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Abstract – The performance of a rail gun depends on
the current density distribution over the rail and arma-
ture as it determines the force that accelerates the pro-
jectile of the rail gun. A finite element method (FEM)
coupled with Simplorer was developed to model and
study the performance of the rail gun. The rail gun was
modeled using an ANSYS eddy current field solver to
determine the current density distribution and equivalent
rail gun circuit for the given rail gun geometry. The
armature velocity was then calculated using Simplorer
by coupling the obtained equivalent rail gun circuit and
exciting the rails using a capacitor-based pulsed power
supply (PPS) system. The FEM coupled with Simplorer
method was verified by numerical calculations for the
rectangular rails and also with other researchers’ value,
and that showed a good agreement between the results.
Further, the current density distribution over rails and
armature and velocity of the armature was calculated for
different rail cross sections such as circular concave, cir-
cular convex, rectangular concave, rectangular convex,
T-shaped concave, and T-shaped convex with a C-shaped
armature. It was observed that the circular convex rail
gun with C-shaped armature showed minimum current
density distribution and gives a higher value of arma-
ture velocity compared with other rail gun structures.
Thus, the circular convex armature was found to be suit-
able for the electromagnetic (EM) rail gun launching
system.

Index Terms – ANSYS coupled with Simplorer (ACS),
current density, inductance gradient of rails, pulsed
power supply system.

I. INTRODUCTION
A rail gun is a type of electromagnetic (EM) launch

system that has great potential in EM applications and is
widely studied [1, 2]. It has become a research hotspot

in the field of military equipment with the advantages
of having a simple structure, fast response, and accurate
control. In the future, this technology may be used to
launch small satellites into a low earth orbit or even into
space at low cost [3, 4]. The simple rail gun has mainly
three parts: two parallel rails, an armature, and a pulsed
power supply (PPS) system. When pulse current flows
along one rail, it crosses the armature, returns back along
the second rail, and tends to accelerate the armature. Its
work is based on a very basic EM concept known as the
Lorentz force law, which can be shown by F = 1

2 L′I2

where F is the force acting on the armature, I is the cur-
rent passing through the armature, and L′ is the induc-
tance gradient of the rails [5]. The representation of a
rail gun is shown in Figure 1.

The current density distribution in the rails and
armature and inductance gradient of the rails plays an
important role in a rail gun design as they determine the
force that accelerates the armature with higher velocity.
It also depends on the rail and armature shape, its cross
sections, magnitude, and shape of the current pulse sup-
plied to the rails. For the last several years, research has
been carried out to calculate the same using 2D analy-
sis by varying rail shapes and its dimensions by neglect-

Fig. 1. A simple rail gun representation [6].
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ing the armature effect [5–9]. Researchers also used 3D
analysis using analytical methods such as finite element
method (FEM) and finite difference method (FDM) by
considering the armature effect, and the armature was
assumed to be stationary [10–12]. These results were
acceptable for lower values of armature velocity and
were inconsistent for higher values of armature veloc-
ity [13]. Nowadays, researchers are focusing to develop
field circuit coupling methods to study the performance
of a rail gun under dynamic conditions of the armature
[14, 15]. The EM coupled analysis using LS-Dyna was
proposed to obtain a higher muzzle velocity, improved
current density distribution, and inductance gradient of
the tapered rails [16]. A hybrid robust optimization
method was proposed to improve the energy efficiency
of the rail gun using the polynomial chaos expansion
method coupled with Latin hypercube design to study the
influence of muzzle velocity, projectile diameter, projec-
tile length, launch angle, and guidance coefficient [17].
The velocity and force acting on the armature were opti-
mized by solving differential equations using the fourth-
order Runge-Kutta method, and particle swarm opti-
mization (PSO) algorithm was used to optimize the rail
gun parameters [18]. The 3D transient finite element
solver was adopted to solve the field circuit coupled
problem and calculate the armature velocity of the rail
gun [19, 20].

In this article, by using Maxwell’s ANSYS software,
which has an inbuilt electric field simulator named Sim-
plorer, a method was developed to study the performance
of the rail gun for various rails and armature shapes under
dynamic conditions of the armature. The current den-
sity distribution in the rails and armature and the equiv-
alent electric circuit of rail gun were obtained using the
ANSYS eddy current field solver by sweeping the arma-
ture position. The armature velocity was calculated using
Simplorer coupled with the ANSYS eddy current field
solver by exciting the rail gun with the capacitor-based
PPS system. The method was validated by numerical
method by simulating the rectangular rail cross section
and simulating the rail gun structure that was used by
other researchers. The results obtained by ANSYS cou-
pled with Simplorer (ACS) method showed good agree-
ment between the results. Then, the work was extended
to study the performance of the rail gun for various rail
gun structures by calculating the current density distri-
bution over the rails and armature and the velocity of the
armature.

II. GOVERNING EQUATIONS
The inductance gradient L′, magnetic flux density

between the rails, the current density distribution, and
the force acting on the rails are obtained using the eddy
current solver [20].

In the analysis, the magnetic vector potential (A) is
obtained as follows:

∇X
(

1
µ0

(
∇X
−→
A
))

= (σ + jω)
(
− jω
−→
A −∇∅

)
, (1)

where
−→
A is the magnetic vector potential, ∅ is the elec-

tric scalar potential, µ is the magnetic permeability, ω is
the angular frequency, ε is the relative permittivity, and
σ is the conductivity of the conductor.

The eddy current solver solves the magnetic vector
potential to obtain the magnetic flux density as follows:

∇X
−→
A =

−→
B . (2)

The magnetic field intensity and the current density dis-
tribution are calculated using the following relationships:

−→
B = µ

−→
H . (3)

∇X
−→
H =

−→
J . (4)

Then the energy stored in the system is given as

Wavg =
1
4

∫∫∫ −→
B .
−→
H dv. (5)

The instantaneous energy of system is equal to

Winst =
1
2

LI2 , (6)

where I is the instantaneous value of current.
Using the above equations, the ANSYS Maxwell’s

solver calculates the inductance gradient of the rails
which is given as

L′ = 2
(
F/I2) . (7)

Because the inductance value of the EM launcher is pro-
portional to the position of the armature, the inductance
of the rails are varied with respect to armature position,
as given in the following:

L = (x0 + ∆x)L
′
= 2(x0 +∆x)F/I2, (8)

where x0 is the initial position of the armature and ∆x is
the displacement of the armature.

III. DESIGN CALCULATION OF PULSED
POWER SUPPLY SYSTEM

The PPS system has an important function in the EM
launcher system because it discharges a huge amount of
electrical energy to the rails within a short duration. The
PPS system, which is generally a capacitor-based sys-
tem, gets energy from a high-voltage transformer and a
rectifier circuit, which have advantages of mature devel-
opment, simple control, operational reliability, and lower
cost [21, 22]. The capacitor-based PPS system was made
up of units called pulse forming units and they were
assembled into many sections called modules. These
modules were concurrently switched to get the desired
velocity of the projectile by using thyristors [23, 24]. The
design of PPS system depends on the muzzle velocity of
the armature. To get the desired velocity of the arma-
ture, the PPS system stores enough energy to deliver the
current required to accelerate the armature. The driving
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current for obtaining the desired velocity of the arma-
ture, time period up to which the armature has contact
with rails to get the desired velocity of the armature,
and the amount of energy stored by the capacitor-based
PPS were calculated using the numerical formula given
below.

The muzzle velocity of the rail gun is given by the
empirical formula [25]

Vmuzzle =

√
L′D
m

I,m/s (9)

where L′ is the inductance gradient of the rails (µH/m),
D is the length of the rails (m), I is the driving current
(A), and m is the mass of projectile (kg).

The driving current supplied to the rails was
obtained by assuming the muzzle velocity of the arma-
ture. The time period up to which the projectile has con-
tact with the rails to get the desired velocity of the pro-
jectile was obtained by substituting the driving current
supplied to rails in eqn (2)

t =

√
4mD
L′I2 , s (10)

where t is the time period of the armature in the rails (s),
m is the mass of the armature (kg), D is the length of the
rails (m), L′ is the inductance gradient of rails (µH/m),
and I is the driving current (A).

The PPS system stores enough amount of energy
and supplies the driving current to rails until the arma-
ture exits from the rails. The energy stored by the capac-
itor was calculated by assuming 10% efficiency, and it is
given as follows:

Energy stored by the capacitor = (Energy stored in the
rails at muzzle end)/(Efficiency of the rail gun).

The amount of energy stored in the rails at the muz-
zle end when the armature exits from the rails was
calculated by

Emuz =
1
2

mv2, Joules (11)

where Emuz is the energy stored at the muzzle end
(Joules), m is the mass of the armature (kg), and v is the
velocity of the armature (m/s).

The required voltage to energize the PPS capacitor
was calculated by

Energy stored by the capacitor =
1
2

Cv2, Joules (12)

where C is the capacitance of the capacitor (F) and v is
the required voltage to charge the capacitor.

IV. PROCESS OF DYNAMIC ANALYSIS OF
RAIL GUN USING THE ACS METHOD
Figure 2 shows the process of ACS method which

was used to study the performance of the rail gun. Ini-
tially, the properties of the materials, boundary condi-
tions, and excitation of rails were assigned for a given

Fig. 2. Process of ACS method.

rail gun structure by creating meshes. The meshing was
done over the length based on selecting the geometric
region for a maximum of 1000 elements for armature
and 2000 elements for rails. Then, the parametric sweep
analysis was carried out to determine the current density
distribution and magnetic density distribution over rails
and armature and the inductance of the rails. Initially, in
the parametric sweep analysis, the rail length and initial
position of armature were assigned and current density
(J), magnetic field distribution (B), and the inductance
gradient (L′) were calculated. Then, the armature posi-
tion was incremented and, once again, J, B, and L′ were
calculated and the process was repeated until the arma-
ture reached the defined rail length. Then the equivalent
rail gun circuit, which was obtained at the end of FEM
analysis, was coupled with Simplorer and the armature
velocity and displacement of the armature were calcu-
lated by exciting the rails with PPS system. In Simplorer,
the rail gun circuit was excited with the PPS system and
the position of armature and velocity of the armature
were calculated. The solver checks the armature posi-
tion, and when the armature position was less than the
defined rail length, the position of the armature was once
again given as input to the rail gun circuit and the veloc-
ity and position of the armature were calculated, and
the process was repeated until the armature reached the
defined rail length.
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Fig. 3. Electrical equivalent circuit model of rail gun.

Figure 3 shows the electrical equivalent circuit
model of the rail gun system coupled with ANSYS
Simplorer. The capacitor is connected to the rails through
cable (L2, R2) and the pulse shaping inductance (L1, R1)
is used to generate the desired shape of current pulse.
The capacitor is charged to rated voltage through high-
voltage DC supply and it is connected to rails once it is
charged to its rated value by closing the triggering pulse
switch. The current delivered by the capacitor and the
position of armature are given as inputs to the rail gun
circuit (EM rail gun). The rail gun circuit calculates the
force acting on the armature which is considered as a
translational mass based on the current delivered by the
capacitor and inductance gradient of the rails. The force
is thus generated as a result of high discharge current
that propels the armature mass (translational mass) with
a frictional damper. The change in position of the arma-
ture motion is recorded using a position sensor. Then
the velocity of the armature and the distance traveled by
the armature is recorded using velocity and displacement
sensor.

V. METHODS AND MATERIALS
To validate the concept of the ACS method for rail

gun design, a rectangular rail cross section was used to
accelerate the armature with a muzzle velocity of 1500
m/s. In this rail gun model, the length of rail was 1 m,
the cross section area was 1500 mm2, and the separation
between rails was 20 cm. The armature length was 20
cm and mass of the armature was 100 g. The rails and
armature were made up of a solid copper and aluminum
conductor, and the properties of the materials used for
simulation are given in Table 1.

To accelerate the armature with the desired velocity,
the PPS system delivers the current until the armature
exits from the rails. The PPS design parameters were

Table 1: Rail and armature material properties
Parameters Material Conductivity (S/m) Density (kg/m3)

Rails Copper 5.8 × 107 8940
Armature Aluminum 3.5 × 107 2800

Table 2: Pulsed power supply system parameters
Rail gun

parameters
H = 40 mm W =

37.5 mm
L′ = 0.483
µH/m [8]

I (kA) 216
t (ms) 1.3

Emuz (kJ) 112.5
Energy stored by

the capacitor (MJ)
1.125 (for 10% of rail gun efficiency)

Input voltage (kV) 3.75 (total capacitance of 160 mF)
L1, L2 5 µH, 1 mH

calculated using the numerical formula as discussed in
Section II and are given in Table 2.

The current density distribution over the rails and
armature and velocity of the armature depends on the
contact pressure and friction between the rails and arma-
ture and the shape of current waveform. The effect of
friction coefficient is not predominant at high velocity
of the armature, and, therefore, its value is maintained
as constant. Hence, in this work, it was assumed to be
0.1 [26]. Initially, the armature was kept at 0.1 m at the
breech end and a current of 216 kA in the high frequency
limit was applied to rails, and the current density dis-
tribution and velocity of the armature were obtained by
sweeping the armature position with an increment of 100
mm using the ACS method as shown in Figures 4 and 5.

From the figures, it is observed that the current
delivered by the PPS system is 216 kA and the veloc-
ity of the armature is 1500 m/s at 1.31 ms, which shows
a good agreement with numerical calculations.
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Fig. 4. Pulsed power capacitive discharge current.

Fig. 5. Velocity of the armature.

To validate the ACS method further, the rail gun
model of other researchers was simulated and the
velocity of the armature was calculated, as shown in
Figure 6. The simulated results were compared with val-
ues of other researchers and are given in Table 3.

From Table 3, it is observed that the values obtained
using the ACS method show a good agreement with the
values of other researchers.

Hence, in this work, the ACS method was used and
simulated further to study the effect of rails and arma-
ture shape over current density distribution in rails and
armature.

VI. RESULTS AND DISCUSSIONS
To study the effect of rails and armature shape over

the current density distribution, different rail gun struc-
tures such as rectangular concave and convex, circular
concave and convex, T-shaped concave, and convex rails
with C-shaped armature, which are shown in Figure 7,
were considered and simulated.

Figure 8 shows the current density distribution in
the rails and armature for different rail gun structures

Fig. 6. Armature velocity of the other researchers.

(a) Circular concave (b) Circular convex

(c) Rectangular concave (d) Rectangular convex

(e) T-shaped concave (f) T-shaped convex

Fig. 7. Different rail gun geometries.

Table 3: Comparison of other researchers’ results
lAuthors

name
Method used Velocity

(km/s)
Velocity

(km/s) using
ACS method

Zhang et al.
(2014) [14]

Field circuit
method

1.01 (2.5 ms) 1.01 (2.5 ms)

Wild et al.
(2017)

Finite element
method

1.45 (2.5 ms) 1.43 (2.5 ms)

Yin et al.
(2019)

Finite element
method

1.5 (2.6 ms) 1.55 (2.6 ms)
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(a) Circular concave rail gun. 

 

 
 

(b) Circular convex rail gun. 

 
(c) Rectangular concave rail gun. 

 

 

 

 

 

 

 

 
(d) Rectangular convex rail gun. 

 

 
(e) T-shaped concave rail gun.  

 

 
(f) T-shaped convex rail gun. 

 

Figure 8(a)−(f). Current density distribution for 

different rail gun structures at 0.1- and 0.9-m position. 

The expressions of resultant inductance (µH/m) of 

rails are given in eqn (13)−(18) for various 

configurations. 

 

Circular convex rail gun: 
2

circ_concave'   2.105( )    491.5   45.41.L          (13)                                     

Circular convex rail gun: 
2

circ_convex'   1.172( )    483.5   45.19.L        (14) 

Rectangular concave rail gun: 

Fig. 8. (a)–(f). Current density distribution for different rail gun structures at 0.1 m and 0.9 m position.

obtained from the simulation at positions 0.1 and 0.9 m.
From Figure 8, it is observed that current density dis-
tribution in the rails and armature is non-uniform when
sliding along the rails. Moreover, the current distribution
is higher over the corners and on the surface of the rails
and armature edges. It is observed that the current does
not penetrate deeper into the rails and armature when the
armature is at the breech end, but it penetrates deeper into
the rails and armature when the armature is at the muz-
zle end. This is mainly due to the velocity skin effect
between the rails and armature. It is also observed that

among the various rails and armature shapes, the circular
convex rail gun shows minimum current density concen-
tration in the armature of about 1.4455 × 109 A/m2 at
the breech end and 1.2821 × 109 A/m2 at the muzzle
end. Thus, the circular convex rails possess minimum
current density concentration in the armature compared
to the other rail gun structures. As the current hotspot
is less, this armature model suits the launching process
and the armature does not get destroyed before leaving
the muzzle end of the rails. The ANSYS calculates the
equivalent value of the rail gun inductance with respect
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to armature positions by using the current density dis-
tribution and magnetic field distribution over rails and
armature.

The expressions of resultant inductance (µH/m)
of rails are given in eqn (13)–(18) for various
configurations.

Circular convex rail gun:
L′circ concave = −2.105(ρ)2 + 491.5ρ + 45.41. (13)

Circular convex rail gun:
L′circ convex = −1.172(ρ)2 + 483.5ρ + 45.19. (14)

Rectangular concave rail gun:
L′Rect concave = −0.964(ρ)2 + 494.3ρ + 46.50. (15)

Rectangular convex rail gun:
L′Rect convex = −0.156(ρ)2 + 480.8ρ + 45.70. (16)

T-shaped concave rail gun:
L′T concave = −0.655(ρ)2 + 501.5ρ + 47.35. (17)

T-shaped convex rail gun:
L′T convex = −0.263(ρ)2 + 487.0ρ + 46.40, (18)

where ρ is the armature position.

The rail gun equivalent circuit was then coupled
with Simplorer and excited by the capacitor-based PPS
system, and the velocity and distance traveled by the
armature were calculated and are shown in Figures 9
and 10.

The values of velocity and displacement of the
armature for different rail structures are given in Table 4.

From Table 4, it is observed that the circular con-
vex rail gun with C-shaped armature achieves velocity of
about 1.99 km/s at 1.3 ms with armature displacement of
1.35 m compared with other rail gun structures. Hence,
circular convex rails with C-shaped armature may be
considered while designing the rail gun system.

Fig. 9. Velocity of the armature for different rail gun
structures.

Fig. 10. Displacement of the armature for different rail
gun structures.

Table 4: Velocity and displacement of the projectile for
different rail gun structures

Geometric
model

Velocity (km/s)
at 1.3 ms

Distance (m) at
1.3 ms

Circular concave 1.3140 0.8065
Circular convex 1.9990 1.3524

Rectangular
concave

1.1852 0.6924

Rectangular
convex

1.0528 0.5703

T-shaped concave 1.1769 0.6377
T-shaped convex 1.0347 0.5604

VII. CONCLUSION

In this study, the ACS method was developed to
study the performance of the rail gun. The method was
validated for rectangular rail cross section with numeri-
cal calculations and further validated against various rail
gun structures that were used by other researchers. The
obtained results showed good agreement between the
results. Then the current density distribution over rails
and armature and velocity of the armature were calcu-
lated for different rail gun structures such as circular con-
cave, circular convex, rectangular concave, rectangular
convex, T-shaped concave, and T-shaped convex with a
C-shaped armature for various rail gun structures. It was
observed that the circular convex with C-shaped arma-
ture showed a lower current density distribution over
rails and armature and gave a higher value of armature
velocity compared with other rail gun structures. Thus,
it can be concluded that the circular convex armature is
suitable for the EM rail gun launching system.
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