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Abstract 

This paper presents a study on optimization of process parameters using particle 

swarm optimization to minimize angular distortion in 202 grade stainless steel gas 

tungsten arc welded plates. Angular distortion is a major problem and most 

pronounced among different types of distortion in butt welded plates. The process 

control parameters chosen for the study are welding gun angle, welding speed, 

plate length, welding current and gas flow rate. The experiments were conducted 

using design of experiments technique with five factor five level central 

composite rotatable design with full replication technique. A mathematical model 

was developed correlating the process parameters with angular distortion. A 

source code was developed in MATLAB 7.6 to do the optimization. The optimal 

process parameters gave a value of 0.0305° for angular distortion which 

demonstrates the accuracy of the model developed. The results indicate that the 

optimized values for the process parameters are capable of producing weld with 

minimum distortion. 

Keywords: Particle swarm optimization, Gas tungsten arc welding, Central  

                   composite rotatable design, Angular distortion, Design of experiments. 

 

 

1.  Introduction 

Gas tungsten arc welding is an arc welding process that produces coalescence of 

metals by heating them with an arc between a non consumable electrode and base  
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Nomenclatures 
 

bi Linear term 

bii Quadratic term  

bij Interactive term 

bo Free term of the regression equation 

C1, C2 Learning factors 

I Welding current, A 

L Plate length, mm 

present[] Current particle solution 

Q Gas flow rate, litres/min. 

rand() Random number between 0 and 1 

V Welding speed, mm/min. 

V[] Particle velocity, mm/min. 

Vmax Maximum velocity, mm/min. 

X Process variable 

Xi Coded value of process variable 

Xmax Maximum value of process variable 

Xmin Minimum value of process variable 
 

Greek Symbols 

α Angular Distortion, deg. 

β Welding gun angle, deg. 

θ Angle between two lines, deg. 
 

Abbreviations 

ADSAW Asymmetrical double sided arc welding 

GA Gas tungsten arc welding 

GMAW Gas metal arc welding 

GTAW Gas tungsten arc welding 

PSO Particle swarm optimization 

metal. It is suitable for joining thin and medium thickness materials like stainless 

steel and for applications where metallurgical control of the weld metal is   

critical [1]. Stainless steel grade 202 has wide applications in making seamless 

stainless steel tube for boilers, heat exchangers tubes, super heater tubes, cook 

wares etc. In arc welding process, due to rapid heating and cooling, the work 

piece undergoes an uneven expansion and contraction in all directions [2]. This 

leads to distortion in work piece. Angular distortion or out of plane of distortion is 

one such defect that makes the work piece distorted in angular directions around 

the weld interface. Post weld treatment is required to eliminate the distortion so 

that the work piece is defect free and accepted. 

Vinokurov [3] has discussed how angular distortion is directly influenced by the 

welding input parameters such as welding gun angle, welding current, nozzle to 

plate distance and welding speed during the welding process. One of the methods to 

remove the angular distortion during the fabrication process is to provide an initial 

angular distortion in the negative direction. If an exact magnitude of angular 

distortion is predicted, then a weld with no angular distortion will be the result. It is 

difficult to obtain analytical solution to predict angular distortion. Costly and time 

consuming experiments are required to determine the optimum welding process 
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parameters using conventional optimization techniques. These conventional 

techniques require more computational effort and time.  

The particle swarm optimization was first proposed by Eberhat and Kennedy [4]. 

The PSO is an evolutionary computation technique inspired by behaviour of bird 

flocking and fish schooling. The particle swarm algorithm tries to simulate the 

social behaviour of a population of agents or particles, in an attempt to optimally 

explore some given problem space. At a time instant (an iteration in the 

optimization context), each particle is associated with a stochastic velocity vector 

which indicates where the particle is moving to. The velocity vector for a given 

particle at a given time is a linear stochastic combination of the velocity in the 

previous time instant, of the direction to the particles best position, and of the 

direction to the best swarm positions (for all particles).  

The particle swarm algorithm is a stochastic algorithm in the sense that it relies 

on parameters drawn from random variables, and thus different runs for the same 

starting swarm may produce different outputs. Some of its advantages are being 

simple to implement and easy to parallelize. Overall it does not require many user – 

defined parameters, which is important for practitioners not familiar with 

optimization [5]. Manjunath et al. [6] has made an attempt to optimize ply stacking 

sequence of single piece E-Glass/Epoxy and Boron /Epoxy composite drive shafts 

using Particle swarm algorithm (PSO). They developed a PSO algorithm to 

optimize the ply stacking sequence with an objective of weight minimization by 

considering design constraints as torque transmission capacity, fundamental natural 

frequency, lateral vibration and torsional buckling strength having number of 

laminates, ply thickness and stacking sequence as design variables. The weight 

savings of the E-Glass/epoxy and Boron /Epoxy shaft from PAS were 51% and 85 

% of the steel shaft respectively. They have compared the results with GA and 

found that PSO yielded better results. 

Some numerical evidence show that swarm can out perform genetic algorithms 

on different problem classes, namely for unconstrained global optimization 

problems [7]. PSO is similar to GA, i.e., a population based optimization tool. The 

system is initialized with the population of random solutions and searches for 

optima by updating generations [8]. PSO has no evaluation operators such as 

crossover and mutation. In PSO, the potential solutions called particles are flown to 

the problem space by following the current optimum particles. Compared with GA, 

the information sharing mechanism in PSO is significantly different. In GA, 

chromosomes share information with each other and whole population moves like a 

group towards an optimal area whereas, in PSO each particle keeps track of the 

coordinates in the problem space, which are associated with the best solution 

(fitness) it has achieved so far. This value is called ‘pbest’. Another best value 

obtained by the particle swarm optimizer is the best value obtained after comparing 

it with its neighbours. This location is called ‘lbest’. When a particle takes all the 

population as its topological neighbours, then the best value is a global best and is 

called ‘gbest’. At each step the velocity of each particle changes towards its ‘pbest 

and ‘lbest’ locations. Acceleration is weighted by a random term, with separate 

random numbers being generated for acceleration towards ‘pbest’ and ‘lbest’ 

locations. It is a one way information sharing mechanism and the evolution only 

looks for the best solution. Compared to GA, all the particles tend to converge to the 

best solution quickly [9].  
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Watanabe and Satosh [10] used a combination of empirical and analytical 

methods to study the effects of welding conditions on the distortion in welded 

structures. Mandal and Parmar [11] used a statistical method of two level full 

factorial techniques to develop a mathematical model and reported that welding 

speed has a positive effect on angular distortion. Gunaraj and VeL Murugan [12] 

studied the effect of process parameters on angular distortion in gas metal arc 

welding of structural steel plates. They developed a mathematical model for 

angular distortion based on five level five factorial central composite designs. 

They studied the effect of process parameters on angular distortion. 

Huajun Zhang et al. [13] made fundamental studies in process controlling of 

angular distortion in asymmetrical double sided double arc welding (ADSAW). 

They conducted experiments to investigate the thermal character and the effects 

of arc distance and welding parameters on angular distortion in ADSAW. They 

developed a 3D finite element model to simulate transient temperature and 

welding deformation with different arc distances and heat inputs. They concluded 

that simulated results are in good agreement with the experimental measurements.  

Kumar and Sundarajan [1] studied the effect of welding parameters on 

mechanical properties and optimization of pulsed TIG welding of Al-Mg-Si alloy. 

They employed the Taguchi method to optimize the pulsed TIG welding 

parameters of heat treatable Al-Mg-Si alloy weldments for maximizing the 

mechanical properties.  

Gridharan and Murugan [14] studied the optimization of pulsed gas tungsten 

arc welding process parameters to obtain optimum weld bead geometry with full 

penetration in welding of stainless steel (304L) sheets of 3mm thickness. They 

developed a mathematical model correlating the important controllable pulsed 

GTAW process parameters with weld bead parameters such as penetration, bead 

width, aspect ratio and weld bead area of the weld. Using this mathematical 

model they studied the main and interaction effects of the pulsed GTAW process 

parameters on weld bead parameters.  

Correia et al. [15] explored the possibility of using GA as a method to decide 

near optimal settings of a GMAW process. Their problem was to choose best 

values of three control variables on four quality responses i.e., deposition 

efficiency, bead width, depth of penetration and reinforcement inside a previous 

delimited experimental region. From their study they concluded that GA was able 

to locate near optimum conditions, with relatively small number of experiments.  

Palani and Murugan [16] optimized the weld bead geometry of stainless steel 

cladding by flux cored arc welding. They developed a mathematical model to 

predict weld bead dimensions. They optimize the process parameters using excel 

solver to achieve maximum dilution, maximum reinforcement, minimum 

penetration, maximum bead width.  

Sudhakaran et al. [17] carried out the optimization of angular distortion in 

GTAW of stainless steel 202 grade plates. They developed a mathematical model 

correlating the GTAW process parameters with angular distortion. They optimized 

the process parameters using genetic algorithm to obtain minimum distortion. 

Application of particle swarm optimization for product design and manufacturing 

was widely reported but its application in optimization of angular distortion for 

GTAW of 202 grade stainless steel was not reported. There is very little published 
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information available in this regard. Hence, an attempt was made to correlate 

GTAW process parameters such as welding gun angle (θ), welding speed (V), plate 

length (L), welding current (I) and gas flow rate (Q) with angular distortion. A 

statistically designed experiment based on central composite rotatable design was 

employed for the development of models [18]. In the optimization procedure, 

angular distortion was taken as the objective function. The limits of the process 

parameters were taken as constraints. The optimization was carried out using PSO. 

A source code was developed in MATLAB for computation of algorithm. 

2.  Experimental Procedure  

The experiments were designed and based on five factor five level central 

composite rotatable designs with half replication technique [18,19]. These 

experiments were conducted as per the design matrix using Lincoln V 350 Pro 

electric digital welding machine. A servo motor driven manipulator was used to 

maintain uniform welding speed. The main experimental set up used consisted of 

a travelling carriage with a table for supporting the specimens. A power source 

was kept ready. A welding gun was held stationary in a frame above the table and 

it is provided with an attachment for setting the required nozzle to plate distance 

and welding gun angle respectively. The experimental set up used for conducting 

the experiment is shown in Fig.1. 

 

Fig. 1. Experimental Setup. 

Test plates of following sizes (in mm) (100×35×3), (125×35×3), (150×35×3), 

(175×35×3) and (20×35×3) were cut from grade 202 stainless steel plates and one 

surface was cleaned to remove oxide scale and dirt before welding. The chemical 

composition of AISI stainless steel plate is given in Table 1.  

 

Table 1. Chemical Composition of Stainless Steel 202 Grade. 
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3.  Process Parameters  

3.1. Identification of process parameters  

The independently controllable process parameters affecting the angular 

distortion were identified to enable the carrying out of experimental work and 

developing the mathematical model. These are welding gun angle (θ), welding 

speed (V), plate length (L), welding current (I), gas flow rate (Q). 

 

3.2.  Finding the limits of the process parameters  

The working ranges of all selected factors were fixed by conducting trial runs. 

This was carried out by varying one of the factors while keeping the rest of them 

as constant values. The working range of each process parameter was determined 

by inspecting the bead for a smooth appearance without any visible defects such 

as surface porosity, undercut etc. The upper limit of a given factor was coded as 

(+2) and the lower limit was coded as (-2). The coded values for intermediate 

values were calculated using Eq. (1) [19] 

( ){ }

minmax

minmax22

XX

XXX
X i

−

+−
=                       (1) 

where Xi is the required coded value of a variable X and is any value of the 

variable from Xmin to Xmax. The selected process parameters with their limits and 

notations are given in Table 2. 

 

Table 2. Welding Parameters and their Levels. 

 

 

 

3.3.  Development of design matrix  

The design matrix chosen to conduct the experiments was a five level, five 

factor central composite rotatable designs consisting of 32 sets of coded 

conditions and comprising a half replication 2
4
 =16 factorial design plus 6 

centre points and 10 star points [17, 18]. All welding variables at the 

intermediate (0) level constitute the centre points while the combination of each 

welding variables at either its lower value (-2) or its higher value (+2) with the 

other three parameters at the intermediate level constitute the star points. Thus 

the 32 experimental runs allow the estimation of the linear, quadratic and two 

way interactive effects of the process parameters on the angular distortion. 

Experiments were conducted at random to avoid schematic errors creeping into 

the experimental procedure. 
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3.4.  Recording the responses 

Angular distortion was measured using Microscribe G2 coordinate measuring 

machine. The work piece under observation was clamped to the desk with the 

help of C- clamp. With the help of trisquare, straight lines were drawn to scribe at 

three or four places on the work piece. The Microscribe G2 was interfaced with 

the Rhino 4 software. The limits for the work piece in the X and Y directions 

were fixed, i.e., the boundary for indicating the domain of the work piece. The 

angle β between the two lines was measured as shown in Fig. 2. The distorted 

angle α was obtained from Eq. (2). 

( ) 2180 ÷−= βα .                                         (2) 

Four readings were taken randomly on each welded plate and the average 

value was recorded. The measured value of α is given in Table 3. In this table, for 

experimental runs from 27 to 32 all welding conditions remain the same, but the 

responses vary slightly. This is due to the effect of unknown and unpredictable 

variables called noise factors which creep into the experiments. To account for the 

impact of these unknown factors on the response repeated runs were included in 

the design matrix. 

 

Fig. 2. Angular Distortion Measured from                                                 

Microscribe G2 Coordinate Measuring Machine. 

 

4. Mathematical Model 

4.1. Development of mathematical model 

A procedure based on regression was used for the development of a mathematical model 

and to predict the angular distortion [20]. The response surface function representing 

angular distortion can be expressed as α = f(θ, V, L, I, Q) and the relationship selected is 

a second order response surface for k factors is given by Eq. (3) 

2

1 ,1,1
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+++=                               (3) 
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bo is the free term of the regression equation. The coefficients b1, b2, b3, b4 and 

b5 are linear terms. The coefficients b11, b22, b33, b44 and b55 are quadratic terms 

and the coefficients b12, b13, b14, b15, b23, b24, b25, b34, b35 and b45 are interaction 

terms [18]. The values of the coefficients of the polynomial are calculated by 

regression with the help of Eqs. (4) to (7) 

bo = 0.159091(∑Y) - 0.034091∑∑XiiY                             (4) 

bi = 0.04167(∑XiY)                               (5) 

bii = 0.03125(∑XiiY) + 0.002841∑∑XiiY – 0.03409∑Y              (6) 

bij = 0.0625(∑XijY)                               (7) 

Statistical software package [21] was used to calculate the values of these 

coefficients. An initial mathematical model was developed using the coefficients 

obtained from the above equations. The mathematical model is as follows. 

IQLQLIVQVIVL

QILVQIL

VQILV

25.0754.0708.0045.0179.0207.1    

383.0326.0562.1226.0093.0091.0012.0    

091.0601.00034.0041.1854.0223.0472.0852.2

222

22

−−+−−−

+++−+−−

+++−−+−=

θθθθ

θθα

(8) 

Table 3. Design Matrix and Response. 

 



Optimization of Process Parameters to Minimize Angular Distortion     203 

 

 
 
Journal of Engineering Science and Technology                April  2012, Vol. 7(2) 

 

4.2. Testing the coefficients for significance  

The value of the regression coefficients gives an idea as to what extent the control 

parameters affect the response quantitatively. The less significant coefficients are 

eliminated along with the responses with which they are associated is done by 

using student’s t-test [22]. This is because using t-test the insignificant 

coefficients can be eliminated without sacrificing much of the accuracy. 

According to this test, when the calculated value of t corresponding to the 

coefficient exceeds the standard tabulated value for the probability criterion kept 

at 0.75, the coefficient becomes significant. The final mathematical model was 

developed using only the significant coefficients. The final mathematical model 

as determined by the above analysis is given by Eq. (9) 

IQLQLIVQ

VIVLQILVQ

IVILV

25.0754.0708.0045.0    

179.0207.1 383.0326.0562.1226.0094.0    

090.0-092.0602.0041.1854.0223.0472.0852.2

2

222

−−+−

−−+++−+

++−−+−=

θθθθ

θθα

(9) 

The square multiple values of R of the full model and the reduced model are 

presented in Table 4. 

Table 4. Comparison of Square Multiple ‘R’ Values and                            

Standard Error of Estimate for Full and Reduced Models. 

Response 

Adjusted square multiple R Standard error estimate 

Full  

model 

Reduced 

model 

Full 

 model 

Reduced 

model 

Angular 

distortion 
0.999 0.999 0.063 0.061 

It is evident from the table that both the models have the same value of 

adjusted square multiple R but the reduced model is better than the full model as 

the reduced model has lesser values of standard error of estimate than that of the 

respective full model. 

 

4.3.  Checking the adequacy of the model  

The adequacy of the model was tested using the analysis of variance technique 

(ANOVA). As per this technique [23] the calculated value of the F-ratio of the 

model developed should not exceed the standard value of F-ratio for a desired 

level of confidence, i.e., 95% and the calculated value of R-ratio of the model 

developed should exceed the standard tabulated value of the R-ratio for the same 

confidence level. If these conditions are fulfilled, then the model is considered to 

be adequate. The results of ANOVA are presented in Table 5. It is evident from 

the table that the model is adequate.  

 

Table 5. Results of ANOVA Analysis. 
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SS - Sum of Squares, DOF- Degree of Freedom 

Mean Sum of Squares = Sum of Square Terms/DOF 

F-ratio = Ms of Lack of Fit/ Ms of Error Terms 

R-ratio = Ms of First Order Term & Second Order Term/ MS of Error Term 

F-ratio (7, 6, 0.05) = 4.21 

R-ratio (18, 6, 0.05) = 3.90. 

 

5.  Results and Discussion 

A source code was developed in MATLAB 7.6 to do the optimization. The basic 

algorithm to do the optimization using PSO is given below 

1. Initialize each particle. 

2. Calculate the fitness value for each particle. If the fitness value is better 

than the best fitness value (pbest) in history, set the current value as the 

new ‘pbest’. 

3. Choose the particle with the best fitness value of all the particles as the ‘gbest’. 

4. For each particle, calculate the particle velocity according to the equation 

present[])(gbest[]rand()C2present[])(pbest[]rand()C1V[]V[] −××+−××+=        (10) 

V[]present[]present[] +=                                                                                  (11) 

Usually C1 = C2 = 2. 

5. Particle velocities in each dimension are clamped to a maximum velocity 

Vmax. If the sum of acceleration causes the velocity on that dimension 

Vmax, which is a parameter specified by the user, the velocity in that 

dimension is limited to Vmax. 

6. The termination criterion is maximum number of iterations or minimum 

error conditions.  

The flow chart of the PSO algorithm is shown in Fig. 3. 

 

Fig. 3. PSO Algorithm Flow Chart. 
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The sample code is shown in Fig. 4. 

 

Fig. 4. PSO Sample Source Code in MATLAB. 

The objective was to minimize angular distortion. To do the optimization, the 

objective function was first written as M file. This is shown in Fig. 5.  

 

Fig. 5. M-File of Objective Function. 

The M-file was run in MATLAB and the output is shown in Fig. 6.  

In this case after running the algorithm for 250 iterations the global best has 

remained the same i.e. α = 0.0305°.Hence the solution obtained is the optimum 

solution for angular distortion. The optimum values of the process variables 

obtained from PSO for 250 iterations are given below 

Welding gun angle  = 78° 

Welding speed  = 85 mm/min 

Plate length  = 108 mm 

Welding current  = 84 amps 

Gas flow rate  = 14 liters/min. 
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Fig. 6. PSO Output from MATLAB. 

 

6. Validation of the Results  

Confirmatory tests were conducted using the same experimental set up to validate 

the accuracy of the PSO result and that of the mathematical model. The results of 

the confirmatory tests are shown in Tables 6 and 7. 

From the Table 6, it was found that the error percentage is -1.66% for the 

optimum angular distortion obtained from PSO. This validates the accuracy of the 

algorithm developed. 

Table 6. Confirmatory Results for PSO. 

Test 

No. 

Process Parameters Angular Distortion 

θ  V  L  I  Q  Observed 

value from 

experiment 

Predicted 

value 

from PSO 

%Error 
Degrees 

mm/ 

min 
mm amps 

liters/ 

min 

1 78 85 108 84 14 0.03° 0.0305° -1.66 

 

From Table 7, it was found that the regression model was able to predict angular 

distortion with an accuracy of 95%. This shows the accuracy of the model developed. 

Table 7. Confirmatory Results for Regression Model. 

Test 

No. 

Process Parameters Angular Distortion 

θ  V  L  I  Q  Observed 

value 

Degree 

Predicted 

value 

Degree 

%Error 
Degrees 

mm/ 

min 
mm amps 

liters/ 

min 

1 80 110 200 70 5 1.49 1.421 4.63 

2 90 120 175 80 10 3.98 4.051 -1.78 

3 70 115 112.5 100 20 5.95 5.824 2.11 

Mean Error 1.65 
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7.  Conclusions 

The following conclusions were arrived at from the investigation. 

• The second order quadratic model can be effectively used to predict angular 

distortion in gas tungsten arc welding of stainless steel 202 grade plates. 

• The maximum angular distortion obtained from experimental studies was 

10°, when the process parameters such as gun angle, gas flow rate, welding 

current and plate length were maintained at 60°, 10 litre/min, 80 amps and 

125 mm respectively and welding speed was maintained at 110 mm/min. It 

can be concluded that the above values for the process parameters will distort 

the plate more and hence should be avoided. 

• The minimum angular distortion obtained from experimental studies was 0.4° 

when the process parameters such as gun angle, gas flow rate, welding 

current and plate length were maintained at 70°, 15 lit/min, 90 amps and   

150 mm respectively and welding speed was maintained at 100 mm/min. It 

can be concluded that it is possible to obtain minimum angular distortion 

using the above values for the process parameters.  

• The percentage error between predicted and observed value of angular 

distortion is -1.66%. Hence the developed model can be accurately used to 

predict angular distortion. 

• The optimal process parameters gave a value of 0.0305° for angular distortion which 

demonstrates the accuracy and effectiveness of the model developed. 
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