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ABSTRACT

Welding technology plays an important role in manufacturing and gas metal arc welding is one
of the most popular welding methods. There are many input parameters that affect the quality
of the welding seam such as welding current, welding voltage, welding speed, etc. One of the
problems in controlling welding robots is determining the optimal parameters that maximize the
quality of welding. There are several designs of experiment techniques that can be used to get the
desired results with a small number of experiments. In this paper, Taguchi method and response
surface methodology are chosen to estimate the value of residual stresses of the seam path of
welding two metal plates. In the case of response surface methodology, both Box-Behnken design
and central composite design are used in determining the optimal parameters. The estimation of
residual stresses is done by ABAQUS software. Comparison among the designs is done and many
conclusions about the optimal parameters and mathematical model are presented. In this research,
the optimal value of the tensile residual stress can be obtained by maximizing the value of welding
voltage, maximizing the value of welding current, and minimizing the value of welding speed. From
the simulation results, it can be concluded that the Taguchi design can give the optimal value
with the smallest error and the smallest number of simulations. The Box-Behnken design gives
the smaller error and smaller number of simulations compared with the central composite design.
The analysis of variance is a computational technique to quantitatively estimate the contribution
that each parameter makes on the overall observed response. From the simulation results, the
contribution of speed welding is largest. The effect of the welding voltage is smallest among the

three factors.

Key words: Taguchi method, response surface methodology, optimal parameters, industrial

robot, gas metal arc welding

INTRODUCTION

Welding technology plays an important role in man-
ufacturing and gas metal arc welding (GMAW) is one
of the most popular welding methods. GMAW is used
in automation manufacturing systems, such as in au-
tomotive industry, to increase productivity and the
quality of the product. In these systems, the welding
work is done by the industrial manipulators because
of their high repeatability and high performance. The
engineer needs to give the input parameters to the
controller of robots so that the robots can do welding
automatically.

There are many input parameters that affect the qual-
ity of the welding seam such as welding current, weld-
ing voltage, welding speed, etc. One of the problems
in controlling welding robots is determining the opti-
mal parameters that maximize the quality of welding.
This work can be done by simulation or experiments.
To reduce the number of experiments, the design of

experiments (DOE) technique is used. The engineer
should determine the objectives of the experiments
and the factors that affect this objective. There are
several DOE techniques that can be used to get the
desired results with a small number of experiments.
Taguchi method and response surface methodology
are two most used methods.

Lenin et al. used Taguchi method (L9) to optimize the
welding process parameters in welding of dissimilar
metals to obtain greater weld strength!. Deshmukh
et al. presented the application of Taguchi technique
to determine the optimal process parameters for sub-
merged arc welding (SAW) process®. Experimenta-
tion was done according to Taguchi’s design of exper-
iments (L8) used to predict the SAW process param-
eters for any given welding conditions. Mishra et al.
presented a method of using Taguchi technique to de-
termine the effect of welding parameters on penetra-
tion depth of AISI 1020 steel during welding’. The
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used parameters are welding current, welding voltage,
and welding speed.

Sada used response surface methodology to optimize
the weld strength properties of Tungsten inert gas
mild steel welds?. The tensile strength and hard-
ness were modeled with quadratic regression mod-
els as functions of the process parameters of current,
voltage, gas flow rate and filler rod dia. Celik et al.
used response surface methodology for modeling the
mathematical relation between the tensile strength
and friction welding parameters®. RSM is an effec-
tive method for developing models and prediction
with minimum number of experiments. Hooda et
al. made research on the effect of process parameters
such as welding voltage, current, wire speed to ten-
sile strength of inert gas metal arc welded AISI 1040
medium carbon steel joints®. The optimal parame-
ters are predicted using the response surface model of
a four-factor, three-level, face centered composite de-
sign matrix.

However, there is little research that uses both the
Taguchi method and response surface methodology
to look for the optimal parameters. The compari-
son between Taguchi method and response surface
methodology is necessary to conclude which method
should be used.

Sivaraos et al. applied both Taguchi method and RSM
method to modelling the laser parameters when ma-
chining industrial PVC foams’. The value of the kerf
width was influenced by the laser parameters such as
cutting speed, laser power, frequency etc. The pa-
per compared the Taguchi method and RSM method
and concluded that RSM technique seems to be more
promising in predicting the response via mathemat-
ical modelling over the Taguchi technique. Akhmad
et al. discussed optimization from welding parame-
ters in friction welding®. Both the Taguchi method
and RSM method were used to predict the optimal
parameters such as rotation speed, diameter speci-
men, and joining time. Daniyan et al. presented op-
timization of welding parameters using Taguchi and
response surface methodology for rail car bracket as-
sembly’. The optimal input parameters were deter-
mined by Taguchi orthogonal array of L9. The cross
effect of various process parameters on the weld dis-
tortion was studied by RSM method.

The research about determining optimal parame-
ters of welding process (GMAW) often uses Taguchi
method or response surface methodology. There is
little research about using both Taguchi and RSM
methods. In this research, both Taguchi method and
response surface methodology are used to determine
the optimal parameters for welding two metal plates.
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In addition, in the RSM method, the comparison be-
tween the Box-Behnken design and central compos-
ite design is also considered. Thus, it can conclude
which method is suitable for the GMAW process.

To reduce the cost for doing experiments, many re-
searchers do simulations to get the desired results.
There are some responses that can be estimated by the
simulation such as heat history diagram or residual
stresses of the welding part.

Bonnaud et al. presented the method to simulate the
weld residual stresses in 2D and 3D of start/stop and
weld repair effects '?. Chen et al. studied the thermal
history and thermomechanical process in the butt-
welding of aluminum alloy 6061-T6 using a 3D model
and finite element analysis'!. Nezamdost et al. pro-
posed the method to apply the Goldak model for pre-
dicting thermal distribution in submerged arc weld-
ing (SAW) of APIX65 pipeline steel and this solution
was verified by numerical and experimental results 2.
Lu et al. established integral mathematic model of
fluid flow and heat transfer of GTAW arc and weld
pool'®. Deng et al. presented a computational pro-
cedure for analyzing temperature fields and residual
stress states in multi-pass welds in SUS304 stainless
steel pipe 1.

In this paper, a mathematical model is presented for
making the simulation of welding two metal plates.
Next, the Taguchi method of L9 is chosen to estimate
the desired value of the residual stresses. After that,
the response surface methodology including two de-
signs of Box-Behnken design and central composite
design are done. Finally, the comparison among three
designs has been made to conclude about which de-
sign could give the best accuracy model and is suitable
for the GMAW process.

MATERIALS AND METHODS

Research methods

In this research, the paper uses the Taguchi method
and response surface methodology to estimate the
residual stresses in welding two metal plates using
simulation method in ABAQUS. Three factors are
chosen as the input parameters are welding voltage,
welding current, and welding speed. The output or
the response of the model is the residual stress along
the axis that is parallel with the welding path.

In this paper, three factors that affect the value of
residual stresses are welding voltage, welding current,
and welding speed. According to “Welding Hand-
book Volume 2 - Welding process by American Weld-
ing Society (AWS)”!°, the range of welding voltage
can be chosen from 28 to 32 volts, the range of welding
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current can be chosen from 140 to 180 amperes, and
the range of welding speed can be chosen from 0.005
to 0.006666 meters per second (or 5 to 6.666 millime-
ters per second).

Because the model has three factors, the L9 orthog-
onal matrix of 9 experiments is chosen for Taguchi
method?. In case of response surface methodology,
two designs are chosen are Box-Behnken design of 13
experiments and central composite design of 15 ex-
periments '®. Table 1 shows the value of 3-level fac-
tors of Taguchi L9 orthogonal matrix. The values of
the factors of Box-Behnken design and central com-
posite design are shown in Table 2 and Table 3.

There is a difference between the voltage value and the
voltage level. For example, in Table 1 (Taguchi L9 Ta-
ble), the voltage has 3 voltage levels including levels
1, 2, and 3. Voltage level 1 has a voltage value of 28
(V), voltage level 2 has a voltage value of 30 (V), and
voltage level 3 has a voltage value of 32 (V). A similar
explanation can be applied for Table 2 and Table 3.
In each design, the minimum value of the residual
stress and the mathematical model are estimated. Af-
ter that, a few more simulations can be done to verify
the estimated results. From these results, the conclu-
sions about which design gives the best results can be
drawn.

Simulation model

The object of this research is to estimate the residual
stresses of welding two metal plates made of SUS304
by GMAW technology. The dimensions of the metal
plate are 100 x 50 x 5 mm. The thermal physical prop-
erties and mechanical properties of SUS304 can be
found in the reference '*.

Residual stress is the stress component that exists after
all loads have been removed'”. There are two types
of residual stress including tensile residual stress and
compressive residual stress. The first type causes harm
to components and needs to be reduced in the welding
process. The goal of this research is to look for the
optimal welding parameters to minimize the value of
the tensile residual stress to reduce the effect of this
stress to the quality of the welding path.

In this research, the thermo-mechanical behavior of
the weldment during welding is simulated using un-
coupled formulation. Firstly, the heat conduction
problem is solved to obtain the temperature history.
After that, the stress problem is considered to get the
results of stress analysis 1. The heat from the moving
welding arc is applied as a volumetric heat source with
a double ellipsoidal distribution proposed by Goldak

1.18

etal.'® and is expressed by equations (1) and (2).

For the front heat source:

Q (X7Y7Z7t) =
V3110w 32 /e -3 1 32213 (1)
abcym/T

For the rear heat source:

Q(x,y,2,1) =

6\/§f"QW 673.x2/a2673y2/bzef3zz/cf 2

abe, /T
Where x, y, and z are the local coordinates of the dou-
ble ellipsoid model. f; and f, are parameters which
give the fraction of the heat deposited in the front and
the rear parts. a, b, ¢y, ¢, are the dimensions of the two
ellipses, the front ellipse and the rear ellipse. Q is the
power of the welding heat source, can be calculated by
equation (3), where U, I, 1] are welding voltage, weld-
ing current, and arc efficiency of GMAW process. All
the value of these parameters can be seen in Table 4.

Ow =Uln 3

Table 4: The parameters of the double ellipsoidal heat
source model.

Parameters Value

a 0.003 m

b 0.003 m

cr 0.003 m

o 0.009 m

fr 0.6

f, 1.4

n 0.7

RESULTS AND DISCUSSION

Results of thermal and mechanical analysis

The welding simulation includes thermal analysis and
mechanical analysis processes. Firstly, the thermal
analysis is modeled to receive the temperature history.
The heat conduction process at the time of 11.46 sec-
onds can be seen in Figure 1. The moving heat which
is modeled by equations (1), (2), and (3) is moved
from start point to the end point. The welding step
happens in 15 to 20 seconds depending on the weld-
ing speed. The cooling step happens after the welding
step in 3000 seconds.

Figure 2 shows the thermal cycles during the welding
at three different locations comparing with the weld-
ing seam path. The coordinates of these points along
Z-axis is 0.05 m and along Y-axis is 0.005 m. The
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Table 1: Welding parameters and 3-level factors of Taguchi L9 table.

Factors Levels

1 2 3
Voltage (V) 28 30 32
Current (A) 140 160 180
Speed (mm/s) 5 5.833 6.666

Table 2: Welding parameters and level values of 3 factors Box-Behnken design.

Factors Levels

-1 0 1
Voltage (V) 28 30 32
Current (A) 140 160 180
Speed (mm/s) 5 5.833 6.666

Table 3: Welding parameters and level values of 3 factors of central composite design.

Factors Levels

-1.68 -1 0 1 1.68
Voltage (V) 28 28.81 30 31.19 32
Current (A) 140 148.1 160 171.9 180
Speed (mm/s) 5 5.337 5.833 6.329 6.666

+2.521e+03
+2.313e+03
+2.104e+03
- +1.896e+03
+1.688e+03
+1.479e+03
+1.271e+03
+1.062e+03
+8.536e+02
+6.451e+02
+4.367e+02
+2.282e+02
+1.972e+01

ODB: Taguchi_N1_HeatAnalysis.odb Abaqus/Standard 3DEXPERIENCE R2019x Thu Jul 14 10:12:

Figure 1: Welding simulation at the time of 11.46 seconds
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positions along X-axis of these nodes are respectively
0.0042 m for node 1300, 0.0071 m for node 1338, and
0.0109 m for node 1376. The maximum temperature
of the node 1300 (label Series1) is about 1320 °C, of
the node 1338 (label Series2) is about 780 °C, and of
the node 1376 (label Series3) is about 500 °C. These
above values are reasonable because the temperature
of the further point comparing the welding path is
smaller than the nearer point.

Next the mechanical analysis is conducted using the
temperature histories computed by the thermal anal-
ysis as the input data. The residual stresses can be di-
vided into the axial stress and the perpendicular-axis
stress along the welding path. The object of this re-
search is to look for the optimal welding parameters
so that the axial stress at the considered point is min-
imum. Figure 3 shows the axial stress distribution of
the welding process. It can conclude that the maxi-
mum axial stress happens at the points in the middle
and near the welding path. Figure 4 shows the values
of axial stresses of the points that are located near the
welding path. From this result, the maximum value of
axial stress is at the middle point (node 1300) of the
path. Thus, the node 1300 is considered a point for
comparison between Taguchi method and response

surface methodology.

Results of Taguchi L9 design

The axial stress values of the considered point (node
1300) according to Taguchi L9 design are shown in Ta-
ble 5. In these simulations, the unit of the stresses S33
is 108 Pa. According to Taguchi’s theory, the signal-
to-noise ratio represents the quality characteristics for
the observed data. In this research, the optimal values
of the factors need to minimize the axial tress at node
1300 to increase the quality of the welding process.

Figure 5 shows the main effects plot of design param-
eters over the axial stress S33. Because the optimal
value happens when the signal-to-noise gets the max-
imum value, greater voltage and current give the bet-
ter value of axial stress. On the other hand, the smaller
value of speed will reduce the value of axial stress. The
response function calculated from Taguchi design can
be seen in equation (4), where S33, U, I, V are re-
spectively axial stress, welding voltage, current, and

speed.

S$33 =3.19497 — 0.009283U
—0.0018127 +48.183V

Results of Box-Behnken design

The axial stress values of the considered point (node
1300) according to Box-Behnken design are shown in
Table 6. In this design, the number of simulations is
13. From the simulated results, the second-order re-
sponse of the stresses S33 can be seen in equation (5).
In this function, there are some effects that are signif-
icant, others are not significant. Figure 6 shows the
Pareto chart of the standardized effects to determine
the magnitude and the importance of the effects. In
this Pareto chart, the bars that represent factors Speed,
Current, and Voltage cross the reference line that is at
2.57. These factors are statistically significant at the
0.05 level with the current model terms. Because the
second factors are not significant so that they can be
deleted from equation (5) and the new first model can
be seen in equation (6).

§33 = 3.442 —0.0198U — 0.002331 4 40.1V
—0.000014U2 — 0.0000071% — 6087V 2 (5)
+0.000036U1 +0.9UV +0.3031V

8§33 = 3.2343 — 0.00964U

(6)
—0.0018457 +44.74V

Results of central composite design

The axial stress values of the considered point (node
1300) according to central composite design are
shown in Table 7. In this design, the number of sim-
ulations is 15. The linear model from the simulated
results can be seen in equation (7). The optimal plot
of central composite design, can be seen in Figure 7,
shows the effect of each factor including Voltage, Cur-
rent, and Speed on the StressS33. The current factor
settings are represented by the vertical red lines on
the graph. The red numbers displayed at the top of
a column show the current factor level settings. The
responses for the current factor level are represented
by the horizontal blue lines and numbers. From this
figure, the optimal combination of the parameters for
the minimum value of the axial stress (2.8169 103Pa)
can be achieved by using a voltage of 32 volts, current
of 180 amperes and speed of 0.005 meters per second.

$§33 =3.135-0.00718U
—0.0018741 +49.76V

(7)
Discussion

Look for the minimum value of the residual
stresses

The goal of optimal problem-solving is looking for
the factor values that minimize the value of the ax-
ial stress S33. According to Taguchi design, Figure 5
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Figure 2: Thermal cycles of welding process at 3 points
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s

Figure 3: Axial stresses along the Z-axis in simulation

shows that the minimum values of $33 can be reached
by maximizing the signal-to-noise value using a volt-
age of 32 volts, current of 180 amperes and speed of
0.005 meters per second. In case of response surface
methodology, both Box-Behnken design and central
composite design give the optimal values with simi-
lar input parameters with Taguchi design. It means
that the minimum value of axial stress can be achieved
by using a voltage of 32 volts, current of 180 am-
peres and speed of 0.005 meters per second. A sim-
ulation with the above parameters has been done to
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verify and compare the results of these designs. The
results can be seen in Table 8. It can conclude that
the Taguchi design can give the optimal value with
the smallest error and the smallest number of sim-
ulations. The Box-Behnken design gives the smaller
error and smaller number of simulations compared
with the central composite design.

Depth of penetration is one parameter that shows the
quality of welding process®. A good welding process
has maximum depth of penetration because it reduces
the effect of the tensile residual stress in the weld-
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Figure 4: Axial stresses along the Z-axis
Table 5: Taguchi L9 matrix and results of response.
Factors https://doi.org/10.32508/stdjet.v5i4.1041 Response
Vol Cur Speed Stresses
$33 (108 Pa)
1 1 1 1 2.92187
2 1 2 2 2.92692
3 1 3 3 2.92893
4 2 1 2 2.94305
5 2 2 3 2.94898
6 2 3 1 2.83282
7 3 1 3 2.96605
8 3 2 1 2.84845
9 3 3 2 2.85182

ing joint. Increasing the welding current and welding
voltage will increase the depth of penetration. Oth-
erwise reducing the speed welding will increase this
parameter.

In this research, the optimal value of the tensile resid-
ual stress can be obtained by maximizing the value
of welding voltage, maximizing the value of welding
current, and minimizing the value of welding speed.
It can be concluded that the thickness of the metal
will affect the range of the value of welding current,
welding voltage, and welding speed. However, the op-

timal results still can be determined by maximizing
the value of welding voltage, maximizing the value of
welding current, and minimizing the value of welding
speed.

Look for the most affected factor

The analysis of variance is a computational technique
to quantitatively estimate the contribution that each
parameter makes on the overall observed response.

Table 9 shows the contribution of each factor of each
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Figure 5: Main effects plot of design parameters over axial stress

Table 6: Box-Behnken design matrix and results of response.

Factors Response
Vol Cur Speed Stresses
$33 (108 Pa)
1 -1 -1 0 297111
2 1 -1 0 2.92692
3 -1 1 0 2.89028
4 1 1 0 2.85182
5 -1 0 -1 2.88725
6 1 0 -1 2.84845
7 -1 0 1 2.96605
8 1 0 1 2.93325
9 0 -1 -1 2.91255
10 0 1 -1 2.83282
11 0 -1 1 2.96883
12 0 1 1 2.90926
13 0 0 0 2.91303
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Pareto Chart of the Standardized Effects
(response is StressS33, a = 0.05)

Factor Name
A Voltage
B Current
. Speed
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Standardized Effect
Figure 6: Pareto Chart of the Standardized Effects
Table 7: Central Composite design matrix and results of response.
Factors (o = 1.68) Response
Vol Cur Speed Stresses
$33 (108 Pa)
1 -1 -1 -1 2.90952
2 1 -1 -1 2.90246
3 -1 1 -1 2.86841
4 1 1 -1 2.85144
5 -1 -1 1 2.96937
6 1 -1 1 2.93941
7 -1 1 1 2.91837
8 1 1 1 2.90531
9 -a 0 0 2.92692
10 a 0 0 2.89745
11 0 -o 0 2.94305
12 0 a 0 2.86749
13 0 0 -0 2.87168
14 0 0 a 2.95253
15 0 0 0 2.91303
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Optimal Voltage Current Speed
D: 1,000 High 320 180.0 0.0067
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y= 28168

d = 1.0000

Figure 7: The optimal plot of central composite design

Table 8: The optimal value of the axial stress according to DOE methods.

Methods Number of Simulation ~ Optimal value (108 Pa) Error (%)
Simulation Results 2.80688

Taguchi L9 Design 9 2.81272 0.2080
Box-Behnken Design 13 2.81595 0.3231
Central Composite Design 15 2.81679 0.3530

Table 9: Analysis of contribution of each factor to the response.

Factors Voltage Current Speed
Taguchi Design F-Val. 1251.89 4767.76 5850.33
Contri. (%) 10.5467 40.1665 49.2868
Box-Behnken Design F-Val. 86.11 315.45 317.79
Contri. (%) 11.9705 43.8521 44.1774
Central Composite Design F-Val. 53.00 360.95 441.63
Contri. (%) 6.1946 42.1878 51.6176
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design to the total response using F-value. The con-
tribution of speed welding is largest. The effect of the
welding voltage is smallest among the three factors.

Check the accuracy of proposed models

To verify the accuracy of the established model, five
randomly picked validation simulations were carried
out within the range of simulation parameters. Ta-
bles 10, 11, and 12 respectively present the experi-
ments order, the actual values, the predicted values,
and their deviations (percentage errors) for Taguchi
regression model, Box-Behnken model, and central
composite model. The Taguchi method gives the er-
ror of 0.1807%, the Box-Behnken design shows the er-
ror of 0.2287%, and the error of the central composite
design is 0.2000%. The average errors of these above
designs are so small that the linear model and the op-
timal values can be accepted.

CONCLUSION

In this paper, the research of determining the op-
timal parameters for welding two metal plates has
been mentioned. The goal of the research is choos-
ing the optimal parameters so that the value of the
residual stresses is minimum. Two design of experi-
ment methods used in this paper are Taguchi method
and response surface methodology. In the case of re-
sponse surface methodology, two chosen designs are
Box-Behnken design and central composite design. It
can conclude that the model according to Taguchi de-
sign gives the smallest value and the smallest num-
ber of experiments comparing two other designs. This
model also gives the smallest value of error of esti-
mated residual stresses. However, Box-Behnken de-
sign and central composite designs also could be used
in several complex models that have a degree of free-
dom larger than one.

In the future, several experiments will be considered
to verify the results of simulation. By comparing be-
tween experiments results and simulation results, the
more exact conclusion can be made.
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So sanh gilta phuong phap Taguchi va phuong phap Response
Surface trong viéc xac dinh cac théng sé t6i uu ctia qua trinh han 2
tam kim loai

Phung Tri Cong'?", D6 Huynh Nhat'-2

TOM TAT

Coéng nghé han dong vai trd quan trong trong san xuat va han ho quang bang dién cuc néng chay
trong moi trudng khi bao vé (GMAW) la 1 trong cac phucong phap dugc st dung nhiéu nhat. Cé
nhiéu thong sé dau vao anh hudng dén chat lugng clia méi han nhu dién p han, dong dién han,
toc d6 han, ... Mot van dé quan trong khi diéu khién robot han 1a phai xac dinh cac thong sé han téi
uu dé nang cao chat lugng mdi han. Co nhiéu phuong phép thiét ké thuc nghiém cé thé dugc st
dung vdi s6 thi nghiém nho. Trong bai bdo nay phuong phap Taguchi va phuong phap response
surface dugc st dung dé danh gia (ng suét du ctia vat liéu khi han 2 tdm kim loai lai véi nhau. Do
v3i phuong phap response surface, cd phuong phép thiét ké Box-Behnken va thiét ké trung tam
dugc st dung trong viéc xac dinh cac thong sé toi uu. Viéc danh gia tng sudt du dugc thuc hién
bang phan mém ABAQUS. So sanh giia cac phuong phap thiét ké thuc nghiém dugc thuc hién va
nhiéu két luan vé thong sé téi uu va md hinh toan clia qua trinh han dugc trinh bay.Trong nghién
cliu nay, gia tri téi uu clia Ung sudt du kéo co thé dat dugc bang cach tang gia tri dién dp han cuc
dai, gia tri dong dién han cuc dai va gia tri téc do han cuc tiéu. Tu két qua md phong, cd thé két
ludn rang thiét ké Taguchi co thé cho gia tri t6i uu vai sai s6 nhd nhat va s6 1an mo phdng nhd nhat.
Thiét ké Box-Behnken cho sai s6 nhd han va s6 lugng mé phdng nhd hon so véi thiét ké tdng hop
trung tam. Phan tich phuong sai la mot ky thuat tinh todn dé udc tinh mét cach dinh lugng mc
d6 déng gop ma mdi tham s6 dau vao tao ra déi véi gia tri ngd ra dugc quan sat. Tu két qua mo
phdng, déng gép clia tdc do han 13 16n nhat. Anh hudng cdia dién dp han 13 nhé nhat trong ba yéu
t6.

Tu khoa: Phuong phéap Taguchi, phuong phép response surface, théng sé téi uu, robot cong
nghiép, han h6 quang trong méi trudng khi bao vé
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