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ABSTRACT Active electromagnetic armor, as a kind of electromagnetic launch, is a future-oriented
high-tech weaponry. The geometric parameters of the coil are the key elements affecting the interception
performance. In this paper, the influence of copper strip length, copper strip thickness and radius of the base
circle on the initial launch velocity of the intercepting plate was studied based on the self-developed launcher.
The relationship between the length of the copper strip and the initial velocity was theoretically deduced.
The reliability of the simulation was verified by a combination of simulation and experiment. The results
show that the initial velocity of the intercepting plate is linear with the winding length of the coil. As the
width of the copper strip increases, the initial velocity increases accordingly, and the radius of the base circle
has little effect on the initial velocity of intercepting plate.

INDEX TERMS EML (electromagnetic launch), coil geometric parameters, intercepting plate, electromag-

netic coupling, initial launch velocity.

I. INTRODUCTION

Electromagnetic launch technology is a new concept
technology based on pulse power and pulsed intense magnetic
field technology [1], [2]. It relies on the interaction between
the electromagnetic field generated by the pulsed power
source and the mutual current generated in the metal plate,
so that the metal plate is launched by a electromagnetic force.
Electromagnetic launch technology is widely used in the mil-
itary [3]. Electromagnetic launch technology has been suc-
cessfully applied to the electromagnetic guns and the launch
of the spacecraft [4], and the active electromagnetic protec-
tion of armored vehicles [5]-[7], and electromagnetic inter-
ception defense of ships and fixed-point targets [2] are also
underway. Chinese scholars have done a lot of work on the
launch principle, electromechanical characteristics and even
performance optimization of active electromagnetic armor.
Jin Hong-Bo [7] applied uniform design and numerical sim-
ulation technology to optimize the structure of the coil. Yuan
Chi [8] focused on the problem of eddy current distribution
in the EML armor plate. Wang Yezhong and Xu Hui [9], [10]
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established system state equation based on the principle
of virtual displacement, calculated the mutual inductance
change law during the launching process and applied the
numerical simulation to study the influence of mechanical
structure on launching ability. In this paper, the influence
of the base circle radius, the thickness of the copper strip
and the length of the copper strip on the initial velocity
of the launching plate is studied based on the following 3
considerations.

1)For a long time, for the convenience of inductance
calculation, the coil is often simplified into a number of
coaxial equidistant rings [7]-[10]. Although this can simplify
the calculation and keep the calculation accurate, it is quite
different from the actual condition. The main reason is that
the coil is difficult to form an integer circle.

2) When studying the influence of the geometric param-
eters of the coil on the initial velocity of the flying plate,
focusing on the independent parameters such as the number
of turns and the spacing of the turns will make the generality
of the obtained law poor, and thus the variable will be too
much.

3) From the point of view of the processing of the coil,
it is not easy to control the spacing of the turns, but easy to
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TABLE 1. Basic parameters of the coil.

Copper strip Copper strip  Coil base

Coil outer Nominal spacing/P
length/L  thickness/S  radius/r
) Nominal turns/n Coil code
radius/R ( mm ) (mm )
(mm ) (mm ) (mm )
2000 2 15 76 6.999 8.715 Cl
2500 2 15 76 8.749 6.972 C2
3000 2 15 76 10.499 5.810 C3
3500 2 15 76 12.249 4.980 Cc4
4000 2 15 76 13.999 4.358 Cs5
4500 2 15 76 15.749 3.873 Coé
5000 2 15 76 17.498 3.486 Cc7
5500 2 15 76 19.248 3.169 C8

FIGURE 1. Model of coil system.

control the parameters and winding parameters of the copper
strip. Based on the copper strip parameters and winding
parameters, relevant research is carried out, which is highly
compatible with the actual processing conditions.

Therefore, based on the past research, this paper attempts
to concentrate on the geometric parameters and winding
parameters of the copper strip, and reveals its influence on
the launch performance.

Il. STRUCTRAL PARAMETERS OF THE COIL

Figure 1 shows the launch system model. If a copper strip
with a certain length, thickness, and height is wound by a
mandrel with a certain radius and placed in a coil-container
with a certain inner radius, after the coil rebounds, the coil
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is approximately radially evenly distributed and its geometry
can be determined by the following relationship:

N =L/a(r+R) )
P =n(R*-r?/L )

where N is the nominal number of turns of the coil, which
can be a decimal; P is the nominal adjacency spacing.
Table 1 shows the basic parameters of the coil.

In Table 1, the meaning of decimal turns is that the strip is
not wound into an integer circle. When the calculated value
of the spacing is smaller than the thickness, the adjacent two
copper strips partially overlap, and the model of this case
should be discarded. In fact, when P-S <1.5mm, It is already
difficult to inject epoxy resin forming insulator. Therefore,
although the case of P-S ~1mm has been studied, its meaning
is only for reference.

Ill. THEORETICAL DERIVATION
According to the basic principles of electromagnetics,
the inductance energy of the system at any moment is:

1 2

Wi = SLi 3

where L is the inductance of the whole sysytem, and i is the
current. According to the principle of virtual displacement:

b _dm @

Cdx

x is the displacement of the flying plate. F' is the force act-
ing on the flying plate. If the inductance change caused by the
coil deformation during the launching process is neglected,
the change of the inductance only includes the change of
the mutual inductance between the coil and the flying plate
caused by the displacement. Therefore:

dwl dM(x) ,
e j
dx dx

(&)
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FIGURE 2. Schematic diagram of mutual inductance calculation of coaxial
loop.

a=F/m 6)

)= f adt %)

Relationship between mutual inductance and displacement
during launch can be expressed[9]:

M(x) = Mpe™ ®)

In the above formula, M is the mutual inductance in the
initial position of the flying plate. Combining the current
equation of the RLC circuit [11] and assuming that the plate
does not have significant displacement during acceleration,
it can be derived from (5) to (8) as [10]:

— 2
_ Myge= 0 U,C
2mR

where Up is the initial charging voltage of the capacitor;
C is its capacitance; R is the total resistance of the loop,
and xo is the distance between the flying plate and the
coil at initial position. It can be seen from (9) that the
initial launch velocity is proportional to the mutual induc-
tance gradient in initial position; inversely proportional to
the loop resistance. The resistance of copper strip with
6 meters long, 2 millimeters thick and 20 millimeters wide
is 2.6 m2 , which far less than the one of the loop-30 mS2.
At high frequencies, the loop resistance and the strip resis-
tance increase accordingly. Therefore, when changing the
length of the copper strip, the total resistance of the loop
does not change significantly. The following is the theoretical
derivation and calculation about the relationship between the
length of the copper strip and the inductance gradient in initial
position.

Let P(Rjcosp, Rising,0), O, y, d), M(x,y,0), and
_r)(x- Ricosp, y- Rising, d), O1P(Rjcosp, Rising, 0),
d | (—tang,1,0). According to Biot-Safar’s law, the magnetic
flux density at point Q is

vm

®

o Id7 x 7

—_
dB ="—— 10
47 r3 (10)
Its direction vector is:
dcosg dsing

) - ,—1
XxXcos@ +ysing —R; xcos¢ +ysing — R )
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e
B is the angle between d B and axis z, and
xcosg +ysing — R

cos B = e
Vd? + (xcos g + ysing — Ry)?

. — —
is the angle between d [/ and r, and

) (x cos @ + ysing — R)? + d?
sina = d )
(x — Ry cos @) + (y — Ry sing)? + d?

The component of the magnetic flux density along axis z:

_ po 1d I sinacosp
dB, = fohd L sipacosp

Letdl = Ridg, so: dB, = % sina cos Bdg

WwoR11 xXcos¢ + ysing
47 [(x — Ry cos 9)? + (y — Ry sin )2 4 d2]3/2
Then the Z-direction magnetic flux density from the Coill
at the Q is B;

woR1L 27 xcosg+ysing—R]
2 = — o e appd?
4 Jo [(x—Ry cosp)*+(y—R sin¢)*+d?]
(11)
Therefore, the magnetic flux of Coil2 is
© woR11 %/2” X COS 9+ sin ¢
1 =
%4 0 [(X—Rl cos )%+ (y—R] sin g0)2+d2]3/2
xdpdS (12)

In order to calculate the mutual inductance more conve-
niently, the plate is considered to be composed of concentric
circular coils of different radii. ®j; is the magnetic flux of the
coil with radius R; from the one with radius R;. Thus, the total
magnetic flux of the plate is

i
U= @y (13)
1 1

The mutual inductance can be obtained:
M hd 14
=1 (14)
Programme according to (1), (2) and from (11) to (14).
Figure 3 shows the relationship between length of the copper
strip and dM, differential of mutual inductance, near initial
position obtained from the programme, which presents good
linearity. Through the above analysis, it can be inferred that
the initial velocity of the plate is linear with the length of
copper strip.

IV. EXPERIMENT & SIMULATION

A. EXPERIMENT AND SIMULATION ABOUT LAUNCHER

1) EXPERIMENT AND ANALYSIS

The experiment platform of EML armor was established as
shown in Figure 4. High-voltage power supply is used for
charging the pulse capacitors. Current is measured by an
external integral standard Rogowski coil. The high-speed
camera is used to capture the flight process and calculate
the initial velocity of the plate. The experimental circuit
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FIGURE 3. The relationship between dM and L.

(a) Experimental site
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Trigger
DC Power Launcher camera
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(b) Experimental system schematic
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FIGURE 4. Experiment system.

is shown in Figure 4(c), where the pulse capacitor, vacuum
trigger switch, and launching coil are connected in series
to form an RLC circuit. The power source is a 16 uF
pulse capacitor with 10kV initial charging voltage. The total
resistance is about 30mS2 and the copper coil with 15mm
base circle radius, 76mm outer radius is made by a copper
strip with a thickness of 2mm, width of 20mm, and length
of Sm.
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FIGURE 5. Current-time curve of the experiment.

FIGURE 6. Stationary plate and its sizes on the photo.

Figure 5 shows the current-time curve obtained from
experiment. The exposure time of the experimental camera
is 0.25ms, so from the second frame, all the recorded is
projectile movement of the plate. Because the action duration
of gravity and air resistance is short, it can be considered
that the velocity of projectile movement is the initial velocity.
Figure 6 shows the stationary plate and its sizes on the photo.

There is an angle between projection axis and launch
direction as shown in Fig. 7(a). In Fig. 7(b), O and O, are
the actual positions of the center of the plate at two frames
respectively, and d stands for the distance between the two
on the photo, that is, the projection of O;0,. Calculating the
angle is necessary for obtaining the initial velocity.

Some measurement can be obtained from Figure 7,
including the edge flange diameter and outer diameter of
coil-container in the vertical shooting direction and the outer
diameter of coil-container along the shooting direction. The
scale can be calculated by dividing the diameter of the edge
flange taken from the figure by the actual size. And as demon-
strated in Fig.7(c), by dividing the outer diameter of coil-
container in the vertical direction by the one in the shooting
direction, the sine of the angle between the two axes can be
obtained. Table 2 displays the measured values mentioned
above and calculation results.

Figure 8 displays the position of the plate at frame 25 (left)
and frame 40 (right). The center mark of the plate can be
clearly recognized, and the distance between the two marks
is 36 pixels. The initial velocity of the plate can be obtained
by combining the geometric relationship of Fig. 7(b).

Vo = kd /(At cos a) (15)

So the initial velocity is calculated as 5.7m/s.
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TABLE 2. Measured values and caculation results.

edge flange diameter measured outer diameter of coil-container
actual size in vertical shooting in vertical shooting along shooting
Oy/mm direction @,'/p direction @,'/p direction m/p
234 410 320 66
scale angle between two axes
0.57 sina=0.21
projection \ | launch
axis w| direction
plate \, 0\
I:?I shooting
axis
Ly =
[
-1 T\ ]
/ | \ FIGURE 8. Two frames of the plate in projectile state.
launcher | '

(a) angle between projection and shooting axis

projection launch
axis N ‘ direction

\ |
N
N

\

ia\

]

! N
N\
\

I

\

(b)) calculation error due to the angle

projection
axis \

\ shooting axis
_ -
e )\

(¢)  calculation of the angle between the two axes

FIGURE 7. Angle between projection and shooting axis and its
calculation.

2) SIMULATION AND ANALYSIS
As shown in Figure 9, the launcher was 3D modeled
and imported into Ansys Maxwell 16 for simulation.

VOLUME 7, 2019

The three-dimensional transient field solver is used to apply
RLC external circuit excitation without a diode stack.
Solution field and motion field are defined as air. The initial
velocity and the current are simulated while the pulse capac-
itor, with initial charge voltage of 10kV, is 16 uf,24 uf, and
32 uf respectively.

It can be seen from Fig. 10 (a) that as the capacitance
increases, the peak value and the duration of the current
increase. Fig. 10(b) shows that as the capacitance increases,
the initial velocity of the plate also increases accordingly.
Since the slope of the first rising edge of the current is
basically the same, the acceleration in the corresponding
acceleration section is basically the same. When the current
passes zero, the electromagnetic force between the plate and
the coil disappears and the speed remains constant. When
the capacitance is 16 uF, the simulation velocity is 7.14 m/s,
which is greater than the experimental velocity of 5.7 m/s.
This can be explained from the following aspects. a) Although
the air domain is defined in the simulation, the air resistance
during acceleration cannot be calculated, which will result in
a simulation speed higher than the experimental speed. b) In
the loading process, there is not only the axial thrust between
the coil and the plate, but also the radial force in both, which
will cause the deformation of the plate and the coil, thus
changing the mutual inductance between the two reduces the
thrust and lowers the initial velocity. ¢) From the perspective
of energy, the radial deformation of the coil consumes a part
of the electrical energy, so that the kinetic energy obtained
by the plate is reduced.4)The phenomenon of breakdown
discharge can not be excluded between two adjacent turns
of the coil. Although the coil-container make it difficult to
be photographed, it can be inferred from spark captured in
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Solution field

(a) simulation model

LWinding1 ~~ 30mOhm
[T — < R
o

S N R N
_Lo

(b) circuit without diode stack

LWinding1 < 3mOhm
[T SR

L

(¢) circuit with diode stack

FIGURE 9. Model and external circuit for 3D transient field simulation.

several experiments, as well as the blackening of some parts
of the coil, the plate and coil-container after the launch. So the
velocity from simulation is acceptable. Moreover, the linear
law between velocity and capacitance is maintained, which
satisfies the law described in (9). Figure 11 is a comparison
of simulation and experiment results of the current. It can
be found that there is a high degree of consistency in both
the amplitude characteristics and the time characteristics. The
reasons for some differences are the same as those mentioned
above, and will not be further elaborated.

In summary, the simulation can not only satisfy the accu-
racy, but also reflect the objective law. The simulation is used
for further study.

B. EFFECT OF COIL GEOMETRIC PARAMETERS

ON INITIAL VELOCITY

1) EFFECT OF COPPER STRIP LENGTH ON INITIAL VELOCITY

Modeling and simulation are based on the data listed

in Table 1. Nine sets of coils with thickness of 2mm and

length between 2m and 5.5m, respectively, are from C1 to

C9. Figure 12 is the simulation results of nine sets of coils.
In the current curve family of Fig. 12(a), on the first peak,

from top to bottom is C1 to C9. In the family of velocity

curves in Figure 12(b), the top-down order is C1 to C9.
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FIGURE 10. Current and velocity curve from simulation on prototype
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FIGURE 11. Comparison of current-time curve between experiment and
simulation.

It can be seen from Fig. 12 that as the length increases,
the current oscillation period increases and its peak value
decreases, which means the total inductance is increased.
Because the rising rate and peak value of C1 current are
the highest in the first rising edge, the acceleration of C1 is
also highest in the corresponding time-history curve, while
those of C9 is the lowest, as it is shown in Fig. 13. However,
the current duration of C1 is the shortest, the duration of the
thrust of CI is also the shortest, and the initial velocity of
C1 is the lowest while C9 the highest. In this experiment,
the driving capability of a 16 uf capacitor with charging
voltage of 10 kV is not great, so the acceleration section
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(a) current-time curves of nine coils
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(b) velocity-time curves of nine coils

FIGURE 12. Simulation results of coils of different lengths with 2 mm
thickness.
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FIGURE 13. Velocity-time curve of each coil in the first 20us.

runs through the entire discharge duration, that is, there is no
sufficient displacement for the plate to deviate from the cou-
pling region within 150 ws. In this case, the main acceleration
process is not completed on the first rising edge. Therefore,
the diode stack is added on the original circuit to increase
current duration, and the same simulation is performed. The
external circuit is shown in Figure 9 (c).

The velocity and current curves of the coil with cop-
per strip length of 5m are shown in Fig.14. After the sili-
con stack is added, the reverse charging of the capacitor is
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FIGURE 14. Current and velocity curves of the coil with thickness of 2mm
and length of 5m.
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FIGURE 15. Velocity-length relationship of coils with thickness of 2mm at
600ys.

prevented and the duration of discharging is much longer,
which significantly increased thrust duration. Therefore the
initial velocity increased greatly and the energy efficiency is
improved.

It can be seen from the curves in Fig. 12(b) that after the
first rising edge, even if the same moment is taken in different
acceleration stages, the relationship between corresponding
velocity of nine coils is linear with their length. In fact, it is
the same even if the silicon stack is added in the circuit.
Figure 15 shows the velocity of each group of coils with and
without silicon stack at a specific moment. It can be found
that the linear characteristics are obvious.
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FIGURE 16. Velocity-length relation under different thickness at 600us.

Through the above analysis, it can be found that the
velocity of the flying plate at a certain moment is linear
with the length of the coil, regardless of the circuit structure
(independent of the presence or absence of the silicon stack).
After the silicon stack is added, the current no longer
oscillates, the thrust duration is prolonged, and the initial
velocity is significantly increased. Therefore, in the subse-
quent analysis, the circuit with the silicon stack is used for
simulation.

2) EFFECT OF COPPER STRIP LENGTH ON INITIAL

VELOCITY UNDER DIFFERENT THICKNESS

Coils of different lengths were modeled and simulated with
thicknesses of 1 mm, 2 mm, and 3 mm, respectively. Fig. 16
displays velocity-length curves of three different thickness
and it can be found that the three are almost parallel and the
curves of coils with thickness of 3mm,2mm and 1mm are
in order from top to bottom. In the case of the same length,
the greater the thickness, the higher the velocity. However,
this improvement is small and compromises the ability of the
coil-container to accommodate the coil, because the length is
shortened. As shown in Fig. 16, when the thickness of copper
is 3mm, the longest copper strip can be accommodated is
4 m, and at this time the distance between adjacent copper
strips is very close, which is not conducive to the casting of
insulating layer. When the cross-section thickness is 1 mm, it
can accommodate longer coils, which is beneficial to enhance
the launching capacity. However, with the decrease of the
cross-section size and the increase of the length of copper
strip, the circuit resistance will also increase continuously.
In addition, with the continuous reduction of the cross-section
size, the anti-radial deformation ability of the coil becomes
worse, which is not conducive to the stability of the insulation
layer and may damage the insulation layer.

3) EFFECT OF COPPER LENGTH ON INITIAL VELOCITY
UNDER DIFFERENT RADIUS OF BASE CIRCLE

Coils of different lengths were modeled and simulated with
base circle radius of Smm, 10mm, and 15mm, respectively.
Fig. 17 shows the velocity-length relationship under three
different base circle radius. As can be seen from Figure 17,
the three straight lines are not parallel, and as the length of

166674

velocity(m/s)

1 1 1

L
20 25 30 35 40 45 50 55 6.0

0 1 1 1

time(us)

FIGURE 17. Velocity-length relationship under different base circle radius
at 600us.

TABLE 3. Slope of velocity-length line corresponding to different radius
of base circle.

Base circle radius/r ( mm ) Slope/k
5 5.18
10 521
15 532

the copper strip increases, the three straight lines intersect
twice respectively. Simply changing the radius of the base
circle does not enhance the launching ability of coils of
arbitrary length. Table 3 shows the slope of velocity-length
line corresponding to different radius of base circle.

As can be seen from Table 3, the slope increases with the
increase of base circle radius, but the it is not obvious. The
reduction of base circle radius will make the coil-container
accommodate longer copper strips to improve the launching
ability. However, as radius of base circle radius decreases,
the winding of the coil will be more difficult.

V. CONCLUSION

Using the high-speed camera, the self-developed electromag-
netic armor launcher is experimented and the initial velocity
is calculated. The reliability and accuracy of the simulation
are varified by the experimental data. On this basis and com-
bining with the theory, the influence of coil geometric param-
eters on the velocity is studied by the simulation. Finally,
the following conclusions are obtained.

(I)When the outer diameter of the coil is fixed, the initial
velocity of the coil increases with the increase of the length
of the copper strip, and it shows a good linearity.

(2)With other conditions unchanged, increasing the thick-
ness of the copper strip can increase the initial velocity, but
the effect is limited.

(3)Changing the radius of the base circle of the coil has no
obvious effect on the initial velocity, but with the increase of
the radius of the base circle, the ratio of the initial velocity to
the length of the copper strip increases.

Although this paper has obtained some research results,
it does not include the influence of the length of the copper
strip on the launch performance under the condition that
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the

outer diameter of the coil is different. In the future,

we should focus on the relationship between copper strip
length and coil-container size and the initial velocity of the
flying plate, and reveal the decisive factors affecting the
launch performance.
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