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Abstract: The calculation and measurement results of transients for an electrodynamic accelerator with permanent magnet support have
been presented in this paper. The calculations have been made using the magnetostatic model in the Maxwell software, as well as
using a Matlab/Simulink transient model. The waves of mechanical parameters (projectile velocity and acceleration, force) and electric
ones (excitation current and capacitor voltage) have been analyzed for different supply conditions (voltage value, capacitance).
The efficiency and projectile energy have been studied as well. The mathematical models have been verified experimentally using
the original laboratory stand. A good conformity between calculation and measurement results has been obtained.
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1. INTRODUCTION

Electrodynamic accelerators (railguns) have become increas-
ingly popular in recent years. There are carried out many works
and researches in terms of both military (McNab and Beach,
2007; Gosiewski and Kloskowski, 2008; Hundertmark et al., 2013)
and industrial applications (Poniaev et al., 2015; Hogan et al.,
2013; Domin and Kluczczynski, 2013) of the device. The railguns
are an alternative for coilgun constructions (Waindok and Mazur,
2011; Piskur, 2010), mostly due to better performance (efficiency,
projectile velocity). A disadvantage of such electrodynamic accel-
erator is the high cost of assembling and problem with rails and
electric contact degradation (Cooper et al., 2007; Tang et al.,
2015; Wild et al., 2014). Another problem is a very high current
peak of kA to even MA appearing in some milliseconds.
The efficiency of the device is low, as well.

In order to increase the efficiency of the railgun there
is a need not only to perform the experimental work, but also to
create a proper calculation model, which would simulate the phys-
ical object with sufficient accuracy (Kluszczynski and Domin,
2015). The proper model could be used, for example, in order to
increase the thrust, without increasing the excitation current
(Waindok and Piekielny, 2013; Gieras et al., 2011). One of the
method is the optimization of the magnetic circuit. It requires the
development of a magnetostatic model using field analysis, for
example 3D finite element method (FEM). The transient model is
very important as well. It enables to follow the influence
of supplying parameters and initial conditions on the waves con-
nected with discharges, which allows to improve the efficiency
of the whole system.

In the paper, the calculation and measurement results for the
original electrodynamic accelerator with iron core and permanent
magnets have been presented. The device has been developed
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in the Department of Electrical Engineering and Mechatronics
at Opole University of Technology. The calculations have been
carried out using a field-circuit model of the device (Zimon et al.,
2012). For magnetostatic analysis, the Maxwell software has been
used. The parameters obtained in the field calculations have been
used in the transient (circuit) model, which has been implemented
in the Matlab/Simulink software.

2. PHYSICAL MODEL

The picture of the accelerator with ferromagnetic core and
permanent magnets is presented in Fig. 1a. The magnetic field
has two sources: a current flowing through the circuit and perma-
nent magnets. The iron core has been used in order to focus the
magnetic field lines in the projectile area. Therefore, in relation to
the core-less accelerator, the thrust could be increased for the
same excitation current value.

Before construction of a prototype, some calculations have
been carried out in order to set up the dimensions of the core and
permanent magnets (Fig. 1b). The following design constraints
have been assumed: a cross-section of each rail less than
100 mm?, the distance between them a=12 mm, the length of the
device =200 mm. The non-linear characteristic of the core has
been measured and taken into account (Fig. 2). The measure-
ment has been performed for a ring-shaped magnetic sample
(Tumanski, 2011). The sinusoidal voltage supply system has been
used. The magnetic field strength in the magnetic circuit has been
determined with using the Ampere’s circuital law. The magnetic
flux density value in the sample has been determined according to
Faraday’s law, using the mean value of the induced voltage.

The projectile core of 25 mm length (Fig. 3) has been made
of PF CC 201 material (textolite). The PF CC 201 has been cho-
sen due to its ease processing, low mass (m=2.5 g), relatively
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high stiffness and high heat resistance. The reduction of the mass
allows to take the shot at smaller values of the excitation current.
The active part of the projectile is made of an OFC (Oxygen-Free
Copper) wire, which ensures a good electric contact between rails
and the projectile. The OFC wire was selected due to high con-
ductivity and friction resistivity, which is very important in dynamic
systems with high current values. The rails have been made
of brass.

a) &
&

60

Fig. 1. Electrodynamic accelerator with ferromagnetic core
and permanent magnets: a) picture of the prototype;
b) cross-section (dimensions in mm)
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Fig. 2. Measured B/H curve of the used ferromagnetic core

Fig. 3. Picture of the projectile
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Fig. 4. Electrical circuit diagram

The electrical circuit diagram of the original laboratory stand
(Piekielny, 2015) is shown in Fig. 4. It consists of two main parts:
the power supply circuit and measuring system. The power source
is a capacitor bank with a total capacity of 96 mF and nominal
voltage of 350 V. To trigger the shot a high power thyristor was
used (model T95-1900 from Kubara LAMINA Company). During
the shot the following signals are recorded using an oscilloscope:
the voltage on the capacitor bank U, the excitation current / and
the average muzzle velocity of the projectile v. The current meas-
urement was made by recording the voltage drop on a 0.517
mOhm resistance. Velocity of the projectile was determined
by measuring the flying time through the optical gate.

3. MATHEMATICAL MODEL

In order to determine the magnetic field integral parameters,
the finite element method, implemented in the program Maxwell,
has been used. The voltage boundary conditions were assumed
on the rails ends (Fig. 5). On the outer boundaries the zero Di-
richlet condition has been assumed. The eddy current effect has
been neglected. Using this model, the integral parameters of the
field have been determined. The magnetic flux on the surface S
(limited by the rails and projectile, Fig 6) was calculated with using
the expression:

® = [ BndsS (1)

where: @ — magnetic flux on the surface S, B — magnetic flux
density vector, n — unit vector normal to surface S, S - surface
limited by the rails and projectile, parallel to the plane YZ (Fig. 6).

Lorentz force F acting on the projectile was calculated accord-
ing to equation:

F=[,0 x B)do @)

where: J — current density vector in the projectile, Q — volume of
the projectile.

The dynamic inductance Lq of the accelerator was determined
by the expression:

_ 00 _ 10w

Ld_ai T oai )

where: i - current flowing through the rails, 1, — magnetic
energy.

In order to select the proper mesh discretization, the calcula-
tions for two different meshes have been made (Fig. 5). In the first
case an adaptive method for mesh generation has been used.
The algorithm has created quite coarse mesh presented
in Fig. 5a. In the second case, the maximum size of the mesh
elements in each sub-area has been forced (Fig. 5b), which signif-
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icantly increases the number of elements (dense mesh). In table
1, the calculation results for both types of mesh have been given.
Due to small differences between obtained results (below 1.1%
in case of thrust and below 0.2% for excitation current) and due to
significantly shorter calculation time, the coarse mesh generated
by an adaptive method, has been used. It should be mentioned,
that the calculation time for magnetostatic models is a very im-
portant quantity, since the calculations of integral parameters
(magnetic flux, force and inductance) are made for different posi-
tions of the projectile and different excitation current values.

a)

voltage
boundary

condition 0 50 100 (mm)

b)

0 50 100 (mm)

Fig. 5. Two analyzed discretization meshes: a) coarse mesh;
b) dense mesh

Tab. 1. Comparison of the calculation results for two different meshes

Mesh | Voltage | Excitation | Force Calc. Number
type current time of elements
- UV 1[A] FIN] | t[h:m:s] n
Dense 150 2627413 | 543.26 | 7:28:09 1230778
Coarse 150 2622746 | 537.45 | 0:02:48 60046

The analysis of accelerator operation is based not only
on static, but also on the dynamic calculations. Thus, a field-circuit
model have been developed for a transient analysis. The equa-
tions describing the dynamic model of the railgun have been
obtained with using the Euler-Lagrange method:

_b 0 F(i,x)

d [V m v m

wlil= B HE g @)
Lq(ix) Lq(ix) Lq(ix)

The first equation describes the mechanical part of the sys-
tem, while the second one describes the electrical part. The above
equations have been implemented in the Matlab-Simulink soft-
ware. The values of force and magnetic flux vs. position and
excitation current values have been calculated with using the FEM
magnetostatic model and included in the form of Look-up tables.
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4. MAGNETOSTATIC CALCULATION RESULTS

The current density and the thrust values, as well as magnetic
field distribution have been determined for different values of the
excitation voltage (-60 V to 200 V). In Fig. 7a an exemplary distri-
bution of the current density (for U=150 V) has been shown (the
projectile is placed in position z=3 cm (Fig.6).

Iron Core

Fig. 6. Initial position of the projectile

The highest value of the current density is observed in the
area of the projectile, on the inner edges of the conductive part
(more than 3 kA/mm2). In Fig. 7b the magnetic flux density distri-
bution for U=150 V has been depicted. Accordingly to the current
density distribution, the highest value of the magnetic flux density
is observed in the projectile area (about 4.13 T). Such a high
value is due to high current density value. In the iron parts of the
railgun, the magnetic density value is much lower (below 2 T).
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Fig. 7. Calculation results for U=150 V: a) current density distribution
in the rails and projectile; b) magnetic flux density distribution

The calculation results for electrodynamic force and magnetic
flux vs. excitation current value | and projectile position z are
presented in Fig. 8. The force value is almost insensitive vs. pro-
jectile position and changes exponentially vs. excitation current
value. The magnetic flux changes linearly both vs. | and z.
According to equation (4), in calculation of transients the dynamic
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inductance Lg is an important parameter. The graph of the voltage increases the current in approximately a linear way

Lo=f(z, i) has been presented in Fig. 9. Its value weakly depends
on the excitation current and is linearly dependent on the projec-
tile position coordinate.

; " 40
30

01 g “20
0.05 - 10
z[m] 0 -10

i [kA]

Fig. 8. Integral parameters vs. projectile position and excitation current
value: a) electrodynamic force; b) magnetic flux

30
0.1

z[m] . i [kA]

Fig. 9. Dynamic inductance vs. current value and projectile position

5. TRANSIENT CALCULATION AND MEASUREMENT
RESULTS

The measurements for different capacitors and voltage values
have been made. Some results are presented in Fig. 10. Increas-
ing of the capacitance values raises the discharge time and slight-
ly increases the peak current value (Fig. 10a). The capacitor
voltage level affects only the current value - increasing of the

(Fig. 10b).
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Fig. 10. Current excitation waves for different supply parameters:
a) constant voltage value (U=150 V) - different capacity values;
b) constant capacitance value (C=96 mF) - variable voltage
values

Using the original laboratory stand, a measurement verifica-
tion of the selected calculation results have been carried out. The
resistance and inductance of supply cables were assumed to be
equal R=2.75 mOhm and L=0.98 pH, respectively. Due to the
motion of the projectile additional parameters have to be included
i.e. mass of the projectile m=4.51 g, coefficient of the kinetic fric-
tion D=0.2 Ns/m and the value of the air resistance coefficient
Cx=1.05.
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Fig. 11. Calculation and measurement results of the current waveform
for U=150 V and C=96 mF

In Fig. 11, results of calculated and measured current wave-
forms for U=150 V and C = 96 mF are presented. The current
peak visible in the measurement results is due to commutation
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of the thyristor, which switches off the inductive circuit under non- a) i

zero conditions and generates a voltage disturbance in the circuit. 28

The current is measured based on the voltage drop on the resis-

tor. Thus the voltage disturbance is visible in measured waves.
There are also visible differences between measured and cal-

—— measurement
~—— calculations

20

S5
culated shape of current waves (Fig. 11). Therefore, some modifi- 3
cations have been proposed in the mathematical model. From the 3"
experimental research came out, that in the system some time s
lags are existing between the thyristor triggering time and the
response time of the circuit rails-projectile. The system behaves in i
some ways like a transmission line. Therefore, in the mathemati- &
cal model, a fixed time delay block for the inductance value has ¥ = Time tIms) = s
been added. The delay time has been chosen based on the ex- b) 160
perimental tests as At=4.4 us. After the delay time, the static 140
inductance value of the accelerator circuit raises from 0 to 0.98 120
uH. The results for the modified field-circuit model have been 100
presented in Fig. 12a. In the case of current wave, a very good - — measurement |
conformity between calculation and measurement results is ob- > T
served. The measured voltage wave on the capacitors differs S’ “

slightly from the calculated one (Fig. 12b). However, the mathe-
matical model is sufficiently precise and could be used in future
calculations. The negative value of the capacitor voltage is caused
by the finite switching-off time of the thyristor (about 100 ps).

The measurement verification of the projectile velocity has o 05 1 5 2
been made, as well (Tab. 2). The differences between calculated et
and measured results do not exceed 10 % and are observed for
the lowest velocity values. In the case of the highest observed
velocities, the difference does not exceed 1.1 %.

Fig. 12. Measurement verification of the modified field-circuit model
for U=150 V and C=96 mF: a) excitation current vs. time;
b) voltage waves

Tab. 2. The dynamic parameters for different power supply configurations

Voltage | Capacity | Calculated current peak | Measured current peak | Calculated velocity | Measured velocity Force
U] C[mF] Imax [A] Imax [A] v [m/s] v [m/s] Fmax[N]
150 96.0 26422 26692.5 61.35 60.98 549.74
150 76.5 24868 251451 47.86 47.71 501.30
121 96.0 21303 21276.6 42.23 44.64 395.18
121 76.5 20045 20116.1 32.57 34.53 361.22
101 96.0 17767 17620.9 30.62 33.78 302.03
101 76.5 16715 16769.8 23.29 25.83 276.39
540" 0.7 70
a) b)
0.8 60
0 0.5 50
—-Force %
= —— Acceleration % E 04 40 g
5 % g 03 308
- o2 ]
0.1 10
-200 - : . - 1.5 0 + . . 0
o] 0.5 1 15 2 25 3 35 4 0 2 4 6 8 10

Time t [ms] Time t [ms]

Fig. 13. Calculated waves (U=150 V, C=96 mF): a) force and acceleration; b) position and velocity

Using the field-circuit model, some additional calculations
have been carried out. They concern quantities, which are very
difficult to measure, i.e. thrust, acceleration, velocity and position
of the projectile. The initial position of the projectile equal to z=3
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cm has been included in the model. In Fig. 13 some results are
presented. The shape of force and acceleration waves is the
same (Fig. 13a). The maximum value of the acceleration reaches
very high value (121890 m/s2), which is due to small mass of the
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movable element and due to relatively high force (peak value
of 549.74 N). Waveforms of the position and velocity (Fig. 13b)
indicate, that the duration of force and current impulses (about
1 ms) is much shorter than the duration of the projectile move-
ment in rails (about 4 ms). It means, that the capacitance could be
increased in order to exploit the full potential of the presented
accelerator.

6. CONCLUSIONS

A study of the mathematical and physical models of the elec-
trodynamic accelerator (railgun) with permanent magnets support
has been presented in the paper. The obtained results allow to
formulate some conclusions:

— the capacitance value has an impact mainly on the duration of
current pulse. Increasing the capacity influences only slightly
the peak value of the excitation current (Fig. 10a).;

— the initial capacitor voltage value affects mainly the excitation
current value (Fig. 10b).;

— mathematical models which do not take into account the
additional time delay in the system do not simulate the physi-
cal object with a sufficient precision (Fig. 11).;

— for the correct calculation of the projectile velocity, an appro-
priate choice of the friction coefficient value is important.

The efficiency of the railgun has been determined as well. The
measurement results have been presented in Tab. 3. In our tests
the efficiency value did not exceed 1 % and increases along with
the energy value. The future works will be focused on increasing
this parameter.

Tab. 3. Measured efficiency of the investigated accelerator

Voltage | Capacity Energy Kinetic Efficiency
stored in the energy of
capacitors projectile
UM C [mF] E[ EQ 1 [%]
150 96.0 1068.75 8.39 0.78
150 76.5 843.75 5.13 0.61
121 96.0 695.45 449 0.65
121 76.5 549.04 2.69 0.49
101 96.0 484.55 257 0.53
101 76.5 382.54 1.50 0.39

The level of complexity of the phenomena occurring in the
electrodynamic accelerator is relatively high. Thus, some further
investigations for improving both physical and computational
models are planned. In particular, the development of the experi-
mental stand will be carried out.
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