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Abstract: The influence of electromagnetic induction coil launcher (EICL) system parameters on the
launch performance was analyzed, and a method for measuring the launch performance of an EICL
system with a muzzle velocity and energy conversion efficiency was proposed. The EICL system
mainly includes a pulse power supply and launcher. The parameters of the pulse power supply
mainly include the discharge voltage and the capacitance value of the capacitor bank. The structural
parameters of the launcher mainly include the bore size of the launcher, the air gap length between
the armature and the drive coil, the length and width of the drive coil, and the trigger position
of the armature. Change in single or multiple parameters in the launch system will influence the
launch performance. The influence of single or multiple parameters on the launch performance was
summarized, and the physical law as analyzed. The influence law of the EICL system parameters
on the launch performance was obtained, which lays a theoretical foundation for the optimization
design of EICL. Finally, experimental verification was carried out by a single-stage test platform.

Keywords: system parameters; electromagnetic induction coil launcher (EICL); muzzle velocity;
energy conversion efficiency

1. Introduction

The launcher developed by electromagnetic launch technology is called an electro-
magnetic launcher, which can be divided into rail launchers, reconnection launchers, and
coil launchers according to the different structural forms and working modes [1–3]. The
structure of a rail launcher is relatively simple, which is suitable for accelerating the load of
a small mass to an ultra-high speed. However, there is sliding electrical contact between
the rail and the armature [4], and the high speed of the armature will cause gouging and
erosion of the rail, which affects the launch performance and service life of the rail launcher.
Therefore, the sliding electrical contact problem has always been a technical bottleneck
restricting the practical application of the rail launcher [5–7].

A reconnection launcher is a kind of non-contact electromagnetic launcher that works
in the way of magnetic flux reconnection. It is a kind of tubeless gun without contact
between the projectile and the launcher whose radial electromagnetic force is small and
axial acceleration electromagnetic force is large [8–10]. However, the projectile is a solid
cylinder or a good plate-like conductor and must have a certain initial velocity when
launching. At present, research is still in the stage of basic exploration due to the accuracy
of the synchronization control technology of the system being very high [11–13]. Table 1 is
the overview of the three launchers.

When the diameter of the launcher is the same, the coil launcher has a larger inductance
gradient than the rail launcher, so it is suitable to accelerate the large mass payload to
a higher speed [14]. The coil launcher mainly includes an induction coil launcher and
reluctance coil launcher [15–17]. Control of the reluctance coil launcher is more difficult than
the induction coil launcher due to the magnetic saturation in the reluctance coil launcher.
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Table 1. Overview of the three launchers.

Launcher Technical Characteristics Research Status

Rail Small mass, hyper speed, sliding electrical contact Will be put into use
Reconnection Non-contact, complex synchronous control technology Application of basic research

Coil Non-contact, large mass, high speed Research on engineering development

The induction coil launcher has the advantages of a flexible design, precision control
of the muzzle velocity, and its suitability for launching a large mass payload [18]. The
current of the armature generated by electromagnetic induction and does not need to be
provided by the external power supply, and the armature does not contact with the drive
coil, which means that the projectile can be suspended and accelerated in the drive coil.
Therefore, there is no sliding electrical contact in the induction coil launcher, which has the
most practical application potential in the military field [19–21].

The energy conversion efficiency is a key factor restricting the development of EICL [22–24].
Although the working principle of the synchronous induction coil launcher is simple, it is
not easy to obtain a high energy conversion efficiency and muzzle velocity. The relationship
between the system parameters of the coil launcher and the energy conversion efficiency
cannot be described by a unified mathematical model, so the optimization design is a
process that involves multiple system parameter combinations. Therefore, how to design
a high-performance multi-stage EICL is still one of the problems in current research, and
there are many variable parameters and no rules to follow in the design process. At present,
there are many studies on the energy conversion efficiency optimization of coil launchers,
including the ant colony algorithm [25], genetic algorithm [26–28], and annealing algorithm.
Although the optimization algorithm can obtain a higher energy conversion efficiency, the
time of the optimization is unacceptable, and the optimization algorithm cannot reflect
the influence of each parameter on the launch performance of EICL. The initialization of
parameters will directly influence the time of the iterative analysis, and these algorithms
are prone to local optimization. The optimization of the system parameters can also use
the single factor analysis method. Researchers have studied the trigger position of the
armature, structure of the drive coil, structural design of the armature, and capacitance of
the capacitor bank [29–31].

In this paper, a method for evaluating the launch performance of an EICL system
in terms of the launch speed and launch efficiency is first proposed. On this basis, the
influences of the energy storage capacitor bank, including the discharge voltage and
capacitance value, on the launch performance are analyzed. Secondly, the effects of changes
in the structural parameters such as the bore size, drive coil parameters, and trigger position,
on the launch performance are analyzed separately. Finally, experimental verification was
performed with the existing energy storage capacitor bank in the laboratory. As a result, the
law of system parameters on the launch performance was obtained, which lays a theoretical
foundation for the optimal design of EICL.

2. Launch Performance of EICL

For EICL, the index used to evaluate the system performance includes the muzzle
velocity, energy conversion efficiency, structural strength, stability, etc. [32–34]. However,
the focus of the present research is how to improve the muzzle velocity and energy conver-
sion efficiency of launchers. Therefore, the launch performance of EICL is evaluated by the
muzzle velocity and energy conversion efficiency.

The velocity can be divided into the peak velocity and steady-state velocity due to the
capture effect. Generally speaking, the muzzle velocity refers to the steady-state velocity.
The energy conversion efficiency is defined as the ratio of the kinetic energy obtained by
the projectile to the total energy released by the total energy storage of the system, which is
the sum of the electric energy stored in all stages of the energy storage capacitor banks.



Energies 2022, 15, 7803 3 of 21

Therefore, the total system energy storage can be expressed as:

WC = n × 1
2

CU2 (1)

The kinetic energy obtained by the projectile can be expressed as:

Wp =
1
2

mav2
a (2)

The energy conversion efficiency of the system is:

η =
Wp

WC
=

1
2 mav2

a

n × 1
2 CU2

=
mav2

a
n × CU2 (3)

where WC represents the total energy storage of the system, Wp represents the kinetic energy
of the projectile, ma represents the total mass of the projectile, va represents the muzzle
velocity, n represents the discharge stages, and C and U represent the capacitance value
and discharge voltage of the capacitor bank, respectively. It can be seen from Equation (3)
that if the total energy storage and mass of the projectile remain unchanged, the energy
conversion efficiency is squared with the muzzle velocity.

3. System Parameters of EICL

The EICL system mainly includes the pulse power supply and launcher. The parame-
ters of the pulse power supply mainly include the discharge voltage and the capacitance
value of the energy storage capacitor bank and the structural parameters of the launcher
mainly include the diameter of the launcher, the air gap length between the armature and
the drive coil, and the length and width of the drive coil, as shown in Figure 1.
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Figure 1. System parameters of EICL.

This paper is a targeted modification of the mathematical model of the electromagnetic
induction coil launcher based on the authors’ previous work [35], and the correctness of the
model has been verified. The strategy followed for the selection of the pulse power supply
and structural parameters is to only change a single variable for sweeping, and to perform
numerical simulations of the launcher according to each combination to obtain the speed
and energy conversion efficiency.

The force can be calculated using the following equation:

Fz =
n

∑
k=1

iaid
dMadk

dz
(4)
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where Fz denotes the electromagnetic force along the z-direction and ia and id are the
armature and drive coil currents, respectively. Moreover, dMadk/dz represents the mutual
inductance gradient between the armature and k-th drive coil.

The system parameters are shown in Table 2. The initial position of the armature
means the tail of it is in alignment with the center of the drive coil.

Table 2. Parameters of the launchers.

Component Unit Value

Armature

Material Aluminum
Outer radius mm 29.5
Inner radius mm 23.5

Length mm 200

Drive Coils

Material Copper
Inner radius mm 33.5
Outer radius mm 68.5

Length mm 102
Turns 40

4. Pulse Power Supply Parameters
4.1. Influence of the Discharge Voltage on the Launch Performance

For the pulse power supply, the influence of the discharge voltage as a single vari-
able on the launch performance is firstly analyzed. The capacitance value is 16 mF. The
discharge voltage is taken to change in [0.1, 10] (kV). Figure 2 shows the muzzle velocity
and energy conversion efficiency with the change in the discharge voltage of the energy
storage capacitor bank.
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Figure 2. Change in the discharge voltage and its effect on the launch performance.

It can be seen from Figure 2 that the muzzle velocity increases with the increase in the
discharge voltage, whose relationship can be seen as a linear correlation in the single-stage
EICL. It also can be seen that the energy conversion efficiency firstly increases and then
decreases with the increase in the discharge voltage. The energy conversion efficiency
reaches a maximum of 4.99% when the discharge voltage is 2.2 kV. Theoretically, there is an
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optimal value of the discharge voltage under the premise of the capacitance value of the
capacitor bank remaining unchanged.

Figure 3 shows the relationship between the current and force with the change in the
discharge voltage. The peak current of the drive coil and the peak force on the armature
increase with the increase in the discharge voltage under the premise of the capacitor value
of 16 mF remaining unchanged.
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Figure 3. Current and force with the change in the discharge voltage. (a) Current of drive coil under
different discharge voltages with constant capacitance of 16 mF; (b) Force on the armature under
different discharge voltages with constant capacitance of 16 mF.

4.2. Influence of the Capacitance Value on the Launch Performance

The influence of the capacitance value of the energy storage capacitor bank as a single
variable on the launch performance was analyzed. Given the discharge voltage is 3 kV, the
capacitance value is changed in [0.5, 50] (mF). The muzzle velocity and energy conversion
efficiency with the capacitance value is shown in Figure 4.
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Figure 4. Change in the capacitance value and its effect on the launch performance.
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Figure 4 shows that the muzzle velocity increases with the increase in the capacitance
value in the launch of single-stage EICL. The muzzle velocity gradually tends to be stable
when the capacitance value exceeds the critical point. It can also be seen that the energy
conversion efficiency firstly increases and then decreases rapidly with the increase in the
capacitance value.

The energy conversion efficiency reaches a maximum value of 6.08% when the capaci-
tance value is 7.5 mF. Therefore, there is also an optimal value under the premise of the
discharge voltage of the capacitor bank remaining unchanged.

Figure 5 shows that the peak current of the drive coil and the peak force on the
armature increase with the increase in the capacitance value under the premise of the
discharge voltage remaining unchanged, and the time to reach the peak current moves
backward with the increase in the capacitance value, which means that the rise time of the
drive coil current is related to the capacitance value of the energy storage capacitor bank.
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Figure 5. Current and force with the change in the capacitance value. (a) Current of drive coil under
different capacitance values with constant discharge voltage of 3 kV; (b) Force on the armature under
different capacitance values with constant discharge voltage of 3 kV.

From the above analysis, it can be seen that the peak current of the drive coil increases
with the increase in the discharge voltage or the capacitance value of the energy storage
capacitor bank. The larger the drive coil current, the larger the peak force on the armature,
and the higher the muzzle velocity of the armature. The increase in the muzzle velocity
makes the armature move further in the same time, which accelerates the change in the
mutual inductance gradient and decreases the force. However, the current of the drive coil
is still large, which reduces the energy conversion efficiency and makes the efficiency begin
to decline after the peak value is reached.

The goal of improving the muzzle velocity and energy conversion efficiency can be
achieved by increasing the discharge voltage and the capacitance value of the capacitor
bank. However, more energy is wasted when the discharge voltage and the capacitance
value exceed a certain value. Therefore, it is necessary to comprehensively consider the
selection of the discharge voltage and capacitance value of the capacitor bank to achieve a
higher launch performance.

4.3. Influence of the Discharge Voltage and Capacitance Value Combination on the Launch Performance

The influence of the discharge voltage and capacitance value on the launch perfor-
mance when they change at the same time was analyzed. The range of the discharge
voltage of the capacitor bank is [0.1, 10] (kV) and the range of the capacitance value is
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[0.5, 50] (mF). Figure 6 shows the influence of the discharge voltage and the capacitance
value of the capacitor bank on the muzzle velocity and energy conversion efficiency.
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Figure 6. Change in the discharge voltage and capacitance value and its effect on the launch perfor-
mance. (a) Muzzle velocity of armature under different discharge voltages and capacitance values;
(b) Energy conversion efficiency of system under different discharge voltages and capacitance values.

Figure 6 shows that the muzzle velocity is higher, and the energy conversion efficiency
is lower in the area corresponding to the large discharge voltage and capacitance value.
However, the muzzle velocity is relatively lower, and the energy conversion efficiency
is relatively higher in the area corresponding to the large discharge voltage and small
capacitance value. Therefore, the muzzle velocity of the armature can be improved by
increasing the discharge voltage, but it cannot improve the energy conversion efficiency of
the system, which will lead to greater loss and waste of the energy storage of the system.

Considering the muzzle velocity and energy conversion efficiency belongs to the
multi-objective optimization problem, the optimal solution of the energy conversion effi-
ciency under this objective optimization is obtained by changing the capacitance value and
ensuring that the discharge voltage of the energy storage capacitor remains unchanged.
The set of optimal solutions of the energy conversion efficiency corresponding to different
discharge voltages is the Pareto front.

As shown in Figure 7, the Pareto front of the optimal solution of the energy conversion
efficiency is obtained, and the optimal solution of the Pareto front under the current
parameter conditions is that the discharge voltage is 10 kV and the capacitance value is
1.5 mF. The muzzle velocity of the armature is 169.44 m/s and the energy conversion
efficiency is 10.34%. Therefore, a high discharge voltage and low capacitance value should
be selected in the design of the launcher. However, it is necessary to select the parameters of
the energy storage capacitor bank according to the technical maturity and implementation
difficulty in practical engineering practice.
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Figure 7. Pareto front of the energy conversion efficiency. (a) Three-dimensional scatter of muzzle
velocity and energy conversion efficiency under the combinations of different discharge voltages
and capacitance values, red point is the combination of discharge voltage and capacitance value
when energy conversion efficiency is maximum; (b) Projection of the three-dimensional scatter in the
muzzle velocity and energy conversion efficiency coordinate plane.

5. Structural Parameters of EICL

The system parameters and initial conditions of the pulse power supply are the same.
The initial velocity of the armature is 0 and the mass of the armature is 0.54 kg. The
discharge voltage of the pulse power supply is 3 kV and the capacitance value is 16 mF. The
influence of different structural parameters on the launch performance of the single-stage
drive coil is analyzed, respectively.

5.1. Influence of the Bore Size on the Launch Performance

The influence of the bore size in the structural parameters of the launcher (the inner
radius of the drive coil in this paper) as a single variable on the launch performance is
analyzed. The size of the drive coil is constant in the structural parameters, and the initial
position of the armature is located at the center of the drive coil.

Firstly, the influence of the bore size on the launch performance is analyzed for when
the unilateral air gap length is 4 mm. The bore size and the outer diameter of the armature
increase at the same time, and the bore size changes in [20, 120] (mm). Figure 8 shows the
muzzle velocity and energy conversion efficiency by simulation calculation.
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Figure 8. Change in the bore size and its effect on the launch performance.
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Figure 8 shows that the launch performance increases with the increase in the bore size,
and this increasing trend begins to stabilize when the bore size exceeds a certain size. Therefore,
for the single-stage EICL, the larger the bore size, the higher the launch performance.

Figure 9 shows the relationship of the current and force with the bore size under the
given conditions. The self-inductance of the drive coil increases, and the peak current of
the drive coil decreases with the increase in the bore size under the premise of the length of
the unilateral air gap remaining unchanged. The time when the drive coil current reaches
the peak value moves backward with the increase in the bore size. The peak force on the
armature increases firstly and then decreases with the increase in the bore size, and the
integration of force with time is called the effective increase in the kinetic energy. Therefore,
the effective increase in the kinetic energy still increases, although the peak force decreases.
In summary, the larger the bore size, the better the launch performance when the air gap
length is constant. However, the influence of the increase in the bore size on other factors
such as volume and mass should be considered.
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Figure 9. Current and force with the change in the bore size. (a) Current of drive coil under different
bore size with constant unilateral air gap length of 4 mm; (b) Force on the armature under different
bore size with constant unilateral air gap length of 4 mm.

Secondly, the influence of the bore size on the launch performance is analyzed when
the length of the unilateral air gap and bore both simultaneously increase under the premise
of the armature structure size remaining unchanged (the outer diameter of the armature is
29.5 mm). Therefore, the length of the unilateral air gap is taken to change in [1, 50] (mm).
Figure 10 shows the relationship of the launch performance with the unilateral air gap.

It can be seen from Figure 10 that the muzzle velocity and energy conversion efficiency
of the armature decrease with the increase in the unilateral air gap. Therefore, for the single-
stage EICL, the smaller the unilateral air gap length, the higher the launch performance.
The main reason is that the coupling effect between the armature and the drive coil is
enhanced when the unilateral air gap is reduced.

Figure 11 shows the relationship of the current and force with the length of the
unilateral air gap under the given conditions. It can be seen that the peak current of the drive
coil and the peak force on the armature decrease with the increase in the unilateral air gap
length under the premise of the outer diameter of the armature remaining unchanged, the
time that the current and the force reach the peak value moves backward with the increase
in the unilateral air gap, and the effective increase in the kinetic energy is still decreasing.
In summary, the smaller the unilateral air gap, the better the launch performance, but
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the minimum sliding collision clearance between the armature and the drive coil should
be considered.
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Figure 10. Change in the unilateral air gap and its effect on the launch performance.
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Figure 11. Current and force with the change in the unilateral air gap. (a) Current of drive coil
under different unilateral air gap with constant armature outer diameter of 29.5 mm; (b) Force on the
armature under different unilateral air gap with constant armature outer diameter of 29.5 mm.

5.2. Influence of the Drive Coil Parameters on the Launch Performance

The structure of the drive coil is multi-turn winding in the axial and radial direction.
Ideally, the length and width of the drive coil depend on the size of the wire and the
number of axial and radial turns. In this section, the size of the wire is assumed to be
constant, which is 10.2 mm × 8.75 mm, so the drive coil can be seen as a series of axial and
radial coils. The resistance and inductance are calculated by numerical methods based on
this assumption.

Firstly, the number of coils in series with the axial direction of the driving coil is taken
to change in [1, 15] when the width of the driving coil is 4 turns, that is, the width is fixed
at 35 mm. Table 3 shows the comparison of the muzzle velocity calculated by simulation
for different numbers of coils.
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Table 3. Simulation results of the muzzle velocity with different axial turns.

Axial Turns Length (mm) Length/Inner Radius Resistance (mΩ) Velocity (m/s)

1 10.2 0.304 1.5 64.04
2 20.4 0.609 3.0 101.18
3 30.6 0.913 4.5 113.16
4 40.8 1.218 6.0 116.26
5 51 1.522 7.5 116.24
6 61.2 1.827 9.0 116.02
7 71.4 2.131 10.5 115.29
8 81.6 2.436 12.0 114.23
9 91.8 2.740 13.5 113.41

10 102 3.045 15.0 112.01
11 112.2 3.349 16.5 111.87
12 122.4 3.654 18.0 110.67
13 132.6 3.958 19.5 109.95
14 142.8 4.263 21.0 109.48
15 153 4.567 22.5 108.23

It can be seen from Table 3 and Figure 12 that the muzzle velocity and energy con-
version efficiency of the armature firstly increase and then decrease with the increase in
the axial turns of the drive coil. The maximum muzzle velocity is 116.26 m/s, and the
energy conversion efficiency is 5.07% when the number of axial turns of the drive coil is
4, that is, the length of the drive coil is 40.8 mm. Moreover, the increasing trend of the
muzzle velocity and energy conversion efficiency gradually decreases with the increase in
the length of the drive coil.
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Figure 12. Change in the number of axial turns and its effect on the launch performance.

According to the principle of energy conservation, the energy obtained by the armature
is equal to the integration of the force acting on the armature with time.

Figure 13 shows that the peak current of the drive coil and the peak force on the
armature decrease when the axial length of the drive coil increases under the premise of
the width of the drive coil remaining unchanged. The peak current and force are reduced,
and the time to reach the peak value moves backward with the increase in the axial length.
Therefore, there is an optimal value at which the ratio of the length of the drive coil to the
internal radius is 2.44 and the muzzle velocity is the highest. The reason is that the number
of axial turns of the drive coil increases with the increase in the length of the drive coil,
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so the resistance and inductance increase, and the average mutual inductance gradient
between the drive coil and the armature decrease, which cause a decrease in the force.
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Figure 13. Current and force with the change in the number of axial turns. (a) Current of drive coil
under different axial length with constant the width of the drive coil of 35 mm; (b) Force on the
armature under different axial length with constant the width of the drive coil of 35 mm.

Secondly, the layer of the drive coil is in series in the radial layer when the number of
axial turns of the drive coil is 10 turns, that is, the length of the drive coil is 102 mm and
the layer of the drive coil is changed in [1, 15]. Table 4 shows the muzzle velocity through
the simulation.

Table 4. Simulation results of the muzzle velocity with different radial layers.

Radial Layers Width (mm) Width/Inner Radius Resistance (mΩ) Velocity (m/s)

1 8.75 0.261 3.75 105.56
2 17.50 0.522 7.50 140.07
3 26.25 0.784 11.25 129.34
4 35.00 1.045 15.00 112.33
5 43.75 1.306 18.75 97.71
6 52.50 1.567 22.50 85.24
7 61.25 1.828 26.25 74.72
8 70.00 2.090 30.00 66.11
9 78.75 2.351 33.75 58.78

10 87.50 2.612 37.50 52.66
11 96.25 2.873 41.25 47.45
12 105.00 3.134 45.00 42.88
13 113.75 3.396 48.75 38.92
14 122.50 3.657 52.50 35.44
15 131.25 3.918 56.25 32.38

It can be seen from Table 4 and Figure 14 that the muzzle velocity and energy conver-
sion efficiency of the armature also firstly increase and then decrease with the increase in
the layers of the drive coil. Under the current parameter conditions, when the number of
series layers of the drive coil is two, namely, the width of the drive coil is 17.5 mm, the
maximum muzzle velocity is 140.07 m/s and the maximum energy conversion efficiency is
7.36%. Moreover, the decreasing trend of the launch performance is a linear decrease with
the increase in the width of the drive coil.
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Figure 14. Change in the number of radial layers and its effect on the launch performance.

Figure 15 shows that the width of the drive coil increases, which causes the resistance
to increase at the same time under the premise of the length of the driving coil remaining
unchanged. The peak current of the drive coil and the peak force on the armature also de-
crease, and the time for the current and force to reach the peak value moves backward with
the increase in the radial width. Therefore, there is also an optimal value for maximizing
the area of the curve, that is, the muzzle velocity is the highest. The maximum value is
obtained when the ratio of the width of the drive coil to the internal radius is 0.4. At the
same time, the constraints of the wire current density and the maximum overload of the
armature need to be considered.
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Figure 15. Current and force with the change in the number of radial layers. (a) Current of drive coil
under different width with constant the length of the drive coil of 102 mm; (b) Force on the armature
under different width with constant the length of the drive coil of 102 mm.

The reason for the above results is that with the increase in the width of the drive coil,
the number of turns of the drive coil increases and the resistance and inductance of the
drive coil increase, resulting in a decrease in the magnetic coupling between the drive coil
and the armature and a decrease in the mutual inductance and mutual inductance gradient.
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5.3. Influence of the Trigger Position on the Launch Performance

All the above analysis is based on the premise that the initial position of the armature
means that the tail of it is in alignment with the center of the drive coil. For the single-
stage EICL, the armature can accelerate in one direction when the center of the armature
has passed through the center of the drive coil. If the initial position of the armature is
different, the muzzle velocity is different. Therefore, a higher launch performance can only
be obtained when the armature is in its optimal trigger position.

The drive coil structure size is selected so that the number of axial turns is 10 and
the number of radial turns is 4, that is, the drive coil length is 102 mm and the width is
35 mm. The influence of the initial trigger position of the armature as a single variable on
the launch performance is analyzed. It is assumed that the trigger position is 0 mm when
the tail of the armature is located in the center of the drive coil, and the trigger position is
considered to be positive when the armature moves in the direction of motion. The initial
trigger position of the armature changes in [–50, 50] (mm). Figure 16 shows the launch
performance obtained by simulation calculation.
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Figure 16. Change in the trigger position and its effect on the launch performance.

It can be seen that the muzzle velocity of the armature firstly increases and then de-
creases with the change in the trigger position. The maximum muzzle velocity is 141.11 m/s
and the energy conversion efficiency is 7.46% when the trigger position is −37 mm, that is,
the initial position of the armature moves 37 mm from the center of the drive coil to the
negative direction of motion.

Figure 17 shows the current and force at different trigger positions. It can be seen that
changing the initial trigger position of the armature changes the length of the armature in
the drive coil, and the peak current of the drive coil decreases with the movement of the
armature in the direction of motion because the equivalent input impedance is different.
When the armature moves in the direction of motion, the equivalent inductance between
the drive coil and the armature increases, which causes a slow rise and slow attenuation of
the drive coil current.
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Figure 17. Current and force with the change of trigger position. (a) Current of drive coil under
different initial trigger position of the armature; (b) Force on the armature under different width with
constant the length of the drive coil of 102 mm.

It can be seen from Figure 17 that the relationship between the force on the arma-
ture and the length of the armature located in the drive coil firstly increases and then
decreases. According to the above analysis, there is also an optimal value for maximizing
the muzzle velocity.

5.4. Influence of the Drive Coil Parameters and Trigger Position on the Launch Performance

According to the results of single-objective optimization analysis of the launcher struc-
ture parameters, it is difficult to obtain regular conclusions for single-objective optimization.
Therefore, the length and width of the drive coil and trigger position are optimized simul-
taneously. The multi-objective values of the parameters are shown in Table 5.

Table 5. Multi-objective values.

Objective Unit Value

length turn 1, 2, 3, 4, 5, 6, 7, 8, 9, 10
width layer 1, 2, 3, 4, 5, 6, 7, 8

trigger position mm −50, −40, −30, −20, −10, 0, 10, 20, 30, 40, 50

It can be seen that there are total of 10 × 8 × 11 = 880 combinations in the multi-
objective optimization. The simulation optimization analysis is carried out for each combi-
nation to obtain the corresponding launch performance under different combinations.

Figure 18 shows the results of multi-objective optimization analysis of the launch
performance, where the x-y-z coordinates represent the width and length of the drive coil
and trigger position. Cold and warm colors represent the magnitude of the muzzle velocity
or energy conversion efficiency.

It can be seen that the higher launch performance is mainly concentrated where the
length is increased, the width is small, and the trigger position is near the center. The
increase in the drive coil length mainly increases the effective action time of the force on
the armature. The decrease in the drive coil width mainly increases the equivalent mutual
inductance and mutual inductance gradient between the drive coil and the armature. The
trigger position near the center also increases the effective action time of the force on the
armature. Therefore, the maximum muzzle velocity reaches 153.46 m/s and the energy
conversion efficiency is 8.83% when the length of the drive coil is 9 turns, the width is
3 layers, and the trigger position is −30 mm.
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Figure 18. Simulation optimization results of the velocity and efficiency. (a) Muzzle velocity of
armature under different length and width of the drive coil and trigger position, cold and warm
colors represent the magnitude of the muzzle velocity; (b) Energy conversion efficiency of system
under different length and width of the drive coil and trigger position, cold and warm colors represent
the magnitude of the energy conversion efficiency.

6. Experimental Verification

In order to validate the performance of the drive coil, it was necessary to carry out
experimental research. The typical schematic of the discharge circuit is shown in Figure 19.
According to the optimization results, the parameters of dynamic test equipment are shown
in Table 6. The drive coil is connected to the pulse power supply by coaxial cable. Rl and
Ll represent the resistance and inductance of the coaxial cable, respectively. Rd and Ld
represent the resistance and inductance of the drive coil, respectively. The capacitor reverse
charging is prevented by a diode D in parallel with the capacitor. The series resistance Rp
reduces the rise time of the current through the diode.
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Table 6. Parameters for the dynamic test equipment.

Component Unit Value

Armature

Material Aluminum
Outer radius mm 29.5
Inner radius mm 23.5

Length mm 200
Trigger Position mm 0

Drive Coils

Material Copper
Inner radius mm 33.5

width mm 26.25
Length mm 91.8
Turns 27

Fiber Optical Sensor Distance mm 80
Numbers 4

Static and dynamic tests were carried out to obtain the force and muzzle velocity
curves under the design parameters on the basis of the existing pulsed power supply in the
laboratory. The experimental platform is shown in Figure 20. Two steel plates are installed
on the base of this platform, one end is used to fix the drive coil and the other end is used
to install the quartz pressure sensor. The static test can only verify the design rationality of
the structure and electrical insulation of the drive coil, so it is necessary to carry out the
dynamic test which includes locked-armature experiment and launch experiment.
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Figure 20. Dynamic test equipment. (a) Detailed composition photograph of thrust force measure-
ment experimental; (b) Photograph of experimental results of data acquisition system.

In the locked-armature experiments, the armature was fixed inside the drive coil in
order to measure the thrust force on the armature, and the tail of the armature was placed in
the middle of the drive coil (z0 = 0 mm). The quartz pressure sensor was installed between
the cylindrical armature and the base, and the bolt was tightened to ensure the force was
uniform. The quartz pressure sensor signal was input into the data acquisition system
through the matching amplifier. The fiber optical sensor system was used to measure the
muzzle velocity. During the dynamic launch experiment, the muzzle velocity is calculated
from the distance between the fiber optical sensors and the time that the armature passes
through the fiber optical sensor. The distance between the two fiber optical sensors is
80 mm.

The simulation and dynamic test of different charging voltages were carried out on the
drive coil. Firstly, Figure 21 shows the comparison results of the locked-armature experiment.
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Figure 21. Comparison of the simulation and experimental results. (a) Comparison of drive coil
current between simulation calculation and experimental measurement; (b) Comparison of force on
armature between simulation calculation and experimental measurement.

It can be seen from Figure 21 that the peak current is 15.92 kA, and the peak force on
the armature is 22.75 kN when the charging voltage is 2 kV. When the charging voltage
increases to 3 kV, the peak current increases to 26.25 kA, and the peak force increases to
59.83 kN. Due to the presence of the armature, the equivalent inductance between the
drive coil and the armature is reduced, so the peak current and peak force would increase
compared to the static test. The experimental results also verify the design of the mechanical
strength and insulation of the drive coil. The force measured by the quartz pressure sensor
is consistent with the simulation results.

The mass of armature which is made of aluminum is 0.54 kg, as shown in Figure 22.
Table 7 shows the launch experimental results, which can be seen that the peak current is
33.71 kA and the energy conversion efficiency is 6.13% when the charging voltage is 2 kV,
and when the charging voltage increases to 3 kV, the peak current increases to 54.59 kA
and the energy conversion efficiency increases to 8.81%. Figure 23 shows the waveform of
the fiber optical sensor with the charge voltage of 3 kV.

The correctness of the design and the model was verified. Therefore, we believe that it
can be extended to the correctness of this paper.
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Table 7. Launch experimental results.

No. Capacitance
/mF

Charge Voltage
/kV

Peak Current
/kA Efficiency/%

1 16 2.0 33.71 6.13
2 16 2.5 44.89 7.80
3 16 3.0 54.59 8.81
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7. Conclusions

This paper analyzed the influence of the change in the pulse power supply parameters
and structural parameters on the launch performance of single-stage EICL, and several
experiments on EICL were carried out. Some conclusions are drawn as follows:

(1) There is an optimal value for the discharge voltage under the premise of the capaci-
tance value of the capacitor bank remaining unchanged.

(2) There is also an optimal value for the capacitance value under the premise of the
discharge voltage of the capacitor bank remaining unchanged.

(3) The optimal solution of the Pareto front was obtained for the current parameter conditions.
(4) For the single-stage EICL, the larger the bore size, the higher the launch performance.
(5) There is an optimal number of turns of the winding in the axial and radial direction of

the drive coil and an optimal trigger position for the launch performance.

8. Recommendation

In the design of high-speed EICL, it is appropriate to choose capacitors with a smaller
capacitance value and larger charging voltage to better match the armature launch state
and thus obtain a better launch performance. Meanwhile, the drive coil parameters and
bore size are two key structural factors affecting the launcher design, which should be
considered in conjunction with the actual situation in the launcher design.
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