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ABSTRACT. Resistance spot welding is 
one of the most widely used processes in 
sheet metal fabrication. Improvements in 
quality assurance are important to in- 
crease welding productivity. Until now, 
quality estimation was performed using 
dynamic resistance at the secondary cir- 
cuit, which is easily measured. However, 
this method has many problems when ap- 
plied to in-process real-time systems. In 
this study, weld quality was ensured 
through the use of a new dynamic resis- 
tance monitoring method. This method 
used instantaneous current and voltage 
values measured at the primary circuit. A 
weld quality estimation system is sug- 
gested using these variables. For quality 
estimation, ten factors relating to quality 
were extracted from the primary circuit 
dynamic resistance, measured in the 
timer. The relationship between these 
factors and weld quality was determined 
through a regression analysis. Four re- 
gression models were developed using 
the results of the analysis in order to esti- 
mate weld strength and nugget diameter. 
Neural network models were also sug- 
gested using these factors. The results of 
the neural network were compared with 
those of the regression models. This was 
designed so weld quality estimation could 
be obtained upon completion of welding. 
Moreover, the proposed method using 
the primary circuit dynamic resistance 
has an advantage over the conventional 
one, such as obtaining information on 
quality without the use of extra devices. 
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Introduction 

For several decades, resistance spot 
welding has been an important process in 
sheet metal fabrication. The automotive 
industry, for example, prefers spot weld- 
ing for its simple and cheap operation. 
Recently, however, attempts are being 
made to reduce the number of spot welds 
to increase productivity. In order to min- 
imize the number of spot welds and sat- 
isfy essential factors such as strength, 
weld quality must be obtained. Tradition- 
ally, to check weld quality, destructive 
and nondestructive tests were used on 
randomly sampled workpieces at the pro- 
duction site. These processes, however, 
can only be examined off-line, making it 
impossible to receive pertinent informa- 
tion regarding the weld quality during the 
process. Weld quality estimation must be 
done in real time to monitor and repair 
weld defects as they occur. 

As resistance spot welding has electro- 
mechanical elements, various weld qual- 
ity control techniques have been pro- 
posed based upon the following process 
parameters: dynamic resistance, welding 
current, voltage, and electrode displace- 
ment (Refs. 1, 2). In general, electricity- 
based systems, which maintain the volt- 
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age or the current at a constant preset 
level (Refs. 3, 4), have been used to con- 
trol those parameters automatically. Al- 
though the general voltage supply is reli- 
able, severe voltage fluctuations may 
occur in some areas and, in such situa- 
tions, automatic voltage regulators have 
been employed. The idea to maintain 
constant power or current for a set period 
of time has also been employed in cases 
where the impedance changes during 
welding. In addition, a combined current 
and voltage regulator, which adjusts the 
phase-shift control automatically, was in- 
troduced. Investigations based upon the 
thermal expansion have been undertaken 
in attempts to control the quality as well. 

A resistance spot welding machine has 
moving parts such as electrodes or arms. 
Moreover, a direct relationship between 
the rate of electrode separation and the 
properties of the weld exists. Johnson, et 
al. (Ref. 2), developed a spot-weld cor- 
rection system based on sensing the weld 
thermal expansion in which correction 
was achieved by automatic adjustment of 
weld load. A real-time adaptive spot 
welding control system based upon a 
measurement of electrode displacement 
was also operational on the factory floor 
throughout the recent study (Ref. 5). Re- 
sistance correction technique forms an- 
other basis for an automatic quality con- 
trol system in spot welding (Ref. 6). In the 
early 1970s, commercial units of these 
quality control systems were developed 
and attached to welding machines in the 
auto body industry (Ref. 4). 

Measurement of dynamic resistance 
has been one of the most effective tech- 
niques of quality monitoring and estima- 
tion during the past several decades. Some 
of the earliest and simplest techniques 
were to monitor the voltage and current at 
the secondary circuit. The electric para- 
meters, however, vary frequently during 
welding cycles due to resistance change. 
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Fig. 1 - -  Schematic diagram o f  resistance spot welding monitoring system. 
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Therefore, the monitored power input 
may not be appropriate, and the true en- 
ergy state of welding is not represented. 
Dynamic resistance, on the other hand, 
has relatively accurate information on en- 
ergy generation during nugget formation 
(Ref. 7). In earlier studies (Ref. 8), the po- 
tential of dynamic resistance as a parame- 
ter indicative of weld quality was explored. 
The values of dynamic resistance as a 
nominal condition of test welding were 
sampled and stored in an electronic mem- 
ory. These values were compared with val- 
ues sampled at the production welds. The 
values in agreement with those for the test 
weld, within an acceptance band, might 
then be considered as good as the initial 
test weld. Another quality evaluation tech- 
nique was proposed with microprocessor- 
based resistance monitoring system as an 
in-process scheme (Ref. 9). The dynamic 
resistance characteristic of an accepted 
weld was computed as a reference in the 
monitoring system. The next procedure 
was very similar in comparison to the first 
example except not only the absolute val- 
ues were compared to the reference but 
also the slopes of the dynamic resistance 
characteristics. 

In order to acquire the resistance sig- 
nal, the dynamic resistance was calcu- 
lated from the welding current, and the 
voltage was measured at the secondary 
circuit using an oscilloscope in the early 
stages (Refs. 10-12). The physical mean- 
ing of resistance variation, however, 
could not be clearly explained in these 
studies. Dynamic resistance was calcu- 
lated more efficiently by applying the root 
mean square (rms) value of the measured 
signal to the analog circuit using the Hall- 
effect sensor and voltage-measuring de- 
vices (Ref. 13). In this study, the effect of 
the dynamic resistance on the nugget for- 
mation and ensuing dynamic resistance 
pattern were considered. The study was 
useful in explaining the variations of the 
dynamic resistance according to the 
nugget formation, such as the collapse of 

the contact resis- 
tance, the increas- 
ing temperature  

Fig. 2 - -  Simplified welding machine circuitry including primary circuit mon- 
itoring units. 

of the faying sur- 
face, and the melting and plastic defor- 
mation of the nugget. Kaiser, et al. (Ref. 
14), and Thornton, et al. (Ref. 15), at- 
tempted to examine the nugget formation 
according to changes in contact resis- 
tance. Kaiser, et al., explained the effect 
of the dynamic resistance and initial con- 
tact resistance on the lobe curve, while 
Thornton, et al., looked into the contact 
resistance of the aluminum alloy and the 
ensuing dynamic resistance variance. 

Research based on dynamic factors 
continues to be carried out regarding 
weld quality estimation (Refs. 16-20). In 
a weld quality estimation system using 
multiple linear regression analysis (Ref. 
16), weld quality was examined by defin- 
ing the relationship between factors, such 
as electrode displacement, dynamic resis- 
tance, and weld quality. Livshits (Ref. 18) 
suggested a system that could more com- 
monly be used. In his research, the dy- 
namic resistance based on the current 
density of the faying surface was used to 
assure weld quality. Research was also 
performed on weld quality estimation 
using an intelligent algorithm such as the 
neural network on resistance spot weld- 
ing. Brown, et al. (Ref. 19), used the nor- 
malized dynamic resistance, welding cur- 
rent, and electrode diameter to predict 
the nugget diameter, which was closely 
related to weld strength. Dilthey, et al. 
(Ref. 20), however, examined the shear 
strength using welding current and volt- 
age through a similar method. 

Although such studies based on re- 
sults obtained from the secondary circuit 
can be applied to real-time weld quality 
estimation, in-process usage has several 
limitations. These limitations include the 
installation location of the voltage mea- 
suring device and increased costs due to 
additional measuring devices. Therefore, 
in this study, the primary circuit dynamic 

resistance was used, which proved effi- 
cient for in-process application. By com- 
paring the rms dynamic resistance ac- 
quired from the traditional method of the 
secondary circuit monitoring system with 
the proposed dynamic resistance based 
on the primary circuit monitoring system, 
it became evident there was a direct rela- 
tionship between the primary and sec- 
ondary circuit dynamic resistance. Fur- 
thermore, the primary circuit dynamic 
resistance was used to estimate the weld 
quality. Tensile shear strength and nugget 
diameter were estimated through the re- 
gression analysis and neural network. 
Throughout the research, a system was 
proposed in which the weld quality could 
be estimated in real-time upon comple- 
tion of the weld. 

Process Parameter Monitoring 

Inductive Noise and Dynamic 
Resistance Monitoring 

As the resistance spot welding is 
processed, the electrical resistance varia- 
tion of the welds, due to the Joule heat 
generated by the weld current, becomes 
one of the most important  factors in 
nugget formation. Unlike the initial con- 
tact resistance of the faying surface, the 
dynamic resistance includes information 
on nugget formation as welding occurs 
(Refs. 13, 15, 21, 22). Generally, the re- 
sistance can be obtained by the voltage di- 
vided by the current. In resistance spot 
welding circuitry, however, many prob- 
lems occur in the measurement of resis- 
tance due to the inductive reactance ele- 
ments of the electrical circuit. A simple 
means to acquire dynamic resistance, un- 
influenced by inductive noise, is to use the 
rms value. When the rms voltage de- 
tected across the electrode, which does 
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not include much inductance (Ref. 12), is 
divided by the rms current of the sec- 
ondary circuit, resistance can be obtained 
with no consideration to the phase shift 
due to the inductive noise. Another way 
of effectively eliminating the inductive 
noise from the dynamic resistance is to 
use the voltage and current when the 
welding current is at the peak value of 
each cycle. This method is based on the 
principle that only the pure resistance el- 
ement, not the inductive reactance ele- 
ment, influences the impedance of the al- 
ternating current circuit when the rate of 
change of current equals zero (Refs. 1, 9, 
15, 23). The greatest advantage of this 
method is that the pure resistance varia- 
tion at the secondary circuit can be mon- 
itored at the primary circuit. 

Figure 1 is a schematic diagram of the 
resistance spot welding system generally 
used in auto body manufacturing. The 
welding current that is controlled in the 
timer of the welding machine is passed 
through the transformer TR to the weld- 
ing gun by the primary power cable. As 
the secondary circuit dynamic resistance 
monitoring system of this study, welding 
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I = 11,0kA z ~ o ~ "  ~ ~ j j ~  ~tU 
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Fig. 4 - -  Linear relationship plot between primary and secondary dynamic 
resistance. 

voltage and cur- 
rent are measured 
in terms of rms 
values. By attach- 
ing the clips to 
each electrode 
tip, the instanta- 
neous welding 
voltage drop was 
measured.  The 
Hall-effect sensor 
located on the 
lower arm of the 
welding machine 

monitored the current flowing in the sec- 
ondary circuit. By using an analog-to-dig- 
ital converter (ADC), the analog voltage 
and the current were monitored simulta- 
neously. In the ear l ier  study (Ref. I),  
when a 60-Hz alternating current was 
used, a sampling rate of more than 1 kHz 
should be used. However, in order to ef- 
fectively reflect the sharp voltage wave- 
form produced by the electrical trigger- 
ing of the silicon control led rectifier 
(SCR) to the resistance value, a sampling 
rate of 6 kHz was used in this study. This 
allowed the calculation of the dynamic 
resistance with the 50 numbers of data 
per half cycle. By using the digitized volt- 
age and current, each rms value of a half 
cycle was calculated.  As another  ap- 
proach, this research introduced a 
process to detect the dynamic resistance 
from the timer as a primary circuit mon- 
itoring system, using a microprocessor. 
In the primary circuit, the welding volt- 
age and current could be detected with- 
out extra measuring devices; thus, this 
method could be used effectively as an 
in-process system. This method will be 
addressed in the following sections. 

Analysis of Welding Machine Circuit 

The resistance spot welding machine 
consists of a relatively simple electric cir- 
cuit that includes a transformer. The sim- 
plified equivalent circuit is shown in Fig. 
2. In the figure, the primary circuit ele- 
ments are shown as subscript p and the 
secondary circuit elements as s. In the pri- 
mary circuit, R_ stands for the total resis- 
tance value o ( t h e  primary circuit. Xp 
stands for the primary leakage reactance. 
In the secondary circuit, R s stands for the 
total resistance value of the secondary 
circuit, which includes the welding gun 
and the electrode. X s stands for the sec- 
ondary leakage reactance. R L stands for 
the resistance change across the elec- 
trodes. When the secondary circuit ele- 
ments are shifted to the primary circuit, 
the resistance of the circuit, including 
shifted secondary circuit elements, which 
are shown as the reflected impedance de- 
scribed with the transformer ratio a, can 
be written as an equivalent resistance R 
and an equivalent inductive reactance X 
in Equations 1 and 2, which corresponds 
with the primary circuit current. 

R=Rp+a2(Rs+RL) (1) 

X = X p  + a 2 X s  
(2) 

By using the inductive el imination 
method, as stated in the preceding sec- 
tion, the inductive reactance X can be re- 
moved to calculate the dynamic resis- 
tance from the measured current and 
voltage of the primary circuit. Also, if as- 
sumed the transformer will operate ide- 
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ally and the resistance change due to the 
temperature change of the entire welding 
machine circuit can be ignored, the rela- 
tionship between the resistance across 
the electrodes R L and the measured dy- 
namic resistance Rmeas from the voltage 
Vp. and the current L in the primary cir- 
cuit can be shown in ~quation 3 below. 

Vp R +a2(Rs+RL) Rmeas I P 
P (3) 

Where Ip is the peak current value of the 
instantaneous current from the primary 
circuit and Vp is the voltage at that 
moment. 

Primary Circuit Dynamic Resistance 
Monitoring and Quality 
Estimation Factors 

The primary current made by the phase 
control was measured using the current 
transformer (CT) from the inside of the 
timer. This primary current waveform was 
appropriately amplified using the gain se- 
lector. The signal at this stage includes 
high-frequency noise from the SCR cur- 
rent control unit and amplifier. By using 
the integrator, which has a suitably se- 
lected condenser, the high-frequency 
noise signal can be converted into a noise- 
free welding current waveform. The weld- 
ing voltage was detected at the primary cir- 
cuit and was attenuated using the 
measuring transformer. The monitoring 
trigger pulse was created when the rate of 
change of current reached zero, triggering 
the sample and holding circuit, which were 
connected by the detected welding current 
and the attenuated primary voltage. The 
instantaneous welding current and voltage 
were converted into digital values by the 
analog-to-digital converter. These values 
were used to calculate the dynamic resis- 
tance by dividing the current from the volt- 
age of half cycle. The measured dynamic 
resistance Rmcas includes the resistance of 
the primary circuit resistance Rp and sec- 
ondary circuit resistance R~ and R L. 
Therefore, to measure the resistance of 
the weld, the R_ and R s must be removed 

1o  . , 

effectively from the calculated resistance 
value. Fortunately, in the general resis- 
tance spot welding machine, the square of 
the transformation ratio a 2, shown in 
Equation 3, has an order of hundreds or 
thousands, so the R.p included in the cal- 
culated dynamic resistance Rmeas is a rela- 
tively small value. In other words, the Rp 
can be ignored. With the proper measure- 
ment, the resistance of the secondary cir- 
cuit R s also can be obtained. This method 
converts the primary circuit dynamic resis- 
tance into the dynamic resistance change 
across the electrodes. 

Table 1 - -  Correlation Coefficients, Root Mean Square Errors, and Maximum Errors between 
Primary and Secondary Dynamic Resistance 

6.5 kA 8 kA 9.5 kA 11 kA 
R E,m, E ..... R E .... E ...... R E .... E ..... R E . . . .  E ...... 

0.9207 2.0223 7.6392 0.9519 1.5340 4.1564 0.9625 1.5967 4.4573 0.9682 2.1217 6.(X)91 

Table 2 - -  Correlation Coefficients between Independent Variables Extracted from the Primary 
Circuit Dynamic Resistance and Dependent Variables of Weld Strength YS and Nugget 
Diameter YD 

YS YD Xl X2 X3 X4 X5 X6 X7 X8 X9 Xl0 

X1 -0.957 -0.978 1.000 
X2 0.864 0.895 -0.892 1.000 
X3 0.894 0.910 -0.891 0.972 1.000 
X4 0.589 0.626 -0.636 0.884 0.817 1.000 
X5 0.524 0.488 -0.458 0.639 0.689 0.535 1.000 
X6 0.374 0.347 -0.326 0.359 0.401 0.229 0.363 1.000 
X7 -0.906 -0.937 0.924 -0.950 -0.947 -0.799 -0.509 -0.357 1.000 
X8 -0.551 -0.592 0.609 -0.816 -0.740 -0.942 -0.353 -0.152 0.771 1.000 
X9 0.255 0.274 -0.219 0.526 0.536 0.636 0.624 0.114 -0.428 -0.577 1.000 
X10 0.576 0.616 -0.616 0.850 0.790 0.961 0.534 0.211 -0.780 -0.898 0.654 1.000 

The primary circuit dynamic resis- 
tance is generally in a formation, as 
shown in Fig. 3. After monitoring, ten fac- 
tors were extracted and used in the weld 
quality estimation based on the dynamic 
resistance pattern. First, the location of 
the beta peak X1, which is related to the 
initial nugget formation, and the rising 
speed of the dynamic resistance after the 
alpha peak X2, which is related to the 
heating rate of the faying surface, were 
selected as the geometric extraction fac- 
tors. Based upon similar dynamic resis- 
tance analysis (Refs. 13, 14), beta peak is 
a balance point between a resistance in- 
crease, resulting from increasing temper- 
ature, and a resistance drop due to 
molten nugget growth and mechanical 
collapse. Therefore, the beta peak tends 
to be reached earlier in high heating rate 
(i.e., current level) and later in low heat- 
ing rate. To make the estimation factor 
reflect the variations in resistance value, 
the difference between the maximum and 
minimum values of the dynamic resis- 
tance X3 and the maximum value of the 
dynamic resistance variation in each cycle 
X4 were selected. At low currents, the 
heating rate is relatively slow, resulting in 
small changes in resistance. At expulsion 
level currents, however, large variations 
of resistance can be observed, such as 
from a sharp drop due to the reduction in 
material thickness and an increase in ef- 
fective contact area. Also, the absolute 
values of the monitored dynamic resis- 
tance, such as the maximum value of the 
dynamic resistance X5, the initial resis- 
tance X6, the final dynamic resistance 
X7, and the average value of the total dy- 
namic resistance X8 were selected as es- 
timation factors. The standard deviation 

of the dynamic resistance X9 and the 
standard deviation of the dynamic resis- 
tance variation per cycle XIO were used 
to comprehend the effect of the trends in 
resistance variation. 

Experiment 

Welding was performed on a 0.7-mm- 
thick sheet of uncoated low-carbon steel. 
A resistance spot welding machine using 
single-phase, 60-Hz alternating current 
with an attached pneumatic cylinder was 
used. A 16-mm-diameter, dome-type elec- 
trode with a 6-mm-diameter, flat tip end 
made with copper alloy of RWMA class II 
was used. Welding was performed on a 
specimen prepared according to an AWS 
standard (Ref. 24) while varying the cur- 
rent under ten cycles of welding time and 
2.45kN of electrode force. The welding 
current was increased at 1.5-kA intervals 
starting from 6.5 kA up to 11 kA. Welds 
were tested in tensile-shear to determine 
the ultimate strength and measured 
nugget diameter. These readings were 
used as the criterion for weld quality. 

Results and Discussion 

Relationship between Primary and 
Secondary Circuit Dynamic Resistance 

In order to investigate the relationship 
between the dynamic resistance of the 
primary and secondary circuits, the ex- 
perimental results were analyzed statisti- 
cally. First, the welding was carried out by 
selecting four levels of current. The ex- 
periment used the one-way factorial de- 
sign with nine replicates under each con- 
dition. The selection order of the 
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in Fig. 4. Figure 4 
shows the rela- 
tionship between 
the two dynamic 
resistances, ac- 
cording to the 
changes in cur- 
rent. This figure 
shows a small 
change in the re- 
sistance value of 
about 23--40 pQ in 
the low current. 
On the other 
hand, 18-46 taf~ 
can be observed in 
the high current. 
The distribution 
of the resistance 
values at 8 kA was 
gathered around 
the central line 
without any ab- 
normal protru- 

experimental schedule was done ran- 
domly to reduce, as much as possible, the 
error generated by noise such as elec- 
trode wear or measurement settings. To 
quantitatively check the relationship be- 
tween the secondary and primary circuit 
dynamic resistance, a correlation analysis 
was carried out. The results, shown in 
Table 1, are the correlation coefficient of 
the two dynamic resistance values and the 
corresponding rms error Erm s and maxi- 
mum error Ema x. Although the correla- 
tion coefficient somewhat increased as 
the current increased, the rms error 
showed a minimum value at the current 
set point of 8 kA. This is not because the 
two data coincide better as the current in- 
creased but because the sudden decrease 
in resistance in the expulsion of the high 
current caused a gap in the resistance 
value, which is relatively larger than that 
of the other conditions. This can be seen 

sions, showing the lowest rms error. The 
distribution also coincided relatively well 
with the central line under most condi- 
tions, excluding a few anomalies. 
Through the result described herein, it 
can be seen the suggested primary circuit 
dynamic resistance can be used in the 
same way as the secondary circuit dy- 
namic resistance. 

Quality Estimation by 
Regression Analysis 

To estimate weld quality for resistance 
spot welding, regression models were for- 
mulated through multiple linear and non- 
linear regression analyses. The tensile 
shear strength and the nugget diameter 
were selected as dependent  variables, 
and ten estimation factors were used to 
determine the regression equation. Be- 
fore performing the linear regression 

analysis, the correlation between depen- 
dent variables, such as weld strength YS 
and nugget diameter YD, and the esti- 
mation factors X1 to XI0, the indepen- 
dent variables, were observed. The re- 
sults are shown in Table 2. 

Compared to the relationship be- 
tween the dependent variables and weld- 
ing condition ( i .e . ,  current set point), 
which has the correlation coefficients of 
0.884 for weld strength and 0.909 for 
nugget diameter, it can be seen the loca- 
tion of the beta peak X1, the difference 
between the maximum and minimum 
value of the dynamic resistance X3, and 
the final dynamic resistance X7 were in 
relative good linearity with strength YS 
and nugget diameter YD. However, the 
correlation coefficient between X2 and 
X3 exceeded 0.97, showing the two vari- 
ables were very closely related in terms of 
linearity. Therefore, when these variables 
are used simultaneously in the regression 
model, a multicolinearity effect can be 
observed. Thus, there was a possibility 
the error rate of the regression models, 
which included all these variables, would 
increase. In order to overcome such prob- 
lems, the independent variables were in- 
putted in order from those having the 
highest explainability regarding weld 
quality, and a regression analysis using 
the stepwise method to determine the re- 
gression model was performed. The vari- 
ables were applied to the regression 
model in stages, based on the partial cor- 
relation and significance probability val- 
ues of the regression coefficient, until the 
significance level exceeds 0.10, at which 
point they were eliminated. Tables 3 and 
4 show the variables entered at each 
stage, the significance probability values 
of the coefficients, and the coefficients of 
determination R 2 according to the model 
in each stage. 

An observation of Model I, which is a 
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l inear  regression model  for s t rength  esti- 
mat ion,  shows X1, X5, X4, and  X3 are en- 
tered into the  regression equa t ion  in tha t  
order .  In the case of X5 in Model  I-4, the 
var iable  is excluded in Model  I-5 as it is 
no t  stat ist ically s ignif icant .  T h o u g h  X5 
has been  e l iminated ,  the  de t e rmina t ion  
coefficient main ta ins  a value of 0.941. In 
M o d e l  II, which  is a l inea r  mode l  for  
nugget  d iamete r  es t imat ion,  X1, X7, X3, 
X4, and X2 are selected into the est ima- 
t ion model  at each stage, and then  X3 is 
excluded as s ta ted above. The  final l inear  
r eg ress ion  e q u a t i o n s  of  M o d e l  I and  
Model  II, based  on the  above results, are 
shown in Equa t ions  4 and  5. 

Y S  = 3 . 4 5 3 - 0 . 0 9 7 3  • X l - O . O 1 0 8  " X 4  

+ 0.0218. X3 (4) 

Y D  = 7 . 5 9 6 ~ 0 . 2 7 7 "  X 1 - 0 . 0 8 0 2  • X 7  

+ 0 .0641  " X 4  + 0 . 0 9 0 1  " X 2  (5) 

The  regress ion coefficients,  which have 
been  s tandard ized  to observe the  effect of  
each factor  on the  s t rength  and diameter ,  
are shown in Table 5. According  to this 
table,  the location of be ta  peak X1 has the 
greates t  effect on  bo th  s t rength  and di- 
a m e t e r  es t imat ion,  followed by the  dif- 
ference be tween  the max imum and mini- 
mum value of  the dynamic resis tance X3 
in s t r e n g t h  e s t i m a t i o n  and  the  r is ing 
speed of the  dynamic resis tance X2 in di- 
ame te r  es t imat ion.  

N o n l i n e a r  r eg res s ion  mode l s  us ing  
the  above variables are shown in Equa-  
t ions 6 and  7. The  non l inea r  regression 
models  are fo rmula ted  by analyzing the  
factors used in the l inear  model ,  with log- 
a r i thm,  and  t hen  i n v e r s e - t r a n s f o r m e d .  
The  factors, which de te rmine  the  regres- 
sion model ,  are selected with the  same 
m e t h o d  used  in the  l inea r  r eg res s ion  
analysis. The  results  are shown in Tables 
6 and 7. In Mode l  III, which is a model  for 
the  es t imat ion  of  s t rength,  X2, X4, X7, 
and  X5, are en te red  into the non l inear  re- 
gression model  in tha t  order .  X2, X4, X3, 
and  X5 are used in Model  IV, which esti- 
mates  nugget  d iameter .  As in the l inear  
regression model ,  the de t e rmina t ion  co- 
efficient increases as the  factors are en- 
tered.  The  effects of each factor  on the 
non l inea r  model  are shown in Table 8. 

YS = 2.6143 • X 2  °.1t9 • X4q).0461 • 

X741.166. X5l). 160 (6) 

YD = 30.9384" X2 °.347 • X44J.°s88 • 
X31,1~l. X5 ~).778 (7) 

Quality Estimation by Neural Network 

Following the regression analysis, the 
multi layer artificial neural  network,  which 
was learned through the error  back-prop-  

Table 3 - -  Significance Probability Values of Regression Coefficients for the Stepwise 
Regression Analysis and Its Results for Model I 

Significance probability values of entered variables 
Constant X1 X5 X4 X3 R-" 

Model I-1 4.9E-102 9.79E-44 - -  - -  - -  0.916 
Model I-2 2.5E-20 8.48E-40 2.52E-03 - -  - -  0.926 
Model I-3 5.02E-19 7.83E-37 3.83E-04 4.18E-02 - -  0.930 
Model I-4 1.63E-21 3.15E-13 7.25E-01 4.26E-05 1.95E-04 0.941 
Model I-5 9E-58 5.65E-16 - -  1.32E-05 2.55E-07 0.941 

Table 4 - -  Significance Probability Values of Regression Coefficients for the Stepwise 
Regression Analysis and Its Results for Model H 

Significance probability values of entered variables 
Constant X1 X7 X3 X4 X2 R 2 

Model II- 1 2.79E-86 5.96E-55 - -  - -  0.957 
Model II-2 2.94E-45 3.63E-22 1.42E-04 - -  0.964 
Model II-3 3.00E-19 9.96E-22 8.60E-02 9.70E-02 0.964 
Model II-4 6.04E-25 8.28E-17 3.92E-05 9.61E-05 1.21E-07 0.976 
Model II-5 1.96E-23 1.12E-10 1.44E-05 2.11E-01 4.44E-07 1.92E-02 0.978 
Model II-6 6.92E-25 1.7E-10 9.62E-07 - -  6.48E-09 1.19E-05 0.977 
J 

Table 5 - -  Standardized Regression Coefficients of the Final Linear Models 

X 1 X2 X3 X4 X5 X6 X7 X8 X9 X 10 

Model I-5 -0.672 - -  0.491 -0.239 . . . . . .  
Model II-6 -0.478 0.439 - -  -0.354 - -  - -  -0.361 - -  - -  - -  

Table 6 - -  Significance Probability Values of Regression Coefficients for the Stepwise 
Regression Analysis and Its Results for Model I11 

Significance probability values of entered variables 
Constant In X2 In X4 In X7 In X5 R 2 

Model III-1 5.54E-86 1.33E-42 - -  - -  - -  0.910 
Model III-2 1.02E-89 3.55E-40 1.22E-08 - -  - -  0.941 
Model III-3 2.51E-10 4.38E-21 3.10E-09 1.19E-02 - -  0.946 
Model III-4 1.18E-03 2.62E-19 5.57E-10 2.31E-03 3.17E-02 0.949 

aga t ion  m e t h o d ,  was used  to e s t ima te  
weld quality. The  format ion  of the neura l  
network was de te rmined  through the pre- 
viously men t ioned  regression analysis re- 
suits. The  X1, X2, X3, X4, X5, and X7 fac- 
tors  app l ied  to l inear  and  n o n l i n e a r  
models  were selected as input  variables 
for the  neural  ne twork quality es t imat ion 
models  such as Model  V for s t rength  esti- 
mat ion  and Model  VI for nugget  diame- 
ter  est imation.  Two h idden  layers with six 
nodes  were used to de te rmine  the output  
values of  weld s t rength  and nugget  diam- 
eter,  respectively. This neural  network ar- 
chi tecture  is shown in Fig. 5. 

Performances and Evaluation 
of the Models 

Two m e t hods  were  used to evalua te  
the  pe r fo rmance  of each model ,  and  each 
es t imat ion  result  was r ep resen ted  using 
the coefficient  of cor re la t ion  R and  root  

m e a n  square  error.  In the  first method,  
the  original data  used in formulat ing each 
r eg res s ion  m o d e l  and  n e u r a l  n e t w o r k  
were used in a model  to es t imate  the  per- 
fo rmance  of the suggested model .  In the 
second method,  mult iple regression with 
a val idat ion test  (Ref. 16) was introduced.  
First ,  a single da ta  po in t  was r e m o v e d  
f rom the data  set of N data  points,  and  the 
remain ing  set of  N- 1 data  points  was used 
to m a k e  an  e s t ima t ion  model .  T h e  re- 
moved  single data  point  was then  appl ied 
to this model  to obta in  a val idat ion result. 
This p rocedure  was repea ted  N-t imes for 
each piece of N data  in the  data  set, ob- 
ta ining N val idat ion results. Tables 9 and  
10 show the  results of  s t rength  and diam- 
e t e r  e s t ima t ion  t h r o u g h  such methods .  
As  expected ,  the  resul ts  f rom the  da ta  
used in formula t ing  the model  provided 
more  accurate  results, but  the results of 
the val idat ion test  also showed good esti- 
mat ion  pe r fo rmance  with only a small dif- 
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Fig. 7 - -  Nugget  d iameter  es t imat ion results o f  the mode!s .  A - -  L inear  

model;  B - -  nonl inear  model;  C - -  neural  ne twork  m o d e l  

and predicted val- 
ues are presented 
in Table 10, show- 
ing values higher 
than 0.98. It can 
also be seen in the 
nugget d iameter  
estimation model 
that the neural  
network demon- 
strated the best 
performance. 

Conclusions 

In order to de- 
velop a real-t ime 
quality estimation 
system for in- 
process resistance 
spot welding, the 
welding variables 
were monitored at 
the primary circuit 
of the welding ma- 

ference from the previous results. 
In strength estimation, the neural net- 

work model  showed the best perfor-  
mance followed by the nonlinear regres- 
sion model  and the l inear regression 
model. These results can be seen in Fig. 
6. The estimation performance was espe- 
cially good in the neural network model. 
Evaluating the nugget diameter estima- 
tion, the linear model showed similar, but 
slightly better, results than the nonlinear 
model. Figures 7A and B shows the re- 
sults for nugget diameter estimation for 
linear and nonlinear regression models. 
Although the distribution range of the es- 
timated result near a nugget diameter of 
4-5 mm is up to 1.3 mm, overall estima- 
tion results show good correspondence 
with measured nugget diameter. The cor- 
relation coefficients between measured 

chine and the dy- 
namic resistance obtained was used to es- 
t imate weld strength. In order  to 
effectively eliminate the unwanted induc- 
tive noise, the primary current and volt- 
age were measured when the rate of 
change of current was zero. These were 
used to calculate the primary circuit dy- 
namic resistance using the microproces- 
sor of the welding machine timer. The 
welding machine circuit with a transfor- 
mer was also analyzed, and the primary 
circuit dynamic resistance was converted 
into a dynamic resistance of the welds. To 
consider the relat ionship between dy- 
namic resistance and secondary circuit 
dynamic resistance, a correlation analysis 
was carried out. It was shown the correla- 
tion coefficient was more than 0.92 and 
maximum error  was only 7.6392 IxQ. 
Therefore, the dynamic resistance pat- 

tern, which contains information about 
the nugget formation mechanism of the 
welds, could also be effectively obtained 
in the welding machine timer. We have 
also observed the effect of dynamic resis- 
tance on weld quality through the regres- 
sion analysis of the factors extracted from 
the dynamic resistance pattern. In the lin- 
ear regression model, weld quality esti- 
mation was influenced by beta peak loca- 
tion X1, the rising speed of dynamic 
resistance X2, difference between the 
minimum and maximum values of dy- 
namic resistance X3, the maximum value 
of dynamic resistance variation per cycle 
X4, and the final dynamic resistance X7 
while it was influenced by the rising speed 
of dynamic resistance X2, difference be- 
tween the minimum and maximum values 
of dynamic resistance X3, the maximum 
value of dynamic resistance variation per 
cycle X4, the maximum value of dynamic 
resistance X5, and the final dynamic re- 
sistance X7 in the nonlinear model. 

As another method of evaluating weld 
quality, a neural network with two hidden 
layers was used. The factors determined 
in the regression analysis were used as the 
input while the strength and nugget di- 
ameters were selected as the output. Ac- 
cording to the performance results of 
quality estimation through such models, 
the weld strength estimation showed a 
maximum error of 0.2061 kN, a correla- 
tion coefficient exceeding 0.96, and an 
rms error under 0.0836 kN. The neural 
network showed the most accurate re- 
suits in nugget diameter  estimation as 
well as in the strength estimation. The 
performance of the nugget diameter esti- 
mation showed a maximum error  of 
0.66093 mm, correlation coefficient over 
0.98, and an rms error under 0.2317 mm. 
According to the results described in this 
paper, not only can weld quality estima- 
tion be performed without the attach- 

l i l i lo~-] l  JUNE 2002 



ment  of additional moni tor ing devices in 
the secondary circuit of  the welding ma- 
chine but also real- t ime quality estima- 
tion is made possible. 
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