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Introduction 

Arc welding process plays a vital role in 
manufacturing. Despite the widespread use of arc 
welding for joining the metals, total automation of 
the process is yet to be achieved, and it is so due to 
the fact that the physics of the problem is not fully 
understood and quantified. Metal inert gas (MIG) 
welding is one of the most commonly used arc 
welding processes, due to its low initial cost and high 
productivity. To have the better knowledge and 
control of MIG welding process, it is necessary to 
determine its input-output relationships. MIG 
welding is a complex process involving multiple 
variables. The quality of weld bead is decided by its 
mechanical properties, which are dependent on its 
both metallurgical properties and bead geometry, 
which, in turn, depend on a number of input process 
parameters, such as welding speed, voltage, wire 
feed rate, gas flow rate, nozzle-plate distance, torch 
angle, surface tension of the molten metal, and 
electromagnetic force. Several approaches had been 
developed by various researchers to predict bead 
geometry in welding. Those approaches include 
theoretical studies, statistical regression analysis, and 
soft computing-based approaches. 

Various investigators had tried to model the process 
using statistical regression analysis also. In this 
connection, the studies of Yang et al. [3], Murugan et 
al. [4, 5], and Ganjigatti et al. [6, 7] are worth 
mentioning. In conventional statistical regression 
analysis, input-output relationship is determined 
response-wise (i.e., one at a time).Thus, it might not 
be able to capture the dynamics of the process fully. 
Moreover, some of the responses could be 
dependent on each other, which cannot be 
determined using this approach. Soft computing-
based approaches [8] had also been used to model 
the input-output relationships of welding processes 
by various researchers. Li et al. [9] developed a 
control system for gas metal arc welding (GMAW) 
process, where an artificial neural network received 
online arc voltage data and predicted the mode of 
metal transfer and assessed whether the operating 
regime was appropriate for producing good quality 
welds. An attempt was also made by Juang et al. [10] 
using back-propagation neural networks to establish 
input-output relationships of a metal inert gas (MIG) 
welding process. Later on, Amarnath and Pratihar 
[11] could successfully establish input-output 
relationships of the MIG welding process in both 
forward and reverse directions using radial basis 
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function neural networks (RBFNNs). Experimental 
data are generally associated with imprecision and 
uncertainty. Realizing the fact that fuzzy logic can 
deal with the imprecision and uncertainty, Wu et al. 
[12] developed a fuzzy logic system for process 
monitoring and quality evaluation in the GMAW by 
examining the welding voltage and current 
distributions. The system was capable of detecting 
common disturbances in the GMAW process by 
measuring the voltage and current. 

Hong et al. [13] designed a neuro fuzzy controller, 
which was coupled with a vision-based system that 
could stabilize the weld pool, online. Ganjigatti and 
Pratihar [14] suggested an approach for automatic 
design of fuzzy logic controller (FLC) that could 
predict bead geometry in MIG welding. Singh and 
Gill [15] developed a model to predict tensile 
strength of friction welded GI pipes using an 
adaptive neuro fuzzy inference system (ANFIS). 
Several attempts were made to utilize the fuzzy 
and/or neuro fuzzy systems for modeling of various 
manufacturing processes. However, those systems 
suffered from the well-known problem of curse of 
dimensionality. The number of rules increases 
exponentially with the number of input variables and 
linguistic terms used to represent those variables. 
This, in turn, leads to an increase in computer 
processing time and memory requirement for the 
storage. To overcome this problem, Raju et al. [16] 
proposed a hierarchical structure, in which a higher 
dimensional FLC [17] was considered to be a 
combination of some lower dimensional fuzzy logic 
systems connected in a hierarchical fashion to reduce 
the number of rules to a linear function of system 
variables.  

In the present work, both conventional FLCs and 
HFLCs of Mamdani type have been developed and 
their performances are tested for modeling of MIG 
welding process. A novel approach has been 
developed for simultaneous optimization of the 
structure and knowledge base of the HFLCs using a 
genetic algorithm (GA) [19]. The performances of the 
developed approaches have been compared in terms 
of accuracy in predictions and computational time. 

 

 

 

 

 

 

S. 
no. 

Input 
parameters Units Notation Range 

1 Welding Speed cm/min S 25-46 

2 Arc Voltage Volts V 26-31 

3 Wire Feed Rate mm/min F 6-8 

4 Gas Flow rate Lit/min G 14-21 

5 Nozzle to plate 
distance mm D 15-23 

6 Torch Angle Degree A 7-110 

 

Table 1: Input Welding Parameter and their ranges 

The paper has been organized as follows: Section 2 
gives a brief description of the MIG welding process 
considered in the present study; the tools and 
techniques utilized in the present study have been 
discussed in Section 3; the developed approaches are 
explained in Section 4; results are stated and 
discussed in Section 5; some concluding remarks are 
made in Section 6 and the scope for future work is 
suggested in Section 7. 

MIG Welding Process 

MIG welding, one of the most popular arc welding 
processes uses a consumable metal electrode, and 
the molten metal is protected from the atmosphere 
utilizing the shielding of an inert gas like argon or 
helium. The weld bead geometry can be represented 
by its width (BW), height (BH), and penetration (BP), 
and it is dependent on the following input 
parameters: welding speed ( ), voltage ( ), wire feed 
rate ( ), gas flow rate ( ), nozzle-plate distance ( ), 
torch angle ( ), and others. Figure 1 displays the 
experimental set-up used for conducting 
experiments on the MIG welding process. The 
notations of input parameters and their ranges are 
shown in Table 1. Figure 2 shows a typical weld bead. 

Experiments were conducted previously to collect 
input output data according to a full-factorial 
statistical design [22]. Bead-on-plate welding was 
carried out on steel plate of 20mm thickness. 
Welding current was varied in the range of 3–500A, 
and a reverse polarity was used during the 
experiments. It is to be noted that argon was used as 
the shielding gas during the welding. It is also 
important to mention that mainly a spray mode of 
metal transfer took place during the welding. There 
were six input process parameters, and two levels 
had been considered for each of them. Thus, there 
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was a set of 26 = 64 combinations of input variables. 
The weld bead samples were cut, surface ground 
using belt grinder, and polished utilizing various 
grades of sand paper. The specimens were again 

polished using aluminum oxide initially and then 
utilizing diamond paste and cloth in a polishing 
machine. 

 

 
Figure 1: Photograph of the set-up of MIG welding process 

 

 
Figure 2: A typical weld bead [22] (BH: bead height, 
BP: bead-penetration, and BW: bead width). 

The polished specimens were cleaned with alcohol 
and macro etched using 2% nital solution to reveal 
the geometry of the weld bead and heat-affected 
zone. 

METHODOLOGY 

In this section, the tools and techniques used to 
solve the problem related to input-output modeling 
of MIG welding process are going to be discussed. 

To establish input-output relationships of the said 
process, Mamdani type of FLC [17] has been 

adopted. It consists of four modules, namely, 
identification of variables, Fuzzification, inference 
engine, and defuzzification. Interested readers may 
refer to [8] for a detailed description of the Mamdani 
type of FLC. It is important to mention that if there 
are  input variables of the process to be controlled 
and linguistic terms are used to represent each 
variable, there will be a total of  rules of the FLC. 
Center of area method has been utilized in the 
present work for defuzzification. It is also interesting 
to observe that the number of rules increases with 
the number of variables and that of linguistic terms 
used to represent them. Thus, computational 
complexity of the FLC will be more for the higher 
values of  and . To overcome the above difficulty 
of the conventional FLC, a hierarchical fuzzy logic 
controller (HFLC) [16] was developed, in which a 
higher dimensional FLC is considered to be a 
combination of some lower dimensional fuzzy logic 
systems (FLSs) connected in a hierarchical fashion. In 
their method, two inputs are fed to a sub controller 
called FLS, and the produced output along with the 
third input is passed to another FLS. This process 
continues until all the input variables are utilized. 
Here, only two inputs are considered for each FLS. If 
each variable is expressed using  linguistic terms, 

2 rules are to be designed for each FLS. As there are 
( −1) such FLSs 2( −1) (in place of ) rules are 
necessary to develop the FLC completely, which 
clearly indicates that the number of rules of the HFLC 
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increases linearly with the number of input variables 
. 

Developed Approaches 

To model input-output relationships of the MIG 
welding process, approaches based on fuzzy logic 
technique (as discussed previously) have been 
developed, and their performances are compared 
among themselves. 

 
Figure 3: Genetic-fuzzy system to model MIG 
welding process. 

Fuzzy logic (FL) based controller has been developed 
to model input output relationships in MIG welding 
process. There are six inputs, namely, welding speed 
( ), voltage ( ), wire feed rate ( ), gas flow rate ( ), 
nozzle-plate distance ( ), and torch angle ( ), and 
three outputs such as bead height (BH), bead width 
(BW), and bead penetration (BP) of the process. For 
simplicity, the shape of the membership function 
distributions has been assumed to be triangular in 
nature. The range of each variable has been divided 
and expressed using three linguistic terms such as L: 
Low, M: Medium, and H: High. 

 

 

 

 
Figure 4: Manually constructed membership function 
distributions of the input variables; MIG welding 
process. 

 

 
Figure 5: Manually constructed membership function 
distributions of the output variables; MIG welding 
process 

The rule base is designed manually based on the 
designer’s knowledge of the process. A typical rule of 
the FLC will look as follows. 

“If  is H AND  is L AND  is M AND  is M AND  
is 

M AND  is M then BH is M, BW is L, BP is L”. 

RESULTS AND DISCUSSION 

The performance of the optimized controller has 
been tested on 27 test cases, for making predictions 
of the responses, namely, BH, BW, and BP. The 
predicted values have been compared to the 
respective target (experimental) values of the 
responses to determine percent deviation in 
prediction, if any. It is to be noted that a slightly 
better prediction has been obtained for BH, 
compared to the other two responses. Moreover, an 
under prediction has been observed for the response 
BP. It might have happened due to the fact that 
besides some experimental errors, the parameters 
like surface tension of the molten metal, electro-
magnetic force, and others (which have not been 
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considered in the present study) have significant 
influence on the bead-geometric parameters. 

Table:2 For optimum value pick one experiment as 
follow; 

INPUT variables OUTPUT 
variables 

S 

cm/
min 

V 

volt 

F 

m/min 

G 

L/min 

D 

m
m 

A 
0 

BH 

m
m 

BW 

mm 

BP 

M
m 

40 27 6.4 17 18 9
2 3.1 9.8 2.3 

 

Table:3 For optimum value find out from fuzzy logic 
method as follow; 

INPUT variables OUTPUT variables 

S 

cm/
min 

V 

volt 

F 

m/min 

G 

L/min 

D 

mm 

A 
0 

BH 

mm 

BW 

mm 

BP 

M
m 

40 27 6.4 17 18 92 3.4 10 2.3 

 

 
Figure 6. Bead hight (BH) Vs welding speed curve 

 
Figure 7. Bead width (BW) Vs welding speed curve 

 
Figure 8. Bead Penetration (BP) Vs welding speed 
curve 

Moreover, linear membership function distributions 
have been considered here for simplicity. However, 
nonlinear membership function distributions might 
have yielded a slightly better prediction. The 
structure of the fuzzy has been optimized 
considering the accuracy in predictions of the fitness, 
the evolved structure is found to be as that of a 
conventional FLC. Thus, it has been proved that the 
conventional FLC can provide the best accuracy in 
predictions. 

CONCLUSION 

In this investigation TIG weldment shape profiles 
have been successfully predicted for the full factorial 
design of experimental data and for the test cases. 
The fuzzy clustering technique used was found to be 
adequate for establishing the relationship between 
the input process parameters and the outputs. The 
MIG weld bead geometry can be divided into a 
number of equal segments; corresponding weld 
deposit bead width, penetration depths and depths 
of HAZ at these segments can be used for effective 
graphical representation of the bead geometry 
shape. A mapping technique was used which 
considered the depth of HAZ and width of HAZ such 
that, together with the weld bead geometry, the 
entire weldment shape profile could be graphically 
presented. 

The developed fuzzy logic model was also tested for 
a number of test cases, the input data of which was 
not used in the building of the fuzzy logic model. 
The prediction capability of the model for the test 
cases were evaluated and found to be adequate 
(within an accuracy limit of 22%) for the graphical 
presentation of the TIG weldment shape profiles 
including that of the HAZ. 
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