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Abstract

The kinetic energy at the muzzle of a magnetoresistive coil gun is an important parameter for gun optimization. It is of
significance to study the influence of parameters such as coil inductance, energy storage capacitance, discharge voltage
and the relative position of the projectile in the coil on the projectile kinetic energy at the muzzle. The formula for the
muzzle kinetic energy of the coil gun projectile was obtained by MATLAB function fitting. The correlation coefficients
between the muzzle kinetic energy and coil inductance, energy storage capacitance, discharge voltage and the projectile’s
relative position in the coil were calculated by SPSS software, respectively. Results show that the error between the
projectile kinetic energy at the muzzle measured through verification experiment and that calculated by the formula is
less than 10%, indicating the reliability of the fitting formula. The coil inductance, energy storage capacitor, discharge
voltage and the relative position of the projectile in the coil influence the projectile kinetic energy at the muzzle in
different degrees, with the correlation coefficients |r| being 0.301, 0.518, 0.442 and 0.17, respectively. The conclusions
obtained in this study provide the reference increasing the kinetic energy of the bullet at the muzzle of magnetoresistive

coil gun.
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1. Introduction

Magnetoresistive coil gun is a device that converts
electromagnetic energy into kinetic energy. Compared with
traditional launchers, it can propel an object to extremely
high speeds in a very short period of time. With its
advantages over conventional launch technology, such as
large thrust, ease in control, long service life and the ability
to improve projectile velocity without loading gunpowder,
the magnetoresistive coil gun has attracted investments all
over the world [1].

Conceptually, there is no limit to the movement of
objects in an electromagnetic field. Over the last 30 years,
different shapes of electromagnetic launchers have been
developed for use in low and medium speed rocket launchers,
long-range and high-speed launchers, space systems and
impact and vibration testing machines [2-5], etc.

Compared with the engineering applications, the
theoretical research of magnetoresistive coil gun was slow.
Due to the numerous factors affecting the electromagnetic
force and the mutual influence among them, and the
insufficient calculation accuracy of the electromagnetic field
in high-speed environment, the theoretical research is faced
with a lot of difficulties. In the process of projectile
launching, the circuit has a high voltage, large current and
low energy utilization rate, so the acceleration effect of the
projectile cannot be fully utilized. The muzzle velocity of
the projectile and the power utilization efficiency of the
system are important indexes for evaluating the performance
of the electromagnetic launcher. Therefore, many scholars
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have conducted in-depth research on the the factors affecting
the muzzle velocity and the new technologies to improve the
muzzle velocity.

2. State of the art

It has gained growing attention to increase projectile kinetic
energy at muzzle of the magnetoresistive coil gun [6-9]. For
the launch process, simulation is one of the important means.
Xiang et al. established the mathematical model of coil gun
firing and introduced its working mechanism [10, 11]. Niu et
al. established the coil heating model and studied the
relationship between the temperature and different structural
parameters and the coil gun acceleration [12]. Zhang et al.
established the coil gun firing model by Ansys software and
they obtained the relationship between the material, length,
position and shape of the projectile and the muzzle velocity
of the coil gun, respectively [13, 14]. Guo & Su simulated
and analyzed the relationship between the drive coil length
and optimal trigger position and the muzzle velocity of the
projectile [15]. Orbach et al. optimized the structural
parameters of the single-stage coil gun by the experimental
and numerical simulations [16, 17]. Guan et al. studied the
circuit system and solved the problem of field-circuit
coupling analysis when the coilgun was powered by pulses
[18, 19]. Kim & Kim optimized the projectile by analyzing
its resistance coefficient and they verified its performance
through experiments [20].

Current research on coil gun is mainly focused on
simulation and circuit system, with the structural parameters
and circuit parameters of the drive coil studied respectively.
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However, the material and mass of the projectile also have a
certain impact on the muzzle velocity. Coramik et al.
designed a coilgun in which a stator optical system was
inserted on the projectile to measure its speed. They
obtained the real-time data for each launch through the
detector, and accordingly changed the variables such as coil
voltage, coil length and trigger point, so that the projectile
could reach a higher speed at leaving the muzzle [21]. He &
wang studied the projectile velocity under different voltages
and drew the conclusion that the muzzle velocity increased
with the increase of voltage [22]. Ranashree & Thomas
studied different sizes of aluminum projectiles and anlyzed
the muzzle velocities at different initial positions and under
varying charging voltages [23].

Since there are few studies on the correlation among the
projectile parameters, drive coil parameters and circuit
parameters of the magnetoresistive coil gun, in this study,
the relationship between the projectile kinetic energy at
muzzle and the coil inductance, energy storage capacitance,
discharge voltage and the relative position of the projectile
was studied from the perspective of energy, so as to reduce
the error caused by the mass of the projectile and other
factors. MATLAB software was used to fit the functional
relationship between the projectile kinetic energy at muzzle
and the four variables aforementioned, and the fitting results
were verified through verification experiments. SPSS
software was used for correlation analysis to study the
degree of correlation between the four variables and the
projectile kinetic energy at muzzle, with the aim to improve
the muzzle kinetic energy of the coil gun and optimize the
drive coil structure.

The rest of this study is organized as follows. Section 3
presents the working mechanism of coil gun and
experimental design. Section 4 gives the results analysis and
discussion, and finally, the conclusions are summarized in
Section 5.

3. Methodology

3.1 Working mechanism of coil gun

The magnetoresistive coil gun works by driving the
accelerated movement of the projectile through the
electromagnetic force generated from the interaction
between the magnetic field produced by the changing
current in the energized coil and the induced eddy current of
the projectile. Its working process is complex, involving
electrical, magnetic and mechanical movements, and which
is subjected to various factors. For easier analysis, the
following assumption is made as follows: the air resistance
of the projectile, the inherent resistance and inductance in
the loop (including capacitor inductance, discharge switch
inductance and lead inductance) and the influence of the

device for securing the drive coil on the structure are ignored.

Fig. 1 shows the simplified equivalent circuit.
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Fig. 1. Equivalent circuit diagram.
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Us, Ug and Up are the initial voltage of the capacitor, the
voltage of the drive coil and the induced voltage of the
projectile, respectively. Ls and Lp are the inductance of the
drive coil and the total inductance of the projectile. Ry and
Rp are the total resistance of the discharge loop and the total
resistance of the projectile. iq and i, are the current generated
by the drive coil and the projectile and the current generated
by the energized drive coil. v, represents projectile velocity.
m is projectile mass. M is the mutual inductance between the
drive coil and the projectile, which is a function of the
projectile position x [24, 25].

The circuit equations are as follows:

U,=i,R,+L, ”2: +L, ”2: —AZ”P —vp%lip ()
U =iR +L dl+L G Mdy _, dM, )
P g P dr de P odx !
The kinematic equations are as below:
a=—2Li, 6
v=at “)

By combining the equations above, it can be seen that
the kinetic energy of the projectile is not only related to the
energy storage capacity of the capacitor, the driving
structure and the projectile material, but also related to the
starting position of the projectile and its length into the drive
coil.

3.2 Experimental design

The coil gun is composed of a charge loop, a discharge loop
and a drive coil. The charge loop is mainly composed of
power supply, transformer, charge switch and energy storage
capacitor. The discharge loop is mainly composed of energy
storage capacitor, discharge switch, freewheeling diode
(FWD), drive coil and projectile.

Drive coils with different inductances were obtained by
winding the enamelled wires of different diameters into coils
with different layers and lengths. The FWD was connected
in parallel at both ends of the drive coil to form a closed loop
to avoid capacitor breakdown or burnout caused by the
induced high-voltage after discharge. The transformer
adopted the DC-DC high voltage booster module, with an
input voltage of 8-32 V and an output voltage continuously
adjustable in the range of £45-780 V.

The capacitance was measured by the multimeter. Due to
the measurement conditions, instruments and capacitor aging,
the measured value was about 800 pF, which was lower than
the standard value. The following experiments were
conducted based on the measured values. Table 1 shows the
component parameters required by the circuit.

The high-speed camera (PMM-310) with the supporting
PCC photography control software camera is shown in Fig.
2. The camera was connected with the computer through
gigabit network cable, and fast-moving objects were
captured by adjusting the camera resolution, frame rate,
exposure time and other parameters. The speed of the object
could be obtained through conversion.
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Table 1. The computational parameters

Name Attribute Quantity
DC regulated power 0-220 V 1
supply continuously adjustable
Capacitance 450V, 1000 pF 20
DC-DC high voltage +45-390 V 780 V 1
booster module
Diode 200 A, 1600 V 2
Copper wire with diameters
Enameled wire of 1.08 mm, 1.20 mm and 25kg
1.60 mm
L Diameter 10 mm, length 100
Projectile mm and mass 0.6 kg !

Fig. 2. High speed camera.

Fig. 3 is the simplified charge/discharge circuit and Fig.
4 is the picture of the charge/discharge unit. The specific
experimental procedures were as follows: The unit was
powered on, adjusting the voltage (adjustable from 0-780 V)
through the transformer to the required value. The charge
switch was closed to charge the capacitor. After the charging
being completed, the charge switch was disconnected,
closing the discharge switch, and the projectile was shot out
of the gun tube. All electrical components in the
charge/discharge unit had an influence on the muzzle kinetic
energy of the projectile in idfferent degrees, especially the
characteristics of the drive coil, the parameters of the
charge/discharge circuit module and the position of the
projectile. In the following sections, the tests were carried
out to study the influence of coil inductance L, discharge
voltage U, energy storage capacitance C and relative
position S of the projectile on the projectile’s kinetic energy
E at muzzle.

3.2.1 Coil inductance on kinetic energy at muzzle

When an alternating current (AC) was passing through a
wire, alternating magnetic flux was generated in and around
the wire. Inductance was defined as the ratio of the magnetic
flux to the current causing it and an important index for coil
performance. As the intrinsic characteristic of the coil, the
inductance had nothing to do with the current intensity. It is
mainly affected by the number of turns, size, shape, winding
mode and core material of the coil. The analytical formula of
inductance can be obtained with the energy method [26]:

2 ps

>—T(p,q)

L=2mpy——b —
T (Rz _R1)2D

®)

where, D is the length of the coil. N is the number of turns.
R, the inner diameter, and R is the outer diameter of the
coil. Uy = 41x107 H/m, T(p,q) is the functional of the

Bessel function of the first kind.
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Fig. 3 Charge/discharge circuit.

Fig. 4. Picture of charge/discharge unit.

As shown in Fig. 5, the coils (innder diameter 17 mm)
with different turns and lengths were prepared and the
inductance values were calculated. Table 2 lists the
inductance and related parameters of each coil.

-

Fig. . Drive coil.

Table 2. Coil parameters.

Outer diameter | Number of Length / Inductance L
(mm) turns N (mm) H)
20.0 82 100 0.16
27.0 323 100 2.80
31.6 485 100 23.93
39.8 726 100 15.19
40.9 808 100 54.49
27.0 202 60 1.98
27.0 484 150 4.18
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3.2.2 Voltage on kinetic energy at muzzle

A 100 mm-long coil was prepared by winding four layers of
1.08 mm enamelled wire. The outer diameter of the coil was
27 mm, the number of turns 323, the inductance 2.798 H, the
capacitance capacity 1600 uF and the projectile position 0.5.
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The projectile kinetic energy at muzzle was measured by
adjusting the charging voltage via the booster module.

3.2.3 Capacitance on projectile kinetic energy at muzzle
A 100 mm-long coil was prepared by winding four layers of
1.08 mm enamelled wire. The outer diameter of the coil was
27 mm, the number of turns 323, the inductance 2.80 H, the
voltage set to 660 V, and the projectile position 0.5. The
capacitance was changed by changing the number of series
and parallel capacitors, and on this basis, the projectile
kinetic energy at muzzle was calculated by a high-speed
camera.

3.2.4 Projectile position on projectile kinetic energy at
muzzle

A 100 mm-long coil was prepared by winding four layers of
1.08 mm enamelled wire. The outer diameter of the coil was
27 mm, the number of turns 323, the inductance 6797.98 pH,
the voltage 660 V and the capacitance 2000 pF. By changing
the initial position of the projectile, its kinetic energy at
muzzle was calculated by the high-speed camera.

4. Results analysis and discussion

4.1 Influence analysis of coil inductance on projectile
kinetic energy at muzzle

With the voltage increased to 660 V by adjusting the booster
module, the capacitance capacity being 1600 pF and the
relative position of the projectile being 0.5 (half length of the
projectile was put into the coil), the relationship between the
coil inductance and the projectile kinetic energy at muzzle
was studied. The muzzle velocity of the projectile was
calculated using the high-speed camera, which was then
converted into its kinetic energy at muzzle, as shown in
Table 3. The relationship between the inductance and the
kinetic energy at muzzle (velocity) fitted by Origin is shown
in Fig. 6.

Table 3. Relationship between coil inductance and projectile
kinetic energy at muzzle.

As can be seen from Fig. 6, the projectile kinetic energy
at muzzle increases first and then decreases with the increase
of inductance. When the inductance is 15.192 H, the kinetic
energy reaches a maximum of 6.492 J and the velocity
reaches 14.810 m/s. When the inductance is greater than
15.19 H, the projectile kinetic energy at muzzle starts to
decrease. Therefore, it is not a wise choice to keep
increasing the inductance to get a higher projectile kinetic
energy at muzzle.

4.2 Influence analysis of voltage on projectile kinetic
energy at muzzle

The measured kinetic energy at muzzle is shown in Table 4.
The relationship between voltage and kinetic energy at
muzzle fitted by Origin is shown in Fig. 7.

Table 4. Relationship between voltage and projectile kinetic
energy at muzzle.

Voltage U (V) Velocity v (m/s) Energy E (J)
100 1.54 0.07
200 391 0.45
300 6.15 1.13
400 7.68 1.75
500 9.95 2.93
600 11.53 3.93
700 12.30 4.48

Inductance L Velocity v Kinetic energy at muzzle E
(H) (m/s) )
0.16 2.65 0.21
1.98 7.72 1.77
2.78 9.45 2.64
4.19 12.67 4.74
15.19 14.81 6.49
23.93 12.45 5.59
30.92 14.07 5.86
40.57 11.51 3.92
54.49 16.38 3.19
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Fig. 6. Coil inductance and projectile kinetic energy at muzzle.
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Fig. 7. Relationship between voltage and projectile kinetic energy at
muzzle.

As seen from Fig. 7, the projectile kinetic energy at
muzzle increases linearly with the voltage. The unit can
accelerate the projectile to 12.30 m/s at a voltage of 700 V,
which converts into a kinetic energy of 4.48 J. Therefore, to
get a greater kinetic energy at muzzle, we can increase the
voltage as long as it is safe to do so.

4.3 Influence analysis of capacitance on projectile kinetic
energy at muzzle

The projectile kinetic energy values at muzzle calculated by
the high-speed camera are shown in Table 5. The
relationship between the capacitance and the kinetic energy
fitted by Origin is shown in Fig. 8.

Table 5. Relationship between projectile kinetic energy at
muzzle and capacitance.

Capacitance C (uF) Velocity v (m/s) Energy E (J)
400 2.73 0.22
800 5.10 0.77
1200 7.46 1.65
1600 12.88 491
2000 14.01 5.81
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2400 14.29 6.04
2800 15.23 6.86
3200 16.24 7.80
3600 14.50 6.22
4000 14.46 6.19
4400 14.32 6.07
4800 14.43 6.16
8 -
7F a N
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Fig. 8. Relationship between capacitance and projectile kinetic energy
at muzzle.

It can be found from the Fig. 8 that when the capacitance
is 0-3200 pF, the projectile kinetic energy at muzzle
increases with the increase of capacitance. At 3200 pF, when
the discharge voltage is 660 V, the projectile kinetic energy
at muzzle reaches up to 7.8 J. When the capacitance is
greater than 3200 pF, the projectile kinetic energy at muzzle
tends to be stable instead of changing with the increase of
capacitance. That is, when the capacitance grows to a certain
level, it is no longer a strong driver for the increase of the
projectile kinetic energy at muzzle.

4.4 Influence analysis of projectile position on projectile
kinetic energy at muzzle

The projectile kinetic energy values at muzzle calculated by
the high-speed camera are shown in Table 6. The
relationship between the relative position of the projectile
and the kinetic energy fitted by Origin is shown in Fig. 9.

Table 6. Relationship between relative position of projectile
and projectile kinetic energy at muzzle.

Relative position Muzzle velocity v Kinetic energy at
S (m/s) muzzle E (J)
0 8.36 2.07

0.1 11.93 4.22
0.2 12.72 4.79
0.3 12.68 4.76
0.4 12.88 4.98
0.5 12.45 4.58
0.6 11.74 4.08
0.7 10.28 3.13
0.8 4.88 0.71
0.9 2.18 0.14

It can be found from Fig. 9 that the projectile kinetic
energy at muzzle increases first and then decreases with the
increase of the projectile’s relative position. When the
relative position of the projectile is between 0.4 and 0.5, its
kinetic energy at muzzle reaches the maximum of about 4.98
J, when its velocity is 12.88 m/s. When half length of the
projectile is put into the drive coil, its kinetic energy at
muzzle reaches the maximum.
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4.5 Factors influencing projectile kinetic energy at
muzzle

Based on the data of the relationship between the inductance,
voltage, the capacitance and projectile position and the
projectile kinetic energy at muzzle obtained from the above
experiments, a multivariate nonlinear function program is
established, and the fitting formula and parameter results are
generated through MATLAB. The basic procedures are as
follows.

The nlinfit function was used for nonlinear curve fitting,
and the call format was beta=nlinfit(X, Y, fun, beta 0),
where X and Y are lists of variables. The fun is the prototype
and beta is the estimated initial value of each coefficient of
the nonlinear function prototype. In addition, the beta is the
calculated value corresponding to beta 0 [27].

The fitting results are:

¥y =-10.646+0.579x, +7.711x10x, +5.153x10 x,
+17.454x, —2.662x107x7 —6.456x1077 x7 —35.564x;
+3.261x107*x —1.624x10™"" xJ +14.904x;

(6)

where, the mean square error is 1.377.

Therefore, the relationship between the projectile kinetic
energy F at muzzle and the coil inductance L, discharge
voltage U, energy storage capacitance C and relative
position S of the projectile is defined by the function below:

E=-10.646+0.579L +7.711x107°U +5.153x10°C
+17.4548 —2.662x107 [* —6.456x107" C* —35.5645°
+3.261x107* 1} =1.624x107"'C* +14.9045°

@)

To verify the accuracy of Eq. (7), a coil gun experiment
system with different specifications of drive coils and
different discharge voltages was established. The parameters
were as follows: coil inner diameter 17 mm, capacitance
2000 pF, projectile mass 0.6 kg, and projectile relative
position 0.5.

The inductance values of the drive coils prepared using
enamelled wire with different diameters were calculated.
The launch process of the projectile was recorded by the
high-speed camera, and its kinetic energy at muzzle was
measured and compared with that obtained by the fitting
formula, as shown in Table 7.
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Table 7. Comparison between measured values of projectile
kinetic energy at muzzle under different conditions and
calculated values.

Inductance Voltage Measured Calculated Error
L (H) U (V) energy E (J) energy E (J) (%)
2.40 700 434 4.79 9.39
3.37 700 4.80 5.21 7.86
7.86 700 5.98 6.61 9.53
10.65 700 6.42 7.09 9.45
13.67 700 6.66 7.32 9.01
16.24 700 6.62 7.33 9.68
20.65 700 6.37 7.03 9.38
4.18 600 4.28 4.75 9.89
4.18 500 3.65 3.98 8.29
4.18 400 2.99 3.21 6.85
4.18 300 2.20 2.44 9.83
4.18 200 1.53 1.67 8.38
4.18 100 0.82 0.90 8.88
2.40 700 4.34 4.79 9.39

As can be seen from Table 7, the error between the
kinetic energy calculated by the fitting formula and the
measured value is within 10%, indicating that the fitting
formula is feasible when the voltage is 0-780 V and
capacitance is 0-4800 pF. As seen from Figs. 10 and 11, the
calculated values are slightly larger than the measured
values, which is mainly due to the friction between the
projectile and the inner wall of the gun tube, energy loss
caused by coil temperature rise, and the error in velocity
measurement.

The correlation analysis was conducted to measure the
degree of linear correlation between variables, which was
expressed by statistical indicators. The calculation algorithm
in SPSS software defined the degree of correlation between
different variables by calculating the correlation coefficient.
The Pearson correlation coefficient » was used to calculate
the correlation between continuous variables, and its value
ranges from -1 to 1. The closer the absolute value of r is to
1, the higher the degree of correlation between the two
variables [28, 29].

To study the influence degree of coil inductance, the
energy storage capacitance, discharge voltage and the
relative position of the projectile on the projectile kinetic
energy at muzzle, and Pearson correlation coefficients were
calculated by SPSS software, as shown in Table 8. It can be
seen that the projectile kinetic energy at muzzle is
significantly correlated with the energy storage capacitance
and discharge voltage at the 0.01 level

Table 8. Correlation between variables.

Further analysis shows that the maximum correlation,
0.518, exits between the projectile kinetic energy at muzzle
and the energy storage capacitance, and the minimum
correlation, 0.17, exits between the projectile kinetic energy
at muzzle and its relative position. Meanwhile, the
correlation coefficients of the projectile kinetic energy at
muzzle with the discharge voltage and the coil inductance
were 0.442, 0.301, respectively.

4+ —#=— Measured values
—#= Calculated values
6 3
= L
2k

100 200 300 400 500 600
umw

Fig. 10. Calculated and measured values of projectile kinetic energy at
muzzle under different voltages.
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Fig. 11. Calculated and measured values of projectile kinetic energy at
muzzle under different inductors.

Name Inductance L (H) Voltage U (V) Capacitane C (uf) | Relative position S | Energy E (J)

Inductance L (H) Pearson correlation 1 0.113 -0.109 0.028 0.301
Sig. (two-tailed) 0.481 0.496 0.863 0.056

Number of cases 41 41 41 41 41
Voltage U (V) Pearson correlation 0.113 1 0.116 -0.029 A442%*
Sig. (two-tailed) 0.481 0.47 0.855 0.004

Number of cases 41 41 41 41 41
Capacitance C (uf) | Pearson correlation -0.109 0.116 1 0.028 518%*
Sig. (two-tailed) 0.496 0.47 0.86 0.001

Number of cases 41 41 41 41 41
Relative position S | Pearson correlation 0.028 -0.029 0.028 1 -0.17
Sig. (two-tailed) 0.863 0.855 0.86 0.288

Number of cases 41 41 41 41 41

Energy E (J) Pearson correlation 0.301 442%* 518%* -0.17 1

Sig. (two-tailed) 0.056 0.004 0.001 0.288
Note ** Correlation is significant at the 0.01 level (two-tailed).

5. Conclusions

By using the self-made magnetoresistive coil gun, the
relationship between the projectile kinetic energy at muzzle
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and the coil inductance, discharge voltage, energy storage
capacitance and relative position of the projectile was
analyzed by changing the structure of the drive coil and the
circuit component parameters, respectively. The main
conclusions are obtained as following:

(1) The projectile kinetic energy at muzzle first increases
and then decreases with the increase of coil inductance,
increases linearly with voltage, increases first and then
remains at a certain level with the increase of capacitance,
and presents a quadratic function relationship with the
position of the projectile.

(2) The relationship functions between the projectile
kinetic energy at muzzle and the energy storage capacitor,
discharge voltage, coil inductance, and relative position of
the projectile were fitted. The sum of squared errors was
1.377, and the errors were all within 10% compared with the
experimental results.

(3) The projectile kinetic energy at muzzle is
significantly correlated with the energy storage capacitance
and discharge voltage. The correlation coefficients of the
kinetic energy with the energy storage -capacitance,
discharge voltage, coil inductance and relative position of
the projectile were 0.518, 0.442, 0301 and 0.17,
respectively.

The coil gun can be combined with the SHPB device for
dynamic loading tests under complicated stress conditions
that involve both tensile and compressive stress, both
compressive and shear stress, synchronous multiaxial stress
and/or high-speed penetration. For being applied in the
aerospace, underground and vehicle engineering and various
civil works for dynamic mechanical performance tests on
structural damage, material energy consumption, and
mechanical collision [30-33], there are still a lot of works to
be further studied.
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