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ABSTRACT: In the study of synchronous electromagnetic coil launchers, the influence of armature material on system performance is
critical. Existing research lacks combined simulation-experimental investigations on the electrical conductivity of armature materials
and in-depth exploration of its impact mechanism on propulsion performance. To analyze the influence of armature material conductivity
on propulsion characteristics, a mathematical model of the synchronous electromagnetic coil launcher was established, with theoretical
derivations clarifying the mechanical properties and motion equations of the armature during acceleration. Through systematic simula-
tions conducted on the Ansys platform, the effects of different armature material conductivities (6061 aluminum alloy, 7075 aluminum
alloy, brass) on propulsion effectiveness were quantified. An experimental platform was subsequently constructed to validate simulation
reliability using these three engineering-grade materials. Results demonstrate that increased armature conductivity significantly reduces
peak reverse force and enhances exit velocity, while revealing a saturation effect: when conductivity exceeds 6 x 107 S/m, further
improvements have diminishing returns on propulsion performance.

1. INTRODUCTION

n the field of electromagnetic propulsion, coil electromag-
Inetic launchers have garnered significant attention due to
their simple structure, flexible design, high acceleration effi-
ciency, and substantial electromagnetic thrust [1-3]. Com-
pared to other electromagnetic launchers, coil electromagnetic
launchers operate without physical contact between the drive
coil and transmitting coil [4], a feature that improves their re-
liability and performance from the structural aspect [5, 6]. Ac-
cording to the different modes of operation, coil electromag-
netic thrusters can be divided into two types: synchronous and
asynchronous [7]. The operating principle of synchronous coil
electromagnetic thruster is to induce eddy currents in the ar-
mature through the time-varying magnetic field generated by
the driving coil [8], and then generate electromagnetic force
through the interaction between the current and time-varying
magnetic field, so as to accelerate the armature [9]. The asyn-
chronous coil electromagnetic thruster exhibits a high presence
of negative and zero-sequence components in experiments,
leading to low efficiency and making practical application dif-
ficult [10].

In the pulse circuit structure, Zhang et al. [11] proposed an
improved topology for the main circuit disconnection, pry bar
disconnection circuit, and pry bar circuit with inductance, all
of which enhanced energy conversion efficiency to some ex-
tent. Ram and Thomas [12] utilized a thyristor-based driving
coil current switching circuit, effectively reducing the armature
capture effect through commutation.
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In terms of software and algorithm optimization, Citak et
al. [13] used Delphi software to adjust the triggering time of
the coil to improve the initial speed and optimize system perfor-
mance. Niu et al. [14, 15] applied adaptive design strategies to
the triggering timing control design of multi-stage synchronous
induction coil thrusters.

Regarding material and structural optimization, Lu et
al. [16] proposed a new step-type Synchronous Induction
Coilgun (SICG) by altering the structure of the driving coil and
armature, further reducing the impact of the system’s inherent
characteristics on performance and improving acceleration
efficiency. Ram and Thomas [17] analyzed the effect of
induced currents when hollow armatures of different lengths
move within a multi-stage eddy current generator.

Based on the large impact of the armature on the performance
of the propulsion system, the attention of many scholars has
been focused on armature. Ref. [18] explored the change rule
of equivalent inductance and equivalent resistance at all levels
when the armature position of a three-stage synchronous induc-
tion coil transmitter was changed.

Ref. [19] starts from the inherent parameters of the armature
and uses simulation methods to modify these parameters, ob-
serving the variation of magnetic flux density in the armature
bore. However, most studies have only simulated armatures
made of copper and aluminum, which introduces significant un-
certainty due to the limited choice of two materials with differ-
ent conductivities. This approach does not provide a concrete
understanding of the underlying influence mechanisms. Fur-
thermore, no actual experiments have been conducted to val-
idate the simulation results. Given that armature is a critical
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component of a synchronous induction coil launcher and has
a substantial impact on the overall system’s launch efficiency,
further in-depth exploration is necessary.

This paper investigates the effect of armature conductivity on
exit velocity and reverse force using the finite element method.
To further analyze its influence, simulations are conducted with
armatures of the same resistance but different materials. The re-
sults are validated through experiments to confirm the accuracy
of the simulation.

2. SYNCHRONOUS INDUCTION COIL ELECTROMAG-
NETIC LAUNCHER

2.1. Principle of Single-Stage Synchronous Induction Coil Elec-
tromagnetic Launcher

The synchronous induction coil electromagnetic launcher op-
erates based on the magnetic coupling principle between the
driving coil and armature, and can be essentially understood
as a linear motor [20]. The basic structure of this launcher in-
cludes a driving coil, armature, switch, power supply, etc. Its
outer body can be composed of one or more driving coils, sim-
ilar to the stator part of a motor, while the armature can be re-
garded as the rotor of the motor [21]. The simplified working
principle diagram is shown in Figure 1. When the pulsed power
supply is discharged at the corresponding time, the driving coil
is discharged; there will be a changing magnetic field around
it, causing the armature coil to sense a current; and finally the
magnetic field generated by the combined effect of the sensed
current and the driving coil current pushes the armature forward
until the armature leaves the launcher [22].
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FIGURE 1. Schematic diagram of the working principle of a single-
stage synchronous induction coil electromagnetic launcher.

2.2. Analysis of Armature Motion Process

In the synchronous induction coil launcher, under the influence
of the axial magnetic field, the armature surface only experi-
ences induced currents along the circumferential direction. The
moving metal cylindrical armature is modeled as consisting of
numerous mutually independent current loops, as illustrated in
Figure 2.

Without considering the microscopic characteristics of the
armature and the low requirement for calculation accuracy,
each current equivalent to the entire armature can be viewed
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FIGURE 2. Armature current loop model.

as a single turn coil, which is a series lumped parameter circuit
model composed of a coil and a resistor. After applying current
to the driving coil, the equivalent current loop of the armature
will also induce current. Under the action of a magnetic field,
this current will generate an axial thrust, accelerating the for-
ward movement of the armature.

According to Ampere’s law of force, the axial force on the
armature can be obtained as:

F, = —i,2nrB? (1)

Among them, ¢, is the current of the armature current loop, r
the radius of the armature current loop, and B¢ the radial mag-
netic field component generated by the driving coil on the ar-
mature.

Therefore, the axial thrust of the entire armature is:

NdN

d dM; -
F,=— P )
Z Z i3l P )
i=1 j=1
The axial velocity of the armature is:
/ d
v =1v(0)+ /Fz/mpdt - d—’; 3)

0

Among them, a is the acceleration of the armature, F, the
axial force on the armature, m,, the mass of the armature, v the
armature speed, v(0) the initial velocity of the armature, ¢ the
time, and z the axial displacement.

The efficiency of promotion can be expressed as:

4)

Among them, %C U? is the capacitor energy storage, m the
armature mass, v, the outlet velocity, vg the inlet velocity of the
armature, U the voltage value of the energy storage power sup-
ply, and C' the capacitance of the energy storage power supply.

3. FINITE ELEMENT SIMULATION ANALYSIS OF AR-
MATURE DURING THE PROPULSION PROCESS

In this paper, the simulation test is carried out in Ansoft finite
element simulation platform, and the pulse capacitor is used to
supply power to the driving coil. The specific parameter values
selected can be seen in the Table 1, and the simulation time is
set to 6ms. In the process of finite element simulation, part

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 153, 265-270, 2025

PIER C

TABLE 1. Simulation parameters.

Component name Parameter Value
Capacitance value (ULF) 5000
Power supply .
Capacitor initial voltage (kV) 4
Coil inner diameter (mm) 62.5
Drive coil Turns 60
Coil length (mm) 80
Armature outer diameter (mm) 58
Armature Armature thickness (mm) 10
Armature mass (kg) 5

of the idealisation is carried out, and it is assumed that there is
no friction between the armature and propellers and that the air
resistance has no effect on the armature during the acceleration
process.

In order to simplify the model and facilitate the analysis, the
simulation model is simplified to consist of a driving coil and
an armature, as shown in Figure 3. The influence of external
factors such as the shell on the propulsion process is ignored,
and this simplification makes the study more focused on the
core electromagnetic effect.

Xe

Time = 4.00000ms
Speed =43.867326m_per_sec Y
Position = 117.783031mm

FIGURE 3. Schematic diagram of the simulation model.

4. FINITE ELEMENT SIMULATION ANALYSIS OF
CONDUCTIVITY OF DIFFERENT ARMATURE MATE-
RIALS

The strength of the induced eddy currents in an armature de-
pends mainly on the conductivity of its material () and the
rate of change of the magnetic field (f‘i—?). When o is increased,
the Lorentz force in the armature is enhanced by increasing
the induced current strength per unit volume (J) with the same
change in magnetic field.

The component of the Lorentz force along the axial direc-
tion is the thrust of the armature forward motion, so increasing
the armature conductivity will directly increase the axial driv-
ing force of the armature, and thus increase the armature exit
velocity.
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During the entire acceleration process, the eddy currents in-
duced in the armature exhibit a more pronounced skin effect
phenomenon. When calculating the equivalent resistance of
the armature, the induced eddy currents are predominantly dis-
tributed on its surface. Consequently, the skin depth is set as:

[ 2
0= 27 fuo

where f is the pulse current frequency (Hz), o the armature ma-
terial conductivity (S-m™1), and p the armature material per-
meability.

Through the analysis of the above equation, it can be found
that after controlling the pulse current frequency to a fixed
value, the skinning depth is only related to the conductivity and
magnetic permeability of the armature material. Non-magnetic
materials are typically selected for armatures to ensure a mag-
netic permeability close to 1. During the acceleration process,
the skinning depth significantly affects the exit velocity and
force of the armature. Therefore, this paper further explores
the effect of different armature conductivities on armature per-
formance.

©)

In order to exclude the influence of other factors, the arma-
ture is set not to deform, and the thermal effect is ignored in the
simulation. The conductivity range is setas 0 ~ 10 x 107 S/m,
which covers the conductivity of metals commonly used in in-
dustry, and the effect of armature conductivity on armature ac-
celeration is further explored with several sets of simulation ex-
periments. The simulation results were then analyzed through
MATLAB charts, and curve fitting was performed for the re-
lationship between conductivity and armature exit velocity and
peak reverse force as shown in Figure 4.

From Figure 4, it can be seen that there is a positive corre-
lation between armature exit velocity and conductivity. In the
range from 2.5 x 10°S/m to 10 x 107 S/m, the armature ve-
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FIGURE 4. Curve of armature conductivity versus exit velocity and
peak reverse force.
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locity increases with increasing conductivity, but the growth
rate slows down gradually. When the conductivity increases to
6 x 107 S/m, the effect of continuing to increase the conductiv-
ity on the exit velocity is no longer significant.

In order to further verify the simulation results, several en-
gineering materials commonly used in armature manufactur-
ing, such as 6061 aluminium alloy, 7075 aluminium alloy, and
brass, are selected in this paper to analyze the relationship be-
tween the conductivity and exit velocity, and the simulated val-
ues are compared with the experimental ones, as shown in Ta-
ble 2. Three armature materials (6061 aluminum alloy, 7075
aluminum alloy, and brass) were selected due to their supe-
rior integrated electromagnetic-mechanical properties. Specif-
ically, 6061 aluminum alloy offers cost-effectiveness, mod-
erate electrical conductivity, and notable fatigue resistance;
7075 aluminum alloy is characterized by high specific strength,
meeting the demands of high acceleration conditions; and brass
exhibits excellent wear resistance and thermal stability under
sliding contact conditions. In selecting the armature material,
one can also consider purple copper armature as it has high elec-
trical conductivity and is easier in the armature manufacturing
process.

TABLE 2. Export speeds corresponding to different armature materials.

.. . Simulated
Armature Conductivity Curve exit . .
. exit velocity
material (S/m) speed (m/s)
(m/s)
6061
Aluminium 3.600 x 107 429 42.94
Alloy
7075
Aluminium 2.633 x 107 38.55 38.60
Alloy
Brass 1.61 x 107 30.1 30.16

Table 2 shows that the exit velocity of the armature material
read directly from the relationship curve is very close to the
simulation results, verifying the correctness of the relationship
curve. Figure 4 also shows that the conductivity also shows
a positive correlation with the peak armature reverse force in
general.

While in the range of 5 x 105 ~ 10 x 107 S/m, the peak
reverse force increases with increasing conductivity, and the
rate of increase of the peak reverse force decreases with fur-
ther increase in conductivity. When the conductivity reaches
6 x 107 S/m, further increase in conductivity has less effect on
the peak reverse force. Theoretically, the magnitude of the in-
duced eddy currents is limited by the rate of change of the mag-
netic field %’), which itself is limited by the maximum capac-
ity of the driving coil current.

As the conductivity continues to increase, the rate of change
of flux that can be supplied by the drive coil itself has reached
the limit of the physical conditions even if the induced current
is continually increased, resulting in a diminished effect of fur-
ther enhancement. The phenomenon of high conductivity sat-
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uration arises from the electromagnetic field-current coupling
dominated by the skin effect. When the armature conductiv-
ity () exceeds the critical value (0. = ﬁ), the skin depth
(6 o< o~ '/2) significantly decreases, causing the current distri-
bution to be confined to the surface (effective conductive cross-
sectional area A,y o< 6 - L o o1/ 2). At this point, the non-
linear increase in the skin resistance (Rggin /o) suppresses
the rise in current density (J o< o~'/2), thereby limiting the
electromagnetic force density (f = J x B o o~ '/?) and ac-
celeration (a < o~ 1).

The increase in velocity increment Av with o exhibits a loga-
rithmic saturation property (Av [ o~ 'dt o Ino), indicating
that when o > o, the further increase in conductivity has a
diminishing marginal contribution to propulsion performance.

The peak armature reverse forces corresponding to different
armature materials were produced following Table 2 as shown
in Table 3.

TABLE 3. Peak reverse force corresponding to different armature ma-
terials.

Armature Conductivity Curve Simulation
material (S/m) value (kN) value (kN)
6061
Aluminium 3.600 x 107 —9.0727 —8.8715
Alloy
7075
Aluminium 2.633 x 107 —13.7988 —13.5322
Alloy
Brass 1.61 x 107 —21.7420 —21.5330

Similarly, Table 3 shows the peak reverse force correspond-
ing to different armature materials, which is consistent with the
simulation results and further verifies the accuracy of the rela-
tionship curves.

5. TEST VALIDATION

In the previous section, theoretical analyses and simulations
were performed to investigate how the armature conductivity
affects the acceleration process, and several relationships were
identified. To further verify these theoretical findings, a single-
stage induction coil propulsion system was constructed, and
corresponding experimental validations were conducted. The
system specifically includes a charger, a capacitor bank, a vac-
uum switch, a renewing diode, a single-stage induction coil
launcher, a cylindrical armature, and a light curtain speed mea-
surement system. The working principle is as follows: First, the
capacitor bank is charged to a preset voltage using the charging
machine. After reaching this set voltage, the charging switch is
disconnected. Then, the control system outputs a pulse signal
to trigger the vacuum switch, activating the single-stage coil.
When the armature coil reaches a certain speed, it sequentially
passes through the front and rear light curtains. By recording
the time taken for the armature coil to pass between these two
light curtains and knowing the distance between them, the exit
velocity of the armature coil can be calculated.
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The relationship of the experimental system is shown
schematically in the Figure 5.
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FIGURE 5. Schematic diagram of the synchrocoil propulsion.

Three armature materials were selected for this experiment,
namely: 6061 aluminium alloy, 7075 aluminium alloy, and
brass. For armatures with a total mass of 5kg, no additional
counterweight is required. However, if the armature mass is
less than 5 kg, epoxy resin is used as the counterweight mate-
rial to achieve the target mass. Its physical diagram is shown
in Figure 6. The hardware model and measurement system are
shown in Figure 7. The experimental results under different
armature materials are given in Table 4.

By comparing the actual exit speed of the armature measured
experimentally with the simulation results, although there is a
certain error, the error is within the acceptable range (no more

FIGURE 7. Hardware model and measurement system.

TABLE 4. Comparison of experimental and simulation data.

Simulated Actual
Armature  Conductivity .1muae. ) ctua ) Relative
. exit velocity  exit velocity
material (S/m) error (%)
(m/s) (m/s)
6061
Aluminium  3.600 x 107 42.94 40.45 6.15
Alloy
7075
Aluminium 2.633 x 107 38.60 35.67 8.21
Alloy
Brass 1.61 x 107 30.16 29.85 1.03

than 10%, which meets the requirements of engineering appli-
cations). The experimental speed is slightly lower than the sim-
ulation speed, but the trends of the two are consistent with the
conclusions of the theoretical derivation and simulation analy-
sis. The reasons for the error may include:

(1) The actual experimental conditions may not fully replicate
the ideal settings used in the simulation, such as armature
deformation during acceleration, and thermal effects on
the drive coil and armature must not be overlooked.

(2) Friction between the armature and driving coil structure
during acceleration, as well as precision errors in the de-
vice fabrication, may also influence the experimental re-
sults.

(3) The accuracy of armature conductivity measurements can
be affected by the measurement instruments and meth-
ods used, potentially leading to discrepancies with the true
value.

6. CONCLUSION

This study shows, through finite element simulation and exper-
imental studies, that the conductivity of the armature material
has a significant effect on the acceleration performance of the
thruster. Through finite element simulation and experimental
studies, it was found that increasing armature conductivity sig-
nificantly reduces the peak reverse force and enhances the ar-
mature exit velocity.

In addition, the induced eddy currents are primarily concen-
trated in the rear and outer regions of the armature, due to the
high rate of magnetic field change and the pronounced skin
effect in these areas. Conversely, the magnetic field near the
front and inner surfaces of the armature is more uniform, with
slower flux variations, resulting in weaker induced eddy cur-
rents. These phenomena highlight the complex interaction be-
tween the armature and the magnetic field in an electromagnetic
emission system, which is a critical consideration for design
and optimization.

In practical design, a balance must be found among conduc-
tivity, mechanical properties, and cost, with the selection of ap-
propriate materials and parameters to optimize electromagnetic
propulsion performance.
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Future work will focus on investigating the microscopic elec-
tromagnetic properties of different armature materials, expand-
ing material combinations for optimized propulsion perfor-
mance, and developing a multi-parameter optimization model.
Additionally, the dynamic coupling between the armature and
magnetic field will be explored to enhance the stability and re-
liability of the propulsion system.
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