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ABSTRACT An electromagnetic pulse welding (EMPW) system is a complex multifield coupling system.
Using finite element software to simulate its processes can better guide the design of the electromagnetic
pulse welding system and the analysis of the welding mechanism. However, the existing finite element
software has a complex model, involves a large amount of calculation, and is time consuming, which is
not conducive to the optimization of the welding device. In this paper, an equivalent circuit model based
on an improved current wire method is proposed, and the welding process is modeled and analyzed, and
then compared with the simulation results of the finite element software COMSOL. The results show that
the analytical model is accurate and effective, and it can reduce the calculation time and improve the
processing efficiency. Second, based on the equivalent circuit model and taking the maximum impulse
of the electromagnetic force as the optimization objective, the shape parameters of the field shaper and
the number of turns of the coil in the electromagnetic welding device for plates based on the field shaper
are optimized, and the optimal parameters are obtained. Finally, the welding equipment is designed with
the optimal parameters, and the electromagnetic welding platform is built. An SS304 stainless steel plate
and A1060 aluminum plate with a thickness of 1 mm are welded, and the dissimilar metal plates are well
connected.

INDEX TERMS Electromagnetic pulse welding, improved current wire method, equivalent circuit model,

optimize, field shaper, maximum impulse, welding platform.

I. INTRODUCTION

With the development of the economy and of technology,
vehicles are becoming increasing diversified. Energy saving
and emission reduction methods have been given increasing
attention [1]. Aluminum and its alloys have become the first
choice for lightweight vehicles because of their good mechan-
ical properties and low density [2]. When aluminum and its
alloys are used in vehicles, they need to be connected with
different metal plates. Electromagnetic pulse welding is a
high-speed solid-state welding technology, which is of great
significance in the welding of dissimilar metals [3]—[8].
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An electromagnetic pulse welding system is a complex
multifield coupling system, which involves circuits, heat,
structures, electromagnetic fields and so on. Because the
welding process is very short, it is difficult to collect and
monitor the speed, stress and temperature of the welding
process in real time. The existing simulation software can
guide the design of electromagnetic pulse welding systems
and the analysis of welding mechanisms [9].

Aizawa [10] calculated the electromagnetic force on an
improved single-turn coil. The calculation method is based
on the Lorentz force formula. The calculation method is
simple, but it ignores the influence of the skin effect, and
the accuracy of the calculation is not high. Yu and Tong
[11] used the loose coupling mode of the electromagnetic
field module and structural field module in ANSYS finite
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FIGURE 1. Schematic diagram of the electromagnetic pulse welding system.

element software to optimize the shape of a field shaper,
and tried to determine the influence of the field shaper on
magnetic pressure during the welding process. Kore et al.
[12]-[14] used ANSYS to simulate the electromagnetic field
in the welding process, calculated the electromagnetic force
at different times for the workpiece node, and then imported
it into ABAQUS to simulate the welding collision process,
achieving the loose coupling of the electromagnetic field
and structural field. Hisashi et al. [15] used the commercial
finite element software MSC Dytran to numerically simu-
late the temperature and stress distribution of Al-Fe plate
welding and then obtained a sequential coupling simula-
tion of the temperature field and structure field. Fan et al.
[16] used ANSYS to analyze the electromagnetic force in
the welding process. The electromagnetic force was intro-
duced into LSDYNA, and the smoothed particle hydrody-
namics (SPH) method was used to simulate the welding
process.

From the existing research, it can be seen that the existing
numerical simulations of electromagnetic pulses are mainly
based on commercial finite element software, and some of
them are obtained by numerical calculation [17]. The input
of the simulation is the measured current curve or the current
curve obtained by other software simulations, so a coupling
analysis of the electromagnetic welding and discharge circuit
is rarely found [18]; the model is complex, and the calculation
is large and time consuming. In this paper, an equivalent cir-
cuit model based on an improved current wire method is pro-
posed. The electromagnetic coupling between components is
considered in the model. By coupling the discharge circuit
to the electromagnetic pulse welding process, the calculation
accuracy can be improved. The calculation of the equivalent
circuit model is simpler, which can reduce the calculation
time and improve the processing efficiency [19], [20]. In this
paper, the virtual displacement method is used to solve the
axial electromagnetic force, and the electromagnetic force is
integrated on the time axis to obtain the impulse within a time
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t. Based on this method, the welding device is optimized and
the welding experiment is carried out.

Il. ESTABLISHMENT OF AN EQUIVALENT CIRCUIT MODEL
The EMPW system with a field shaper mainly includes a
charging system, a capacitor bank, a discharge switch, a driv-
ing coil, a field shaper and plates as shown in the schematic
diagram of Fig. 1. The capacitor discharges the coil to gen-
erate a magnetic field, and the field shaper placed between
the coil and the plate causes the magnetic field to converge
so that the large Lorentz force in the welding area drives the
flying board at high speed to hit the parent plate to achieve
welding. To optimize the design of the field shaper and coil
in the welding device, it is necessary to accurately determine
the basic parameters such as the voltage, current and elec-
tromagnetic force in the process of EMPW. To obtain accu-
rate results, the electromagnetic coupling between the model
components should be considered. In this paper, the equiva-
lent circuit model based on the current wire method is used
to represent the welding device equivalently. This method
takes into account the electromagnetic coupling between the
components; it uses the analytical method to calculate, and
the calculation efficiency is high.

A. PRINCIPLE OF EQUIVALENT MODELS

The core idea of the equivalent circuit method is to establish
a circuit model equivalent to the electromagnetic field. The
premise of its application is that the model is axisymmet-
ric and is transformed into a two-dimensional axisymmetric
model during modeling. A non-axisymmetric model cannot
be calculated by the current wire method. The coil and plates
in the electromagnetic pulse welding device based on the field
shaper are two-dimensional axisymmetric models. The phys-
ical structure of the field shaper is shown in Fig. 2. Due to the
existence of the gap, the field shaper is a non-axisymmetric
component, and the existing equivalent circuit model cannot
be used for calculation. To make use of the current wire
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FIGURE 2. Physical structure of the field shaper.
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FIGURE 3. Discretization of welding equipment.

method for analysis, according to the working principle of
the field shaper, the following approximate assumptions are
made for the field shaper:

1) The current passing through any section of the axis of

the inner hole of the field shaper is zero.

2) The voltage of any section passing through the axis of

the inner hole of the field shaper is equal everywhere.

Except for the cross-section near the gap of the field
shaper, all positions satisfy these assumptions. Based on the
assumptions, the electromagnetic system can be considered
equivalent to a two-dimensional axisymmetric model.

In the model, the coil, field shaper and plate are separated
into a series of coaxial current wire rings with small diame-
ters. The resistance, inductance and mutual inductance of the
current wires are considered in the calculation. The equivalent
models of the coil, collector and plate are shown in Fig. 3.
In the figure, each turn of the coil is treated intensively, which
is equivalent to a current wire. The field shaper and the plate
are divided into multiple current wires. The current wire in the
Z direction is fixed at 10 layers, and the current wire in the R
direction has 2 coil turns. The current wire spacing in the Z
and R directions of the plate is 0.5 mm. The higher the density
of the current wire is, the higher the calculation accuracy will
be, but the amount of calculation will also increase and the
time consumption will increase.

B. EQUIVALENT CIRCUIT AND EQUATION

The coil, field shaper and plate system shown in Fig. 3 can be
considered equivalent to the circuit model shown in Fig. 4.
The coupling between the coil and the field shaper and
between the field shaper and the plate is conducted by an
electromagnetic field. Due to the long distance between the
plate and the coil, and because the field shaper plays a
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FIGURE 4. Equivalent circuit model of the EMPW.

TABLE 1. Meaning of the symbols in the equations.

Symbol Meaning Symbol Meaning
R, Equivalent resistance of Lc Equivalent inductance
the line of the coil
Ly Equivalent inductance of Ue Capacitance voltage
the line
Rg Equivalent resistance of Us Field shaper current
the field shaper loop voltage
Ls Equivalent inductance of i Line current
the field shaper
Rp Equivalent resistance of is Field shaper current
the plate loop current
Lp Equivalent inductance of ip Plate current loop
the plate current
Rc Equivalent resistance of M Current loop mutual
the coil inductance

shielding role in the process of electromagnetic energy trans-
fer, the coupling between the plate and the coil is ignored.
According to the relationship among the resistance, self-
inductance and mutual inductance of each current wire, a
series of differential equations can be obtained as shown
below. By solving the differential equations, the current value
of each current wire over time can be obtained. The meaning
of the symbols in the formula group is shown in Table 1.

c
. Cduc )
dt
Re+ L% 4 iR 1%
i i —
cNL Ldl‘ c dt
J .
di,
+ZMs7cd_; = Uc 2
s=1
. J . .
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Eq. (1) represents the capacitance discharge equation. Eq. (2)
represents the coil discharge equation, in which the coil resis-
tance and inductance and the mutual inductance between the
coil and the single current loop of the field shaper are replaced
by centralized parameters. The formula is as follows:

L. = ZL,- (6)
i=1

n
Msfc = Mc—5 = ZMsfi (7)

R, = ZRl- (®)
i=1

Eq. (3) represents the circuit equation of a single current
filament loop in the magnetic concentrator. Eq. (4) indicates
that the sum of the current on the cross-section of the collector
is zero. Eq. (5) is the circuit equation of a single current loop
in the plate.

C. PARAMETERS OF THE EQUIVALENT MODEL

In the above equations, the known parameters are the line
inductance resistance, energy storage capacity and initial
voltage, and the required solution is the coil current and the
current of each current wire of the field shaper and the plate.
To obtain these parameters, it is necessary to calculate the
resistance, self-inductance and mutual inductance of each
current wire.

Eq. (9) is the resistance formula for each current ring,
where p is the resistivity of the device material, r is the
radius of the current wire loop, and a is the equivalent cross-
sectional area of each current wire ring. Eq. (10) is the self-
inductance formula of each current wire ring, where ¢ is the
vacuum permeability and d., is the diameter of the equivalent
cross-section of each current wire ring. The size is shown in
Eq. (11).

2
R=p—" ©)
a
I I 16r 7 (10)
= por (In - -
Ho deg 4
a
dog =2,/ (1)

Eq. (12) is the mutual inductance between the two current
loops, r; and r; are the radii of the two current loops, z; and
z; are the Z coordinates of the two current rings, and k is the
correlation function of the above parameters.

2 2
M = MO«/T”J((E — k> K (k) — §E (k)> (12)

k=4 \/ Arirj
= o
(ri+ ) + (=)

where K(k) and E(k) are complete elliptic integrals of type
1 and type 2 respectively, and their specific expressions are

(13)
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given by the following equations:

K<k>=/ d (14)
Ja=2) (1-k22)
_ 1.2
E (k) = /‘11 K (15)
—l

To calculate the current of each current wire, it is nec-
essary to solve several equations. The number of equations
is determined by the number of current wires and Egs. (1)
- (5). To better understand and solve the equations, they
are expressed in the form of a matrix and are solved by
MATLAB. The matrix form of the differential equations is
shown in Eq. (16).

41 1-LRLE[ T 6
au. |~ | —L7'c X U. (16)
dt

The matrix equation primarily describes the relationship
among the voltage, current, resistance, inductance and mutual
inductance of each current wire. The current matrix, resis-
tance matrix, capacitance matrix and inductance matrix of the
current wire are expressed as follows:

I =[ir,ists osigoipts oo s iph] (17)
R. 0 O

R=|0R, 0 (18)
| 0 0 R,
1
10,...00

— (ol 9

¢ 0 1,....11] (19)
[ LM: M. Mc—p

L=|M,_. LM, M, (20)
My_o M,_s LM,

where LM, represents the self-inductance and mutual induc-
tance of each current wire of the coil, LM; represents the
self-inductance and mutual inductance of each current wire
of the field shaper, and LM,, represents the self-inductance
and mutual inductance of each current wire of the plate. The
above matrix can be obtained from Egs. (9) - (15).

lll. MODEL VALIDATION

To verify the correctness of the equivalent circuit model, the
equivalent circuit method and finite element method are used
to calculate with the same parameters. The set conditions are
as follows: the discharge voltage is 10 kV, the capacitance
value is 100 uF, the external inductance is 1.5 uH, the
external resistance is 50 m€2, and the number of coil turns
is 8. The sizes of the field shaper and coil are consistent with
the optimization parameters in Section 4.

Fig. 5 shows a comparison between the discharge cur-
rent curve calculated by the finite element method and the
equivalent circuit method and the current curve measured by
experiment. Since the main function of welding is in the first
current pulse, only the first pulse is taken. It can be seen from
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FIGURE 5. Comparison of the current curves.
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FIGURE 6. Current distribution nephogram calculated by the equivalent
circuit method.
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FIGURE 7. Current distribution nephogram calculated by COMSOL.

the figure that the three current waveforms are well matched,
which meets the analysis requirements of electromagnetic
pulse welding.

Figs. 6 and 7 show the current distribution nephogram at
the maximum current moment calculated by the equivalent
circuit method and the finite element method, respectively.
The figure shows that the current distribution nephogram cal-
culated by the equivalent circuit method is in good agreement
with that calculated by the finite element method. However,
there are also differences. The main reason for this is that the
current wire density of the equivalent circuit method is less
than the cell density of the finite element method.
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FIGURE 8. Electromagnetic force distribution nephogram calculated by
the virtual displacement method.

By solving the equivalent circuit equation, the coil dis-
charge current and the eddy current of the field shaper and
the plate can be obtained. Based on the principle of elec-
tromagnetic energy storage, the total energy storage of the
electromagnetic system can be obtained, as shown in Eq. (21).
In this paper, the virtual displacement method is used to
determine the axial electromagnetic force. By deriving the
magnetic energy in the Z direction, the axial electromagnetic
force on the current ring of the plate can be obtained, as shown
in Eq. (22).

1 ! ,
M = E(Lclc + ZMC—SZS)IM

s=1

J J k
L. . s
+ E E(les +Msclc+ E M, —sis+ E M;—pip)is

s=1 r=1,r#s p=1
+ (L pip + Z M_,,zp+ZM —sip)ip(21)
p=1 p=Lr#p s=1
Fi=Lw
P azp M
8
=— 3_ p+ Z lplr pr+lelS My,
r=0
r#p
k
= Z lplr M,_ ,—}—lels M, (22)
r=0
r#p

where the first term is the electromagnetic force generated
by the magnetic field of the plate ring p, which only has a
radial force component, which is ignored when calculating
the Z-direction force; the second term is the electromagnetic
force exerted by the other current rings of the plate on the
current ring p; and the third term is the electromagnetic force
generated by the field shaper on the plate ring p.

Figs. 8 and 9 show the cloud charts of the electromagnetic
force distribution of the plate in the Z-direction obtained by
the virtual displacement method and finite element method,
respectively. The figure shows that the electromagnetic force
is mainly concentrated at the position of the lower end-face of
the field shaper, and the two agree well, but the electromag-
netic force calculated by the virtual displacement method is
slightly larger because the air energy storage is ignored in the
calculation.
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FIGURE 11. Electromagnetic force impulse of the welding area under
different coil inner radius.

From the above current distribution nephogram, it can be
seen that the current distribution of the field shaper and the
plate are in good agreement, which shows that the equivalent
circuit method can meet the design requirements and has high
accuracy. Moreover, the distribution of the electromagnetic
force can also reflect the real distribution of the electromag-
netic force, which provides the conditions for subsequent
optimization.

IV. OPTIMIZATION OF WELDING EQUIPMENT

The EMPW system includes the welding power supply, coil
and field shaper. In this paper, the existing power supply
system of the laboratory is used for the power supply, and
only the field shaper and coil are optimized. The structure
and size of the welding device are shown in Fig. 10. The
outer diameter of the lower end of the field is determined
by the welding area, and the fixed radius used in this paper
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FIGURE 12. Electromagnetic pulse welding equipment.

is 20 mm. For the thickness of the field shaper, a thickness
greater than 2 times the skin depth is theoretically sufficient,
but to ensure the strength of the field shaper, the thickness is
fixed at 10 mm. The main parameters that affect the magnetic
field and eddy current at the end of the field shaper are the
number of coil turns, the radius of the upper end of the inner
hole (inner radius of the coil) and the radius of the lower end
of the inner hole. When the other parameters are fixed, this
paper optimizes only the number of coil turns N, the radius
of the upper end of the inner hole R2 (coil radius) and the
radius of the lower end of the inner hole R1. In this section,
the equivalent circuit model established above is used for
parameter optimization, automatic parameter scanning is per-
formed by the software, and the results are stored. The time
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consumption is short, which is conducive to the optimization
design.

In the equivalent circuit method, the velocity at the time
of collision cannot be obtained directly, but the Lorentz force
of each time step can be obtained. Therefore, the equivalent
circuit method is used to calculate the electromagnetic force
in the welding area, and the electromagnetic force is inte-
grated on the time axis to obtain the impulse within time t.
The optimization goal is to maximize the impulse of the elec-
tromagnetic force P. Because a distance between the plates
of 1 mm to 2 mm is the most reasonable, the collision speed
of electromagnetic welding is generally greater than 300 m/s,
and the movement time t of the plate is approximately 10 us
after calculation.

According to the existing welding equipment parameters,
the optimized voltage is 10 kV, the line inductance is 1.5 uH
and the circuit resistance is 50 m€2. The coil wire is made of
red copper wire, and the field shaper is made of Cu-Cr-Zr. The
size is shown in Fig. 10. In this optimization process, the inner
radius of the coil is fixed first, and then the coil turns and the
inner radius of the lower end of the field shaper are scanned.
The electromagnetic force impulse in the welding area of the
sheet metal is recalculated with each parameter change. The
optimized parameters of the welding device are the number
of turns, the inner radius of the field shaper and the inner
radius of the coil at the maximum impulse. Fig. 11 shows
the relationship between the electromagnetic force impulse
of the welding area of the plate, the inner radius of the lower
end of the field shaper and the number of coil turns when the
coil inner radius is 8 mm, 12 mm, 16 mm and 20 mm.

Fig. 11 shows that the impulse distribution of the electro-
magnetic force in the four cases follows the same law; the
maximum point appears at 8 turns of coil and 8 mm of the
inner hole radius at the lower end of the field shaper, which
is the optimal value of the parameter. It can also be seen from
Fig. 11 that the inner radius of the coil has little effect on the
impulse within a certain range. Considering the processing
of the coil and the mechanical strength of the field shaper,
the inner radius of the coil is determined to be 16 mm in this
design.

V. ANALYSIS OF THE PLASTIC DEFORMATION PROCESS
OF THE PLATE
Based on the optimization results, this paper establishes a
three-dimensional finite element model to analyze the macro-
scopic plastic deformation process in welding via LS-DYNA.
Fig. 12 describes the entire process for the aluminum plate
from the beginning of the movement to the completion of
high-speed collision welding under the action of the electro-
magnetic force. In the process of macroscopic plastic defor-
mation, the discharge voltage is 10 kV, the pre-welding gap is
2mm, and the duration of this process is approximately 18 us.
The deformation of the aluminum plate in the figure shows
the electromagnetic pulse welding process can be roughly
divided into the following four steps:
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1) The 1-7 us stage has a long duration, and the speed of
the workpiece at this stage is low. The main reason is
that the current density and magnetic field of the eddy
current in the workpiece are small, the electromagnetic
force is small and the acceleration is small. At this
stage, the displacement of the workpiece is small, and
it is basically in an undeformed state.

2) In the 7-12 us stage, due to the large electromagnetic
force on the plates during this period, the acceleration
of the aluminum plate is obviously increased, and the
maximum speed is increased to 296 m/s. It can also be
seen from the figure that the speed and displacement
of the area corresponding to the inner hole of the field
shaper are relatively small, and the plate shows obvious
deformation.

3) In the 12-15 us stage, the aluminum plate further
accelerates to 343 m/s, and the two plates are about
to collide. As seen in the figure, the displacement of
the position corresponding to the inner hole of the field
shaper remains unchanged, with almost no speed or dis-
placement.

4) In the 15-17 ws stage, the aluminum plate collides
with the stainless steel plate. The collision starts from
the fastest point and then extends to other positions.
During the expansion of the collision range, there will
be different collision angles between the plates. The
location of the collision is concentrated in the area
corresponding to the lower end of the field shaper,
and the position corresponding to the inner hole of the
field shaper hardly deforms at all. This is because the
magnetic field and electromagnetic force in this area
are small and are not sufficient to push the plate into
collision.

From the analysis of the macroscopic plastic deformation
process, it can be seen that in the electromagnetic pulse
welding based on the field shaper, the aluminum plate with
better conductivity undergoes severe plastic deformation, and
the deformation position just corresponds to the distribution
of electromagnetic force analyzed above, while the stainless
steel plate, with poor conductivity, shows almost no defor-
mation. Since the collision process of the workpiece is short
and the grid cell size is large, only the collision area and
velocity distribution can be roughly analyzed from a macro
perspective.

VI. EXPERIMENT AND DISCUSSION

In this paper, the welding equipment is designed with the opti-
mized parameters, and the electromagnetic welding platform
is built. The equipment used in the experiment is presented
in Fig. 13, including a power supply of 200 kJ, a capacitor
bank of 100 uF with a peak voltage of 15 kV, the welding
device, and the plates. The welding device is composed of a
coil, field shaper and stainless steel tray fixed by an epoxy
plate and bolt. The coil, field shaper and tray are shown
in Fig. 14.
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FIGURE 15. Appearance of the welding sample.

An SS304 stainless steel plate and A1060 aluminum plate
with a thickness of 1 mm were welded under a 10 kV dis-
charge voltage with a 2 mm pre-welding gap. The appearance
of the welding sample is shown in Fig. 15. The deformation
region of the plate coincides with the lower contour of the
field shaper. The raised area corresponds to the center hole of
the field shaper. The welding area is located on the periphery
of the raised area. The non-welding area is divided into two
main parts; one is between the convex area and the welding
area and outermost region, and the other part corresponds to
the gap in the field shaper. The welding device completes

187728

FIGURE 18. Peel test of the welding sample.

the local welding of the steel plate. To obtain the a clear
welding area of the the welding sample, a section analysis of
the welding sample is carried out in this paper. The cutting
direction of the interface is shown in Fig. 15. In Fig. 16,
we can clearly see the bulge in the center of the deformation
zone in Zone A, and the welding between Zones B and C is
good.

Macroscopically, both Zone B and Zone C in Fig. 16 are
good welding zones. To better observe the microstructure of
the welding area, we used a scanning electron microscope to
enlarge it, as shown in Fig. 17. A relatively complete wavy
interface is formed between the plates in the welding area.
This shows that the welding area is fully engaged. To further
evaluate the strength of the welded joint, a mechanical clamp
was used to peel off the welding sample. Fig. 18 shows that
the welding area cannot be peeled off, indicating that the
strength of the welded joint is greater than that of the metal
plate; the results show that the strength of the welded joint
can meet the requirements of application, which verifies the
strength of the welded joint.

VIl. CONCLUSION

In this paper, the equivalent circuit model of an electromag-
netic pulse welding device is established to solve the problem
of electromagnetic coupling between the components. The
welding device is optimized by using the equivalent circuit
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method, and a welding platform is built and verified by
experiments. Finally, the following conclusions are drawn:

1) The equivalent circuit model is used in the coupling

analysis of the electromagnetic welding and discharge
circuit, and it can effectively reflect the distribution of
the current and electromagnetic force in the welding
process.

2) The equivalent circuit model is helpful in better under-

standing the nature of the electromagnetic effect of
electromagnetic pulse welding. It can reduce the calcu-
lation time, improve the processing efficiency and meet
the design requirements of the welding equipment.

3) When the welding area is fixed, the equivalent circuit

model can make the optimization of the welding device
simple and efficient.

4) By optimizing the welding platform, the effective weld-

ing of dissimilar metal plates can be achieved.
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