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ABSTRACT When the electro-magnetic rail-gun is fired, the transient strong magnetic field environment
in the bore will produce induced current in the radio fuze circuit and affect the normal operation of the fuze.
Therefore, reasonable shielding and protective measures need to be taken to ensure the reliable operation
of the fuze control circuit. Based on Faraday’s law of electro-magnetic induction, a comprehensive electro-
magnetic protection method for radio fuze suitable for electro-magnetic rail-gun is proposed in this paper.
This method utilizes a high permeability material shell for magnetic shielding to decrease the magnetic
induction intensity of the fuze circuit. Additionally, the eddy current effect of high conductivity metal
material is utilized to slow down the change rate of magnetic induction intensity of the fuze circuit. The
circuit area of the fuze is minimized through reasonable circuit design, and the layout of the circuit board
is optimized to reduce the dot multiplication of the circuit loop area vector and the magnetic field direction.
Through the simulation analysis of the finite element model of radio fuze in strong magnetic field, the
effectiveness of the above electro-magnetic protection method was proved. The research results of this paper
can provide reference for the design of radio fuze of electro-magnetic rail-gun.

INDEX TERMS Electro-magnetic induction, electro-magnetic rail-gun, induced electromotive force, radio
fuze.

I. INTRODUCTION
The electro-magnetic rail-gun is a novel launcher that uti-
lizes the Lorentz force to accelerate a projectile to ultra-high
speeds [1], [2], [3], [4]. By controlling the current, the ideal
launch speed of the projectile can be achieved as the Lorentz
force varies with the current. In the launching process, the
armature needs to push the projectile to an ultra-high speed
of km/s in a very short time, so it needs to apply extended
pulse high current excitation to the armature through the
guide rail. The large current applied instantaneously will pro-
duce a transient strong electro-magnetic field in the rail-gun
bore [5], [6], [7], [8], [9], [10]. The transient electro-magnetic
field in the launch process of the electro-magnetic rail-gun
is calculated and analyzed by establishing the launch model
and using calculation and simulation methods. This allows
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for the simulation of the electro-magnetic field distribution in
the bore during the launching process of the electro-magnetic
rail-gun.

At present, to get rid of the current situation of uncon-
trolled projectile of electro-magnetic gun and to give full
play to its maximum damage efficiency, military powers
have considered development of intelligent ammunition of
electro-magnetic rail-gun [11], [12], [13], [14], [15]. As an
important part of intelligent ammunition, fuze plays a role in
the safety and initiation control of projectile. The detection
and firing control circuit inside the fuze is affected by the
transient strong magnetic field in the chamber during firing.
Due to the induced electro-motive force generated by electro-
magnetic induction, a large current is formed in the fuze
circuit, resulting in the failure of electronic sensitive devices.
If adequate shielding and protective measures are not taken,
the fuse function would fail or even malfunction, causing
damage to personnel and weaponry.
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At present, most of the research focuses on the calculation
of strong magnetic field in electro-magnetic rail-gun bore
and the magnetic shielding of a single method [16], [17],
[18], [19], [20], and there is little research on the comprehen-
sive electro-magnetic protection method of radio fuze [21],
[22], [23], [24]. The physical essence of the influence of a
strong magnetic field environment on a radio detonator is
that electro-magnetic induction produces an induced electro-
motive force. It generates a large current in the electronic
circuit of the detonator, resulting in abnormal operation
of the detonator. To solve this problem, based on Fara-
day’s law of electro-magnetic induction, a comprehensive
electro-magnetic protection method of radio fuze suitable for
electro-magnetic rail-gun is pro-posed in this paper. Through
the simulation analysis of the finite element model of radio
fuze in strong magnetic field, the effectiveness of the above
electro-magnetic protection method is proved.

Compared with other methods, the shell with magnetic
shielding material can better resist the interference of strong
magnetic field, and help to improve the anti-interference
ability of the fuze. At the same time, the vortex effect of high
conductivity is used to reduce the rate of magnetic induction
intensity. This method helps to reduce the transient current in
the circuit, reduce the influence of the electro-magnetic pulse
on the fuze, and then improve the stability and reliability of
the fuze. The contribution of this study lies in the use of com-
prehensive electro-magnetic protection methods, combining
magnetic shielding, eddy current effects, and optimized cir-
cuit design. This makes the fuse more stable and reliable
during the electro-magnetic rail-gun launch process, which
helps to improve the safety and success rate of projectile
launch.

II. ANALYSIS OF STRONG MAGNETIC FIELD
ENVIRONMENT IN ELECTRO-MAGNETIC RAIL-GUN
A. COMPUTATIONAL MODEL
The magnetic orbit gun is a shooting weapon system that
utilizes the principle of electro-magnetic force to accelerate
shells to high speeds. This is achieved by passing a current
through a magnetic field generated by a guide rail. The basic
theory behind this system includes the principles of electro-
magnetic force, guide rail design, and shell acceleration. The
basic principle of an electro-magnetic orbital gun is to use
Lorentz and magnetic forces to accelerate shells. A current
passing through the rail creates a strongmagnetic field. Inside
the shell, a current interacts with the magnetic field of the
rail to create a Lorentz force. The Lorentz force acts per-
pendicular to the current and magnetic field, propelling the
shell forward and accelerating its movement. Additionally,
the design of the guide rail is a crucial factor in the function-
ing of the electro-magnetic rail-gun. The guide rail should
possess excellent electrical conductivity and high tempera-
ture resistance, typically utilizing highly conductive metals
such as copper or aluminum. The design of the guide rail’s
shape and size should also consider the characteristics of the

shell to ensure a steady passage and full acceleration. The
electro-magnetic orbital gun’s core process is the acceleration
of shells. A shell carries a current and is subjected to a Lorentz
force through the magnetic field of the guide rail, which
accelerates its movement. To achieve high-speed firing, shell
design must consider factors such as mass, shape, and cur-
rent. Simultaneously, it is crucial to maintain good electrical
contact between the shell and the guide rail to ensure smooth
current flow. The working principle of the electro-magnetic
rail-gun is shown in Figure 1. The two parallel guide rails
carry a pulsed large current that generates a strong magnetic
field between them. This magnetic field interacts with the
current flowing through the armature, creating a powerful
ampere force that propels the armature forward at high speed.
The projectile is launched at ultra-high speed from the front
end of the armature.

FIGURE 1. Schematic diagram of electro-magnetic rail-gun.

Figure 2 shows a three-dimensional transient electro-
magnetic simulation model of an electro-magnetic rail-gun
intelligent ammunition, including a radio fuze, established
in Maxwell electro-magnetic simulation software. The guide
rail, made of copper, is 20 mm thick, 140 mm high, and
3000 mm long. The armature is saddle-shaped and made of
aluminum. The caliber of the shell is 90 mm, the length is
610 mm, and the material is steel.

FIGURE 2. Electro-magnetic simulation model.

Figure 3 shows that the excitation current of the electro-
magnetic rail-gun consists of multiple groups of double
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FIGURE 3. Excitation current.

exponential pulse currents. The maximum excitation current
is 3.2 MA, with a pulse current rising edge time of 0.41 ms,
a current peak duration of 1.74 ms, and a total duration
of 6 ms.

In the three-dimensional transient electro-magnetic simu-
lation model of the electro-magnetic rail-gun firing ammuni-
tion in Figure 2, using the current in Figure 3 as the excitation
source, the spatio-temporal distribution response characteris-
tics of the magnetic field inside the electro-magnetic rail-gun
barrel can be simulated and calculated.

FIGURE 4. Schematic diagram of radio fuze of electro-magnetic rail-gun.

Figure 4 shows the structural diagram of low-frequency
circuit, high-frequency circuit and antenna in radio fuze.
The observation point of magnetic induction intensity in the
fuze is 500 mm away from the armature. The simulation
analysis of the spatio-temporal response characteristics of
the magnetic induction intensity and induced electro-motive
force inside the radio fuse verifies the correctness of the
comprehensive electro-magnetic protection method for the
electro-magnetic rail-gun radio fuze. Electro-magnetic sim-
ulation experiments mainly utilize the finite element method
due to its efficiency in handling complex electro-magnetic
field problems, including magnetic and electric fields as
well as their mutual coupling. Meanwhile, simulations
are conducted in the time domain. Time domain simula-
tion can capture the transient behavior of electro-magnetic
waves, which is crucial for understanding the dynamic
changes in the magnetic induction intensity and induced
electro-motive force inside the fuze. The simulation estab-
lishes specific boundary conditions. An open boundary is
set outside the fuze to allow the propagation of electro-
magnetic waves, while a perfect magnetic boundary is set
inside the fuze to simulate its impact on the internal magnetic
field.

FIGURE 5. The distribution of magnetic field in different positions.

B. SIMULATION ANALYSIS
Figure 5 displays a cloud diagram of the magnetic field distri-
bution at various positions of the armature and missile body.
The figure illustrates that the magnetic induction intensity
increases as the distance from the armature decreases. The
maximum magnetic field intensity is 22.8 T at the armature
position.

FIGURE 6. The curve of magnetic induction intensity with time at
different distance from armature.

Figure 6 displays the curve of magnetic induction intensity
over time at various distances from the armature, including
0 mm, 10 mm, 60 mm, 260 mm, and 500 mm. The simu-
lation results indicate that the magnetic induction intensity
decreases as the distance from the armature increases.

Table 1 lists the magnetic induction intensity at different
positions away from the armature at different times. The table
shows that maintaining the excitation current in the peak
range results in a magnetic induction intensity of 20 T at
the armature position, 13 T at a distance of 10 mm from the
armature, 2.7 T at a distance of 60 mm from the armature,
1 T at a distance of 260 mm from the armature, and 0.4 T at
a distance of 500 mm from the armature.
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TABLE 1. Magnetic intensity at different positions of armature at
different times.

III. RESEARCH ON COMPREHENSIVE ELECTRO-
MAGNETIC PROTECTION METHOD OF RADIO FUZE
IN STRONG MAGNETIC FIELD ENVIRONMENT
During the launching process of the electro-magnetic rail-
gun, the transient strong magnetic field shown in Figure 6
will be generated in the chamber. Due to electro-magnetic
induction, strong electromotive force will be generated, and
then large current will be generated in the electronic circuit
of the fuze. In Figure 7, the induced current in the electronic
circuit will make the fuze circuit work abnormally or even
burn the sensitive electronic components in the circuit.

FIGURE 7. Schematic diagram of electro-magnetic induction.

According to Faraday’s law of electro-magnetic induction,
the induced electromotive force of fuze electronic circuit is:

V = −
∂8

∂t
= −

∫ ∫
s

∂
⇀

B
∂t

·
⇀

dS (1)

In Formula (1), V is the induced electromotive force. 8 is
the magnetic flux passing through the electronic circuit. B is
magnetic induction intensity.

⇀

S is the loop area.
This paper proposes a comprehensive electro-magnetic

protection method for radio fuze based on Faraday’s law of
electro-magnetic induction. The method includes reducing
the magnetic induction intensity, the magnetic field change
rate, the loop area, and the dot multiplication of the loop area
vector and magnetic field direction.

A. REDUCE MAGNETIC INDUCTION
Reducingmagnetic induction intensity is one of the important
measures to protect radio fuses from electromagnetic interfer-
ence. Choosing materials with high magnetic permeability to
make magnetic shielding shells can effectively reduce mag-
netic induction. Materials with high magnetic permeability

can absorb and disperse magnetic fields, thereby reducing
the impact of magnetic induction on fuses. Common high
permeability materials include iron, nickel alloys, and iron
nickel alloys. Meanwhile, by increasing the thickness of the
shielding layer, it is possible to better block the penetra-
tion of the magnetic field and reduce the transmission of
magnetic induction intensity. In addition, by designing a rea-
sonable magnetic shielding structure, the magnetic shielding
effect can be further optimized. Figure 8 shows a simple
cross-sectional view of magnetic shielding with high perme-
ability materials, and the red part is the magnetic shielding
shell. The figure shows that the magnetic material has a much
greater magnetic permeability than the air inside the cavity.
This means that the magnetic resistance of the air is greater
than that of themagnetic material. As a result, most of the flux
of the external magnetic field passes through the magnetic
material, while less flux enters the cavity, achieving magnetic
field shielding.

FIGURE 8. Magnetic shielding diagram.

According to the estimation formula of magnetic shielding
effectiveness of cylindrical shell, Formula (2) is obtained.

H1 =
4µr · R21 · H0

R21 (µr + 1)2 − r21 (µr − 1)2
(2)

In Formula (2), H0 is the magnetic field force in the air
domain outside the magnetic shielding. H1 is the magnetic
field strength in the cavity after the magnetic shielding. µr is
the relative permeability of the shielding shell. R1 is the outer
diameter of the shielding shell, and r1 is the inner diameter of
the shielding shell.

Formula (2) shows that the shielding efficiency of the
magnetic conductive material is directly proportional to its
relative permeability. Increasing the thickness of the shielding
shell can also enhance the shielding effect.

Based on the analysis above and the structural characteris-
tics of the radio fuze shown in Figure 4, the simulation model
was used to set and simulate the parameters of the material
and thickness of the fuze shielding shell.

Figure 9 shows the comparison of magnetic shield-
ing effectiveness of materials among different permeability
(thickness 2 mm). To avoid overfitting the data, 100 sets of
magnetic induction intensity data from the observation points
were collected and divided into three groups: a training set
(70% of the data), a validation set (20% of the data), and
a test set (the remaining 10%). The figure shows that the
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FIGURE 9. The comparison of magnetic shielding effectiveness of
materials with different permeability.

maximum magnetic induction intensity at the observation
point 500 mm away from the armature is 430 mT before
shielding. After permalloy shielding, the maximummagnetic
induction intensity decreases to 65 mT (shielding efficiency
is 18.8 dB), and after low carbon steel shielding, it decreases
to 18 mT (shielding efficiency is 31.7 dB).

Figure 10 shows the variation curve of magnetic induction
intensity with time at the observation point 500 mm away
from the armature when low carbon steel is used as the
shielding material and the cavity thickness is 1 mm, 2 mm,
3 mm, 4 mm and 5 mm respectively. The simulation results
show that the thicker the shield, the smaller the magnetic
induction intensity inside the cavity.

FIGURE 10. Comparison of magnetic shielding effectiveness of different
thickness.

Table 2 lists the magnetic shielding effectiveness of low
carbon steel with different thickness. When the thickness
is 1mm, the peak value of magnetic induction intensity is
34.2mT (shielding efficiency is 25.3 dB).When the thickness
is 2 mm, the peak value of magnetic induction intensity is
18.18 mT (shielding efficiency 31.7 dB). When the thickness

TABLE 2. Shielding effectiveness of low carbon steel with different
thickness.

is 3 mm, the peak value of magnetic induction intensity is
12.54 mT (shielding efficiency is 35.3 dB). When the thick-
ness is 4mm, the peak value ofmagnetic induction intensity is
9.65mT (shielding efficiency is 37.9 dB).When the thickness
is 5 mm, the peak value of magnetic induction intensity is
7.91 mT (shielding efficiency is 39.9 dB).

In order to more intuitively understand the relationship of
the shield thickness and the magnetic induction intensity, and
to analyze the ability of the shield to block the magnetic field
in depth, the study further draws the correlation linear func-
tion. Figures 11 and 12 demonstrate the linear relationship
between thickness and peakmagnetic induction intensity. The
simulation results indicate that the use of high permeability
materials can significantly reduce the magnetic field intensity
inside the shield.

FIGURE 11. Linear relationship between different shielding layer
thicknesses and peak value of magnetic induction intensity.

FIGURE 12. Linear relationship between different shielding layer
thicknesses and magnetic shielding efficiency.

B. REDUCE THE CHANGE RATE OF MAGNETIC
INDUCTION INTENSITY
When the external magnetic field changes, the metal shell
will produce induced current. The magnetic field formed
by induced current resists the change of external magnetic
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field and slows down the change rate of magnetic field. The
greater the conductivity, the better the mitigation effect of the
change of external magnetic induction intensity. Based on this
principle, high conductivity materials are used to electrically
shield the external transient magnetic field, so as to reduce
the change rate of magnetic induction intensity in the fuze.

Aluminum (σ =3.53 × 107S/m) and copper (σ =5.8 ×

107S/m) are used to shield the external magnetic field respec-
tively. Figure 13 shows the curve of magnetic induction
intensity with time at a distance of 500mm from the armature.
The change rate of magnetic induction intensity inside the
fuze cavity will be significantly slowed down after shielding
with high conductivity materials.

FIGURE 13. Change curve of magnetic induction intensity with time after
shielding with different conductivity materials.

In Figure 14, without shielding, a transient strongmagnetic
field is generated at the rising edge of the pulse current and
the connection time of the pulse current, and the change
rate of magnetic induction intensity can reach 26.37. After
shielding the fuze circuit with high conductivity materials
such as aluminum and copper, the rate of change in magnetic
induction intensity within the shielding cavity can be reduced
to 3.87 and 1.98, respectively.

FIGURE 14. Change rate of magnetic induction intensity after shielding
with different conductivity materials.

The simulation results show that the change rate of external
magnetic field can be greatly reduced by using high conduc-
tivity materials.

C. REDUCE CIRCUIT LOOP AREA
Reducing the area of circuit loops is also one of the effec-
tive methods for electromagnetic protection. When designing

circuits, it is possible to minimize the size of the circuit board
and minimize the length of circuit wiring. This can reduce
the loop area of the circuit and reduce the magnetic field
interference it is subjected to. At the same time, it is necessary
to arrange the circuit components reasonably, try to make
the circuit wiring linear as much as possible, and reduce the
bending and crossing of the circuit wiring. In Figure 15, when
designing the fuze circuit, the area of the fuze circuit should
be reduced as much as possible to reduce the magnetic flux
passing through the fuze circuit and achieve the effect of
reducing the induced electromotive force of the fuze circuit.

FIGURE 15. Schematic diagram of magnetic flux passing through the
electronic circuit of fuze.

Formula (1) of Faraday’s law of electro-magnetic induction
can be used to calculate the induced electromotive force of
the fuze circuit for different loop areas. Figure 16 illustrates
the effect of loop areas on the induced electromotive force
at a distance of 500 mm from the armature in the air domain.
When the loop area is 5 mm2, 20 mm2 and 50mm2, the corre-
sponding maximum induced electro-motive force is 0.13 mV,
0.52 mV and 1.32 mV, respectively.

FIGURE 16. Influence of loop area on induced electro-motive force.

The calculation results show that the induced electro-motive
force of fuze circuit can be effectively reduced by reducing
the fuze loop area.

D. REDUCE THE DOT MULTIPLICATION OF LOOP AREA
VECTOR AND MAGNETIC FIELD DIRECTION
In electromagnetic protection, reducing the dot product of
loop area vector and magnetic field direction can help reduce
the magnetic induction intensity on the circuit. When design-
ing a circuit, the position of circuit components can be
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adjusted reasonably to make the loop area of the circuit
perpendicular or close to perpendicular to the direction of the
magnetic field. Meanwhile, during the wiring process, it is
advisable to avoid the direction of the circuit running parallel
to the direction of the magnetic field as much as possible.
Through this method, the dot product between the loop area
vector and the magnetic field direction will decrease, thereby
reducing the magnetic induction intensity experienced by the
circuit. In Figure 17, the included angle between the circuit
board and the magnetic field direction should be reduced as
much as possible when the circuit board of electro-magnetic
rail-gun fuze is arranged. To reduce the induced electromotive
force of the fuze circuit, the dot multiplication value between
the circuit area vector and the magnetic field direction is
decreased.

FIGURE 17. Schematic diagram of angle between circuit and magnetic
field.

Formula (2) of Faraday’s law of electro-magnetic induction
can be used to calculate the induced electromotive force at
different angles between the fuze circuit and the direction
of the magnetic field. Figure 18 shows the influence of the
action direction of the electronic circuit and the magnetic
field direction on the induced electro-motive force when the
air domain is 500 mm away from the armature and the fuze
circuit area is 50 mm2. When the included angle between the
circuit and the magnetic field direction is 20◦, 50◦ and 90◦,
the corresponding maximum induced electro-motive force is
0.45 mV, 1.01 mV and 1.32 mV.

FIGURE 18. The influence of the angle between the electronic circuit and
the magnetic field on the induced electro-motive force.

The calculation results show that reducing the angle
between the circuit board and the magnetic field direction
can effectively reduce the induced electro-motive force of the

fuze circuit. The effect is the best when the circuit board is
parallel to the magnetic line of force.

IV. CONCLUSION
This paper proposed a comprehensive electro-magnetic pro-
tection method for radio fuze suitable for electro-magnetic
rail-gun based on Faraday’s law of electro-magnetic induc-
tion. The method reduced the influence of the transient strong
magnetic field in the bore on the radio fuze during electro-
magnetic rail-gun launch, ensuring the normal and reliable
operation of the fuze. The conclusions are as follows:

1) High permeability metal material is used for magnetic
shielding to reduce the peak value of magnetic induction
intensity B in radio fuze.

2) The eddy current effect of high conductivity material is
used to reduce the change rate of magnetic induction intensity
B in fuze.

3) The circuit design should minimize the circuit loop area
to reduce the magnetic flux passing through the loop.

4) The angle between the circuit board and the magnetic
field direction should be reduced as much as possible, so as
to reduce the dot multiplication of the circuit area vector and
the magnetic field direction.
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