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ABSTRACT At present, solenoid (helical) coils are widely used in various researches, especially electro-
magnetic forming (EMF), due to their advantages of simple manufacture and high magnetic field strength.
However, in the study of EMF, there are still some defects in the high precision calculation of solenoid coils
in the magnetic field the main reason is that the solenoid coil is of non-axisymmetric structure, which is
generally equivalent to the 2-D or 3-D axisymmetric structure in practical research. Not only can it ignore
the effect of the pitch effect of the solenoid coil, but also causes a certain deviation in the calculation of
the magnetic field. Hence, this paper establishes 5 helical coils and 3-D axisymmetric finite element coils
models with different layers for comparative analysis. The simulation results show that the magnetic flux
density distribution deviation of helical coil and the 3-D axisymmetric coil is small and can be ignored when
the coil layers are 1 or 2 layers. However, the number of linear circles increasing, the deviation between the
two increases obviously. Therefore, in the study of EMF, the effect of solenoid coil pitch effect on magnetic
field calculation can be ignored when the layers, radius and pitch of helical coils are used less whereas the
effect of solenoid coil pitch effect on magnetic field calculation must be considered when the layers, radius

and pitch of helical coils are used more.

INDEX TERMS Pitch effect, helical coil, numerical simulation, electromagnetic forming.

I. INTRODUCTION

Solenoid coils have been widely used in various researches
due to their advantages of simple manufacture and
high magnetic field strength, such as permanent magnet
machines [1], [2], electronic transformers [3], medical
implants [4], fluid dynamics [5], [6] and Electromagnetic
forming (EMF) [7]-[9]. Especially in the study of EMEF,
it mainly includes four parts: solenoid coil, workpiece, mold,
and the external circuit. The solenoid coil is mainly used as a
driving coil and energy conversion medium, which generates
a pulsed magnetic field and eddy current on the workpiece,
and then drives the workpiece to form. Thus, the importance
of solenoid coil is self-evident [10], [11].
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The EMF research is mainly through simulations and
experiments. However, with its complexity in experimental
equipment and difficulty in building an experimental plat-
form, researchers often need to rely on the simulations to
form the process, proving its feasibility under the premise
of environmental protection and energy-saving. Nevertheless,
due to the non-axisymmetric structure of the helical coil, it is
very difficult to establish the actual helical coil model, which
eventually leads to a sharp increase in the high precision
calculation of the magnetic field, and the simulation results
cannot converge. Hence, researchers usually use software
such as COMSOL [12]-[14], ANSYS/MEGA [15], [16] and
LS-DYNA [17], [18] to analyze the magnetic field by equat-
ing the solenoid coil model with a 2-D or 3-D axisymmetric
model. What’s more, these studies mainly focus on aspects
such as electromagnetic bulging [19], [20], electromagnetic
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welding [21], [22], electromagnetic superposed forming [23],
and the electromagnetic-assisted forming [24], [25].

Moreover, as shown in Fig.1, the winding process of the
solenoid coil is generally carried out in a helical manner,
and the coil will appear a misalignment of the width of the
coil. Also, as shown in Fig.2, when the solenoid coil is a
multi-layer and multi-turn structure, the dislocation and gap
of layer change will occur. As a result, the solenoid coil has
a pitch effect in the calculation of the magnetic field, which
makes it difficult to solve the high-precision calculation of
the magnetic field. So, this process of equivalent simplifica-
tion inevitably brings some deviations to the simulation of
magnetic field. Therefore, in the study of EMF, although the
2-D or 3-D axisymmetric equivalent model of solenoid coil
reduces the calculation amount and makes it easy to solve,
the influence of the non-axisymmetric structure of solenoid
coil on the magnetic field generated by it is ignored.

FIGURE 1. Schematic diagram of the helical coil model.

DIslocation and Gap

FIGURE 2. The dislocation and gap of the helical coil when changing
layers and turns.

Thereby, to solve these problems, this paper adopts
SOLIDWORKS drawing software to build 5 actual helical
coil models with different layers and analyzes the reasons for
the difference of winding coils in engineering practice from
the perspective of principle. Consequently, when the same
voltage excitation is applied by the finite element software,
the magnetic field of the helical coil structure is analyzed and
compared with the simulation results of the 3-D axisymmetric
coil model. The simulation results show that the magnetic
flux density distribution deviation of helical coils and 3-D
axisymmetric coils is small and can be ignored when the
number of linear coils is 1 or 2 layers. However, as the number
of linear circles increases, the deviation between the two
increases significantly. Accordingly, in the study of EMEF,
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when the number of layers of solenoid coils is small, the effect
of its pitch effect can be ignored; on the contrary, when the
number of layers of the solenoid coil is large, the effect
of the pitch effect must be considered when calculating the
magnetic field.

Il. THEORY

The difference between the helical winding mode of the
forming coil and the symmetric model mainly comes from
three aspects: the winding angle (slope), the interlaminar
transition between the coil layers and the coil outgoing mode.
Since EMF involves the coupling process of transient mul-
tiple physical fields, so the current simulation methods are
mainly included loose coupling, sequential coupling, and full
coupling.

A. THE INTERLAMINAR TRANSITION AND THE OUTGOING
MODE

As shown in Fig.2, when the coil is multi-layer and multi-
turn, the coil in the transition between the layers, the coil
needs to be wound from one layer to another layer. The
winding radius of the wire will increase from the previous
layer to the next layer in a range, resulting in an irregular
“transition gap” in this range, which leads to the coil in the
flange area appear uneven effect, and thereby affecting the
configuration distribution of the magnetic field.

Besides, the helical coil is located in a high voltage and
high current environment in EMF, so the selection of the
outgoing position of the coil in the winding process is not in
the same position, especially for the coil winding on the same
side. Common outgoing positions include opposite outgoing,
quarter outgoing etc., to ensure good insulation performance
when the coil is loaded and discharged.

B. THE WINDING ANGLE

Further, according to the right-hand rule, the long straight
wire with current only has a circumferential magnetic field.
Therefore, in this paper, the finite element method is used to
analyze the axisymmetric coil as a “long straight wire”’, and
it can_b)e seen that the axisymmetric coil only has circular cur-
rent I,p; thus producing uniform magnetic field distribution.
However, the current simulation model is shown in Fig.3, and
the helical coil is equivalent to the 2-D or 3-D axisymmetric
model in the simulation modeling. In other words, the cur-
rent simulation analysis of the simplified helical coil model
ignores the influence of the current component of the coil
axial excitation. In practical engineering operation, the radial
magnetic field generated will seriously affect the strength
of the axial magnetic field and may occur singularity, thus
affecting the distrgution of the magnetic field. Therefore,
the current value I, of the current value in the symmetric
and helical coils can be decomposed into:

B
Symmetric : 1. = Ipp;
O fe 2o, M
Helical : 1. =1, + 1,
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(@) (b) (c)

FIGURE 3. The axisymmetric equivalent treatment of helical coils;
(a) helical coil, (b) simplified 2-D symmetric coil, (c) simplified 3-D
symmetric coil.

C. THE FULL COUPLING SIMULATION METHOD

Under the fully coupled model including circuit, electro-
magnetic field, and solid mechanical field, the geometric
displacement and forming speed of the workpiece were com-
prehensively considered to further improve the calculation
accuracy [26]-[28]. Besides, compared with loose coupling
and sequential coupling, the fully coupled model has the
highest computational accuracy [29].

Therefore, the fully-coupled model was used in this
paper. When the initial circuit parameters of the system are
determined, the discharge current through the forming coil,
the magnetic force acting on the workpiece, and the plastic
deformation of the workpiece can be calculated. The proce-
dure is executed as follows:

a): The discharge current flowing through the coil can be
calculated by the “Global ODEs and DAEs” model (Eq.2).

— 1 (1= —
Uy— — [ I.dt="Uc
Co Jo N

— dL,I, dMI,

R, I, + —~ =0
dt_) dt ?)

dLI,  amI, Vo

dt dt = N N
Ro+ R T, + Lo ke 4 (Hele  dMIv) _ 7

0 Re) Lo R0~ dr a | =€

where Cy, ?c Ry, Ly are respectively the capacitor value,
the capacitor voltage (the capacitor is charged by the DC
device [29]), the resistance, and the inductanﬁ)e of the con-
necting circuit lines. I, is the coil current, I,, is the eddy
current induced in the workpiece, R, is the resistance of
the coil, Lc is the equivalent inductance of the coil, V), is
the dynamic electrodynamic potential, and M is the mutual
inductance between the coil and the workpiece.

b): The eddy current and field distribution can be calcu-
lated by solving the magnetic vector potential equations in
the “magnetic fields” model (Eq.3), which uses the current
density of the coil, obtained from Eq.2. It should be noted
that the currents flowing through the coils are assumed to be
evenly distributed.

VxH=]
dB
VXE=——
x di 3)
V-B=
J =6.E
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where H is the magnetic intensity, J is the current density,
B is the magnetic flux density, E is the electric intensity, and
oe is the electrical conductivity.

¢): The deformation of the workpiece can be calculated by
solving the structural field model in the *““Solid Mechanics”
model (Eq.4), which uses magnetic force density, obtained
from Eq.4, as a body force imparted on the workpiece. The
calculated workpiece velocity is added to Eq.3 with the mag-
netic field to reflect the effect of the motional electromotive
force on the electromagnetic equations (Eq.5).

9%u

- = —
JxB:f:p?_v.g )

_OB(r(n.z().1)
at

VxE= +VX(VXB(r(t),z(1),1))

&)

The value of V), will change with the workpiece deforma-
tion due to the variation of mutual inductance between the coil
and the workpiece. Furthermore, a new induced potential V),
of the coil should be calculated and then the calculation
returns to step 1 until the discharge comes to an end. In the
simulation, to avoid the meshes distort for large deformation,
a “Moving Mesh” model is taken to update the shapes of
mesh elements with the deformation of the workpiece based
on an arbitrary Lagrangian-Eulerian method.

Moreover, due to the current in the coil is pulse current,
so the magnetic flux density B can be also expressed as:

B =« (dI_Z /dt) (6)

where « is the proportionality coefficient. Therefore, combin-
ing Eq.1 and Eq.6, it can be known that when the excitation is
consistent, the magnetic induction intensity Bpejicqr generated
by the helical coil can be expressed as:

—_—

— -
d (T +17)
Bpelicat = 0 ——— -

dt

Therefore, the magnetic field generated by the helical coil
is different from the equivalent symmetric model, which
affects the distribution and strength of the magnetic field.

N

lll. MODEL
To better verify the simplified equivalent 2-D and 3-D
axisymmetric solenoid models, the magnetic field simulation
deviation and the helical coil pitch effect can be ignored. The
3-D symmetric (equivalent to 2-D axisymmetric) and 3-D
helical coil models were established for comparative analysis.
Besides, the grid of the simulation model in this paper
uses the physical field control grid method to construct a
network of given cell size. As shown in Figure 4, to research
the effect of mesh accuracy on the calculation results, in the
process of establishing the simulation model, four groups of
mesh method of different sizes were divided, and their serial
numbers were 1, 2, 3, and 4. The maximum unit setting of
the coil part is 0.3mm, 0.4mm, 0.5mm, 0.6mm respectively.
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FIGURE 4. Different precision grid division methods.

The maximum cell setting of the outer air field of the coil is
0.6mm, 0.8mm, 1.0mm, 1.2mm.

As shown in Table 1, the calculation deviation of the
magnetic flux density between the 3-D helical coil and the
2-D symmetric model does not exceed 3% in the model cal-
culation by establishing the network with different accuracy.
Due to the 3D model’s sensitivity to the degree of mesh
division, not only the amount of calculation will increase, but
the simulation results will also be difficult to converge if the
division is too low. Therefore, the meshing method adopted
in this paper can meet the calculation requirements.

TABLE 1. Model calculation results of different meshing method.

Meshing 3-D helical Symmetric Deviation
method magnetic flux magnetic flux v

1 3.98T 4.07T 2.2%

2 3.98T 4.08T 2.4%

3 3.99T 4.08T 2.2%

4 4.07T 4.08T 0.2%

A. ONE LAYER OF HELICAL ADN 3-D SYMMETRIC COIL
MODEL

Furthermore, for Case 1: (a) the coil consists of 5 turns in each
layer, with a spacing of 0.5 mm between the turns and the
spacing between the layers. The coil is made of copper wire
with a cross-section of 7 x 0.52 mm?. The specific model is
shown in Fig.4, and their main parameters were in Table 1.
(b) during the transition between layers, the “transition gap”
of the coil is within a quarter of the circumference. (c) coil
outgoing mainly discusses the unilateral outgoing mode, and
the default position of both outgoing lines is the same axial
direction, which is not discussed in this paper.

B. MULTULAYER HELICAL AND 3-D SYMMETRIC COIL
MODEL

On the other hand, the specific models are shown in Table 2,
and the input current used and the geometry of the coil in
Case 2 is the same as that in Case 1. In this paper, the helical
coil and 3-D symmetric coil models with 5 different layers
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TABLE 2. Main parameters for Case 1.

Coil 3-D helical 3-D symmetric
Inner diameter of the coil ;| 20 mm | 20 mm Symbol Value
Outer diameter of the coil | 24 mm | 24 mm U 6.8kV
Height of the coil 12mm | 12mm c 120 uF
Radius of the wire 1 mm 1 mm Ry 8 mQ
Distance between turns 0.5mm : 0.5mm L 10 pH
Distance between layers 0.5mm : 0.5mm Ry 8 mQ

(each layer is 5 turns) as shown in Case 2 are also estab-
lished. They are defined as L1-L5 (helical coil), D1-D5 (3-D
axisymmetric coil), in which L1 and D1 are 5 turns in the
first layer, L2 and D2 are 10 turns in the second layer, L3 and
D3 are 15 turns in the third layer, L4 and D4 are 20 turns in
the fourth layer, and L5 and D5 are 25 turns in the fifth layer.
(3) Geometric parameters of the sheet metal: the workpiece
used is an A1060-O with a diameter of 70 mm and the sheet
metal thickness is 1 mm.

IV. SIMULATION RESULTS AND DISCUSSION

A. THE SIMULATION RESULTS OF CASE 1 AND CASE 2
The distribution of the magnetic flux density at the below of
the coil in different layers is shown in Fig.5. It can be seen
that the maximum magnetic flux density of the helical coil
is 3.96 T, and the maximum magnetic flux density of the
3-D axisymmetric coil is 3.93 T. The flux density deviation in
these two models is small, only 0.03 T, and within acceptable
limits in different turns.

3-D helical

FIGURE 5. The schematic diagram of two models.

3-D symmetric

In addition, when the coil has only one layer, the magnetic
field distribution is shown in Fig.6. It can be seen that the
magnetic field distribution at the center of the z-axis of the
coil and 15 mm away from the center is basically the same,
except that there is a slight offset in the axial direction.
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FIGURE 6. The distribution of the magnetic flux density; (a) 3-D
axisymmetric coil, (b) helical coil.

B. THE SIMULATION RESULTS OF CASE 2

The distribution of the magnetic flux density at the below
of the coil in different layers is shown in Fig.7. It can be
seen from Fig.7, with the increase of the number of layers
of the coil, the distribution of the magnetic field generated
by the coil will be different. Besides, when the coils are
1 or 2 layers, the magnetic flux density distribution of
solenoid coils is basically the same as that of the 3-D axisym-
metric coil model. Therefore, after the solenoid coils are
equivalent (the 3-D axisymmetric model), the coil pitch effect
can be ignored. However, when the number of layers of the

08 T T T T T
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08I =
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The axial of magnetic flux density (T)
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FIGURE 7. The distribution of the axial magnetic flux density.
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FIGURE 8. The distribution of the magnetic flux density at the below of
the coil in different layers.

linear circle increases, the deviation of the magnetic flux
density distribution of the two models increases obviously.
Therefore, the effect of the solenoid coil on the pitch effect
must be considered when calculating the magnetic field.

C. THE SIMULATION RESULTS OF DIFFERENT PITCH AND
RADIUS

Fig. 9 (a) shows the distribution of the magnetic flux density
under the coil with a radius of 8 mm and 10 mm when the
pitch is 0.5 mm. It can be seen that when the coil radius
is 8mm, the maximum magnetic flux density of the spiral
coil is 4.2T, the maximum magnetic flux density of the
2-D axisymmetric model coil is 4.28T, and the error accuracy
of the two is about 1.8%. When the coil radius is 10mm,
the maximum magnetic flux density of the spiral coil is 4.08T,
the maximum magnetic flux density of the 2-D axisymmetric
model coil is 3.95T, and the error accuracy of the two is
about 3.1%.

Fig. 9 (b) shows the distribution of the magnetic flux den-
sity under the coil with a radius of 8 mm and 10 mm when the
pitch is 1 mm. It can be seen that when the coil radius is 8mm,
the maximum magnetic flux density of the spiral coil is 3.89T,
the maximum magnetic flux density of the 2-D axisymmetric
model coil is 3.97T, and the error accuracy of the two is
about 2%. When the coil radius is 10mm, the maximum
magnetic flux density of the spiral coil is 3.68T, the maximum
magnetic flux density of the 2-D axisymmetric model coil is
3.79T, and the error accuracy of the two is about2.9%.

Fig. 9 (c) shows the distribution of the magnetic flux
density under the coil with a radius of 8 mm and 10 mm
when the pitch is 1.5 mm. It can be seen that when the coil
radius is 8mm, the maximum magnetic flux density of the
spiral coil is 3.67T, the maximum magnetic flux density of the
2-D axisymmetric model coil is 3.79T, and the error accuracy
of the two is about 3.1%. When the coil radius is 10mm,
the maximum magnetic flux density of the spiral coil is 3.48T,
the maximum magnetic flux density of the 2-D axisymmetric
model coil is 3.59T, and the error accuracy of the two is
about 3%.
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FIGURE 9. The distribution of the magnetic flux density in 2-D model and
3-D model under different pitch and radius. (a) pitch is 0.4mm, (b) pitch is
0.5mm, (c) pitch is 0.6mm.

Through Table 3, the influence of coil pitch and radius on
the magnetic flux density of the coil can be seen more clearly.
When the radius and pitch of the coil decrease, the difference
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TABLE 3. Main parameters for Case 2.

Number of Total number Helical Symmetric
layers of turns
1 5 L1 D1
2 10 L2 D2
3 15 L3 D3
4 20 L4 D4
5 25 L5 D5
TABLE 4. Data comparison.
. . 3-D helical Symmetric
Pitch Radius Magnetic flux Ma};netic flux
0.5mm 8mm 4.28T 4.20T
10mm 4.08T 3.95T
1 Omm 8mm 3.97T 3.80T
10mm 3.79T 3.68T
8mm 3.79T 3.67T
1.5mm
10mm 3.59T 3.48T

in magnetic flux density between the 3-D helical coil model
and the symmetric coil will increase, and the error will also
increase. Therefore, the effect of the solenoid coil on the pitch
effect must be considered when calculating the magnetic
field.

D. DISCUSSIONS

In fact, it can be drew a conclusion from the above analysis
that the pitch effect of the helical coil will cause some devia-
tions. However, from the previous analysis reveals when the
number of layers of solenoid coils in the study of EMF is
small, the flux density deviation calculated by the two models
will decrease. Therefore, the pitch effect of the solenoid coil
can be ignored, and then the solenoid coil can be directly
solved as a 3-D axisymmetric model (or as a 2-D axisym-
metric model). On the contrary, when the number of layers of
solenoid coils is large, the flux density deviation calculated
by the two models will increase, when the radius and pitch
of the coil decrease, the flux density deviation calculated by
the two models will increase too, so the influence of solenoid
coil’s pitch effect on the magnetic field calculation must be
considered.

Moreover, the coils used in EMF are generally only a few
layers, so it can be considered that the effect of the pitch effect
of the helical coil on the forming effect of the workpiece in
EMF can be ignored. Besides, the current experiments and
simulations studies of EMF have also confirmed that, after
the helical coil is equivalent to 2-D or3-D axial symmetry,
the pitch effect of the helical coil has little influence on the
forming of the workpiece, which can completely meet the
actual engineering requirements [29], [31], [32].

V. CONCLUSION

To sum up, when the number of layers of the solenoid coil is
small, the influence of the pitch effect can be ignored due
to the small deviation, and it can be directly equivalent to
the 3-D axisymmetric model for magnetic field calculation.
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When the number of layers of the solenoid coil is large and
the radius and pitch of the coil decrease, the influence of the
pitch effect must be considered because of the large deviation.
Thereby, in the study of EMF, when the number of layers,
radius and pitch used in the coil is small, the magnetic field
calculation of the 3-D equivalent model is reliable. On the
contrary, when the number of layers, radius and pitch used
in the coil is large, the calculation deviation of the equivalent
model will not accurately predict the simulation result.
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