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Abstract: Dynamic characteristics for three types of railgun constructions were simulated
and measured in this work. The simplest construction is the iron-less (IL) railgun, while
the two other ones (IC and ICPM) have an iron-core. The iron-core permanent magnet
(ICPM) railgun additionally has permanent magnets. To compare their characteristics,
similar dimensions of the rails and iron cores were adopted, and the same power supply
system was used. Numerical magnetic field analyses and our analytical models have been
used to determine the electromagnetic parameters. They were verified experimentally. The
transient states of the railguns were studied with our field-circuit mathematical model, and
their results were also verified by experiments.

Key words: 3D field analysis, analysis of transients, analytical models, electrodynamic
accelerators, experimental verification, field-circuit modeling, projectile velocity

1. Introduction

The research on the electrodynamic accelerators (EA), commonly called railguns, concern
mainly military applications and exploration of the space [1-4]. However, more and more studies
are related to their applications in industry or measuring systems, like the impact testing of
some materials [5-9]. Constructions of accelerators and their power supply systems are being
tested [10], as well.

For both military and industrial applications, the main research purpose is the increase the
efficiency of the whole system with an accelerator and its power supply. It applies to electromag-
netic force and energy amounts and the projectile (bullet, missile) velocity. One of the elements

© 2023. The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution-
@ @ @ NonCommercial-NoDerivatives License (CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/), which per-
mits use, distribution, and reproduction in any medium, provided that the Article is properly cited, the use is non-commercial,

and no modifications or adaptations are made.



https://orcid.org/0000-0002-9961-5982
https://orcid.org/0000-0002-2042-7170
https://orcid.org/0000-0002-5921-3583
mailto:p.piekielny@po.edu.pl
mailto:b.tomczuk@po.edu.pl
mailto:a.waindok@po.edu.pl
https://creativecommons.org/licenses/by-nc-nd/4.0/

www.czasopisma.pan.pl m www journals.pan.pl

N

952 P. Piekielny, B. Tomczuk, A. Waindok Arch. Elect. Eng.

of research is the active control of the projectile casing (muzzle) velocity [11, 12]. The second
one is the bullet energy increasing. For example, in the case of impact tests of materials, it is
necessary to determine and raise the impact energy.

One method of expanding EA systems is increasing the power in the accelerator power supply
system. The second way of improving the systems is increasing the magnetic flux density value in
the projectile area through a geometry modification [13—15]. Thus, the prediction of the projectile
energy, based on the parameters of the power supply system, mass and geometry of the projectile,
is very important. This can be achieved by an appropriately formulated computational model
of the accelerator. The advantage of this approach is the ability to optimize the entire railgun
system at the design stage without performing costly prototype tests. In the paper, calculation,
and measurement results for three different constructions of relatively small railguns (rail length
of 300 mm) were analyzed and compared. The investigated constructions are: an iron-less railgun
(IL), iron-core railgun (IC), and iron-core railgun with permanent magnet support (ICPM). Our
power supply system consists mainly of a battery of capacitors, which is unloaded through a
switch on the thyristor.

2. Physical models

An outline of the investigated iron-less (IL) accelerator construction is given in Fig. 1. The
IL structure, which is the simplest construction, was chosen as the basic one — it is used as a
reference for comparative analysis of the investigated accelerators. All of the constructions have
been designed using analytical and numerical (finite element method — FEM) methods.

Fig. 1. 3D outline of iron-less (IL) accelerator

The ferromagnetic cores (Figs. 2(a) and 2(b)) were used in order to focus the magnetic field
lines in the projectile area [16]. In the case of the ICPM construction, permanent magnets as an
additional source of a magnetic field (NdFeB) were implemented [17], (Figs. 2(c) and 2(d)).

For all analyzed constructions of the electrodynamic accelerator, the main dimensions of the
brass rails and the projectile were kept constant — the cross section of each rail is 85.8 mm?. The
distance between the rails is d = 12 mm, length of the device equals to / = 300 mm. Our research
was conducted for two types of projectile core material: polytetrafluoroethylene (PTFE) with the
trade name Teflon (projectile no. 1), and polyethylene (projectile no. 2). The active part of the
projectile is made from an oxygen-free copper (OFC) wire (Fig. 3).
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Ferromagnetic

(b)

(d)
Fig. 2. The outlines and pictures of: IC (a), (b); ICPM (c), (d)

(a) ()
Fig. 3. Picture of the projectiles (dimensions in mm): no. 1 (m| = 7.2 g) (a); no. 2 (my = 5.15 g) (b)

3. Mathematical models

Three different classes of mathematical models were developed for the analysis of the railgun
constructions. The first one concerns an analytical model — which allows one to make an initial
design of the railgun. The second one concerns modelling with the finite element method (FEM)
— for the precise calculation of railgun differential and integral parameters of the electromagnetic
field [18]. The third one deals with a field-circuit model of the actuator transients.
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3.1. Analytical models of the accelerators

In the initial engineering phase of the iron-less (IL) accelerator, analytical models were used.
For the IL design, the model based on the Biot-Savart law was used to calculate the magnetic
field distribution in the projectile area and its thrust force. Using the denotations from Fig. 4, the
following expression for the magnetic field density produced by one rail was obtained:

-1 [
B(yp) = &2

4nyp 12 & yf, '

(1

T

Fig. 4. Simplified model of the iron-less rail accelrator

The Lorentz force acting on the projectile (in z direction) is described by the following
integral:

we+d we+d
F= / dF(y) = / 1B(y)dy. @)

The integration of magnetic flux density function B(y) is carried out along the length of the
projectile in the y direction. After the integral (2) calculation, and taking into account two rails,
the following expression for the force is obtained:

e I+ VE+ w2 [+~ + (ws +d)?
F=H ln( hl +WS)—ln i

3)

2 r ws+d

In the case of construction with a ferromagnetic core, the analytical model is based on the
reluctance network created for the accelerator’s individual parts (Fig. 5(a)). The symmetry of the
object was taken into account in the calculations, as well.

Due to a high-leakage magnetic field in the air gap area, the reluctance value for all leakage
flux lines was taken into account (Fig. 6). The total reluctance value for the air gap was calculated
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Fig. 5. IC accelerator cross-section (a); measured B/H curve for the ferromagnetic core (b)

using the following expression:

5 0.17-6+0.14 - I,
_ /10-0.01~l ﬂo-l‘h, _ 6
Ruor = 5 017 6+014 5, ~ 538510 1/H, “)

100011 -l

where: § is the air gap length, &, represents the leakage flux lines high on the lateral surface of
the pole, (Fig. 6).

hd 7

o

Fig. 6. Main and leakage magnetic flux in the air gap

Taking into account the non-linear B/H curve (Fig. 5(b)), in order to obtain the magnetic flux
value @ in the air gap (Fig. 5(a)) the following non-linear equation was solved:

I = Ru5r® = (R (D) +2R,0(D) + 2R,3(D)) - @. (5)

Assuming the magnetic flux density and current intensity vectors, which are perpendicular to
each other, Lorentz’s force was determined:

-

F:§X7~wb, (6)

where: wy, is the width of the projectile, Bis the average value of the magnetic flux density in the
projectile obtained from the flux calculation (Eq. (5)).
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In the case of the ICPM accelerator, the reluctance model was used, as well. In this case, an
additional source of the magnetic field was included (permanent magnets) (Fig. 7(a)). Due to the
relatively large width of the magnets, the analytical model for the ICPM did not include the effect
of magnetic flux leakage in the air gap.
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Fig. 7. ICPM accelerator: cross-section (a); measured B/H curve of the solid steel ferromagnetic core (b)

For such a construction (Fig. 7(a)), the non-linear equation concerning the magnetic flux takes
the following form:
R(®) - ®=1+2H. -h—R,s5P—-2R,,,d. @)

In Table 1, the parameters necessary for solving Egs. (5) and (7), are given.

Table 1. Reluctance values for linear parts of the magnetic circuit for ICPM and IC

ICPM IC
H, [kA/m] By [m] Rys [1/H] Ry, [1/H]
890 0.01 5.305 - 10° 8.385 - 10°

3.2. Numerical models of the accelerators

In the pursuit of interactive design, we tried to reduce the computation time to a minimum. We
tested that for the investigated accelerators (Figs. 1 and 2), with a relatively small cross-section of
the rails (buss-bars), the eddy currents have no decisive impact on the bullet dynamics. Therefore,
instead of the difficult solving of partial differential equations (PDEs) with a time variable, we
used the field-circuit model of three actuators [19,20]. The calculations were divided into two
parts of execution. Part 1 concerns the prediction of electromagnetic parameters, which are the
so-called integral parameters of the field analysis, whereas in part 2, the field-circuit method
has been applied to the transient analysis of the three constructions of railgun. The numerical
analyses of the 3D magnetic field have been carried out using a magnetostatic module in the
Ansys-Maxwell software which is based on the finite element method — FEM, [13].
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To predict the electrodynamic force in the three constructions, we omitted the eddy currents in
iron parts, but due to their magnetic saturation we included the B — H curve in the magnetostatic
model. The T — ¢ formulation has been used for 3D magnetic field analysis. In such a case, the
magnetic field H is represented in terms of the magnetic scalar potential ¢ and electric vector
potential T

H=T+V¢. (8)

On the other hand, the magnetic field strength rotation can be expressed as:

VxH=17,. )
The current density depends on the electric strength E and electrical conductance o

J, = oE. (10)

Omitting the eddy currents in the rail gun construction, the rotation of electric field intensity is
equal to zero.
VXE=0. (11)

Taking into account the above, we can introduce the electric scalar potential V as:
E=-VV. (12)
Including the divergence of the current density vector:
V.J, =0, (13)
the following Laplace equation is obtained:
-V-(ocVV)=0. (14

The above relationship allows the application of the voltage boundary condition and the
determination of the potential distribution along the conductive rails of the accelerator. Knowing
the value of the current intensity in the rails and the projectile, we have the possibility to determine
the distribution of the magnetic field in the analyzed area. For air and rails, the reduced magnetic
scalar potential in the following equation is calculated:

V- (1099) ==V - (1of ). (15)

In a ferromagnetic region, for which js = 0, the homogeneous partial differential equation
for the scalar potential is solved:

V- (uoVe) = 0. (16)

The above relationships allow the application of the voltage boundary condition and the deter-
mination of the electric scalar potential distribution along the conductive rails of the accelerator,
which in turn allows the determination of the current density distribution.

Based on the obtained distributions of the magnetic and electric fields, their integral parameters
can be determined. They are particularly important in the further analysis of transients, which
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in this paper were studied using the field-circuit model. The magnetic flux passing through the
surface S (bounded by the projectile and rails) is determined as the integral of the scalar product
of the magnetic induction vector and the unit normal vector, over the closed surface of this circuit:

CDS=/§~71dS, (17)
S

where: @y is the flux limited by the area S; B is the magnetic flux density vector; 7 is the unit
vector normal to the surface S.

The second calculated parameter is the total value of the current flowing in the circuit at a
given excitation and projectile position.

1=/]-ﬁds. (18)

S

The Lorentz force F, acting on the projectile in the exit direction was calculated from the
relationship:

F.= | NT (}xfs) dQ, (19)
Qm

where: Q,, is the projectile volume [m?®]; N7 is the shape function vector.

For the field-circuit model, an important parameter of the accelerator is its dynamic inductance
Lg, calculated on the basis of the definition formula, as the partial derivative of the flux ®g,
associated with the rails in relation to the current:

0D

10w,
Ly = = - .

8 i i

(20)

The obtained results from the magnetostatic calculations: force, magnetic flux and dynamic
inductance, were parameterized with respect to the excitation current and projectile position.

Three types of boundary conditions have been used: the voltage boundary conditions on the
rails ends, tangential and normal conditions for the magnetic flux intensity vector on the symmetry
planes of the model (Fig. 8).

Fig. 8. IC accelerator: boundary conditions
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The transient model was obtained based on the Euler-Lagrange method. A system of three
equations describing the motion of the projectile and the current intensity waveform (under
voltage excitation) was obtained:

dv _ F(i,2) = Dv—-D,»*

21

” - , 2n

dz

de _ 22

- (22)
. . d ,

di _-Ri-g (d?‘s'(l,z)) v—¢ , o3

dr La(i,2)

where: z is the projectile position, v is the projectile velocity, m is the projectile mass, D is the
kinetic friction coefficient, D, is the air friction coeflicient, R is the circuit resistance, g is the
charge, i is the excitation current, C is the capacitance, F'(i, z) is the force, @ (i, z) is the magnetic
flux, Ly (i, z) is the dynamic inductance.

The above equations have been implemented in the Matlab—Simulink software. The block
diagram of the model is presented in Fig. 9.

Circuit model of the electric part

Circuit model of the

| Section no. 1 |

I 3 ofthe power —

: mechanical part
— of the power (— I___F.'e_ldlrg?(_lgl ................ part 1
I : Co
I o | | Field Lo Mechanical |
: i e — arameters: s
: Section no. 2 [ ; o 5 p TS :
! of the power > | par am.ete1 s ;! | mass of projectile m |
iJ=- source "'| F(I,") I‘_' kinetic friction |
: I i) - coefficient D :
! Section no. 3 | : I | drag coefficient C. |
s I
|
|

| source
J, Registration of the Registration of
Registration of accelerator current i muzzle velocity v,
capacitors voltage projectile pozition z;

thrust F and
projectile acceleration a

Fig. 9. Block diagram of the field-circuit model

The characteristics obtained from the magnetostatics calculations (force, magnetic flux, and
dynamic inductance — see Section 4) were implemented in the form of 3-dimensional tables in
the model.
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4. Magnetostatic calculation results

In Fig. 10, the values of electrodynamic force for two constructions of accelerators are given.
They depend on the maximal excitation current intensity in the rails and approximately increase,
according to the exponential function of the current intensity peak values. In the analyzed current
intensity value range, the IC construction has slightly higher force values, than the ICPM. However,
the IL structure has the worst characteristics.

8000 7000
—IL: results of analytical calculations z —IL: results of analytical calculations f
7000 v |L: results of numerical calculations B 6000 | ¥ L: results of numerical calculations s
—IC: results of analylical calculations > —ICPM: results of analytical calculations
6000 - o |G- results of numerical calculations 250 ¢ ICPM: results of numerical calculations
55000 - z
-2 £ 4000
8 4000 8
5] & 3000
- 3000 uw
2000 2000
1000 1000
0 - 09 f
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Current | [kA] Current|___ [kA]
max max
(@) (b)

Fig. 10. Force vs. maximum value of excitatin current for different mathematical models and accelerator
constructions: (a) IC vs IL; (b) ICPM vs IL

A good conformity between analytical and numerical calculation results was obtained, which
confirms the correctness of the developed mathematical models. Thus, both analytical and nu-
merical models could be used for the prediction of the electromagnetic characteristics, which
have to be used in the field-circuit model.

The magnetic flux density distributions have been obtained using an FEM model. For example,
when the projectile is in the middle of the rails in which the current intensity amounts to I = 60 kA,
the distribution of B is presented in Fig. 11. For IC construction, the highest (about 6 T) value of
the magnetic flux is observed in the projectile area.
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1
Magnetic flux Magnetic flux
Zoom of the density in the L of.:he density in the
projectile projectile projectiie projectile
(b) ©)

Fig. 11. Magnetic flux density distribution in the cross-section of the accelerator and projectile
for I = 60 kA: ICPM (a); IC (b); IL (c)

Itis possible to determine integral parameters of the field and then electromagnetic parameters
of the accelerator. The parameters are particularly important in the analysis of the transients, which
have been analyzed using our field-circuit method. For the purpose of the transient simulations, a
series of calculations for different values of the excitation current intensities at a variable position
of the projectile were carried out. The result of the calculations are the characteristics of force
and flux vs. the projectile position and excitation current / (Figs. 12 and 13).

From the characteristics of force vs. projectile positions and excitation current values, it can
be concluded that the use of a ferromagnetic core results in an increase in the thrust force value
of almost 43%. In the case of the IL accelerator, the change in the position of the projectile has
a small effect on the obtained force. Only for the end-positions of the projectile a drop in the
force value is visible (Fig. 12(a)). However, in the case of the railgun with a ferromagnetic core,
the drop of the force value after the projectile reaches the position of 250 mm is observed in
Figs. 12(b), and 12(c). This is due to the shorter length of the core in relation to the rails, where
the segment lengths of 50 mm in the rails are not surrounded by the iron core. The magnetic
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Fig. 12. Thrust force vs. rails current intensity and projectile position for: IL (a); IC (b); ICPM (c)

flux value depends strongly on both the projectile position and excitation current intensity values
(Fig. 13).

The increase of the magnetic flux vs. position is practically linear — it is due to the nearly linear
dependence of the magnetic flux vs. projectile position, which determines the integration surface.
The end effect is visible in the case of the IC accelerator (Fig. 13(b)) — for the rail segments not
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Fig. 13. Magnetic flux quantity vs current intensity value and projectile position for:
IL (a); IC (b); ICPM (c)
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surrounded by the iron core, the magnetic flux increases slower vs. the projectile position. The
increase of the magnetic flux vs. current values is linear only in the case of the IL construction
(Fig. 13(a)) — for the constructions with an iron core, the influence of the nonlinear B/H curve is
visible (Figs. 13(b) and 13(c)).

5. Transient calculations and measurement results

The transients of the accelerators were verified experimentally for different values of initial
capacitor voltage. The same three-section capacitor bank in the power supply system was used
for each event. It should be emphasized that for the tested accelerator designs a very good
measurement recurrence of the excitation current intensity waveforms and voltage on the capacitor
banks was obtained. The differences in the measured missile velocity, for the same accelerator
construction, did not exceed 1%.

The waveforms of capacitor voltage and the current intensity in the accelerator rails, for all
railgun constructions, were also compared at the same supply system settings, as well. In the tests,
the projectile core made of polytetrafluoroethylene (Section 2) was used (mass m = 7.2 g). The
measurement results are presented in Fig. 14. The voltage and current intensity waveforms are
practically identical for the same power supply system.

30 120
25 100
— — 80
éZO s
215 s %
[=) 2]
g £ 40
= o
C10f
= 20 -
5 0"
0 -20
0 1 2 3 4
Time t (ms) Time t (ms)
(@) (b)

Fig. 14. Comparison of current and voltage waveforms for the tested rail accelerators (U = 100 V,
C = 0.333 F): excitation current waveform (a); capacitor voltage waveform (b)

In Figs. 15-17, an exemplary measurement verification of the field-circuit model, for the IL,
IC and ICPM, is presented. In all these cases, the same power voltage supply of the capacitor
was assumed, and the capacitor was charged to U = 128 V. A very good conformity between the
calculation and measurement results is also observed.

The measurement verification of the projectile velocity was carried out as well (Tables 2
and 3). The use of the ferromagnetic core (IC) increased three times the muzzle velocities (for the
low voltage values) in comparison with the iron-less accelerator. For the higher voltage (148 V)
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Fig. 15. The tests of the field-circuit model for the first cunstruction (IL) for U = 128 V: excitation current
vs. time (a); voltage waves (b)
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Fig. 16. Measurement verification of the field-circuit model for the construction with iron magnetic circuit
(IC) under excitation voltage U = 128 V: excitation current vs. time (a); voltage waves (b)

that increase was about 150%. A more significant increase in muzzle velocities is visible for a
lighter projectile (no. 2). In the case of the ICPM design, the increase in muzzle velocity for the
lowest voltage values amounted nearly to 600%. For the highest voltages, 95% higher muzzle
velocities were obtained compared to the IL construction. Comparing the IC and ICPM, for the
voltage values above 100 V (excitation current value 29.150 kA) better properties are obtained
for the IC. It means that for higher current values, the IC construction is a better solution.

The best agreement between the calculation and measurement results was obtained for the
projectile no. 1 (the differences do not exceed 3%). The largest discrepancies between the mea-
surement and calculation results can be observed for the ICPM construction.



N

www.czasopisma.pan.pl m www journals.pan.pl

Vol. 72 (2023) Characteristics simulations of the electrodynamic railgun different constructions 965
40 - ) 150 i
—calculations —measurement
—measurement —calculations
30 100

Current i (kA)
N
(=]

10

Time t (ms)

(a)

Voltage u [V]
(42
o

2

Time t [ms]

(b)

Fig. 17. Measurement tests of the field-circuit model of the iron magnetic system with permanent magnets
(ICPM) for U = 128 V: excitation current vs. time (a); voltage waves (b)

Table 2. Measurement verification of muzzle velocity for projectile no. 1 (Sec. 2)

Voltage IL IC ICPM

UIV] Vmes [m/s] Veal [m/s] Vmes [m/s] Veal [m/s] Vmes [m/s] Veal [m/s]
70 12.79 13.27 39.81 4191 52.08 54.20
100 32.28 34.47 85.03 83.77 85.62 96.24
128 60.10 62.39 141.24 135.16 123.27 145.16
148 77.16 82.60 179.86 172.72 151.70 176.05

Table 3. Measurement verification of muzzle velocity for projectile no. 2 (Sec. 2)

Voltage IL IC ICPM

UlV] Vmes [M/s] | veal [M/S] | Vmes [m/S] | veal [m/S] | vimes [m/S] | veq [m/s]
70 19.53 19.30 56.05 56.64 71.84 75.32
100 46.99 48.08 112.11 114.07 119.28 132.65
128 82.24 84.04 198.41 184.24 166.22 190.57
148 115.21 116.70 271.78 230.10 203.25 232.32

accelerator construction

6. Velocity and energy prediction of projectile for different

For practical application of the electrodynamic accelerators, e.g. for strength tests of various
materials, an important aspect is to determine the impact energy, as accurately as possible, in a
wide range of its changes. Based on our research, it can be concluded that the presented calculation
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models are accurate enough to predict the parameters of the constructions, at their design stage.
Thus, the prediction of energy and muzzle velocity of the bullet, as well as their power efficiency,
has been affected by a wide range of supply voltage values (from 50 V to 500 V).

In Fig. 18(a), the relationship between muzzle velocity and the capacitor system voltage in the
IC construction for two different projectiles, is shown. The velocity increases almost exponentially
along with the initial voltage, increasing in the range from 50 V to 120 V, whereas for higher
voltage values, the relationship is almost linear. In the case of a lighter projectile, the discrepancies
between the calculations and measurements are higher and up to 14% for a voltage value of 148 V.

In Fig. 18(b), the relationship between projectile energy and the capacitor system voltage is also
given.
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Fig. 18. Muzzle velocity (a) and projectile energy (b) vs. initial voltage values for IC
(measurements are denoted by +)

Projectile no. 2, with a lower mass, achieves higher energy values in comparison with projectile
no. 1, for the voltage range from 50 V to 350 V. Above a voltage of 350 V, higher energies are
obtained for projectile no. 1. This is most likely caused by the higher impact of losses associated
with the friction of a lighter projectile.

Additionally, within the transient state calculations, the dependence of the maximum value
of the I« current vs. the excitation initial voltage was determined (Fig. 19). The value of the
Imax current intensity increases almost linearly as a function of the U, voltage. However, a slight
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Fig. 19. The calculated value of the maximum current vs. initial voltage
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impact of the projectile mass on the peak value of this current is visible — higher values are
obtained for projectile no. 1 (heavier missile). This is due to the lower speeds achieved by this
projectile in comparison with bullet no. 2. After the same time, bullet no. 1 is closer to the power
supply system than bullet no. 2, and due to lower resistance of the rail-projectile circuit the current
in the rails is greater.

The efficiency of the accelerators discussed in this work is below 6% and depends slightly
on the projectile mass (Figs. 20 to 21). For lower supply voltages (below 350 V), the efficiency
is higher in the case of the projectile with lower mass. Above 350 V, in the case of the IC and
ICPM, the higher efficiency is observed for the heavier projectile (Fig. 20). In the case of the IL
construction, the higher efficiency for the projectile with higher mass is observed above 500 V
(Fig. 21(a)).
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Fig. 20. Efficiency vs. capacitor initial voltage for: (a) IC; (b) ICPM
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Fig. 21. Efficiency vs. capacitor initial voltage for: (a) IL and two different projectiles; (b) different railgun
contructions (projectile no. 1)

The efficiency depends nonlinearly vs. supply voltage. For lower capacitor voltage values, it
increases more significantly than for the higher ones (it looks like the saturation of efficiency
value). For voltages below 200 V, the highest efficiency is observed in the ICPM construction,
while above the 200 V the IC construction is better (Fig. 21(b)). However, the differences are not
significant. The worst efficiency is observed in the case of the IL construction.
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7. Conclusions

Dynamic characteristics for three types of railgun constructions were simulated and measured
in this work. To further speed up the calculations using our field-circuit model, the electromagnetic
parameters were previously calculated and tabulated as functions of current intensity and the
projectile displacement.

In the initial phase of rail accelerator design, it is reasonable to use an analytical model to
calculate the bullet electrodynamic force. A good agreement between the results obtained with
our analytical model and those from the 3-D magnetic field analysis confirms the correctness of
the developed analytical model for the determination of static characteristics.

In order to increase energy through magnetic circuit improvement, a 3-D electromagnetic
field analysis had to be performed and integral parameters of this field determined. The obtained
distributions of magnetic and electric fields allow one to determine their integral parameters, e.g.
the magnetic flux passing through the surface bounded by the projectile and rails, and thus the
inductance of the above-mentioned circuit. For the fixed geometrical dimensions of the acceler-
ator, a slight increase in the mass of the projectile has almost no effect on the electromagnetic
parameters.

The presented constructions with an iron-core (IC) and permanent magnets (ICPM) allow for
increasing the efficiency of the entire system in relation to the base air structure (IL). The largest
increase of muzzle velocity was observed for the lowest initial voltages of the capacitor bank.
For higher voltage values at increased current intensity, the core saturation effects decrease the
benefits of the ferromagnetic core applied.

Comparing the obtained projectile energies for the IC and ICPM constructions, it should be
noticed that for smaller excitation current values the ICPM structure is better, while above the
saturation point of the core material, the IC is characterized by better parameters. It is due to the
fact that after exceeding the saturation point of the core material, magnets in the ICPM structure
create an additional reluctance for the magnetic flux.

In this work, the parameters of the rail-gun systems were determined and verified by mea-
surements. For higher supply voltages, the higher energy is observed, and the better efficiency is
obtained for heavier projectiles. However, the change of the projectile mass only slightly influences
the accelerator parameters.
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