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Calculation models of the electrodynamic accelerator (railgun) 
 
 

Abstract. The analysis of phenomena occurring in the railway accelerator (railgun) has been presented in the paper. The analytical and numerical 
models have been used. The formulas describing the forces acting on the accelerated element (bullet) for different models of the accelerator have 
been derived. The dimensions of rails and bullet for each model have been assumed to be the same. In case of numerical calculations the finite 
element method has been used. For a chosen accelerator type the field-circuit model has been made with using MATLAB-Simulink software. The 
selected model has been verified experimentally. 
 
Streszczenie. W artykule przedstawiono analizę zjawisk zachodzących w akceleratorze szynowym. Wykorzystano zarówno modele analityczne, jak 
i numeryczne. Otrzymano wzory opisujące siły działające na element przyspieszany (pocisk) dla różnych modeli akceleratora. Przyjęto identyczne 
wymiary szyn i pocisku dla każdego modelu. W przypadku obliczeń numerycznych wykorzystano metodę elementów skończonych. Dla wybranego 
typu akceleratora wykonano model polowo-obwodowy z wykorzystaniem oprogramowania MATLAB-Simulink. Model ten został zweryfikowany 
pomiarowo. (Modele obliczeniowe akceleratora elektrodynamicznego (działo szynowe)). 
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Introduction 

Currently, magnetic launchers are analysed in many 
experiments and research works [1, 2, 3, 4,]. They could be 
used not only in military applications [5, 6], but also covers 
different areas of industry [7]. However, their functioning 
very often causes various problems that need to be solved 
and eliminated in order to ensure proper operation of the 
device. Problems are mainly related to the necessity to 
deliver large currents (kA or MA) in a very short period of 
time of a few milliseconds. 

In order to improve the electrodynamic launcher 
parameters, it is necessary not only to carry out 
experimental studies, but also to create an appropriate 
computational model that best fit the real device. There are 
several possibilities to increase thrust force without 
increasing supply current, through a properly designed 
magnetic circuit. Therefore, a correct field model allows to 
optimize the structure of the accelerator. 

In the paper three different types of rail accelerator have 
been compared: ironless railgun (ILR), iron-core railgun 
(ICR) and iron-core permanent magnet railgun (ICPMR). 
For all analysed objects the analytical and numerical 
models have been developed. In case of analytical models 
only the force has been determined, while in numerical 
model the flux value has been calculated additionally. In the 
case of ICR the field-circuit model has been developed and 
verified experimentally. 
 
Analytical models of railguns 

The analytical models of analysed accelerators have 
been derived with using different technics. In the case of 
ironless railgun, the Biote-Savarte law was used. In the 
case of ICR and ICPMR accelerators, the equivalent 
magnetic circuit technic was implemented. 
 
 
 
 
 

 
 
 

 
 
Fig.1. Simplified schematic of the ironless accelerator (dimensions 
in [mm]). lT – total length of rails, F – force acting on the bullet. 
 

Ironless railgun 
The simple outline of the ILR is shown in Fig. 1. 

Generally, it consists of two parallel conductors and a bullet 
between them. These three elements along with the 
capacitors form a closed circuit for the current flow. 

The force arising in ILR is the Lorentz force. After 
closing the circuit, there is a short-circuit state and a large 
current flows (of the order of several or tens of kA), which 
excites the transverse magnetic field and acts with the 
current flowing in the bullet. 

To calculate the magnetic field distribution in the area of 
the bullet, the Biote-Savarte law could be used. Using the 
notation in Fig. 1 we obtain: 
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where: μ0 – magnetic permeability of vacuum, l – length of 
the current carrying rails, I – current flowing in the rails and 
bullet, x – distance from the zero point. 
The Lorentz force acting on the bullet is described by the 
expression: 
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Substituting eq. (1) in (2) we obtain (notation - see Fig. 1): 

(3)  
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Iron-core railgun 

The ICR is presented in Fig. 2. For calculations the 
reluctance network method has been used. The symmetry 
of the object has been assumed. The non-linear 
characteristic of the core has been taken into account 
(Fig. 3), as well. 

In order to calculate the average value of the magnetic 
flux density in the air gap (Fig. 4), the parameters of the 
reluctance network have to be determined. In case of the air 
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gap leakage flux, the simplified analytical expression has 
been used (Fig. 4) [8]: 
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Fig.2. The outline (a) and reluctance network (b) of the iron-core 
railgun [9] (dimensions in [mm]) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. B/H curve of the ferromagnetic core 
 
 
 
 
 
 
 
 
 
Fig.4. The magnetic flux density in the air gap 
 
The total air gap reluctance (including leakage flux) has 
been calculated using a simple expression for parallel 
connection of two reluctances: 
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where: Rµδ – reluctance of the air gap without leakage flux. 
 

In order to obtain the flux value Φ, the nonlinear 
equation has been solved: 

(6)     )(2)(2)( 321  RRRRI r  

where: Φ – magnetic flux, Rµδr = 3.0607e+6 [1/H], Rµ1(Φ), 
Rµ2(Φ), Rµ3(Φ) – nonlinear reluctances of the magnetic circuit 
(Fig. 2). 

The Lorentz force F has been obtained with using the 
formula (assuming, that vectors of flux density and current 
flow direction are perpendicular to each other): 

(7)    bBIwF   

where: wb – approximated length of the bullet (Fig. 1), B – 
an average value of the magnetic flux density in the bullet 
obtained from the flux calculations (eq. 6). 

Iron-core permanent magnet railgun 
In case of ICPMR the similar model as for the ICR has 

been implemented (Fig. 5). The linear parameters of the 
model are given in table 1. In order to obtain magnetic flux 
value in the bullet area, the following nonlinear equation has 
been solved (Fig. 5b): 

(8)   mmc RRhHIR  22)(1  

where: Rµm – PM reluctance, Hc – coercivity value of the PM 

Table 1. Linear parameters of the ICPMR reluctance network model 
Quantity Hc Rµδ Rµm hm 

Unit kA/m 1/H 1/H m 
Value 890 5.305e+6 6.316e+6 0.015 

 
 
 
 
 
 
 
 
 
 
 
Fig.5. The 3D view (a) and reluctance network model (b) of the 
ICPMR accelerator [9] (dimensions in [mm]) 
 
Numerical models of accelerators 

In the numerical calculations the ANSYS-Maxwell 
software has been used. The magnetostatic model with 
voltage excitation has been implemented. The eddy current 
effects has been neglected. In such a case Maxwell's 
equations in the following form have to be solved [10]: 

(9)   JH  ; 0 E ; 0 B  

where: H – magnetic intensity vector, J – current density 
vector, E – electric intensity vector, B – magnetic flux 
density vector. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6. Model of the ICR in ANSYS software with the voltage 
boundary conditions 
 

The voltage boundary conditions have been assumed 
on the rails ends (Fig. 6). On the outer boundaries the zero 
Dirichlet condition was assumed. The discretization mesh 
has been chosen after some numerical experiments and is 
a compromise between calculation time and accuracy. 

Magnetic flux calculations have been performed for 
different positions of the projectile and different values of 
the excitation current. The flux passing through a surface S 
(limited by a bullet and rails) can be calculated as: 

 

a) b) 

a) b) 
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(10)   
S

dSnB  

where: Φ - flux enclosed by the bounding surface S, B - flux 
density vector, n - unit normal vector. 
The force acting on the bullet is numerically integrated 
using the expression: 

(11)    dN )( BJF  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.7. Magnetic flux density in the ICR cross section for U=200 V 
 

In Fig. 7 an example of the magnetic flux density 
distribution for U=200 V has been depicted. The current 
value in rails reaches 19.5 kA. The magnetic flux density 
highest value is observed in the bullet area and in the tooth 
area of the iron core The magnetic field distribution in the 
bullet is highly non-homogenous – it varies between 0.7 T 
(front of the bullet) and 3 T (back of the bullet). 
 
Calculation results 

Calculations have been carried out for current values 
I=1÷20 kA. Analytical models have been compared with 
numerical ones.  
 
Table 2. Calculation results for thrust 

Type of 
accelerator 

Forced 
current 

Force 
(analytical) 

Force 
(numerical) 

kA N N 

ILR 
20 110.75 130.60 
10 27.70 32.65 
1 0.28 0.33 

ICR 
20 290.38 322.54 
10 90.36 88.88 
1 1.65 0.89 

ICPMR 
20 418.68 350.45 
10 166.16 153.09 
1 12.73 9.93 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.8. Force vs. current values for different models and accelerator 
constructions 
 

In table 2 the force for three chosen current values have 
been compared. In Fig. 8 waves of thrust vs. current for 
numerical and analytic models are compared. The absolute 
differences between analytical and numerical models 
increase along with the increasing of current value. It is due 
to simplification of the analytical models (simplified 
expression for leakage reluctance value, assumption of 
homogenous current distribution in rails and bullet, 
simplified magnetic field distribution in bullet area). 
However, differences do not exceed 20%, which means that 
presented analytical models could be used in introductory 
designing of accelerators. 
 
 
 
 
 
 
 
 
 
 
 
Fig.9. Thrust characteristic for ICR 
 
 
 
 
 
 
 
 
 
 
Fig.10. Thrust characteristics for: a) ILR, b) ICPMR 
 

In Figs. 9-10 characteristics of thrust vs. current value 
and bullet position for different accelerator constructions are 
given. They have been obtained with using numerical 
models. The force value depends insignificantly on the 
bullet position and is rising exponential vs. current value. 
For investigated current values range, the highest thrust is 
observed for ICPMR accelerator construction. For I=20 kA it 
is about 2.7 times higher comparing to ILR. The thrust 
increases fastest vs. current value in case of ICR. It means, 
that for current value above 20 kA, this type of accelerator 
could reach higher thrust than the ICPMR. 
 
Transient model of the ICR 

In case of accelerators not only static, but also dynamic 
parameters are important. In the paper, the transient model 
of ICR has been created. A field-circuit method was 
implemented. Equations describing the dynamic model of 
the railgun have been formulated based on the Euler-
Lagrange'a method: 
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where: v – bullet velocity, D – friction coefficient, m – mass 
of the bullet, R – circuit resistance, q – electric charge, C – 
capacitance. 

a) b) 
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Equations 12 describe the mechanical part of the 
system, while the eq. 13 describes the electrical part. 
Equations above have been implemented in the MATLAB–
Simulink software. The thrust and flux characteristics 
(obtained from numerical field calculations) have been 
included in the form of Look-up tables (Figs. 9 and 11). In 
table 3 constant parameters of the model have been given. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.11. The magnetic flux vs. current value and bullet position 
 
Table 3. Constant parameters of the field-circuit model 

Friction coefficient D Ns/m 0.35 
Mass of the bullet m [kg] 0.00556 

Resistance R [mΩ] 7.6 
Length of the bullet db [m] 0.0296 

Inductance of the supply 
circuit 

Ls [µH] 2 

 
Measurement verification of the ICR transient model 

The bullet velocity and current waves have been verified 
experimentally. In order to determine the bullet velocity, the 
optical gate has been used. It is characterized by 5 ns 
response time. The current waves have been measured 
indirectly, with using the resistor (0.517 mΩ) and an 
oscilloscope (10 bit resolution, 40 ns sample time). 
 
Table 4. Measurement and calculations results (100 mF) 

Uc Imax Δt vmeas vcalc

[V] [A] [ms] [m/s] [m/s] 
210 18878 1.007 29.43 30.8 
160 14235 1.953 15.23 14.03 

 
In case of bullet velocity a good conformity between 

calculation and measurement results is observed (Table 4). 
The differences do not exceed 8%. In case of current waves 
there are some slightly differences observed between 
calculation and experimental results (Fig. 12). The 
measured current wave increases more rapidly. It could be 
due to simplification of the supply circuit model (e.g. the 
delays have been neglected). The maximum current value 
is proportional to the capacitor voltage. 

 
Conclusion 

There are only relatively small differences between 
thrust calculations with using analytical and numerical 
models. Thus, the presented analytical models can be used 
in the designing of railguns. 

In case of field-circuit model, there is observed a good 
agreement between calculation and measurement results 
both for bullet velocity and for current waves. The 
differences are mostly due to the simplification of the 
mathematical model as well as measurement system 
accuracy. The investigations have shown, that the 
calculation results are very sensitive to friction coefficient 
and inductance values. The mathematical and physical 
models will be improved in future researches. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.12. Current waves vs. time for: a) U=210 V and C=100 mF, b) 
U=160 V and C=100 mF 
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