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Fig. 5. Discharge current in the designs of the different number of modules.

energy such as shipboard. The reduction in specific energy is
insignificant.

D. Reliability and Complexity

Reliability and complexity are difficult to be quantita-
tively analyzed. The more modules can provide redundancy
and the associated fault tolerance to improve the system
reliability. However, with the increasing of the number of
modules, system complexity increases, and synchronization
control is complicated. Therefore, the candidate number of
modules is 4 and 6.

E. Output Current Pulse-shape Flexibility

The ideal current pulse shape for the railgun load is a flat-
topped shape to achieve the best performance of average-to-
peak acceleration ratio. The load impedance increase as the
projectile moving down the barrel, so a single pulsed alternator
cannot generate this desired current pulsed shape due to
impedance mismatch. An alternate approach is the integration
of separate pulsed alternators that discharge sequentially into
the load on a specified firing schedule [12].

Figs. 5 and 6 show the output current shape and the resulting
projectile velocity in the different MPAPS designs using this
approach. MPAPS composed of one module generates the
available current shape that exceeds the expectations but
has no potential for optimization due to a single module.
MPAPS composed of two modules and the one composed
of four modules generate the bad current shapes with the
high current peak resulting in the high acceleration. This will
damage railgun. MPAPS composed of six modules and the
one composed of eight modules generate the potential current
shapes to be optimized for the ideal flat-topped shape. Thus,
the candidate number of modules is 6 and 8.

Finally, based on the above analyses, the proper number of
modules is 6 to drive railgun with the muzzle energy of 32 MJ.

V. OPTIMIZATION

The MPAPS design is optimized by adjusting the firing
time and voltage of each module according to Table IV.
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Fig. 6. Projectile velocity in the designs of the different number of module.

TABLE IV
PARAMETERS OF MPAPS WITH THE DIFFERENT NUMBER OF MODULES

Module number 1 and 2 3and 4 Sand 6
Firing Time/ms 0 2 4
Voltage/kV 7.5 8.5 8.5
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Fig. 7. Optimized rail current and the discharge current of each module.
Fig. 7 shows the optimized current shape. The optimized
MPAPS generates a relatively flat-topped current shape with
the peak current of 4.7 MA. The rail current consists of
the three segment currents discharged from the three pairs
of pulsed alternators at different times. It is noted that the
segment current is two times the discharge current of each
module because of modules in parallel. The discharge current
of each module has different shapes and amplitudes due to the
varying circuit impedances and the different voltage.

Fig. 8 shows the projectile velocity curve. The average-to-
peak acceleration ratio of railgun reaches 0.67. The muzzle
velocity is 2531 m/s, so the muzzle energy is 33 MIJ. The
rotor speed of each pair of alternators is 8790, 8250, and 9000,
respectively, after the projectile exits the barrel. Thus, the
system consumes the kinetic energy of 142 MJ and system
efficiency is 0.244.
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Fig. 8. Optimized rail current and the resulting projectile velocity.
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Fig. 9. Comparison of rail current between the two optimized designs and

the circuit inductance variation.

VI. DISCUSSION

We have obtained a relatively ideal current shape by
the optimization of adjusting the firing times and voltage.
However, it must be noted that the relatively constant current
of flat-topped shape lasts only about 2.5 ms and then drops.
A longer time of constant current is desired, so the higher
voltage of the third fired pulsed alternator pair may be needed
against the current drop.

It must also be noted each pair of pulsed alternators has the
different remaining rotor speed after discharge is complete.
This suggests that the different kinetic energy in each module
is delivered to the railgun. The first pair of pulsed alternators
consumes the least kinetic energy and makes a small contribu-
tion to the muzzle energy. Therefore, the stored energy of the
first pair of pulsed alternators needs to be reduced for better
utilization.

Thus, the voltage of the third pair of pulsed alternators is
increased to 12 kV and the stored energy of the first pair
of pulsed alternators is reduced to 50 MJ. Fig. 9 shows the
current shape comparison between the two optimized designs.
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A longer time of constant current about 3.5 ms is achieved.
This optimized MPAPS generates a more ideal flat-topped
current shape.

However, the optimized voltage of 12 kV is 1.6 times
the original voltage exceeding the machine design mar-
gin. Namely, the third pair of pulsed alternators must be
redesigned. Considering the redesigned first pair of pulsed
alternators with the energy of 50 MJ, MPAPS consists of three
completely different designs of modules to the disadvantage of
modular design: the replaceability of modules is lost; the cost
of module manufacturing is increased; the augmentability of
power supply for the new railgun is reduced. Therefore, this
optimization is not recommended.

In addition, Fig. 9 shows the circuit inductance variation
which grows slowly within 4.5 ms and then grows rapidly. The
circuit inductance includes the pulsed power supply inductance
and the railgun inductance. The pulsed power supply induc-
tance decreases from 0.7 uH to near zero because the mod-
ules are connected successively to load. The rail inductance
increases from 0.4 to 4.9 xH. Due to the inductance variation
mismatch, the relatively constant circuit impedance is difficult
to be kept for a long time. To achieve the ideal flat-topped
shape, the modules with the high voltage must be connected to
load after 4.5 ms. According to the previous analysis, 12 kV or
even higher voltage may be required resulting in the increasing
difficulty of machine manufacturing. Therefore, the ideal flat-
topped current shape is almost impossible to obtain.

VII. CONCLUSION

This paper designs and analyzes the MPAPS composed of
six pulsed alternators to drive the railgun with the muzzle
of 32 MJ. The six modules are divided into three pairs of
matched contra-rotating pulsed alternators. They are sequen-
tially triggered to discharge into the load on a specified timing.
By optimized the voltage and the firing time of each pair,
a relatively flat-topped current pulse is obtained. The average-
to-peak acceleration ratio of railgun reaches 0.67. The esti-
mated mass of the system is less than 50000 kg. Therefore,
this type of MPAPS is an option for a long-range railgun.
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