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Abstract Resistance spot welding is one of the most
important welding procedures. Therefore, a lot of re-
search is done in order to increase its cost effectiveness.
One of the problems is short electrode life, especially
when coated materials are welded. This paper presents
a fuzzy logic-based controller which is capable of de-
tecting expulsion and stopping the welding process
when it occurs. Consequently, electrodes are spared of
unnecessary high stresses which occur when the energy
is being poured into the weld region after expulsion.
Their life is therefore substantially increased.

Keywords Resistance spot welding · Fuzzy logic ·
Process control

1 Introduction

Resistance welding (RW) can be defined as a group of
welding processes that produce coalescence of the fay-
ing surfaces using the heat obtained from the resistance
of the workpieces to the flow of electrical current in the
circuit which the workpieces are a part of and by the
application of pressure [1]. There are several different
versions of RW. The most widely used is resistance
spot welding (RSW). RSW is one of the major welding
technologies used in the appliance, electric, and avia-
tion industries. The automotive industry, however, is
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the major user. RSW is widely used in an automotive
body assembly. There are thousands of spot welds on an
automobile body [2, 3]. As their properties significantly
affect the durability and crashworthiness of the vehicle
[4], improving their quality is an ongoing process in
RSW research [5–9].

The most common type of power source used in
RSW utilizes two silicon-controlled rectifiers (SCRs)
that are connected in parallel: one to pass the current
during the positive half cycle and the other during the
negative half cycle as shown in Fig. 1. The primary
current iP conduction is started with a pulse on one
of the gate electrodes (G1 or G2 in Fig. 1) of each of
the SCRs, as shown in Fig. 1. The primary current is
started with pulses on the gates and continues until the
end of each half cycle. The firing angle determines the
effective value of the primary current and can, there-
fore, together with the transformer setting, be used
to control the effective welding current iW . The main
drawback of SCR power source from the control theory
point of view is the fact that its output can only be
changed twice during each period of the net frequency.
Advanced middle frequency DC sources use higher
frequencies (up to 20 kHz) and are, therefore, along
with other advantages, more applicable for advanced
control algorithms. As a consequence of the changing
primary current, there is a certain amount of weld-
ing voltage UW on the secondary part of the welding
transformer that causes the electrical current to flow
in the secondary circuit. The current flow through the
workpieces generates heating. The intensity of the heat
generation depends on the resistance distribution in the
secondary circuit. By far the greatest part of the total
resistance (electrode resistance, contact resistance at
the eletrode/workpiece interface, workpiece resistance,
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Fig. 1 Schematic
representation of resistance
spot welding [1]
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and workpiece/workpiece interface contact resistance)
is the contact resistance at the workpiece/workpiece
interface [10]. Therefore, the most intense heating oc-
curs at this interface. Consequently, the temperature
increases beyond the welding temperature, as shown
in the temperature profile in Fig. 1. As a result, a
volume of material (the so-called welding nugget) is
formed between the workpieces. The size (diameter) of
the welding nugget is important because after cooling
down, it defines the strength of the weld. If other
parameters remain constant, the size of the welding
nugget increases with the welding time. The size of the
nugget, however, cannot be increased indefinitely. It is,
of course, limited by the thickness of the workpieces.
In fact, even before the welding nugget expands to
the outer surfaces of the workpieces, the weld would
collapse because of the decreasing amount of solid
material around the welding nugget, which is no longer
able to withstand the pressure of the electrodes. The re-
sult is an expulsion of the molten material at the fay-
ing surface or the electrode workpiece interface. The
latter may severely affect surface quality and electrode
life, but not the strength of the weld if it is limited
to the surface [11]. On the other hand, expulsion at
the faying surface is highly undesirable in terms of
the weld strength because it involves loss of liquid
metal from the nugget during welding. So although
the expulsion does not necessarily imply a decreased
weld strength [12] and might in some circumstances
even be used as visual indicator of a “correct” welding
process [13], it is generally considered undesirable due
to a higher electrode wear, a higher energy consump-
tion, an unsatisfactory visual appearance of the weld,
and a reduced corrosion resistance of coated materials.
Beside that, even if the expulsion does not decrease the
weld strength, it might decrease the energy absorption
capability of the weld [14]. In high strength steels, it
might also cause voids and porosity [13].

The use of zinc-coated steels has attracted much
attention over the past decade due to their good cor-
rosion resistance and relatively low cost [15]. How-
ever, electrode wear of Zn-coated steels continues to
be a significant issue, due to its lower electrical re-
sistance, lower melting temperature, and accelerated
degradation of resistance welding electrode tips. Elec-
trode wear adversely affects the cost and productivity
of automotive assembly welding due to reduced weld
quality, reliability, and robustness. This mandates in-
creased inspection rates and greater control of welding
parameters. Consequently, large potential cost savings
and quality improvements are expected from substan-
tial improvements in electrode life, and a lot of re-
search has been done in this area [15–21]. An efficient
transfer of heat from the electrode to the cooling water
can reduce the electrode temperature and limit ther-
mal degradation of the electrode material. A proper
electrode temperature results in longer electrode life
[21]. The electrode life can also be extended if energy
input into the weld region is limited. When expulsion
occurs, there is no reason to add any more energy, so
the welding process should be stopped at that point
because further temperature increase can substantially
increase the electrode temperature and therefore de-
crease the electrode life. In this paper, an algorithm for
expulsion detection based on fuzzy logic is presented.
The control system using this algorithm is of the on–
off type measurement-based feedback control system
[1]. It stops the welding when expulsion occurs. Similar
approach based on neural networks was already used
[22]. The problem is, however, that neural networks
might have problems of convergence during learning
process. Beside that, they tend to be computationally
demanding and are therefore not very suitable for real-
time applications. Another approach can be used if
modeling of expulsion is considered [11]. The main ad-
vantage of this approach is the possibility of expulsion
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prediction. The problem is, however, that there are so
many disturbances in RSW that it is almost impossible
to get an accurate model of the process.

2 Measurement

The following materials were used in the experiment:

– Mild steel RSt 13
– Mild steel RSt 42-1
– Zinc-coated steel USt 10 (zinc coating 275 g m−2)
– Zinc-coated steel FePO4 (zinc coating 140 g m−2)

All the samples were 2 mm thick, 10 cm long, and 5 cm
wide.

The measurement setup is shown in Fig. 2. The fol-
lowing variables were measured for all the samples at
the sampling rate of 10 kHz:

– The welding voltage Uw

– The induced voltage Ui (used to obtain the welding
current Iw)

– The electrode displacement x
– The welding force Fw

The welding voltage Uw can be measured directly on
the electrodes. The induced voltage was measured us-
ing the Rogovsky coil (TECNA 1430). The signal is pro-
portional to the derivative of the welding current Iw, so
it must be integrated in order to get the welding current
[23]. The electrode displacement was detected as the
movement of the upper electrode. A laser triangulation
sensor (MEL Mikroelektronik M5L/10-10B24NK) was
used for that purpose. The principle of measurement
is shown in Fig. 3. As the sensor uses the optics for
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the measurement, it is insensitive for the electromag-
netic interference due to large welding currents. The
welding force was measured using the piezoel. sensor
(KIAG SWISS Type 903A) and the charge amplifier
(Kistler Type 5006). The results of the measurements
(the welding voltage Uw and the induced voltage Ui)
were then used to obtain the dynamic resistance Rd. It
can be obtained in different ways [24]. In this paper,
the welding voltage Uw and the welding current Iw at
the moment of zero-induced voltage Ui ( diw

dt = 0) were
used (time tk in Fig. 4). The reactance equals zero at
this moment and the dynamic resistance can therefore
be easily obtained. It can, however, only be obtained
once in each half-cycle.

The typical signals for a weld with expulsion are
shown in Fig. 5. The moment of expulsion is marked
with a dashed line. When the expulsion occurs, the
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Fig. 5 Typical signals for a weld with expulsion

following phenomena, which vary in their intensity, can
be observed in any of the four materials:

– A decrease in the dynamic resistance Rd

– An increase in the electrode displacement xd

– An increase in the variation of the welding force Fw

Due to the fact that SCR-based welding sources can be
controlled only twice in each period, all the signals were
modified to resemble the dynamic resistance signal.
The electrode displacement signal was filtered using
a moving average filter of 20 points and determined
at the same moments as dynamic resistance (Figs. 6,
7, and 8). In order to get the welding force variation,
the filtered welding force (the moving average of 100
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Fig. 6 Typical signals for mild steel
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Fig. 7 Typical signals for zinc-coated steel

samples) was obtained first. Then, it is subtracted from
the welding force. The absolute value of the resulting
signal is filtered again with the moving average filter
of 100 samples. The resulting signal (the amplitude of
welding force variation) is shown in Figs. 6, 7, and 8.

Figures 6, 7, and 8 show signals in three cases. The
first one (Fig. 6) is representative for mild steels. A
distinct change in all three signals can be seen, when
expulsion occurs. So it is very easy to determine the
moment of expulsion in this case. The changes in zinc-
coated steel are much less obvious. Figure 7 shows one
example, where it would still be possible to determine
the moment of the expulsion based on the amplitude
of the welding force signal variation alone. The last
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case (shown in Fig. 8) is the case, where it is difficult
to detect the moment of expulsion. If the amplitude
of the welding force variation signal alone is used, it
is impossible to make a clear distinction for all the
samples because there is also random variation in this
signal as well. In this case, it is beneficial to use other
signals as well. We namely know that, beside increase in
welding force variation, there must also be a decrease in
the dynamic resistance and an increase in the electrode
displacement signal. One solution to this situation is the
application of neural networks [22]. The more elegant
one is the application of fuzzy logic.

3 Fuzzy logic

Fuzzy logic is one of the artificial intelligence tech-
niques. It is applicable in different areas of science
and engineering [25–27], so a basic understanding of its
capabilities is essential for every scientist or engineer.

3.1 The basics of fuzzy logic

3.1.1 The def inition of fuzzy sets

The concept of fuzzy sets as a generalization of crisp
sets was first introduced by L. A. Zadeh [28]. Crisp
as well as fuzzy sets can be defined by a characteristic
function μ. The domain of μ is the universal set X. The
range depends on the type of the set. Crisp set can be
defined by a characteristic function μS:

μS : X → {0, 1} (1)

the range of which is a two element set {0, 1}. The value
of μS at x equals 1 if x ∈ S and equals 0 if x /∈ S. So each
element either is in the set S, or is not. Fuzzy set on the
other side is defined by a characteristic function μA:

μA : X → [0, 1] (2)

In this case, the range is an interval [0, 1]. If the value of
a characteristic function μA for a certain x ∈ X equals
y ∈ [0, 1], we say that x is a member of A with a
membership value of y.

3.1.2 Operations on fuzzy sets and fuzzy relations

Operations on fuzzy sets are just an extension of opera-
tions on crisp sets. As crisp sets are just a special case of
fuzzy sets, operations on fuzzy sets should imply known
relations on crisp sets if they are applied only on them.

A fuzzy set C is a union of fuzzy sets A and B (C =
A ∪ B) if the following equality holds for every x ∈ X:

μC(x) = max [μA(x), μB(x)] (3)

A fuzzy set C is an intersection of fuzzy sets A and B
(C = A ∩ B) if the following equality holds for every
x ∈ X:

μC(x) = min [μA(x), μB(x)] (4)

Fuzzy union and intersection can be defined in other
ways as well, but the ones presented in Eqs. 3 and 4 are
most common.

Fuzzy relations are extension of relations known
from classical set theory. Crisp relation R is defined as
a subset of a direct (Cartesian) product of universal sets
X and Y.

R ⊂ X × Y = {(x, y) | x ∈ X, y ∈ Y} (5)

Crisp relation can therefore be defined with the follow-
ing characteristic function:

μR : X × Y → {0, 1} (6)

Fuzzy relation R differs from a crisp one only in its
codomain. In this case, it is an interval [0, 1] instead of
a two-element set {0, 1}.
μR : X × Y → [0, 1] (7)

At this point, the problem of the definition of a direct
product of fuzzy sets arises. Let a fuzzy set A be a
subset of an universal set X and fuzzy set B a subset
of an universal set Y. A fuzzy set C is a fuzzy Cartesian
product of sets A and B if it is a subset of the set X × Y
with the following characteristic function:

μC(x, y) = min(μA(x), μB(y)) (8)

For the purpose of fuzzy logic, it is important to define
the composition of fuzzy relations. Let C and D be
fuzzy relations and subsets of X × Y and Y × Z , re-
spectively. Fuzzy set E is a composition of fuzzy rela-
tions C and D (C ◦ D) if it is a subset of X × Z with
the characteristic equation [29]

μE(x, z) = max
y=Y

(min(μC(x, y), μD(y, z)) (9)

A special case of this definition is the case when one
fuzzy relation is replaced with a fuzzy set. Let fuzzy set
A be a subset of X and fuzzy relation C a subset of
X × Y. Their composition B is a subset of the universal
set Y with the characteristic function

μB(y) = max
x=X

(min(μA(x), μC(x, y)) (10)

The above equation is used extensively in fuzzy logic.
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3.1.3 Fuzzy inference

Logic operates with statements and predicates. Let p(x)

be an open statement or predicate defined on a set X.
Let set P consist of all elements x ∈ X which make the
statement p(x) true. If the statement p(x) is defined as:
“x is less than 3”, the set P consists of all real numbers
in the interval (−∞, 3). Predicate (in crisp set case) can
therefore be defined as:

μP : X → {0, 1} (11)

Fuzzy predicate is an extension of crisp one.

μP : X → [0, 1] (12)

Fuzzy predicate enables us to use mathematical logic
in a sense closer to human reasoning. The statement
“An x-year old person is young” is, for example, very
difficult to characterize with a crisp set. If we set the
boundary between young and old at 30 years, it would
mean that a person at the age of 29 is young and a
person 1 year older is old. Such a sharp difference
does not make sense. We would also get different state-
ments from different people. A 10-year-old child would
probably consider a 30-year-old person old. The same
person would be considered young for a 70-year-old
man. Fuzzy sets can be applied to “soften” the tran-
sition between young and old. An example of such a
softening is shown in Fig. 9. Until a person is 20 years
old, he belongs to a group of young people with a
membership value of 1. Between the ages 20 and 50,
the membership gradually decreases from 1 to 0 and
remains 0 after the age of 50. It is obvious that fuzzy
logic resembles human reasoning.

Fuzzy predicates can be used to form compound
statements (logical and, logical or, etc.). Let p and q
be predicates characterized with sets P and Q. The
following (compound) statements can be defined:

– Conjunction (logical and): p ∧ q ⇒ P ∩ Q
– Disjunction (logical or): p ∨ q ⇒ P ∪ Q
– Negation: ¬p ⇒ P
– Equivalence: p ⇔ q ⇒ P = Q
– Implication: p ⇒ q ⇒ P ∪ Q

μP(x)

X
0

1

20 50

Fig. 9 Characteristic function of the soft predicate “An x-year
old person is young”

Table 1 The truth table
for implication

p q p ⇒ q

t t t
t f f
f t t
f f t

The last one is especially important for fuzzy logic-
based control applications. The truth table for implica-
tion is shown in Table 1. Implication is false (f) only
when the statement p is true (t) and the statement q
false (f). If the sets P and Q are subsets of the same uni-
versal set, implication can be characterized by a Venn
diagram as shown in Fig. 10. A compound statement
called modus ponens is defined as

p ∧ (p ⇒ q) ⇒ q (13)

As the statement is true for any combination of state-
ments p and q, it is a tautology. It is often applied for
control related purposes (Table 2).

3.2 The application of fuzzy logic

In control applications, a modified modus ponens rule
is usually used.

p′ ∧ (p ⇒ q) ⇒ q′ (14)

It is used when input p′ is not exactly the same as the
premise p. Using fuzzy sets, this rule corresponds to

Q′ = P′ ∩ (P ∪ Q) (15)

The implication P ∩ Q is usually used instead of P ∪ Q.
The main reason for this modification is the fact that we
want to exclude the implication of the type “If water
level is not too high, close the valve”. In mathematical
sense, this implication is correct, but it does not make
sense in control-related applications. The characteristic
function of a fuzzy set Q′ can therefore be defined in
the following way

μQ′(y) = max
x∈X

(
min(μP ′(x), μP∩Q(x, y))

)

= max
x∈X

(
min(μP ′(x), μP(x), μQ(y))

)

Fig. 10 Implication in
Venn diagram

P Q
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Table 2 Modus ponens

p q p ⇒ q p ∧ (p ⇒ q) p ∧ (p ⇒ q) ⇒ q

t t t t t
t f f f t
f t t f t
f f t f t

If the equality

min(μP ′(x), μP(x), μQ(y))

= min
(

min
x∈X

(μP ′(x), μP(x)), μQ(y)

)

is taken into account, we get the following result

μQ′(y) = max
x∈X

(
min(μP ′∩P(x), μQ(y))

)
(16)

If the input is crisp value a, which is usually the case, we
define the input P′ as

μP ′(y) =
{

1; y = a
0; y �= a

(17)

After the characteristic function of the set Q′ is calcu-
lated, we must determine the output of the controller.
Fuzzy set is namely inappropriate for that purpose. This
process is called defuzzification. For that purpose, we
usually calculate the center of gravity according to the
following equation [30]:

T =
∫

Y μQ′(y) · y dy
∫

Y μQ′(y) dy
(18)

4 Results

In our case, the following rules were applied:

– If resistance increases and displacement decreases
and force increases than expulsion yes

– If resistance decreases or displacement increases or
force decreases than expulsion no

Fig. 11 An expulsion sample

Fig. 12 A nonexpulsion sample

The characteristic functions for increase or decrease
were selected so that the border between them is a
small positive value (around 10% of a typical expul-
sion values). This must be done in order to reject
samples where resistance increases, displacement de-
creases, and force increases but expulsion nevertheless
does not occur. Such samples, however, do randomly
occur. The characteristic functions for expulsion vari-
able were named yes and no and are shown in Figs. 11
and 12.

The shape of the characteristic functions are such
that if expulsion occurs, an output close to 1 is expected,
and if there is no expulsion, an output close to 0 is
expected. Figure 11 is a case where expulsion occurs
because resistance increases, displacement decreases,
and force increases sufficiently enough. Figure 12 is a
case where all three signals decrease. In that case, the
second rule is applied and the result is no expulsion.

This type of fuzzy-logic based algorithm can be ap-
plied in an on–off type measurement-based feedback
control system [1]. The welding process goes on while

Fig. 13 A specimen welded without the application of the fuzzy
controller (left) and a specimen welded with application of the
fuzzy controller (right)
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the fuzzy controller output is equal to 0. As soon as the
output is changed to 1, the welding is stopped. There is
no additional input of energy into the weld region, and
the temperature does not increase anymore. The elec-
trodes are spared and their life is extended accordingly.
The comparison between a weld without this type of
control and a weld with it is shown in Figs. 12 and 13.

If the specimens are compared, it can be seen that
the indentation of the specimen on the left (the one
welded without the application of the fuzzy controller)
is much larger because the welding did not stop, when
the expulsion occurred. Specimen on the right was
welded with the same parameters, but when the ex-
pulsion occurred, the welding process was stopped.
Therefore, the indentation is smaller. Beside that, the
temperature of the electrodes does not increase further,
and consequently, the electrode life is increased. This
algorithm was successfully tested on all the samples of
four materials mentioned earlier (52 samples in total).

5 Conclusion

A fuzzy logic-based expulsion detection system is less
cumbersome to program than neural network based
one. Beside that, no training is needed. Fuzzy logic-
based system can also be extremely fast because a
lookup table can be formed based on the fuzzy in-
ference and a correct output is obtained immediately.
Consequently, it can easily be applied in real-time en-
vironment. If other materials are used (aluminum for
example) and the welding process cannot be success-
fully controlled using only the signals presented in this
paper, other signals can be added and their behavior
during expulsion should be observed. The rules can
than be easily modified to incorporate this signal as
well. In this way, the set of materials, where expulsion
can be detected, is enlarged.

The proposed algorithm is capable of significantly re-
ducing the thermal stress on the electrodes because the
welding process is stopped if/when expulsion occurs.
Due to this fact, the electrode life is prolonged. The
applicability of the proposed algorithm depends on the
number of signals needed in order to detect expulsion.
In mild steel case where only dynamic resistance is
needed, there are almost no additional costs because it
is easy to measure welding voltage and welding current.
If the welding force and the electrode displacement
signal are needed as well, there is additional cost due
to sensory equipment needed to measure these two
signals.

In our research, we were limited with the capabilities
of the AC welding source. The energy was delivered in

packages (half-periods of net voltage) so there was no
continuous measurement of dynamic resistance. This is
possible if a more modern DC welding source is used.
Such a source also makes it possible to control the
welding process with much higher frequency. In fu-
ture, it would therefore be interesting to research the
applicability of the proposed algorithm for expulsion
prediction, when DC welding sources are used.

References

1. Podržaj P, Polajnar I, Diaci J, Kariž Z (2008) Overview of
resistance spot welding control. Sci Technol Weld Join 13:
215–224

2. Luo Y, Liu J, Xu H, Xiong C, Liu L (2009) Regression
modeling and process analysis of resistance spot welding on
galvanized steel sheet. Mater Des 30:2547–2555

3. Goodarzi M, Marashi SPH, Pouranvari M (2009) Depen-
dence of overload performance on weld attributes for re-
sistance spot welded galvanized low carbon steel. J Mater
Process Technol 209:4379–4384

4. Sun X, Stephens EV, Khaleel MA (2008) Effects of fusion
zone size and failure mode on peak load and energy absorp-
tion of advanced high strength steel spot welds under lap
shear loading conditions. Eng Fail Anal 15:356–367

5. Ruisz J, Biber J, Loipetsberger M (2007) Quality evaluation
in resistance spot welding by analysing the weld fingerprint
on metal bands by computer vision. Int J Adv Manuf Technol
33:952–960

6. Zhang P, Zhang H, Chen J, Ma Y (2007) Quality monitoring
of resistance spot welding based on electrode displacement
characteristics analysis. Front Mech Eng China 2:330–335

7. Cullen JD, Athi N, Al-Jader M, Johnson P, Al-Shamma AI,
Shaw A, El-Rasheed AMA (2008) Multisensor fusion for on
line monitoring of the quality of spot welding in automotive
industry. Measurement 41:227–234

8. El-Banna M, Filev D, Chinnam RB (2008) Online qualitative
nugget classification by using a linear vector quantization
neural network for resistance spot welding. Int J Adv Manuf
Technol 36:237–248

9. Wang H, Zhang Y, Chen G (2009) Resistance spot welding
processing monitoring based on electrode displacement curve
using moving range chart. Measurement 42:1032–1038

10. Krause M (1993) Widerstandspreßschweißen, 27. DVS,
Düsseldorf

11. Senkara J, Zhang H, Hu JS (2004) Expulsion prediction in
resistance spot welding. Weld J 83:123s–132s

12. Podržaj P, Polajnar I, Diaci J, Kariž Z (2006) Influence of
welding current shape on expulsion and weld strength of re-
sistance spot welds. Sci Technol Weld Join 11:250–254

13. Ma C, Bhole S D, Chen D L, Lee A, Biro E, Boudreau G
(2006) Expulsion monitoring in spot welded advanced high
strength automotive steels. Sci Technol Weld Join 11:480–
487

14. Pouranvari M, Abedi A, Marashi P, Goodarzi M (2008)
Effect of expulsion on peak load and energy absorption of
low carbon steel resistance spot welds. Sci Technol Weld Join
13:39–43

15. Zou J, Qizhang Z, Zheng C (2009) Surface modified long-
life electrode for resistance spot welding of Zn-coated steel.
J Mater Process Technol 209:4141–4146



Int J Adv Manuf Technol (2011) 52:959–967 967

16. Gould JE, Peterson W (2007) Analytical modelling of elec-
trode wear occurring during resistance spot welding. Sci
Technol Weld Join 13:248–253

17. Rao ZH, Liao SM, Tsai HL, Wang PC, Stevenson R (2009)
Mathematical modeling of electrode cooling in resistance
spot welding. Weld J 88:111-s–119-s

18. Latypova EY, Furmanov SM, Tsumarev YA, Emelyanov SN
(2008) Modernisation of the cooling systems of resistance
spot welding electrodes. Weld Int 22:472–474

19. Zhang YS, Wang H, Chen GL, Zhang XQ (2007) Monitoring
and intelligent control of electrode wear based on a mea-
sured electrode displacement curve in resistance spot weld-
ing. Meas Sci Technol 18:867–876

20. Zhang XQ, Chen GL, Zhang YS (2008) On-line evaluation
of electrode wear by servo gun in resistance spot welding. Int
J Adv Manuf Technol 36:681–688

21. Lai X, Luo A, Zhang Y, Chen G (2009) Optimal design
of electrode cooling system for resistance spot welding with
the response surface method. Int J Adv Manuf Technol 41:
226–233

22. Podržaj P, Polajnar I, Diaci J, Kariž Z (2004) Expulsion de-
tection system for resistance spot welding based on a neural
network. Meas Sci Technol 15:592–598

23. Ward D A, Exon J La T (1995) Using Rogowski coils
for transient current measurements. Eng Sci Educ J 2:
105–113

24. Weber G (1995) Qualität von Schweißungen und dynamis-
ches Ström–Spanungs–Verhalten beim Widerstandspunk-
tschweißen mit Wechselstrom. Schweiss Schneid 47:23–29

25. Chen CW (2009) Modeling and control for nonlinear struc-
tural systems via a NN-based approach. Expert Syst Appl
36:4765–72

26. Hsiao FH, Xu SD, Lin CY, Tsai ZR (2008) Robustness design
of fuzzy control for nonlinear multiple time-delay large-scale
systems via neural-network-based approach. IEEE Trans
Syst Man Cybern Part B Cybern 38:244–251

27. Chen CW, Yeh K, Liu KFR (2009) Adaptive fuzzy sliding
mode control for seismically excited bridges with lead rub-
ber bearing isolation. Int J Uncertain Fuzziness Knowl-Based
Syst 17:705–727

28. Yager RP, Filev DP (1994) Essentials of fuzzy modeling and
control. Wiley, New York, pp 1–13

29. Patyra MY, Mlynek DM (1996) Fuzzy logic. Implementation
and applications, vol 4. Wiley, Chichester

30. Terano T, Asai K, Sugeno M (1994) Applied fuzzy systems.
AP Professional, Cambridge, pp 36–41


	Resistance spot welding control based on fuzzy logic
	Abstract
	Introduction
	Measurement
	Fuzzy logic
	The basics of fuzzy logic
	The definition of fuzzy sets
	Operations on fuzzy sets and fuzzy relations
	Fuzzy inference

	The application of fuzzy logic

	Results
	Conclusion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


