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Abstract

Electromagnetic pulse forming (EMPF) is an environmentally friendly and high-speed
forming method without pollution generating. As the key component for energy conversion,
the coil has a significant influence on the forming performance. Consequently, this paper
aims to study the effect of the turn number of the coil on the performance of the tube forming
through the theoretical analysis model and experiments. Based on the connection among the
electrical parameters of the coil, the current parameters of the discharge pulse, and
electromagnetic force, a theoretical model is built to analyze the qualitative connection
between the number of turns of the coil and the amount of forming. Then, the EMPF
experiments with the same discharge energy of 3.4kJ are carried out to verify the established
model through the established EMPF equipment. The experimental results are consistent
with the theoretical analysis. The results show that the peak value of the current amplitude
and rise time of the pulse decrease respectively with the increase of the number of turns of
the coil because the increments of the number of turns lead to the rising coil inductance. But
the forming amount of the tube increases first and then decreases. So there is an optimal
value of the turn number for the coil to generate the maximum Lorentz force to deform the
workpiece. Therefore, it is worthwhile to choose the proper number of coil turn to improve
the effect of EMPF.
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1 Introduction

Metal materials are widely used in the fields of the automotive industry, aerospace industry,
military manufacturing, and other industries, as Kapil and Abhay (2015) reported.
Electromagnetic pulse forming (EMPF) is a metal fabrication processing approach that
utilizes the storage and release of charge to deform metal materials. This technique enables
to overcome challenges as energy shortage and control of pollution. Psyk et al. (2011) reveal
that hardly is any greenhouse gas, radiation, hazardous substance, or smoke generated within
the EMPF, so it is evident to notice promising potentials of EMPF for its environmentally
friendly operation.

These advantages have motivated a comprehensive investigation to obtain a more
profound understanding and feasible application. Raoelison et al. (2013) built up a
weldability window that includes the collision velocity and angle. L'Eplattenier and I. (2016)
established a coupled model between 2D and 3D to speed up the simulation. The influence
of temperature rise, discharge frequency, and material properties of the surface on EMPF is
verified by Zhou et al. (2018), Lueg-Althoff et al. (2018), and Cui et al. (2018) respectively.
In the process of EMPF, a large current flows through the loop and induces an
electromagnetic field in the coil. The electromagnetic force is generated by the current
induced on the time-varying electromagnetic field object. Then the electromagnetic force
makes the object deform and energy mainly releases on the coil in the circuit. It is remarkable
that the coil is the key component for energy conversion and needs to be optimized.

In the research of EMPF coils, Cao et al. (2015) used a crowbar circuit, controlling the
discharge current in the coil to decrease the Joule heating. This reduces the temperature
rising of the coil winding. A multi-layer coil was designed by Luo et al. (2014) for sheet
forming based on analyzing the effect of the coil structure on the magnetic field and forming
amount. To further decrease the mechanical stress of the coil, Li et al. (2020) proposed a
background magnetic field to enhance the forming force and designed a dual-coil EMF
system to generate a background magnetic field for tube forming. Conway and John (2010)
analyzed the coil with a rectangular cross-section and presented a method to calculate the
inductance of this kind of coil by using Bessel and Struve functions. Relevant research in
the structure parameters and assembly optimization for forming coil was performed by Zhu
(2018) and Zhang (2017). Ahmed et al. (2011) proposed a method to design the coil based
on FEM. However, in previous studies on pulse forming, the analytical basis mainly focuses
on the metal material characteristics after forming. Furthermore, the number of turns of the
coil in those researches was simply emphasized and few researchers proposed systematic
analysis and research about coil turn. Instead, the number of coil turn is just simply informed
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without comprehensive and convincing reasons. Rare research focuses on the relationship
between the coil turns and forming effect.

In the work of this paper, we implement EMPF experiments by coils with different turn
numbers to figure out the forming effect of the turn number of the coil on tube forming
performance. Those coils are equipped with the same field shaper and loaded with unvaried
work areas under constant input energy. In other words, the winding area is unaltered, only
the turn number of the coil varies. Simulation models are built to figure out the optimal
parameters which help generate the maximum Lorentz force. This paper highlights the
effects of the turns of the coil on the EMPF process. Additionally, we analyze the influence
of the number of coil turn on other parameters, such as inductance, peak amount, and rising
time of the pulse current. Under the same input energy condition, the effect of pulse forming
first increases and then decreases with the increase of the turn number, and there is an
optimized coil turns to maximize the forming amount, thus significantly improving the
energy utilization rate.

2 Theoretical Analysis

2.1 Circuit model

EMPF process could be summarized as the rapidly violent release of energy. Specifically,
the energy is stored by charging the capacitor bank for a long period and then hastily released
to a coil by triggering the switch within several hundred ps. The equivalent circuit of the
EMPF system is shown in Fig. 1. L. and Rc are the resistance and inductance of the coil
respectively. Lm and Rm are the inductance and resistance in the capacitor discharge circuit
respectively. Similarly, Lw and Ry are the inductance and resistance of the working part
respectively, as shown in Thibaudeau and Brad (2015).

Figure 1: Diagram of the equivalent circuit

Since mutual inductance exists, the value of mutual inductance can be calculated as:

M =kJL.L, (1)

Where k denotes the mutual inductance coefficient, reflecting the flux of two coils. k is equal
from 0 to 1. Generally speaking, the mutual inductance coefficient can be directly measured
in the experimental results. It equals the ratio of the current on the capacitor side to the
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current on the forming object. In this paper, we take into account that the connection between
the object and the coil is close enough. That is, all magnetic flux in the tube passes through
the load. The skin effect is taken into account when the current waveform oscillates. This
effect depth is calculated according to Eq. 2.

_ [ 20
0= Hriow (2)

Where d, po, W, po, and o are the skin depth, the vacuum permeability, the relative
permeability, the conductor resistivity, and the angular frequency of current respectively.
Eq. 2 reflects the inhomogeneity of the alternative current distribution inside the conductor.
Known skin depth, according to Nassiri et al. (2015), the coil resistance should be calculated
as Eq. 3 because the skin effect increases the resistance of the circuit.

R. = p Afff 3)

Where p and Aefr denote the length of the coil and the sectional area respectively. The
inductance of the coil is:

2
Lo =4 (4)

Where K, n, S, and L represent the Long Beam coefficient, the number of the coil turns, the
sectional area of the coil winding, and the length of the coil respectively. The cross-sectional
area is the ring from the skin depth to the coil surface, so we sum up resistance and
inductance of the whole circuit respectively as

R=R,+R,, L=L.+L, (5)
In Eqg. 5, R, Rm, and R¢ denote the sum resistance, circuit resistance, and coil resistance
respectively. Similar to L, Lm and Lc. Kirchhoff’s voltage law (KVL) could be applied in

this circuit within the discharge process, and then the state equation of the second-order
circuit is listed as

1 ,. . di _
Efldt+lR+LE—O (6)

Where i and C denote the current flowing through the coil and the sum capacitance of the
circuit. In the beginning, assuming that the current is 0 and the gradient of current is:

i(0) = 0, 20 =1 (7)
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Where U is the voltage charging on the capacitor bank. Thus, the current Eq. 6 can be solved
as:

N U C _awt.: —

i(t) ——m\/;e sinwv1 — a?t (8)
Where o and a are calculated as:
1
T Y=3I ®)

2.2 Electromagnetic Field and Mechanical theory

The current flowing through the coil will produce electromagnetic fields. Maxwell's
equations can be applied to express the series characteristics.

VxH=]+2 (10)
F_ _08

VXE = o (11)

V-B=0 (12)

oE =] (13)

Where the magnetic field intensity H, the electric displacement vector D, the surface current
densityf, the magnetic induction intensity B and the electric field intensity E are related to
each other. These equations demonstrate that conducting a current or time-varying electric
field can generate a magnetic field and vice versa.

It should be pointed out that displacement current( Z—?) is negligible in the low-
frequency electromagnetic field Zhu (2018), so Eq. 10 above is modified as

VxH=] (14)
As for multi-turns coil, based on the section diagram of forming assembly (Fig.2), the
relationship among H, i, and n are expressed as follows according to Manoharan et al. (2013).

H « ni (15)

Where H is the amplitude of magnetic field intensity and n is the turn number of the coil.
According to Eq.14 and Eq. 15, the current density amplitude of the tube is also relevant to
the coil current.

2 di
]oc—(pocn—l

o N (16)
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As a result, the current induced by the time-varying electromagnetic field on the object
will generate a Lorentz force in the magnetic field. The Lorentz force can be expressed as
Eq.17:

F=]xB=|J|-|B|-sind-8F (17)

Where 0, éF are the angle betweenfand B, the unit direction vector of the Lorentz force
respectively. So the force amplitude is relevant to the number of turns of the coil.

2,.;.01
Fxn = (18)

When the Lorentz force is large enough to deform the tube. The deformation formula is
shown in EqQ. 19.

- 28
F=pZS-v-o (1

Pz
9)

Where S, p and o symbolize the displacement of the tube, the metal density, and the flow
strength respectively. The first turn on the right side of this equation represents Newton’s
Second Law.
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Figure 2: Section diagram of forming assembly and current density distribution
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3 Numerical Simulation and Experiments

In this paper, we analyze the effect of coil parameters on the maximum forming force by
building an axisymmetric 2D finite element model in COMSOL Multiphysics. The geometry
model and grid generation are shown in Fig. 3(a) and Fig. 3(b) respectively. The control
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equations have been listed in part 2. The magnetic field module and the solid mechanics
module are coupled through Eq. 17 and Eq. 19.

Firstly, the relevant parameters’ values of the circuit elements (except the coil) are
measured by the RLC digital electric bridge. These parameters include capacitance (C),
resistance (Rm), and inductance of the circuit (Lm). Then, based on Eq. 3 and Eq. 4, the coil
inductance (Lc) and resistance (Rc) can be calculated through the number of coil turns (n).
Then the mutual inductance coefficient is calculated through measurement. Next, the total
inductance value (L) and the total resistance value (R), which is obtained by adding the
inductance value of the other parts of the loop, are substituted into the calculation of the loop
current function. Then the loop current is substituted to the coil in the finite element model
to compute the process.
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Figure 3: Finite element model (a) geometry model (b) grid

The electromagnetic pulse forming system consists of three modules: energy storage
module, energy load module, and switch. The energy storage system consists of nine
capacitors in parallel, which is equivalent to 135uF. The maximum DC voltage that each
capacitor can withstand is 25kV with a maximum peak current of 220kA. And the stray
inductance is less than 60nH. The energy release module is a coil with a field shaper, which
needs to be loaded with pipe fittings when forming. To minimize the resistance in the circuit,
the chosen materials are copper. The switch module is composed of a trigger vacuum switch
(TVS) controlled by an FPGA. The principle diagram of the whole system is shown in Fig.
4 (a).

Considering that the trigger voltage of TVS is 5kV, we divide the trigger module into
two modules: the FPGA control part and the electrical module. Those two modules can
generate the voltage signal to trigger the TVS. Besides, the control module and the electrical
module cannot withstand a high pulse voltage. Two isolation topology is established to
ensure the security of these modules.

As for the charging power supply, a high-voltage DC power supply is utilized to charge
the capacitor bank. A vacuum relay is added between the power supply and capacitor to
ensure the security of the circuit. The experimental platform is set up as shown in Fig. 4(b).
As for signal acquisition, the Rogowski coil is used to measure the current.
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Figure 4: Diagram of the system (a) Principle (b) Equipment

4 Results and Discussion
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Figure 5: Current waveform of different turn numbers of coil

The curves in Fig. 5 show the current waveforms flowing through coils with different turns.
The obvious decline tendency of the current amplitude and frequency is observed when the
number of turns is reinforced. Specifically, the peak current flowing through the 1-turn, 4-
turn, and 7-turn coil with load is about 105kA, 65kA, 40kA respectively, and the half-peak
period is about 17us, 27us, and 42us respectively. Fig. 6 shows the relationship between the
maximum Lorentz force and the number of turns of the coil. With the increase of the number
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of turns, the force first enhances and then reduces, accompanied by a maximum value. The
number of turns corresponding to its maximum value is about 11. When the turns reach
maximum, force reduction will occur with turns continuously escalating.
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Figure 6: Results of the force under different turn numbers of coil

The experimental deformation results are shown in Fig. 7(b). It is noticeable that the
remarkably diverse deformation exists with the coil turns increasing under the same input
energy. There is no noticeable deformation area when the turn number is less than 4. The
experimental deformation shape is consistent with the simulation results in Fig.7(a).
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Figure 7: Forming Results (a) simulation (b) experiment
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Furthermore, the deformation amount measured by the vernier caliper is demonstrated
in Fig. 8. By comparing the simulation results with the experimental results, we find that the
trend of simulated deformation results are in good agreement with the experimental results.
The tendency of the forming amount and turn number conforms to a quadratic function. This
suggests that there is an optimal turn number of the coil to form the tube.As the number of
coil turns increases, the inductance and resistance of the coil will continue to increase,
leading to a slow rise of the loop current and a decrease of the current peak. However, the
total magnetic flux on the field shpaer increases. According to Eq. 18, as long as the product
of magnetic flux and magnetic flux change rate increases, the forming effect of the object
will increase continuously. When it rises to the optimal value, the product of magnetic flux
and the rate of change of magnetic flux begins to decrease, at which time the Lorentz force
keeps decreasing.
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Figure 8: Comparison of the experimental forming results and simulation force

5 Conclusion

In this paper, we study the relationship between the turn number of the coil and the
forming effect. Based on theoretical analysis, numerical simulation, and experimental
verification, conclusions are drawn as follows.

(1) With the increase of coil turns, the equivalent inductance of the load will increase
rapidly. So the Enhancement of inductance significantly leads to the reduction of amplitude
and rise time of current in the circuit.

(2) The simulation successfully reproduces the forming shape of the tube. The
deformation area mainly focuses on the middle area where the field shaper works on.

(3) There is a quadratic function between the turn number of the coil and the forming
effect. This means that the forming effect of coils with different turns increases firstly and
then keeps a downward trend. Therefore, there is an optimal number of turns of the coil,
which maximizes the forming amount of the coil under the same input energy.
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