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ABSTRACT Resistance spot welding (RSW) is frequently employed in current industrial occasions. This
paper reviewed recent advances of the electrical structure of the RSW system. Two types of electrical
structures are used in RSW machines. Single-phase ac power source has a simple structure but low control
frequency and power factor, and the measurement and control for the machine have some special operations.
While three-phase medium frequency dc power source has a complex structure and high control frequency
but high cost, and frequently switching the direction of the output welding current may induce many
negative phenomena in the welding transformer. The characteristics of the two structures are presented
in detail in this paper. Corresponding measures have been taken to deal with the phenomena during the
process, respectively, for the two types of electrical structures, according to the previous works. Though
many significant achievements have been gained in previous works, it is expected to be more improvements
required in the future. This paper can provide references and enlightens for academic researches or actual
production in RSW operations.

INDEX TERMS Resistance spot welding (RSW), signal-phase ac, three-phase medium frequency dc,
welding current.

I. INTRODUCTION
Resistance spot welding (RSW) is one of the most com-
monly employed process in modern manufacturing industry,
especially in automobile production [1]–[3]. The vehicle
components, which includes the body in white, cradles,
doors, are made of thin metal sheets that are connected using
RSW joints. Despite the fact that many advanced spot weld-
ing technologies, such as gas tungsten arc spot, laser spot or
friction stir spot, are available, the conventional RSW is the
predominant process in sheet metal joining particular in auto-
mobile manufacturing occasions [4]. Currently, over 90%
of assembly work in a car body is completed by RSW [5].
Hence, it is a vital joining process for automobile production.

During the RSW process, two or more parent sheet met-
als are pressed through upper electrode moving toward to
the lower electrode by means of the electrode force, which
is usually provided by air pressure in a pneumatic cylin-
der, or servo actuator. Then the external energy can be
delivered into the system through a particular electrical

structure and a step-down welding transformer. When the
welding current goes through the contact metal sheets, the
energy generates following the basic Joule heat generation
equation:

E =

T2∫
T1

I2(t)R(t)dt, (1)

There are two types of electrical sources of the RSWmachine
responsible for controlling the energy delivery into the weld-
ing system: single-phase AC power source and three-phase
medium frequency DC power source. Both of two sources are
prevalently employed in reality. They have different working
principle and can generate different effects during the pro-
cess [6]–[8]. In single-phase AC power source, two silicon
controlled rectifiers (SCRs), also names as thyristors, are
connected in parallel: one to pass the current during the
positive half cycle and the other during the negative half
cycle [9], [10].
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FIGURE 1. Structure of the single-phase AC power source for RSW.

Figure.1 shows the structure of the single-phase AC power
source.

In Figure.1, TR denotes the welding transformer, which
is a typical step-down transformer, and Lp and Rp denote
respectively the equivalent inductive reactance and resistance
in the primary coil of the transformer, while the Ls and Rs
respectively denote the equivalent items in the secondary
coil. In this structure, the welding control action is conducted
through setting the firing angle, also named as trigger time,
of each SCR alternatively for each control cycle. The value
range [0, 180◦] of firing angle linearly corresponds to the
value range [0, 10ms] of firing angle, the transformation is
based on the frequency of AC power, which is 50Hz or 60Hz.
In other words, the value of firing angle determines the
amount of energy delivered into the welding system. The
welding operation is conducted between the trigger time of
the SCR and the next zero crossing of the welding current,
and the duration is called as conduction time, which can also
correspond to a conduction angle. Under the circumstance,
the working frequency is twice of the frequency of AC power
source, and the welding heating process is not successive and
each burst of pulsed current passed through the parent metal
sheets followed by an idle time. Though it has a low cost and
easy-manipulating structure, the efficiency is not very high in
reality.

FIGURE 2. Structure of the three-phase medium-frequency DC power
source for RSW.

On the other hand, other type of power source is the three-
phase medium frequency DC power source. It employs a
three-phase AC power source, an input rectifier, an H-bridge
inverter, and awelding transformer, and other auxiliary equip-
ment, the structure can be shown in Figure.2. In Figure.2,
TR is also a step-down welding transformer, uu, uv, uw are

three phase AC power source from common electrical grid,
the input rectifier, which is a three-phase full-wave rectifier,
can output an approximate DC voltage UDC . The square
voltage u, which is a voltage in the primary coil of the welding
current, is an output of the H-bridge, which is composed
of four IGBT (Insulated Gate Bipolar Transistor) transistors
S1 to S4 and corresponding diodes DH1 ∼ DH4. It can be
seen that the output voltage of the inverter is either UDC
when the transistors S1 and S4 are switched on, or −UDC
when the transistors S2 and S3 are switched on, and the load
voltage is 0 when all of four transistors are switched off.
The statues of IGBTs are controlled by a separated PWM
(Pulse Width Modulation) controller. The control variable is
the duty cycle of the PWM wave. In other words, the input
rectifier transforms the original three-phase AC voltage to
approximate DC voltage, and then the H-bridge transforms
it to square wave AC voltage to suitable for the welding
transformer. The welding transformer includes one primary
coil and two secondary coils, whose numbers of turns are
N1, N2 and N3, and i1, i2 and i3 are corresponding cur-
rents in the coils, while R1 ∼ R3 and Lσ1 ∼ Lσ3 are
corresponding equivalent resistances and leak inductances in
the corresponding coils. The RFe is the iron core losses of
the welding transformer TR, which are connected to output
rectifier diode D1 and D2, while RL and LL denote the loads.
In this structure, the working frequency can be adjusted to be
a very high value, in general, at 500∼20000Hz. Compared
to the single-phase AC power source, the welding operation
process is successive because the welding current can go
thought the parentmetal sheets all the time during the process.
In addition, higher frequency denotes more control actions
can be employed to adjust the energy delivery in reality.
Hence, it has higher efficiency than that of single-phase AC
power source.

Currently, both two power sources are employed in practi-
cal occasions. Single-phase AC power source RSW machine
is predominantly employed in automotive industry. The three-
phase medium frequency DC power source RSW machine
has been limited to more specialized applications, such as
the seam welding and aluminum welding in the aerospace
industry, where the high power need often requires the use of
three-phase rectifier welding current [6]. It can save energy
and have larger range of appropriate welding conditions,
however, it has higher cost and more complex structure than
that of AC power source [6], [11], [12]. Recently, as the
technology developing, two structures may also be used in
some occasions which usually employed other structure. For
example, the medium frequency DC power source can also
be utilized in automotive manufacturing. Though the RSW
has some other different structures, such as single-side struc-
ture [13]–[15], or has different processes for different types of
parent metal sheets, such as small scale RSW and large scale
RSW processes [16], [17], the two types of power sources
were applied in all of the RSW machines.

According to above introduction, the control system of
RSW machines is single-input-single-output (SISO) control
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system, the sole input is the firing angle of the SCR in
the single-phase AC RSW machine, or duty cycle of the
PWM wave in the three-phase medium frequency DC RSW
machine, respectively. While the output is the welding cur-
rent, or other types of energy delivery. Hence, it is a highly
nonlinear system, also, because the load resistance is varying
during the welding process, it is also a time-varying system.
Therefore, the characteristics of the electrical structure should
be seriously considered during the academic research and
actual production process.

Electrical system is the executive structure of the RSW
machine, however, fewer previous works focused on the elec-
trical structure of the RSW machine, compared to the other
aspects of works in the RSW relative area. Currently, micro-
controller was employed widely in RSW system design and
actual production [18], [19]. The electrical structure, which
conducted the external energy delivery into the RSW system,
should be considered seriously in the work, because it related
to the stability, safety and energy efficiency of the production,
then to facilitate the micro-controller system. In this paper,
only the works of the energy delivery concerning electrical
structure is involved, and the effect of measuring and con-
trolling actions on the weld quality will be not included.
In addition, because two types of RSW machines have dif-
ferent electrical structures and working principles, the works
related to the two types will be separately reviewed in this
work.

In this paper, some recent contributions and advances
related to the electrical structure of the RSW machine will
be reviewed. Section.2 will focus on the works related to
the single-phase AC RSW power source, while section.3
will consider the relative works dealing with the medium
frequency DC RSW power source. Section.4 will be the
concluding remarks and suggestion for the future works.

II. SINGLE-PHASE AC RSW MACHINE
For single-phase AC RSW machine, the control action is to
set the firing angle of the SCR during each control cycle.
Figure.3 shows an integrated waveform in one control cycle
and a successive waveform of electrode force and welding
current.

In Figure.3, α denotes the firing angle of the corresponding
SCR, θ is the conduction angle which denotes the effective
range of welding current, because the existence of inductive
components, the output voltage and current in the second coil
of the welding transformer have a phase difference, ψ is the
corresponding phase lag angle. In Figure.4 (a), there are two
vertical axisP and S, which respectively denote the beginning
of voltage in the primary coil and output welding current in
the second coil, ϕ is the power factor angle which denotes
the phase difference between input voltage and corresponding
current, its mathematical description is ϕ = arctan(ωL/R),
where L and R respectively denote the equivalent inductance
and resistance, their equivalent reactance is Z , which descrip-
tion is Z =

√
R2 + (ωL)2 and ω is the angle frequency,

the description is ω = 2π f . In addition, γ denotes the

FIGURE 3. Electrical waveform of single-phase AC power source (a).
Integrated waveform in one control cycle (b).Successive waveform of
voltage and current [20].

FIGURE 4. Block diagram of the RMS value of welding current calculation
process [29].

angle which corresponds to the peak of the welding current.
It can be seen that the value of α determines the amount of
energy delivered into the welding system, and corresponding
the values of output electrode voltage and welding current.
In other words, all of the currents in the primary and sec-
ondary coils are depended by the SCR firing angle input α
in the primary coil [21]. Smaller value of α, larger electrode
voltage and welding current will be outputted.

According to Figure.3, the actual welding current is not
successive in reality, and if the firing angle is properly set, the
actual welding current may be successive because the current
in the next control cycle begins at the termination of the
current in the preceding control cycle, and this phenomenon is
called full-conduction and denotes that the maximum capac-
ity of the RSW machine were used, under this circumstance,
α = ϕ and θ = 180◦. However, if the firing angle α is below
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the power factor angle ϕ, the corresponding SCR cannot be
triggered even though the pulse signal comes because the
voltage of SCR is opposite to the coming pulse signal. If suc-
cessive control cycles cannot be alternatively triggered, the
magnetic saturation of the welding transformer may appear,
which may damage the circuit or SCR. In addition, when α is
equal to ϕ, the system achieves critical stable, and when α is
larger than ϕ, the system is stable and it is a common used
situation. Our previous work [22] analyzed three situations
in detail and proposed a solution to assure the stable trigger
for each cycle. The work analyzed the relation between firing
angle α, conduction angle θ and power factor angle ϕ, and
found that the mathematical relation can be written as:

sin(θ + α − ϕ)− sin(α − ϕ)e
−θ
tanϕ = 0. (2)

This is a transcendental equation and the power factor ϕ
cannot be directly obtained according to known α and θ .
However, after plotted the figure, the relation can be approx-
imately described as a line equation as follows:

ϕ = π [1− (π − α)/θ ]. (3)

This equation can approximately obtain the power factor ϕ.
Hence, for each next control cycle, the actual α may be
above the value of ϕ calculated in the preceding control
cycle. Though the approximation included errors, the errors
made the firing angle α bigger. Then a safety trigger can be
obtained.

Apart from the safety trigger, the unknown power fac-
tor may induce some other problems. Hence, some previ-
ous works devoted to online calculating the power factor.
Gong et al. [23] obtained a mathematical relation which
showed that the power factor λ can only be relative to the
firing angle α and current peak angle γ , and then employed
an error back propagation (EBP) network to obtain the power
factor according to the two inputs. The network included
two hidden layers containing respectively 20 and 30 neural
nodes, and employed to form a 2×20×30×1 network topol-
ogy architecture. However, the structure is so complex and
the online calculation may consume large amount of CPU
time, and the original data is collected with 5◦ interval, which
may induce large errors in final results. Also, our previous
work [10] tried to solve the same problem. In the work,
a direct integral method was employed, then an analytical
mathematical description can be obtained in equation (4),
as shown at the bottom of this page.

The equation used two different conduction angles, one
was the whole conduction angle in one control cycle and
the other was the conduction range from the zero point of
welding current to the peak. They were respectively denoted

as θ and θ1. Moreover, Ts was the discrete sample cycle,
and M and N respectively denoted the sampling number
corresponding the ranges of θ and θ1, id was the discrete
sampling value of welding current. According to the com-
parison between calculated results and ideal reference, which
was obtained from numerical calculation for power factor
angle based on equation (2) using MATLAB, the calculation
of ϕ was reliable. Then combined definition of power factor,
the overall value of power factor can be correspondingly
obtained. After making comparison between reference and
actual calculating value, the maximum error was below 10%
when different firing angles were employed.

In addition, during the single-phase AC RSW operation
process, the voltage seriously fluctuates between positive
value, zero and negative value, in other words, large voltage
fluctuations appeared in the system, and serious voltage
flicker was caused by frequent and rapid operating character-
istics of the machine. The process generated large number of
reactive power demand and harmonic current waveform dis-
tortion. The high-reactance welding transformer can induce
low-power-factor loads. A welding factory may employ hun-
dreds of welding machines, the synchronized welding cycles
may lead to annoying flickers. Severe voltage variations
can reduce the power delivered to the welding system and
cause reduced heat energy and poor-qualitywelding products.
To overcome this shortcoming, a mini-static var compen-
sator (SVC) was designed and applied to compensate voltage
unbalance caused by single-phase low-power-factor loads,
and improve the voltage quality on the welding circuit of
industrial power distribution system [24]. The rating of an
SVC is determined by the specific system requirement and
desired performance. Its size depends on some basic factors:
short-circuit capacity of the system at the load bus, voltage
drop to be compensated, and the range of welding load.
Equation (2) can be employed to calculate the additional reac-
tive power required to increase the voltage. The design was
anticipated to be an attractive methods of dealing with flicker,
voltage dips, and reactive power problem on low-voltage
network. Also, Ko and Gu [25] proposed a thyristor switched
capacity (TSC) bank to improve the voltage flicker. The pro-
posed TSC can compensate the power factor and implement
rapid compensate to meet the fast changing characteristics
of the machine. Final experimental results showed the actual
voltage fluctuation and total harmonic voltage distortion were
effectively reduced.

Currently, majority of welding actions use welding current
as the control variable, and the root-mean-square (RMS)
value of welding current is commonly employed as the cal-
culating and measuring criterion [26]. Hence, the accurate

ϕ = arctan{2π f · Ts

[cosα − cos(α + θ1)] ·
N∑
j=1

id (j)− [cosα − cos(α + θ )] ·
M∑
j=1

id (j)

i
∣∣
ωt=θ1 · [cosα − cos(α + θ )]

}. (4)
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measurement of RMS value of welding current is very impor-
tant. Traditional successive integration from point to point
for all collected current data based on the definition of RSW
value:

IRMS =

√√√√√ 1
T

T∫
0

i2(t)dt. (5)

where IRMS is the RMS value of the welding current, T is
the duration of welding current passing through the parent
metal sheets, the range corresponds to the conduction angle θ .
Then for the actual welding system, the discrete format is as
follows:

IRMS(d) =

√√√√ 1
N

N∑
I=0

i2d . (6)

where IRMS(d) is the discrete format of the RMS value, N is
the number of sampling during one control cycle, id is the
corresponding discrete sampling value. However, this tradi-
tional method may consume more CPU time in reality. Some
early works [27], [28] tried to find the relations between RMS
value of welding current and peak value, or current zero-
crossing derivative, and then employed specific mathematical
tools, such as statistical analysis, or neural network to obtain
the RMS value of welding current. However, because the
mathematical models were relative to the concrete experi-
mental process and have complicate formats, they can only
be used in some simple and limited occasions. In our previous
work [29], we tried to study the mathematical model of the
single-phase AC RSW model, and divided the mathematical
description into two parts: one was model-dependent part
which was relative to peak of the welding current and power
factor angle ϕ, the other is model-independent part which was
only relative to α, θ and ϕ. The former part can be obtained
based on equation (4) and measured peak of welding current,
while the later part can be modelled using neural network.
Because the later part was only relative the numerical rela-
tion between three angles, the established model was model-
independent and can be used in other circuits with the similar
structures, in other word, it was a general model and irrelative
to a concrete experiment. The block diagram can be shown in
Figure.4 [29].

In Figure.4,
√
2U/Z denoted the model-dependent part,

and IRMS1 was the model-independent part which was calcu-
lated by a neural network, and then the IRMS can be obtained
by combining the two parts. The experimental results showed
that the method can save about 40% of the CPU time with
small calculation errors.

Then for control operation of single-phase AC RSW
machine, a lot of previous works considered it. The percent
of the energy is commonly used in some academic contri-
butions, or actual industrial operation [30]. It considers the
full-conduction, which the actual welding current shown in
Figure.4 (b) is successive and no idle exists between two
welding currents, as the 100% energy delivery, and then

makes the required percent of energy corresponding to a
specific fire angle in reality. The mathematical description
of the relation can be shown. Ia denotes the current value
when firing angle is α, If denotes the current value when full-
conduction appears and α = ϕ, as well as θ = 180◦, hence,
the current percentage is I% = Ia/If , then for a concrete
welding operation, the firing angle α can be written as:

α = f (I%). (7)

The detailed mathematical relation is highly nonlinear, it can
be shown as follows [31]:
If = [

1
π

∫ π
0 (
√
2U sinωt/R)2d(ωt)]

1
2

⇒ 2π (1− I%2) = 2α − sin(2α).

Iα = [
1
π

∫ π
α
(
√
2U sinωt/R)2d(ωt)]

1
2

(8)

In most academic experiments research, accurate control
operation is necessary. Generally, constant current con-
trol (CCC) method is a commonly-employed control strategy,
because of its simplicity, reliability and performance [32],
as well as the liquid nugget can steadily grow under the
control mode [33]. To achieve the CCC, the relation between
fringe angle α and the desired welding current should be
established. The relation is also highly nonlinear. The dif-
ficulties for achieving the goal are that the welding load
is varying and the electrical grid may be fluctuated, espe-
cially when many machines synchronously work. In previous
works, Zhao and Cai [34] proposed a controller which com-
bined Flourier learning and PD controller. Its block diagram
is shown in Figure.5 [34].

FIGURE 5. Block diagram of the controller combined Flourier learning
and PD controller [34].

The controller was model-irrelative, and the learning part
generated feedback compensation based on the Flourier
approximation of the PD controller. Though there were other
approximate works to deal with the CCC, the algorithm did
not consider the structure and working principle of the circuit,
they were not general. In our previous work [20], the work-
ing principle and relations between different variables were
seriously analyzed, and then a nonlinear relation between
desired welding current IdR and firing angle α based on the
actual welding current IaR,i in current control cycle can be
obtained as in (9), as shown at the top of the next page,
where i is the actual control cycle. In addition, because the
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αi+1 =

arccos[ I
d
R
IaR,i
· [cos(0.1παi)− cos[0.1π (10+ ψi)]]+ cos[0.1π (10+ ψi)]]

(0.1π )
. (9)

α̂i+1 =

arccos[

√
EdR
EaR,i
·
R̂d
Rai−1
·[cos(0.1πᾱi)− cos[0.1π (10+ ψi)]]+ cos[0.1π (10+ ψi)]]

(0.1π )
. (11)

positive trigger and negative trigger for two SCRs may have
difference, or cycles of Analog-Digital (AD) data acquisition
may have errors, a PD controller was employed to alleviate
the fluctuation of two triggers, and the PD controller was
not traditional because the input and output have the same
units, hence, the parameters of the controller was easy to
be confirmed and no large fluctuation appeared. The PD
controller can be written in following format:

ᾱi+1= ᾱi+Kp(α̂i+1 − ᾱi)+Kd [(α̂i+1−ᾱi)− (α̂i − ᾱi−1)],

(10)

where ᾱ was the actual trigger time for the controller,
Kp and Kd were the feedback gains, while α̂ corresponded
to the result of equation (9). The experimental results showed
that the controller can achieve the goal of CCCwhen different
desired welding currents were set. Because the controller
was designed based on electrical structure and working prin-
ciple of the RSW system, the controller was irrelative to
the concrete welding process and can be universal in all of
the single-phase AC RSW operation. In addition, because
the model was based on characteristics of electrical structure,
it can be extended to be employed in other kinds of control,
for example, constant energy control (CEC), which also was
named as constant power control (CPC). Our other work [35]
have realized the CEC based on CCC, equation (11), can
be written based on the relation between desired energy and
firing angle in equation (11), as shown at the top of this page,
where EdR was the desired energy, EaR,i was the actual energy
in current control cycle. The equation transformation was
based on equation (1). The calculation of energy was relative
to the dynamic resistance R, because the desired value of
dynamic resistance in the next control cycle was unknown,
the mean value of dynamic resistance during two adjacent
control cycles can be used as a substitute, whose mathematic
description can be R̂d = (R(i)+R(i− 1))/2, also, Ra was the
actual dynamic resistance in the specific control cycles.

As the most commonly used type of power source, many
important measurements should concern the characteristics
of single-phase AC RSW machine. As one of the most
commonly-employed process variable, dynamic resistance
was used in online process analysis, non-destructive quality
test, and other relative occasions, because it can be related to
weld strength during the process [36]. Though the dynamic
resistance can be obtained by electrode voltage and weld-
ing current, directly calculation may induce disaster results
because the so many noises exist in the signals. Moreover,

the two values are collected by different sensors, the voltage
detector collects the electrode voltage and the Rogowski
current transducer collected the welding current signals, and
result from Rogowski current transducer must be processed
by circuit or algorithm design. Hence, the two values may
not be one-to-one correspondence. The electrode voltage
included the inductive elements and resistance elements,
which shows [37], [38]:

V = iR+ L
di
dt
. (12)

where V , i, R, L respectively denote the electrode voltage,
welding current, dynamic resistance, equivalent inductive
between electrodes. These values are collected between two
electrodes and in the secondary coil of the welding trans-
former. Traditionally, two methods were used to online cal-
culate the dynamic resistance. The first method was using the
instantaneous electrode voltage at the peak of the welding
current during each cycle dividing the corresponding welding
current, because at that point, the differential value of the
welding current is zero and the inductive element can be elim-
inated. Following the same principle, Cho and Rhee [39], [40]
obtained the dynamic resistance in the primary coil of the
welding transformer to avoid add some facilities in the second
coil. The second method was based on the calculation of
RMS values of electrode voltage and welding current [41].
However, using these two methods, only one value can be
obtained during eachwelding cycle. It may be limited in some
detailed analysis by means of dynamic resistance. To solve
this problem, some previous works employed a special data
acquisition unit [42] or a signal conditioning board with
a tuning potentiometer [11]. However, the facility was so
complex and increase the cost. In our previous work [33], the
historical information was used to eliminate the noises and
disturbances during the calculation as shown in equation(13):

R =

∑
two continuous cycles:

U (t)I (t)∑
two continuous cycles:

I2(t)
. (13)

Using this method, dynamic resistance with high frequency
can be obtained. The frequency was same as that of data
collection frequency. Final results showed that variation of
the dynamic resistance was similar to that obtained using
RMS values, but with high frequency.

Actually, single-phase AC RSW power source is used
more in current RSW occasions. However, the particular
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structure makes some operation difficulty, such as power
factor measurement, stable welding energy or current output,
or dynamic resistancemeasurement, and so on. To solve these
problems to serve thewelding operation, the characteristics of
electrical structuremust be clearly understood, and thenmake
appropriate designs. The previous works seriously considered
the power source and obtained some significant achievement.
However, the accuracy of the measurement and control is
related to the features of the circuit, which is alternatively
triggered by positive and negative signals, the tiny difference
may induce large errors because of existence of the welding
transformer. In addition, the control action must be taken
in each trigger, and this low frequency control cannot avoid
possible large disturbances in the system. Hence, the system
is expected to be further improved and then achieve to be
higher accuracy in the future.

FIGURE 6. Schematic of the algorithm of the hysteresis control [44].

III. THREE-PHASE MEDIUM FREQUENCY
DC RSW MACHINE
On the other hand, for three-phase medium frequency DC
RSWmachine, which hasmore complex structure when com-
pared to single-phase AC RSWmachine, the control action is
to set each duty cycle of the PWM wave. Klopčič et al. [43]
analyzed this structure, and pointed out that because the
control frequency is very high and the structure may not
exactly symmetrical, the magnetic saturation in the iron core
of the welding transformer must be avoided, otherwise, the
large current spikes may appear, which can activate over-
current protection causing an unwanted switch-off of the
spot welding system. Then they proposed a new advanced
hysteresis control to replace the classical PWM voltage with
closed-loop control of the welding current to reduce the
current spikes and eliminate the magnetic saturation [44].
It included both of a closed-loop control of the welding
current and a closed-loop control of the iron core saturation
level in the welding transformer. The method required mea-
suring the flux density B and the welding current iw, and then
through adjusting the output voltage of H-bridge to make B
within the bounds [−BM , BM ], in the meanwhile, through
switching on or off the supply voltage to make the iw within
the bounds [−IM , IM ]. The schematic of the algorithm is
shown in Figure.6 [44].

This method can avoid the appearance of magnetic satu-
ration, and the actual output welding current approached a
constant value. The method was tested through numerical
analysis and actual experiments, the results showed that it
can provide many advantages in comparison to the classical
control of RSW system with the same structure. Also, in our
previous work [45], the mathematical model of the three-
phase medium frequency DC RSW was established in detail,
then the magnetic and electrical characteristics was seriously
explored. Then the work found that there was a dead zone of
control action which may deteriorate the accuracy of welding
current control. The problem can be solved through predict-
ing the current variation tendency and adjust the duty cycle of
PWM wave in advance, final simulation result validated the
effectiveness of the method.

In addition, the welding transformer was usually mounted
on the arm of moving robot, so the weight should be seriously
considered in the design. Brezovnik et al. [46] analyzed the
relation between the weight of the welding transformer and
switching frequency, and then concluded that increasing the
PWM switching frequency can reduce the weight the welding
transformer, because the small iron core cross-section with a
lighter core, and shorter and lighter windings were required.
However, the high frequency may influence the maximum
value of the welding current under the same load because
the leakage inductance can affect the rise time of the primary
current. The work presented an analytical solution which
can directly calculate the maximum welding current in the
steady state, and the equations allowed the calculations of the
maximum welding current as a function of the other relative
parameters. Themodel was confirmed by actual experimental
measurement and numerical simulations using mathematical
tools.

Also, the characteristic of the welding current in three-
phase medium frequency DC RSW machine is shown in
Figure.6. The waveform of welding current is so different
when compared to that of single-phase AC RSW machine.
The waveform is approximated to a DC curve, rather than
discontinuous segments as shown in Figure.3 (b). Hence, the
welding current passes through the parent metal sheets all the
time. Through adjusting the PWMwaves, the welding current
can be within a narrow range during the whole welding
duration [45]. In addition, it is easy to see that the control fre-
quency of three-phase medium frequency DC RSW machine
is much larger than that of single-phase AC RSW machine,
so it has more opportunities to adjust the welding current to
achieve a preliminary goal. Hence, the goal of CCC can be
more smoothly achieved than that of single-phase AC RSW
machine.

Furthermore, though the current control in three-phase
medium frequency DC RSW machines can obtain more
accurate result than that of single-phase AC RSW machine,
previous work wanted to optimize the control process
and achieve various types of current waveform effectively.
Lee and Yu [47] used the fuzzy PI controller to improve the
performance of the current waveform control of the machine.
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The work used system identification method to model the
PWM input and current waveform output system. The fuzzy
scaling factors were optimized using a genetic algorithm. The
results showed that the tracking effect was satisfactory no
matter in the constant current waveform or arbitrary current
waveforms. The work obtained significant improvements and
experiences in the current control in the RSW machines with
this type of electrical structure.

According to review works in this section, three-phase
medium frequency DC RSW machine has a superior per-
formance when compared to that of single-phase AC RSW
machine. The power factor of three-phase medium frequency
DCRSWmachine approaches 100%, and it is easy to achieve
the control goal, such as constant current control, because the
control frequency is very high. Moreover, the efficiency of
DC RSW is much higher than that of AC RSW machine, it
may save 10% energy to obtain the nugget with the same
size, according to some previous contributions [6], [48].
Also, the medium frequency DC RSW machine was more
efficient in generating heat no matter in coated sheets or
uncoated steels [49], [50]. However, the three three-phase
medium frequency DC RSW machine has a more sophisti-
cated structure, which can induce many negative phenomena.
For example, frequently switching the positive and negative
currents may induce magnetic saturation or current spike
during the process. This is why many works about three-
phase medium frequency DC RSW machine considered the
welding transformer relative issues. In the future, manyworks
are still required to improve the performance of three-phase
medium frequency DC RSW machine, because the current
model is much simpler with unsatisfied accuracy, and the
equilibrium between effectiveness of energy delivery and
magnetic stability is expected to be more improved.

IV. CONCLUSION
The recent advances of the applications of electrical structure
in resistance spot welding has been reviewed in this paper.
There are two types of RSW machines, which are single-
phase AC RSW and medium frequency DC RSW machines.
They have different energy delivery modes. Former type has
a lower cost and simper structure but lower power factor, and
the energy is not continuously supplied. The latter type can
continuously supply energy, but has higher cost and more
complex structure. Both two types have only one control-
lable input parameter, respectively the firing angle of SCR
and duty cycle of the PWM wave. In other words, com-
bined the characteristics of RSW operation, no matter which
electrical structure is used, the systems are single-input-
single-out (SISO). Some measures were taken to improve the
performance of the machines, such as measure the welding
current and power factor, design constant current controller
and online measurement of dynamic resistance in single-
phase AC RSW, or avoid magnetic saturation in medium
frequency DC RSW.

Though the three-phase medium frequency DC RSW
machine has more advantages, the relative work was less than

that of single-phase AC RSW. The main reason is that the
cost of the type of RSW machine is higher, and for many
actual application, the RSW machine with single-phase AC
power source can meet the requirement. Under the current
circumstance, the two types of RSW machines have their
special applied occasions. Hence, both two types should be
seriously concerned in reality, no matter in academic research
or actual industrial production. In the future, it is expected
that the research of the electrical structure is collaborative to
the process analysis, process control of the RSW operations,
and then realize the more general operational strategies, at the
same time eliminate the negative phenomena.
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