

(NOMURA, 
H. et al., 

1980) 
SAW - On-off 

Back weld 
bead width 

Welding cur-
rent 

- 
Arc light intensity, 

4 Infrared 
- 

Full penetration, disturbance re-
jection 

(DOMFELD; 
TOMIZUKA; 
LANGARI, 

1982) 

GMAW 
2nd order w/2 

zeros 
MRAC 

Back bead 
tempera-

ture 

Welding 
speed 

- Infrared - 
Measurability, causality, identifi-
cation 

(BATES; 
HARDT, 
1985; 

HARDT; 

GTAW 
Nonlinear 
thermal 

Linear PI 
Pool cross 

section 

Welding cur-
rent and 

speed 
- 

Optical back bead 
temperature 

- Full penetration, identification 
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Reference Process 
Control System 

Notes 
Model Type Inputs Outputs Sample time Sensors Hardware 

GARLOW; 
WEINERT, 

1985) 

(NOMURA, 
HIROKAZU; 
SUGITANI; 
TAMAOKI, 

1986) 

Not defined - 
Not speci-

fied 
Arc voltage 
and current 

Welding 
speed 

- - Analogic circuit 

United States Patent Number 
4,608,481 
The deviation of a groove line or 
variation of a groove width is de-
tected by utilizing the character-
istics of a welding arc itself with-
out using a separate sensor. 

(TAKAHASHI 
et al., 1986) 

Not defined 
Isotherms 
patterns 

Not speci-
fied 

Isotherms in 
infrared 
imagen 

Torch posi-
tion and 

welding cur-
rent 

- Infrared camera - 

United States Patent Number 
4,594,497 
It calculates the centroid for the 
control algorithm. 

(NIED; 
BAHETI, 
1986) 

TIG - 
Adaptive 
feedback 
control 

Puddle ge-
ometry er-
ror and arc 

length 

Welding cur-
rent and 
voltage 

- Vision - 
United States Patent Number 
4,613,743 
Assure the full penetration 

(FRANCOIS 
et al., 1988) 

Orbital - 
Not speci-

fied 

Weld pool 
penetration 
(equivalent 

signal) 

Wire feed 
speed, weld-

ing speed, 
welding volt-

age and 
torch posi-

tion 

- Vision 
Computer and ex-

ternal circuit 

United States Patent Number 
4,733,051 
For controlling weld pool pene-
tration during root pass welding 
in open butt joints. 
Analyzing the weld pool contour 
line to derive therefrom penetra-
tion depth. 

(MIYACHI, 
1989) 

GTAW Numerical Open-loop 
Distortion, 
root gap 

Lateral torch 
power 

- 

Stylus 
profilometer La-

ser 
interferometer 

- Large process delays 

(BANGS; 
LONGINOW; 

BLAHA, 
1989) 

GTAW, 
GMAW. 

PAW, 
FCAW, re-
sistance or 

spot 

- 
Adaptive 

control, ex-
pert system 

Width of 
the puddle 

Welding 
speed and 

current 
- Infrared camera 

Four independent 
processors are in-
terconnected for 

serial communica-
tion to 

United State Patented Number 
4,877,940, assigned by IIT Re-
search Institute 
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Reference Process 
Control System 

Notes 
Model Type Inputs Outputs Sample time Sensors Hardware 

(SUGITANI; 
NISHI, 1989) 

Not defined 
Isotherms 
patterns 

Not speci-
fied 

Isotherms in 
infrared 
imagen 

Welding cur-
rent, welding 
speed, wire 
feed speed 

- Infrared camera 
Computer and ex-

ternal circuit 
United States Patent Number 
4,816,641 

(DOUMANI
DIS, C.C.; 
HARDT, 
1990) 

GMAW 
Analytical, 

FDM, expert 
system 

Multivaria-
ble adaptive 

Heat- 
affected 
zone and 

cooling rate 

Double torch 
power 

- 
IR pyrometry 

camera 
- 

Timeshared multi- torch configu-
ration 

(HALE, 
1990) 

GMAW 
2nd order em-

pirical 

Nonlinear 
sliding- 
mode 

Weld bead 
width and 
reinforce-

ment 

Welding 
speed and 
wire feed 

speed 

- 
Active optical (La-

ser) 
- Partial penetration 

(LUKENS; 
DENALE; 
ZANIS, 
1990) 

Not defined 
Isotherms 
patterns 

- 
Isotherms in 

infrared 
imagen 

Deflect of 
the welding 

arc 
- Infrared camera - 

United States Patent Number 
4,975,558 
The welding arc is deflected by 
magnetic actuator. 

(ANDERSEN 
et al., 1990) 

GTAW 
Neural net-

work 
PI 

Weld bead 
width and 

depth pene-
tration 

Welding 
speed, cur-
rent and arc 

length 

- - - 

A neural network set-point selec-
tor defined the start control pa-
rameters. Other neural network 
estimate the penetration. Two in-
dependently closed-loops PI ad-
just continuously the start pa-
rameters. 

(SONG; 
HARDT, 
1991) 

GMAW Analytical 
Multivaria-

ble adaptive 

Weld bead 
width and 
back bead 
tempera-

ture 

Welding 
speed and 
wire feed 

speed 

- 
Optical and infra-

red pyrometer 
- On-line penetration estimator 

(SUZUKI; 
HARDT; 

VALAVANI, 
1991) 

GTAW 
2nd order em-

pirical 
Adaptive 
deadbeat 

Back weld 
bead width 

Welding cur-
rent and 

speed 
- Optical - Full penetration 

(MASMUDI; 
HARDT, 
1992) 

GTAW Numerical 
Multivaria-

ble adaptive 

Weaving 
and welding 

current 

Pool and 
HAZ width 

- 
Infrared pyrome-

ter 
- Weaving amplitude modulation 

(BANERJEE; 
CHIN, 1992; 
CHO, 1992; 

GTAW and 
GMAW 

Empirical, 
neural nets 

linear, fuzzy 
logic 

Weld bead 
width, 

several - 
Infrared pyrome-
try, coaxial vision 

-  
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Reference Process 
Control System 

Notes 
Model Type Inputs Outputs Sample time Sensors Hardware 

EINERSON 
et al., 1992; 
RICHARDSN; 
CONRARDY, 

1992) 

penetration, 
cooling rate, 

fill 

(HENDERSO
N, D E et al., 

1993) 
GMAW 

Transfer func-
tion 

Pseudo gra-
dient adap-

tive 

Puddle 
width 

Welding 
speed 

- - - 
The experiments shown a good 
behavior of the control. 

(DOUMANI
DIS, 

CHARALABO
S C., 1994) 

Orbital, 
GTAW and 

GMAW 
 

Analytical and 
experimental 

first-order 
Autoregres-
sive moving 

average 
(ARMA) 

Adaptive 
control (in-
ternal loop) 
and PID (ex-
ternal loop) 

Tempera-
ture in front 

and back 
side 

Torch 
power, weld-

ing speed 
and wire 

feed speed 

- Thermal line scan - 

The weld bead width and rein-
forcement are measured on-line 
and the penetration is measured 
by off-line longitudinal section-
ing. 
Multi-torch configuration. 

(KOVACEVIC
; ZHANG; 

RUAN, 
1995) 

- - 
Robust 

adaptive 
Pool area - - 

High shutter 
speed camera and 

nitrogen laser 
-  

(ZHANG, YU. 
M.; 

KOVACEVIC; 
LI, 1996) 

Flat  
GMAW 

 

Moving-aver-
age model 

with a predic-
tive decou-
pling algo-

rithm 

Adaptive 
control 
(GPC) 

Sag width 
and rein-

forcement 

Welding cur-
rent and arc 

length 
500 ms 

Vision system and 
laser strip 

Computer and ex-
ternal circuit 

Indirect control of full penetra-
tion 

(OZCELIK; 
MOORE; 
NAIDU, 
1998) 

GMAW  
Adaptive 
control 

      

(BROWN; 
MEYN; 

WEBER, 
1998) 

Flat, GMAW ARMAX 

PID with 
adaptive 

dead-time 
compensa-

tor 

Weld pool 
width 

Welding 
speed 

- - - 
Adaptive dead-time compensa-
tor. 
Simulation 

(CHEN, S.B. 
et al., 2000) 

Pulsed 
GTAW 

Neural net-
work (DIDO, 

dynamic) 

Self-Learn-
ing fuzzy 

neural net-
work and 

Weld pool 
width 

Pulse duty 
ratio and 
welding 
speed 

- Vision 
Computer and ex-

ternal circuit 
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Reference Process 
Control System 

Notes 
Model Type Inputs Outputs Sample time Sensors Hardware 

expert sys-
tem 

(DI et al., 
2001) 

GTAW - Neuro-fuzzy 
Width of 
the weld 

pool 

Welding 
voltage 

- - - Simulation 

(CHIN, 
2001) 

SAW - PID 
Infrared 
emission 

- - Infrared sensor 
Computer and ex-

ternal circuit 
 

(WIKLE III et 
al., 2001) 

GTAW and 
SAW 

- PI 
Infrared 
emission 

Welding cur-
rent (GTAW) 

Welding 
voltage and 

speed (SAW) 

- 
Infrared sensor 

(point) 
Computer and ex-

ternal circuit 
 

(MOON, H.; 
BEATTIE, 

2002) 
Flat, SAW - 

Adaptive 
control 

Joint geom-
etry 

Welding 
voltage, cur-

rent and 
speed 

- 
Laser profilome-

ter 
Computer and ex-

ternal circuit 

This technology has been used in 
longitudinal and spiral pipe mills 
and in pressure vessel produc-
tion. 

(JOU, 2002) GTAW State-space 
H-Infinity 

robust 

Length and 
width of the 

weld pool 

Welding cur-
rent and 

speed 
- - - Simulation 

(DOUMANI
DIS, 

CHARALABO
S; KWAK, 

2002) 

Flat and or-
bital, PAW, 

GMAW 

 
First order 

DARMA 

SISO PI, 
MIMO 

GOSA and 
variable de-

lay Smith 
predictor 

Weld bead 
width and 
reinforce-

ment 

Welding 
speed and 
wire feed 

speed 

1000 ms 
Infrared camera, 

laser profilometer 

Two computer 
and external cir-

cuit 

Two simultaneous but independ-
ents control loops. One sense the 
temperature and control the 
torch trajectory. Other sense the 
profile geometry and control the 
welding speed and wire feed 
speed. 

(LUO, H et 
al., 2002) 

Flat, GTAW - Neuro-fuzzy 
Weld pool 
length and 

width 

Welding 
feed speed 

- 

High shutter 
speed camera and 
laser system (La-

serStrobe) 

Computer and ex-
ternal circuit 

 

(CASALINO; 
HU; HOU, 

2003) 
GMAW 

neural net-
works, finite 

element, 
fuzzy 

- 
Molten 

zone geom-
etry 

- - - -  

(MOORE; 
NAIDU; 

OZCELIK, 
2003) 

GMAW - PI - - - - -  
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Reference Process 
Control System 

Notes 
Model Type Inputs Outputs Sample time Sensors Hardware 

(ZHANG, Y. 
M.; LIU, 
2003) 

GMAW - 
Adaptive 
control 

- - - - -  

(CHENG et 
al., 2004) 

Pulsed 
GTAW 

- 

PID and 
neuron self-

learning 
PSD 

Top side 
weld shape 

 - Vision -  

(LU, WEI et 
al., 2005) 

Orbital 
GTAW 

Dynamic SISO 
in discrete 

time 

Adaptive in-
terval con-

trol 

Depth of 
the weld 

pool surface 

Main-arc-on 
period 

1 ms 
Analog to digital 

converter 

Computer with 
and external cir-

cuit 

Need modify the welding power 
source for switching the welding 
current. 

(SMITH, 
JEREMY S.; 
BALFOUR, 

2005) 

Flat, 
Pulsed TIG 

- PI 
Top face 

weld pool 
width 

Welding cur-
rent and 
wire feed 

speed 

- Vision (camera) 
Computer with 

and external cir-
cuit 

 

(WU, CS; 
GAO, 2006) 

GTAW - Neuro-fuzzy 
Weld pene-

tration 
- - Vision -  

(YANG, 
SANG-MIN 

et al., 2007) 
Flat GMAW - 

Neural net-
work 

Width and 
depth of the 

weld joint 

Welding 
voltage, 
welding 

speed and 
wire feed 

speed 

- 
Three-dimen-

sional vision sys-
tem (laser stripe) 

Computer with 
and external cir-

cuit 

The adaptive Hough transfor-
mation is used for on-line imagen 
processing.  
The error range of width and 
depth is within 3%. 

(SHEN et al., 
2008) 

GTAW - 
Fuzzy and 

PID 
Geometric 
parameters 

Welding cur-
rent and 
wire feed 

rate 

- 

Double- side vis-
ual sensor system 
(captures topside 

and backside) 

Computer with 
and external cir-

cuit 
 

(LI; ZHANG, 
2009) 

Double 
Electrode 

GMAW 

Interval 
model 

Interval 
model con-

trol algo-
rithm 

Welding 
current 
(main), 

Welding 
voltage 
(bypass) 

Wire feed 
speed 
(main), 

Welding cur-
rent (bypass) 

- - 
Computer with 

and external cir-
cuit 

Two SISO systems are selected 
for convenient implementation 
and design. 

(CHEN, 
HUABIN et 
al., 2009) 

Orbital 
GTAW 

Neural net-
work 

Adaptive 
and fuzzy  

Back-side 
weld bead 
width, gap 

Welding 
peak current 

and wire 
feed speed 

- 
Vision (CCD cam-

era) 
- 

An adaptive controller received 
the back-side weld bead width es-
timated for the neural network 
and regulate the peak current. A 
fuzzy controller received the gap 
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Reference Process 
Control System 

Notes 
Model Type Inputs Outputs Sample time Sensors Hardware 

state and control the wire feed 
speed. 

(HUANG, 
XIXIA et al., 

2009) 

Pulsed 
GTAW 

Support vec-
tor machine–

fuzzy rules 

Adaptive in-
verse  

Backside 
weld width 

Peak current 
of pulse 

- 

Double- side vis-
ual sensor system 
(captures topside 

and backside) 

- 
The data for model identifying is 
obtained experimentally but the 
control is simulated. 

(LÜ et al., 
2010) 

GTAW 
Discrete MISO 

nonlinear 

Model-free 
adaptive 

(MFC) MISO 

Width of 
the weld 
pool back 

side 

Welding cur-
rent and 
feed wire 

speed 

- Vision 
Computer and ex-

ternal circuit 

Used a complex optic in the front 
and back side of the weld pool. 
High computational resources to 
maintain the control period and 
the processing speed of the im-
ages. 

(MOUSAVI; 
HAERI, 
2011) 

GMAW State-space 

ARMarkov-
PFC (based 
MPC con-
troller), PI 

and FL-PID. 

Welding 
current and 

voltage 

Wire feed 
motor volt-

age and 
welding volt-

age 

- - - 
Compare the behavior of three 
controllers in simulation. 

(YAN, ZH; 
ZHANG; 

WU, 2011) 

Pulsed 
GMAW 

Neural net-
works 

Fuzzy 
Top and 

back side 
weld pool 

- - - -  

(WANG, 
ZHIJIANG; 
ZHANG; 

WU, 2012) 

Pulsed 
GMAW 

Static model 

Adaptive in-
terval 

model con-
trol system 

Arc voltage 
during the 
peak cur-

rent period 

Welding 
voltage 

1 ms 
Analog to digital 

converter 

Two computers 
and external cir-

cuit 

The change in arc voltage during 
the peak current are related with 
the weld penetration depth. The 
control accuracy is not good. 

(TORRES, 
2013) 

Flat, GMAW 
Neural net-

work (static) 
Fuzzy 

Weld bead 
width 

Welding 
spped 

- Vision (camera) 
Computer and ex-

ternal circuit 
 

(YU KANG 
LIU; YU 
MING 

ZHANG, 
2014) 

Orbital 
GTAW 

Linear moving 
average and 

ANFIS 
MPC 

Backside 
weld bead 

width 

Welding cur-
rent and 

speed 
500 ms 

Vision (3D weld 
pool surface) 

Computer and ex-
ternal circuit 

A nonlinear neuro-fuzzy model 
estimate the weld depth penetra-
tion. 

(XIONG; 
ZHANG, 
2014) 

GMAW 
LAM 

First order, 
ARMA 

Adaptive 
(generalized 

minimum 
variance) 

Deposition 
rate 

Nozzle to top 
surface dis-

tance 
- 

Passive vision 
sensor system 

Computer and ex-
ternal circuit 

The precision range of 
the control system is limited 
within ±0.5 mm. 

(LV et al., 
2014) 

Flat, 
Pulsed 
GTAW 

Linear 
Segmented 
self-adap-

tive PID 

Arc sound 
pressure 

Welding 
voltage 

500 ms 
Acoustic (Micro-

phone) 
Computer and ex-

ternal circuit 
Indirect monitoring and control 
of arc length and penetration. 
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Reference Process 
Control System 

Notes 
Model Type Inputs Outputs Sample time Sensors Hardware 

(LIU, Y. K.; 
ZHANG; 

KVIDAHL, 
2014a, b) 

Orbital 
GTAW 

ANFIS Neuro-fuzzy 

Weld pool 
length, 

width, and 
convexity 

Welding cur-
rent 

- 
Vision (3D weld 

pool surface) 
Computer and ex-

ternal circuit 

Correlate a skilled human welder 
response to the fluctuating 3D 
weld pool surface. Compare with 
novice welder.  

(CRUZ, 
2014) 

Flat, GMAW 
Neural net-

work (static) 
Fuzzy 

Weld bead 
width and 
reinforce-

ment 

Welding 
speed and 
wire feed 

speed 

- Vision (camera) 
Computer and ex-

ternal circuit 
 

(LIU, 
YUKANG; 
ZHANG; 
ZHANG, 
2015) 

Orbital 
GTAW 

ANFIS Neuro-fuzzy 

Weld pool 
length, 

width, and 
convexity 

Welding cur-
rent 

500 ms 
Vision (3D weld 

pool surface) 
Computer and ex-

ternal circuit 

Rapidly transform human welder 
intelligence into welding robots 
by using 3D weld pool surface 
sense. 

(LIU, 
YUKANG; 
ZHANG, 
2015) 

Orbital 
GTAW 

Linear and 
ANFIS 

Cooperative 
control, 

Neuro-fuzzy 

Weld pool 
length, 

width, and 
convexity 

Welding 
speed 

500 ms 
Two cameras, 3-D 

weld pool sens-
ing,  

Computer and ex-
ternal circuit 

Developed a machine–human co-
operative control scheme to per-
form welder teleoperation exper-
iments. 

ANFIS: Adaptive Neuro-fuzzy Inference System. 

ARMA: Auto-regressive Moving Average. 

CCD: Charge coupled device. 

DARMA: Deterministic Auto-regressive Moving Average. 

DIDO: Double Input, Double Output  

FCAW: Fluxed cored are welding. 

FL-PID: PI and feedback linearization based PID. 

GMAW: Gas Metal Arc Welding. 

GOSA: Generalized one step ahead algorithm.  

GPC: Generalized Predictive Control.  

GTAW: Gas Tungsten Arc Welding. 

LAM: Layer additive manufacturing. 

MFC: Model-free adaptive control.  

MIMO: Multiple Input, Multiple Output . 

MISO: Multiple Input, Single Output. 

MPC: Model predictive control. 

PAW: Plasma Arc Welding. 

PFC: Predictive functional controller. 

PI: Proportional Integral. 

PID: Proportional Integral Derivative. 

SAW: Submerged Arc Welding. 

SISO: Single Input, Single Outpu
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Apendix 3 Design proposal of a multivariable control system to 

GMAW orbital process. 
The control of the welding bead geometry in orbital process is complex and involves several 

variables, closely related and with a non-linear behavior. This proposal takes advantage of the 

algorithms presented in chapter 3 and adds a multivariable control in real-time of the orbital 

welding process. A robotic emulator of orbital welding process is also proposed to test the con-

trol system and research works. This proposal is the basis for the CNPQ project “Use of sensing 

techniques (sensor fusion) for online monitoring and control of quality in welding processes”, 

process 401073/2016-5, called Universal 01/2016 - C range (ALFARO, SADEK CRISÓSTOMO ABSI, 

2016) 

The proposal to meet these requirements is shown in Figure 83 and consists of an embedded 

system SoC (System on Chip) of Altera, which has a FPGA Cyclone V, a HPS (Hard Processor Sys-

tem), a Gigabit Ethernet port, two USB ports, a connector for micro SD card, video input and 

output, numerous digital inputs and outputs, among other important features for our applica-

tion. Two blocks are implemented in the FPGA, one NIOS II soft processor and a parallel pro-

cessing block.  

The Nios II processor is responsible for the welding data acquisition and processing by communi-

cating with the welding power source through the RS232 protocol and the task sync and control 

loop sequence. The other block uses the parallel processing capability of the FPGA device to 

infrared matrix processing, bead profile processing, estimate the value of the weld penetration 

and weld bead width, control algorithms calculation and other peripherical functions as the 

pulse width modulation (PWM) generator and stepper motor control. Both blocks communicate 

with the HPS. 

The HPS is a dual-core ARM Cortex-A9 800MHz processor and has 1GB of DDR3 SDRAM. The 

Ubuntu operating system, specially compiled for this architecture runs in it. It is responsible for 

reading the infrared data from the thermographic camera and the profile data from the pro-

filometer sensor, storing the measurements, representing the state of the process and allowing 

the entry of parameters by the operator through the web interface. 

This system meets the requirements of processing power and storage for our application, as well 

as the number of communication ports needed to interact with sensors, actuators, user inter-

face and the network of the plant or lab. 

Although Ubuntu is not a real-time operating system (RTOS), the distribution is optimized by 

Altera to operate with minimum requirements. With the use of FreeRTOS (REAL TIME 

ENGINEERS LTD., 2016), an optimized and distributed control strategy with the NIOS II proces-

sor, we believe that execution times can be met and assume that the system works in real time. 

A 3.1 The measuring system 

The measuring system for this proposal incorporates some measurements and measure instru-

ments, selected for this work, into the system discussed in the section 3. The following sections 

describe each subsystem added or modified in the proposed measurement system. The unmod-

ified parts are not treated. 
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Figure 83 Data acquisition and control system proposed for the orbital welding process. 

A 3.1.1 Measurement of the orbital angle and the welding speed. 

The control system of robotic emulator (see section A 3.2.1) has an encoder for measuring the 

orbital angle. This value is calculated by adding or subtracting (depending on the direction of 

movement) the encoder pulses from the start position. This initial position is detected by an 

optical sensor like the one shown in Figure 84b. The welding speed is obtained from the control 

registers of the X axis motor. 

A 3.1.2 Measurement of the joint profile and weld bead profile.  

The measuring of the weld joint profile, before welding starts, is important in order to calculate 

the volume of material deposited and satisfies the bead reinforcement and width requirements. 

The seam joint center is necessary for the seam tracking algorithm and can be calculated using 

the joint profile. The profile can also be used for checking the alignment of the work pieces. 
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Figure 84 Sensors for measure the orbital angle and the welding speed (a) Encoder for welding angle measurement; 

(b) Optical sensor for detect the start position. 

The weld bead dimensions must be checked afterwards finished the welding process, to verify 

the project requirements and the model behavior (see section 3.1.8). During the process, it is 

necessary to obtain this measurement to calculate the contact tip to work distance, on-line ad-

justment of the weld bead width estimator model and volume deposited parameter. The low-

cost laser profilometer show in section 3.1.3 cannot be used for this purpose because it is slow 

and is affected by the electric arc. 

For this task, we propose a RF625 laser profilometer (RIFTEK, 2015), of the RIFTEK company, 

which can take 491 scans per second (frequency of 2ms) with a resolution of 8.6m. The opera-

tion of the sensor is based on the optical triangulation principle (see section 2.2.3) and a blue 

laser beam of 405 or 450 nm wavelength is used (see Figure 23 left). The use of blue lasers 

instead of conventional red ones significantly enhances scanners capabilities, in particular, in 

controlling shiny materials and high temperature objects. 

 
Figure 85 Profilometer laser. Adapted from (RIFTEK, 2015) 

The radiation of a laser (1) is focused by a lens (2) onto an object (6). The radiation reflected by 

the object is collected by a lens (3) onto a linear CMOS array (4). A signal processor (5) calculates 

the distance to the object from the position of the light spot on the array (4). The communication 

with the instrument is via Ethernet and it sends an array with the distance (z) for each point (x). 

Each profile must be processed in real time by the data acquisition system, but note that, be-

cause of the distance between the electrode and laser stripe, the width and reinforcement of 

weld bead measurements have a dead time and is zero in the first moments. The dead time 

value depends on the welding speed. The solution proposed for this problem is a weld bead 

width estimator explained in the section 3.1.8 and a modified Smith predictor show in the sec-

tion A 3.3.4.2 

A 3.1.3 Measuring the contact tip to work distance. 

The contact tip to work distance (𝐶𝑇𝑊𝐷) can be calculated with the same bead profile obtained 

from the laser profilometer described in the sections 3.1.3 and 3.1.4. The distance between the 
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torch contact tip to sensor reference is fixed and known. The 𝐶𝑇𝑊𝐷 is the difference between 

the base line value and this distance, as show in the figure below. 

 
Figure 86 Calculus of the contact tip to work distance using the bead profile. 

A 3.1.4 Calculation of the volume deposited by length unit. 

The volume deposited by length unit (𝑉𝐷) can be defined as the rate between the volume of 

filler material (wire) melted over the base material in each length unit covered by the torch. It 

corresponds with the area of the weld bead (𝐴) multiplied by the longitude of the torch step 

(𝑡𝑠), considered for this calculation. The figure below shows a typical weld joint and dimensions.  

 
Figure 87 Area of the weld bead and joint. 

If we make the rough approximation that the weld bead has a semi-ellipse profile, then the area 

(𝐴1) can be estimated with the next equation, where 𝑊𝑠𝑝 is the weld bead width and 𝑅𝑠𝑝 is the 

weld bead reinforcement set points. 

𝐴1 =
𝜋𝑊𝑠𝑝𝑅𝑠𝑝

2
       (1) 

The dimensions of the joint can be obtained by the laser scanner before the welding starts. The 

area of the join (𝐴2) can be calculated by the trapeziums method (numerical method) defined 

in equation below. The term 𝑑𝑖 is the weld bead depth or weld bead reinforcement value sup-

plied by the scanner profile and the 𝑟 is the step or scanner resolution in the horizontal axis. The 

𝑛 term is the total measurements count in one scanner profile. 

𝐴2 = 𝑟 ∑ (𝑑𝑖)𝑛
𝑖=1        (2) 

The total area is the sum of both areas, as shown in the next equation. 
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𝐴 = 𝐴1 + 𝐴2       (3) 

Then the 𝑉𝐷 is expressed by equation below. 

𝑉𝐷 = 𝐴 ∗ 𝑡𝑠       (4) 

If the longitude unit is the millimeter (mm) then the term 𝑉𝐷 is expressed in 𝑚𝑚3. 

These approximate calculations will be useful for the control loop explained in section A 3.3.3.  

The 𝑊𝑠𝑝 can be used to calculate the joint center for the seam tracking controller explained in 

the section A 3.3.1. 

A 3.1.5 Infrared measurement. 

The thermographic camera ThermoVision A40, used in this work, has a maximum sampling fre-

quency of 120Hz and a Fireware link. This sampling frequency is not sufficient for the proposed 

system and the Fireware link is not compatible with the ports of the FPGA device. For this reason, 

we selected a new camera that meets the project requirements. 

The 1024 TACHYON MicroCore infrared camera, developed by New Infrared Technologies (NIT, 

2014), was selected for measuring the infrared emission of the weld pool. This instrument of 

small dimensions, is capable of sampling the interest area with a frequency of 1 kHz and 32x32 

pixels resolution, using a USB2 port. An image of the instrument is shown in the figure below. 

 
Figure 88 Infrared camera. Adapted from (NIT, 2014) 

The emissivity of the weld pool is not constant, so the temperature measurements of the weld 

pool using a thermographic camera should be considered approximate (see section 2.2.4). The 

accurate measuring of the absolute values of temperatures is not considered significant for the 

purposes of this work. In this work are used absolute values and not the calculated temperature 

values based in emissivity coefficient. 

The camera supplies the infrared image information in a matrix format. In the matrix each ele-

ment (x,y) corresponds with the infrared value of the pixel (x,y) in the image. 

A 3.1.6 Sensor fusion for estimating the depth and width of the weld bead in orbital 

welding position. 

The estimator of depth and width of the weld bead explained in section 3.1.8, adds the welding 

angle input (∝) to consider the effect of gravity force, as shows the Figure 89. The input layer of 

neural network has nine neurons. 

A 3.1.7 Data acquisition. 

The data collected by the measurement system, the values sent by the control system and rele-

vant system parameters are saved as a text file in the SD card (see Figure 83). The files can be 

accessed and copied by the operator from the remote web terminal. The format of the file is 

fixed and can imported by any table processor, data base processor, statistic or scientific analysis 

software, as Microsoft Excel, Microsoft Access, SQL, Statgraphics, SPSS or Matlab. 
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Figure 89 Estimator of depth and width of the weld bead for orbital welding position. 

A 3.2 The actuator system. 

The actuator system in this proposal change only the welding table by a robotic emulator of 

orbital welding. The welding power source is the same described in section 3.2.1. In the next 

section, this emulator will be described. 

A 3.2.1 Robotic emulator of orbital welding process 

The installation of optical, video or common sensors on a welding robot is a difficult task, not 

only for the necessary mechanical and electrical coupling, but also because they can modify the 

robot kinematics (due to its weight and size) and lose focus during the its movement (due to 

variations in the CTWD).  

Moreover, to evaluate the behavior of a control system and the weld quality by macrographic 

techniques, it's harder in orbital welding than on the flat welding. Also, the preparation and 

adjustment of position of flat pieces is less complex. Cutting the flat pieces for macrographic 

analysis is much simpler than in tubes, which generally have considerable dimensions. But for 

testing the control system in orbital welding, the torch and the work pieces need to take the all 

angles in the orbital route, so that the process is subject to the gravity effects. 

For research purposes, we can combine the facilities of the flat welding and the orbital require-

ments in the same system. So, we've designed a robotic emulator that makes possible to move 

the piece linearly (movement relative to the torch) and simultaneously rotate all the system 

(orbital motion). Both movements are synchronized by the control system according to the de-

sired welding speed and work piece or joint length. Both coordinated movements emulate the 

orbital movement of the welding torch with respect to the workpiece. 

The system showed in the Figure 90 is a robotic emulator of an orbital welding process. This has 

a fixed base and a mobile table. The torch is fixed to the base and the work piece is fixed in the 

mobile table. To move orbitally without jumps it is necessary to balance it. A counterweight is 

used for this. 

The system has one direct current (DC) motor for orbital movement and three stepper motors 

for linear movement, CTWD and seam tracking joint adjustment. With this the torch is moving 

with three degrees of freedom: orbital-linear, CTWD and seam tracking joint, as shown Figure 

91. 
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Figure 90 Mechanic structure for robotic emulator of orbital welding process. 

 

 

Figure 91 Degrees of freedom of the robotic emulator. 
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Figure 92 Motor and gearbox: (a) Stepper motor and gearbox to linear movement; (b) Stepper motor and gearbox to 

CTWD movement; (c) DC motor, encoder and gearbox to orbital movement. 

The engines are coupled to gearboxes to achieve the necessary torque, as shown in the Figure 

92. The stepper motors have optical detectors for sensing the end of travel and the DC motor is 

coupled with an encoder sensor. 

A 3.2.1.1 Relationship between the torch speed and the base orbital movement. 

The welding speed (𝑊𝑆) or linear speed of the torch, can be expressed as: 

𝑊𝑆 =
𝑙

𝑡
       (5) 

where 𝒍 is the joint length and 𝒕 is the time required to travel that distance. 

The angular speed (orbital welding speed or 𝑊𝑆𝑂) of the torch movement is defined by the 

orbital movement of the robotic emulator and can be expressed as: 

𝑊𝑆𝑂 =
∆∝

𝑡
      (6) 

where ∆∝ is the difference between the end and start angles, and t is the time required to travel 

that distance. 

Synchronize between the linear and angular speeds is possible if we consider that the time 

needed to travel both distances (𝑡) must be the same. Then, clearing t in 5 and substituting it in 

6, you can define this relationship as: 

𝑊𝑆𝑂 =
∆∝

𝑙
𝑊𝑆      (7) 

A 3.3 The multivariable control system. 

The proposed control system tries to control the width (𝑊) and depth (𝐷) of the weld bead. The 

control of the bead reinforcement (𝑅) is done indirectly by controlling of the deposited material 

volume (𝐷𝑉, see section A 3.1.4). The weld bead width and bead reinforcement are measured 

by a laser profilometer (see section A 3.1.2) with a dead time because of the sensor position, 

but it is not possible to measure the weld bead depth. The weld bead depth is estimated (�̂�) 

based in infrared and welding arc measurements (see section 3.1.8). The weld bead width is 

predicted (�̂�) by removing the dead time and the value is corrected by using the real value (𝑊, 

see section A 3.3.4.2). The control strategy includes several control loops and different control 

algorithms. The Figure 93 shows the general diagram of the multivariable control system and it 

is described in the next sections. 
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Figure 93 General diagram of the multivariable control system. 
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A 3.3.1 Control of seam tracking. 

The weld joint is scanned before welding process starts and the center joint is calculated in all 

the points of the torch trajectory, for the seam tracking algorithm. With this data, it is possible 

to define the correct trajectory for the torch and move the seam tracking stepper motor accord-

ingly. 

The seam tracking open control loop (show in the figure below) receives the welding angle and 

finds the correct torch position (𝑇𝑃𝑆𝑃) in the lookup table, obtained from the weld joint profile. 

Then, the controller moves the stepper motor to this position, regulating the step time and step 

count (embedded in the SM1 signal). The 𝑛𝑇 parameter is the time of the sample, made up of 

by the sample time (𝑇) and the sample number (𝑛). 

 
Figure 94 Blocks diagram of the seam tracking control loop. 

To reduce the amount of data in the lookup table it is possible to save only the significant 

changes of trajectory and hold the last value of 𝑇𝑃𝑆𝑃 in the output until the new value is found. 

Online analysis is possible. The same control strategy can be used substituting the lookup table 

by the algorithm that analyzes the profilometer data, but more calculation resources are 

needed. 

A 3.3.2 Control of contact tip to work distance. 

The contact tip to work distance (𝐶𝑇𝑊𝐷) is controlled in a closed loop by a professional Propor-

tional Integral Derivative (P-PID) controller (see section A 3.3.4.1) The 𝐶𝑇𝑊𝐷 is measured with 

a laser profilometer and calculated with the algorithm described in the section A 3.1.3. The con-

troller manipulates the step time and the step counter (embedded in the 𝑆𝑀3 signal) of the 

stepper motor associated with the 𝐶𝑇𝑊𝐷 movement in the robotic emulator of orbital welding 

(see section 0). The 𝑛𝑇 parameter is the time of the sample, composed by the sample time (𝑇) 

and the sample number (𝑛). The figure below shows this closed control loop.  

 
Figure 95 Blocks diagram of the contact tip to work distance control loop. 

The measure of the 𝐶𝑇𝑊𝐷 has a dead time (𝜃) because the position of the sensor. This delay 

can be neglected in the especial conditions of the robotic emulator because the variation of the 

𝐶𝑇𝑊𝐷, in the dead time, is null or very small.  The linear movement of the piece and the use of 

flat pieces guarantee these conditions. 

A 3.3.3 Control of welding speed and welding angle. 

The linear welding speed (𝑊𝑆) or the linear movement of the work piece, is controlled in an 

open loop with a stepper motor controller through of the step time and the step counter (em-

bedded in the 𝑆𝑀2 signal) of the stepper motor associated to 𝑊𝑆 movement. 

The speed of rotation or orbital welding speed (𝑊𝑆𝑂) is controlled in a closed loop. The profes-

sional Proportional Integral Derivative (P-PID) controller delivers to the driver of the direct cur-

rent motor a pulse width modulation (PWM) signal. The feedback incorporates an encoder (see 
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section 3.1.2), which delivers pulses whose duration is inversely proportional to 𝑊𝑆𝑂. The po-

sition (𝛼) is obtained by the count of the pulses in a positive direction or discounted in the neg-

ative direction, started in the index position. 

The wire feed speed (𝑊𝐹) and the volume deposed by length unit (𝑉𝐷, defined by the equation 

4) are the inputs of the relationship control loop. The parameters 𝑉𝐷 and 𝑊𝐹 are used for cal-

culating the 𝑊𝑆 set point, as shown in the figure below. This relationship defines the deposition 

volume of the material in the weld joint. 

 
Figure 96 Blocks diagram of welding speed and orbital welding control loop. 

The gain 
∆𝛼

𝑙
, defined by the equation 7, is used to calculate the set point of the orbital speed 

control loop and maintain the corresponding relationship between 𝑊𝑆 and 𝑊𝑆𝑂.  

A 3.3.4 Control of depth and width of weld bead. 

The welding process is represented in this work as a multiple input-multiple output (MIMO) pro-

cess with three inputs and two outputs, as shown in the figure below. The pairing of controlled 

and manipulated variables is shown too. Other variables shown in Figure 97 are considered as 

disturbances or controlled by others control loops. This selection is based on the bibliographic 

review and requires the relative gains analysis (BRISTOL, 1966) and experimental test to confirm 

the hypothesis. 

 
Figure 97 Welding process represented as a multiple input-multiple output process. 

The principal variables that affect the bead geometry are the welding voltage (𝑈), the wire feed 

speed (𝑊𝐹), the contact tip to work distance (𝐶𝑇𝑊𝐷) and the welding speed (𝑊𝑆𝑂).  

Increasing the electric current (increasing the 𝑊𝐹) for the same welding speed results in a 

greater weld bead depth and welding pools with greater volume. This can be achieved to fill a 

larger volume of the joint (greater production) and ensure the integrity of the same by the full 

penetration (good quality) simultaneously (SCOTTY; PONOMAREV, 2008). 

An increase in electric current, accompanied by a proportional increase of the welding speed 

(wire feed speed / welding speed = constant) also results in greater penetration, but the welding 
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pool keeps the same volume. Then, the same welding joint volume can be filled (maintaining 

production) and ensure its integrity by full penetration (good quality) at the same time (SCOTTY; 

PONOMAREV, 2008). 

Following this idea, in the control strategy the 𝑊𝑆𝑂 depends on the 𝑊𝐹 by the welding speed 

and welding angle control loop. It allows the control of the volume deposited (𝐷𝑉) in the bead 

join. The 𝐷𝑉 needed to create a weld bead with the width and reinforcement defined in the 

welding project is known.  

The 𝑈 and 𝑊𝐹 are manipulated by the multivariable control loop that controls the weld bead 

width (𝑊) and the weld bead depth (𝐷). The 𝐶𝑇𝑊𝐷 can be considerated a disturbance or a 

manipulate variable, depending on the control strategy. The 𝐶𝑇𝑊𝐷 control loop, is an internal 

cascade loop. Then, if 𝑊 and 𝐷𝑉 are controlled, the bead reinforcement (𝑅) is indirectly con-

trolled too. The general block diagram of this control strategy is shown in Figure 93 and partially 

shown below.  

 
Figure 98 Diagram of the weld bead width and depth control loops. 

The thermographic image feature extractor gets the thermographic matrix (𝑇𝑚𝑎𝑡) and obtains 

the features described in the section 3.1.4. These values are used by the estimators to obtain 

the weld bead depth estimated value (�̂�) and the weld bead width estimated value (�̂�). These 

values are fed back to the controller and the control errors are calculated, using the set point of 

weld bead depth  (𝑃𝑆𝑃) and width (𝑊𝑆𝑃) values.  

Note that the estimator and predictor are implemented in the same logical structure and are 

multiplexed by the switch to obtain the penetration using the welding current or the weld bead 

width using the welding voltage. 

A laser profilometer obtains the profile of the bead and a feature extractor algorithm calculates 

the real weld width (𝑊) and reinforcement (𝑅) of the bead. Note that the measurements have 

a dead time (𝜃) and are zero during the first moments. The 𝑊(𝑛𝑇 − 𝜃) is used in a modifed 

Smith predictor implementation to adjust the predicter value. 

The initial values of manipulated variables (𝑈(0), 𝑊𝐹(0) and 𝐶𝑇𝑊𝐷(0)  in fuzzy controller) are 

estimated by the Initial Control Values block, based in set point values. An accuracy value for the 

manipulated variables is not necessary because the controller changes these values based on 

the control error. 

While many control algorithms have been proposed, which approaches are theoretically ele-

gant, most of the industrial processes nowadays are still controlled by Proportional-Integral-

Derivative (PID) controllers (ÅSTRÖM; HÄGGLUND, 2001; KO; WU, 2008; KUMAR; NAKRA; 
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MITTAL, 2011). Conventional PID controllers have been widely applied in industrial process con-

trol for about half a century because of their simple structure and convenience of implementa-

tion (BENNETT, 1993). However, a conventional PID controller can have poor control perfor-

mance for nonlinear and complex systems for which there are no precise mathematical models. 

Numerous variants of conventional PID controller, such as self-tuning, auto-tuning and adaptive 

PID controllers have been developed to overcome these difficulties. Many on-line self-tuning or 

adaptive algorithms are based in fuzzy inference systems (JANTZEN, 1998; KARASAKAL et al., 

2013; KAZEMIAN, 2001; KO; WU, 2008; KUMAR; NAKRA; MITTAL, 2011; LIU, WEN HONG; XIE, 

2011; SOYGUDER; KARAKOSE; ALLI, 2009; WU, YING; JIANG; ZOU, 2012). 

Fuzzy logic controllers are intrinsically nonlinear, allow direct insight into their behavior and is 

widely used for controlling nonlinear systems whose plant models are unknown or imprecise 

(LU, J L; CHEN; YING, 2001). Unlike others methods, such as the neural networks, it is usually 

easy to determinate what action a fuzzy controller will take for a given situation, since generally 

they have analytic structures  (CARVAJAL; CHEN; OGMEN, 2000).  

The multivariable control strategies proposed are based in the professional version of PID con-

troller, a fuzzy self-adaptive algorithm, decoupling methods and a fuzzy controller. These ele-

ments are discussed below. 

A 3.3.4.1 Professional version of the PID controller. 

The professional version of Proportional-Integral-Derivative (P-PID) controller included several 

characteristics of other versions of PID (BEHAR, 2003) such as: 

 The input of derivative term is the controller variable, implementing a derivative kick 

protection mechanism. 

 The integral wind up protection algorithm is implemented. 

 The integral term can be initialized with the actuator value.  

 The controlled variable is filtered to reduce the noise that is responsible for oscillator 

behavior. 

 The range of the measurement system and actuator system is used to normalize the 

calculations in the controller. 

 The measurements are filtered to reduce noise of low, middle and high frequency. 

 The reference is filtered to avoid the abrupt variations in the control error. 

 
Figure 99 Professional version of the Proportional-Integral-Derivative controller.  

The controller output is calculated with the equation 

𝑢(𝑛𝑇) =
𝑅𝑢

𝐵𝑝
[𝑒𝑛(𝑛𝑇) −

𝑇𝑑∆𝑦(𝑛𝑇)

𝑇𝑐𝑅𝑦
] + 𝐼𝑛𝑡(𝑛𝑇)  (8) 

where  
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𝑛 is the sample number (integer and positive value) 

𝑅𝑢 is the actuator span and is expressed as   

 𝑅𝑢 = 𝑢𝑚𝑎𝑥 − 𝑢𝑚𝑖𝑛       (9) 

𝐵𝑝 is the proportional band and is related to the gain in equation 10. The sign of 𝐵𝑝 should be 

selected similarly to process gain (positive to direct action and negative to inverse action) 

𝐾𝑝 =
𝑅𝑢

𝐵𝑝
       (10) 

𝑇𝑑 is the constant of derivative time 

𝑇𝑐 is the control time and is a multiple of the sample time (𝑇𝑐 = 𝑚𝑇, 𝑚 ≥ 𝑛 ) 

𝑅𝑦 is the measurement system span and is expressed as 

  𝑅𝑦 = 𝑦𝑚𝑎𝑥 − 𝑦𝑚𝑖𝑛      (11) 

𝑒𝑛(𝑡) is the normalized error in the sample time 𝑡 and is expressed as 

𝑒𝑛(𝑛𝑇) =
𝑦𝑟𝑓(𝑛𝑇)−𝑦𝑓(𝑛𝑇)

𝑅𝑦
     (12) 

𝑦𝑟𝑓(𝑛𝑇) is the filtered set point value in the 𝑛𝑇 sample time. 

𝑦𝑓(𝑛𝑇) is the filtered measurement in the 𝑛𝑇 sample time. 

∆𝑦𝑓(𝑛𝑇) is the difference between the filtered measurement in the 𝑛𝑇 sample time and the 

previous sample time (𝑛𝑇 − 𝑇). Can be calculated by the equation   

∆𝑦𝑓(𝑛𝑇) = 𝑦𝑓(𝑛𝑇) − 𝑦𝑓(𝑛𝑇 − 𝑇)     (13) 

𝐼𝑛𝑡(𝑛𝑇) is the integral term in the sample time 𝑡 and is expressed as 

𝐼𝑛𝑡(𝑛𝑇) = 𝐼𝑛𝑡(𝑛𝑇 − 𝑇) +
𝑇𝑐𝑅𝑢

𝑇𝑖𝐵𝑝
𝑒𝑛(𝑛𝑇)   (14) 

𝐼𝑛𝑡(𝑛𝑇 − 𝑇) is the integral term in the previous sample time. The initial value, when 𝑛 = 1, is 

equal to 𝑢(0). 

The controller output is expressed in a range for 0 to 100% of the actuator span. The real value 

(𝑢𝑒𝑢), expressed in engineer units, can be calculated in equation 15 for a normally closed actu-

ator and 16 for a normally open. 

𝑢𝑒𝑢(𝑛𝑇) = 𝑅𝑦
𝑢(𝑛𝑇)

100
      (15) 

𝑢𝑒𝑢(𝑛𝑇) = 𝑅𝑦 (1 −
𝑢(𝑛𝑇)

100
)     (16) 

The first control strategy for the multivariable system included two professional PID controllers 

as shown in Figure 100.   
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Figure 100 Controller of depth and width of the weld bead based on the Professional PID algorithm. 

The first loop controls the weld bead depth (𝐷) and manipulates the wire feed speed (𝑊𝐹). The 

second controls the weld bead width (𝑊) and manipulates the welding voltage. The 𝐶𝑇𝑊𝐷 is 

considerated a measurable disturbance. 

The design and synthesis of both professional PID in FPGA or microcontroller devices are possi-

ble and the resource consumption is very low (DUBOUÉ; BESTARD, 2014).  

A 3.3.4.2 Smith Predictor variation for the weld bead width control loop. 

The Smith Predictor control was developed for processes with a long and constant dead time. 

The block diagram of the control scheme is shown in Figure 101. The controller output (𝑢) goes 

to the process and to the first part of the process model. Everything that the controller does to 

the process is also done to the process model. The output of the first portion of the process 

model (�̂�(𝑛𝑇)), without the dead time becomes a prediction of what the actual process meas-

urement should be 𝜃 seconds from now. This predicted output can be used as a feedback signal. 

 
Figure 101 Typical control loop with Smith Predictor. 

If the model contained a perfect representation of the nondead time portion of the process and 

if there were no other disturbances, this feedback is all that would be required. In the real world, 

neither of these two ideal conditions occur. Hence, the predicted future output is delayed by 

the time 𝜃, which itself is a prediction of the actual dead time in the process. The delayed signal 

�̂�(𝑛𝑇 − 𝜃) is a prediction of what the measurement value should be at the present time. This 

can be compared with an actual measurement (𝑦(𝑛𝑇)) and the difference added to the feed-

back signal to compensate for the model error. 

The proposed variation of the Smith Predictor only changes the predictor input. The weld bead 

width predictor output (�̂�(𝑛𝑇)) is used as model output and the delayed process output is the 

weld bead width measurement (𝑊(𝑛𝑇 − 𝜃)). The dead time 𝜃 is not constant but is known. The 

block diagram show below describes the P-PID algorithm with the Smith Predictor (P-PID+SP). 
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Figure 102 Weld bead width controller with modified Smith Predictor. 

A 3.3.4.3 Fuzzy self-adaptive PID controller. 

The fuzzy self-adaptive PID controller is an auto-adaptive controller that is designed by using an 

incremental fuzzy logic controller to tune the parameters of the PID controller on-line by fuzzy 

control rules. The controller uses the error (𝑒) and the rate of change of error (∆𝑒) as its inputs 

and can meet the desired of self-tuning parameters based on time-varying 𝑒 and ∆𝑒 (SOYGUDER; 

KARAKOSE; ALLI, 2009). 

The proposed fuzzy self-adaptive algorithm improves the control performance of the PID con-

troller in nonlinear and stochastic systems, but keeps the simple structure. According to the 

error of the controlled device response on the sampling time 𝑒(𝑛𝑇) and the change rate of the 

error ∆𝑒(𝑛𝑇), the PID parameters (𝐵𝑝, 𝑇𝑖 and 𝑇𝑑) are determined. The static and dynamic per-

formance of the process response are considered at the same time. The figure below shows the 

self-adaptive process. 

 
Figure 103 Fuzzy self-adaptive professional PID controller. Adapted from (LIU, WEN HONG; XIE, 2011) 

The core of the design is to set up the proper fuzzy rules model for the controlled process by 

summing up expert experience and knowledge. According to the technology features and oper-

ating experiences of continuous casting, three sets of fuzzy rules are established.  

The structure of fuzzy auto-tuning has two inputs (𝑒 and ∆𝑒)  and three outputs (∆𝐵𝑝, ∆𝑇𝑖  and 

∆𝑇𝑑), but it can be changed to three subsystems of two inputs and one output. The rules and 

fuzzy matrix are defined in Table 10. 
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Table 10 Fuzzy matrix to 𝐵𝑝, 𝑇𝑖 and 𝑇𝑑. 

∆𝐵𝑝 
∆𝑒  

∆𝑇𝑖 
∆𝑒  

∆𝑇𝑑 
∆𝑒 

NB NS Z PS PB  NB NS Z PS PB  NB NS Z PS PB 

𝑒 

NB NB NB NS NS Z  

𝑒 

NB NB NB NS Z Z  

𝑒 

NB PS NS NB NS PS 

NS NB NS NS Z PS  NS NB NS NS Z Z  NS Z NS NB NS Z 

Z NS NS Z PS PS  Z NS NS Z PS PS  Z Z NS NS NS Z 

PS NS Z PS PS PB  PS Z Z PS PS PB  PS Z Z Z Z Z 

PB Z PS PS PB PB  PB Z Z PS PB PB  PB PB PS PS PS PB 

The membership function is a curve that defines how each point in the input space is mapped 

to a membership value (on degree of membership) between 0 and 1. In this case, the triangular 

membership functions are used for input and outputs variables. These are defined by Negative 

Big (NB), Negative Small (NS), Zero (Z), Positive Small (PS), Positive Big (PB). The physical domain 

is selected based on a trial and error method. The membership functions picture is show below. 

 
Figure 104 The membership functions for the inputs (𝑒 and ∆𝑒) and outputs (𝐵𝑝, 𝑇𝑖 and 𝑇𝑑) of the fuzzy system. 

Applying the fuzzy rules, the PID parameters are self-correcting. Firstly, 𝑒 and ∆𝑒 are fuzziness 

and the membership grades of the relevant fuzzy subsets are determined. Secondly, the adjust-

ing process of the PID parameters is expressed by the fuzzy self-regulation model. Lastly, the 

fuzzy matrix tables are inferred by fuzzy fusion (LIU, WEN HONG; XIE, 2011). 

After the three self-regulation models are evaluated, the corresponding control tables are de-

termined, which are changed to the homologous values. The above values are substituted into 

the next equations and the final results are calculated. 

𝐵𝑝(𝑛𝑇) = 𝐵𝑝(𝑛𝑇 − 𝑇) + ∆𝐵𝑝(𝑛𝑇)    (17) 

𝑇𝑖(𝑛𝑇) = 𝑇𝑖(𝑛𝑇 − 𝑇) + ∆𝑇𝑖(𝑛𝑇)     (18) 

𝑇𝑑(𝑛𝑇) = 𝑇𝑑(𝑛𝑇 − 𝑇) + ∆𝑇𝑑(𝑛𝑇)    (19) 

The initial values for 𝐵𝑝, 𝑇𝑖 and 𝑇𝑑 (when 𝑛 = 1) are defined in the system configuration or are 

loaded from the last saved tuning. 

The design and synthesis of fuzzy inference system in the FPGA device is can be done using the 

X-Fuzzy software (CNM, 2012).  The block diagram of the proposed fuzzy self-adaptive control-

lers is shown below. 
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Figure 105 Weld bead width and depth controller with Fuzzy Self-Adaptive Professional PID algorithm. 

A 3.3.4.4 Decoupling the control loops. 

To improve the controller behavior the decoupling structures can be incorporated in the control 

loops for reducing the interaction between the loops. The decoupling used in this work is based 

in feedforward control and is discussed below.    

The feedforward control is useful when the process is affected by strong measurable disturb-

ances. This strategy can help improve the behavior of the controller in the face of this disturb-

ance, but it cannot replace the feedback control (BEHAR, 2003). The typical feedforward control 

is shown in the next figure.  

 
Figure 106 Typical feed forward control in a single control loop. 

The feedforward control tries to anticipate the effect of the disturbance (𝑑). The control action 

is applied directly to the control loop drive element, before the disturbance can affect the con-

trolled variable (BEHAR, 2003; SMITH, CARLOS A.; CORRIPIO, 1997). The equations 20 and 21 

usually define the necessary conditions to it while the feedforward model is obtained in equa-

tion 22. 

∆𝑦

∆𝑣
=

𝐺2(𝑧−1)

1+𝐶𝐺1(𝑧−1)
+

𝐹𝐹𝐺1(𝑧−1)

1+𝐶𝐺1(𝑧−1)
= 0    (20) 

∆𝑦

∆𝑣
=

𝐺2(𝑧−1)+𝐹𝐹𝐺1(𝑧−1)

1+𝐶𝐺1(𝑧−1)
= 0     (21) 

𝐹𝐹 = −
𝐺2(𝑧−1)

𝐺1(𝑧−1)
       (22) 
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If 𝐺1(𝑧−1) and 𝐺2(𝑧−1) are quite close to first order transfer function with delay, as it is shown 

in  

𝐺1(𝑧−1) =
𝐾1𝑧−𝑝1

1−∝1𝑧−1
      (23) 

𝐺2(𝑧−1) =
𝐾2𝑧−𝑝2

1−∝2𝑧−1
      (24) 

where the terms ∝1 and ∝2 are related with the sample time (𝑇𝑠) and process time constants 

(𝑇1and 𝑇2), as shown the next equations. 

∝1= 𝑒
−

𝑇𝑠
𝑇1

⁄
       (25) 

∝2= 𝑒
−

𝑇𝑠
𝑇2

⁄
       (26) 

Then the feedforward transfer function is 

∆𝑢

∆𝑣
= 𝐹𝐹(𝑧−1) = −

𝐾2𝑧−𝑝2(1−∝1𝑧−1)

𝐾1𝑧−𝑝1(1−∝2𝑧−1)
    (27) 

∆𝑢

∆𝑣
= 𝐹𝐹(𝑧−1) = −𝐾𝐹𝐹𝑧(𝑝1−𝑝2) 1−∝1𝑧−1

1−∝2𝑧−1
   (28) 

where 

𝐾𝐹𝐹 =
𝐾2

𝐾1
        (29) 

Sometimes only the steady value is compensated and the dynamic is depreciated in which case 

the transfer function of the feedforward block is 𝐾𝐹𝐹. 

It is important to note that the delay in the principal channel must be less or equal than the 

disturbance channel (𝑝1 ≤ 𝑝2) for the dynamic compensation to be effective.  

If the interactions between loops are considered as disturbances, the same feedforward scheme 

can be used to decoupling the weld bead width and penetration control loop in our welding 

process. The next figure shows the block diagram. 

 
Figure 107 Weld bead width and depth penetration controller with decouples. 

The decouples 𝐹𝐹1and 𝐹𝐹2 are designed to minimize the interaction between loops and improve 

the controller behavior. The calculation of the transfer function of decouples is similar to what 
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is explain in the feedforward transfer function. This strategy is similar to inverse decoupling 

shown in (BHARATHI; SELVAKUMAR, 2012; GARRIDO; VÁZQUEZ; MORILLA, 2012). 

A 3.3.4.5 Fuzzy logic for manipulated the CTWD. 

The control strategy commented above is based in two professional Proportional-Integral-De-

rivative controllers and decoupler blocks. The process input 𝐶𝑇𝑊𝐷 is fixed by the estimation of 

the initial control parameters (see section A 3.3.5) and treated as a measurable disturbance. In 

this strategy, the control actions could be limited if the set points change or if other disturbances 

change the process conditions significantly. In others words, the control range of the 𝑊𝐹 and 𝑈 

could be insufficient for a fixed value of 𝐶𝑇𝑊𝐷.  

One solution for this problem is manipulating the 𝐶𝑇𝑊𝐷 based on the control error (𝑒𝑛) of the 

controlled variables and your variation (∆𝑒𝑛). For example, if the control error of 𝑊 is positive 

big and the control error of 𝑃 is negative big, the logical decision is to increment the 𝐶𝑇𝑊𝐷 

because the arc resistance is incremented and the arc width too, while the welding voltage is 

kept the same and the welding current is slightly reduced. If we also take into account the error 

variation, the static and dynamic performance of the process response are considered at the 

same time. 

Due to the non-linear nature of this relationship and the rules based in the process knowledge 

and experience, the selected algorithm is the fuzzy logic controller. The blocks diagram of the 

controller is shown in the next figure. 

 
Figure 108 Weld bead width and depth penetration controller with Fuzzy and P-PID controllers. 

The inputs for the fuzzy controller are the error and the error variation. When these parameters 

are big or tend to increase in large value, the controller outputs the corresponding ∆𝐶𝑇𝑊𝐷 

value and moves the 𝐶𝑇𝑊𝐷.  When the errors are reduced, or tend to reduce, the 𝐶𝑇𝑊𝐷 

change is stopped. 

These variations must be slow so that the other loops can compensate for them. For this reason, 

the control period of this loop must be greater than that of the others and the error must be the 

average in this control period. 

A 3.3.5 Estimation of the initials control parameters.  

The initial output values of controllers can be estimated by the same neural network structure 

shown in the section 3.1.8, but with others parameters or weight coefficients. This procedure is 

executed only before starting the control system and it reduces the convergence time of the 

controlled variables to set point values and the control error in the initial time. 
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The neural network needs to be evaluated in three steps because it has only one output and it 

is necessary to estimate these three parameters: that are the contact tip to work distance 

(𝐶𝑇𝑊𝐷), the wire feed speed (𝑊𝐹) and the welding voltage (𝑈). This three steps algorithm con-

catenates three neural networks to obtain the initial control values and reduce the required 

FPGA resources. A block diagram is shown below. 

 
Figure 109 Estimator of the initials control parameters executed in three steps by the same neural network structure. 

In the first step the system reads the set point values and configures the neural network to the 

𝐶𝑇𝑊𝐷 estimation. The neural network input is the 𝑊𝑠𝑝 and bead depth penetration set point 

(𝑃𝑠𝑝) and the volume deposited by length unit (𝐷𝑉) calculated in section A 3.1.4. The output is 

the 𝐶𝑇𝑊𝐷 value.  

In the second step, the neural network has the same inputs plus the 𝐶𝑇𝑊𝐷 value, calculated in 

the last step. The output is the 𝑊𝐹 value.  

In the third step, the neural network has the same inputs plus the 𝑊𝐹 value, calculated in the 

last step. The output is the 𝑈 value.  

The appropriate weight coefficients for the specific model must be loaded in each step. The 

unused inputs and the associated weight coefficients are zero. The neural network can be 

trained with the experimental collected data. 

A 3.3.6 Sequential controller. 

The sequential controller can be implemented in a finite state machine in the Nios II or FPGA. 

The controller is in charge of executing the following operation sequence: 

1. Execute the initial sequence and verify the system status. 

2. Read the set point operational sequence and configuration parameters defined by the 

operator 

3. Scan the piece and save the three-dimensional profile. 

4. Calculate the need deposited volume profile and save in the lookup table. 

5. Configure and start the initial control values estimation 

6. Get the initial control values and send to controllers. 

7. Get the collected data from the sensors. 

8. Start the features extraction algorithms (see sections 3.1.4 and 3.1.6). 

9. Get the features values. 

10. Configure and start the weld bead depth estimation algorithm (see section 3.1.8). 

11. Get the weld bead depth value. 

12. Configure and start the weld bead width estimation algorithm (see section 3.1.8). 

13. Get the weld bead width value. 

14. Send the set points values and controlled variable values to the controllers and start the 

manipulated variables calculation. 

15. Send the manipulated variables values to the actuators. 
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16. Verify the system status. Check the alarm flags and trigger the emergency procedures if 

necessary. 

17. Save the recollected data, controlled and manipulated variables and system status in an 

SD card. 

18. Increment the pointer to the set point sequence and verify if it is the end position. 

19. Return to step 6 if it is not the end position. Otherwise continue. 

20. Execute the end sequence and verify the system status. 

A 3.3.7 Task distribution. 

The general task distribution between the three logics components of the system is described 

in the table below. Note that the FPGA has a parallel architecture and can conduct several tasks 

at the same time. 

Tasks 1 to 4 are executed only at the beginning of the work. The other tasks are executed in a 

loop. The estimated loop time delay is 1.251 ms. The hard-real-time execution is provided by 

the FPGA and NIOS II architecture. The FreeRTOS controls the real-time execution in the HPS.  

Table 11 Task distribution between the three logics components of the system. 

Task 
Number 

HPS Soc Nios II FPGA 
Estimated 
delay (ms) 

1.  Web server initialization. 

Execute the initial 
sequence and 
verify the system 
status 

  

2.  Web server tasks.    

3.  

Read the set point oper-
ational sequence and 
configuration parame-
ters and send to Nios II. 

   

4.  
Scan the piece and save 
the three-dimensional 
profile. 

Calculate the 
need deposited 
volume profile 

Initial control values esti-
mator. 

 

5.  

Get the infrared matrix 
from the thermographic 
camera and send to 
FPGA (1ms) 

Get the welding 
voltage and cur-
rent of the weld-
ing power source 
(3ms) 

 1 

6.  
Get the profile from the 
profilometer and send to 
NIOS II (2ms) 

Features extractor algo-
rithm of thermographic 
data. 

0.01 

7.  Web server tasks. 
Features extrac-
tor algorithm of 
bead profile data. 

Weld bead depth esti-
mator. 

0.01 

8.  Web server tasks.  
Weld bead width predic-
tor. 

0.01 

9.  
Get the controlled varia-
bles values. 

Send the set 
points values and 
controlled varia-
ble values to 
FPGA 

Selft-adaptive P-PID and 
Fuzzy CTWD controller. 
Control loops of welding 
speed and seam track-
ing. 

0.01 

10.  
Get the manipulated var-
iables values. 

Send the manipu-
lated variables 
values to the ac-
tuators 

Stepper mo-
tor drivers. 

PWM 
driver. 

0.01 
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Task 
Number 

HPS Soc Nios II FPGA 
Estimated 
delay (ms) 

11.  Web server tasks. 
Verify the system 
status. 

 0.1 

12.  Get the system status.   0.001 

13.  Save the data in SD card.   0.1 

A 3.4 Web user interface for process monitoring and parameter configuration. 

The user has access to the system through a light web interface. The web interface can be 

viewed in any device with ethernet or Wifi connection in local network. This shows the process 

status, the control system status and the measurements collected. The control access is pass-

word restricted. The user level can view the status and data collected. The operator level can 

define set points and start or stop the process. The administrator level can change the configu-

ration parameters. The total number of users connected to the system is restricted by the avail-

able memory.  

The web server is implemented in the HPS (see section 3) and is saved in the SD card. The tools 

and methodology for developing of the web site are the same used in similar works. It is im-

portant to emphasize that the minimization of computational resources can improve the behav-

ior of the user interface. 
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