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1. INTRODUCTION

Traditionally, the power supply for an electromagnetic launcher (EML) has overshadowed the
barrel both in size and weight. When considering laboratory operation, the construction of a
demonstration device, or postulating a future weapons system, the power supply usually dominates
the planning, costs, and facilitation. Throughout the history of electromagnetic guns, a wide variety
of power supplies and power conditioning circuits have been considered. Many variations of
generators, alternators, batteries, and flux compressors have been used to provide electrical power
for EMLs. Power conditioning is often accomplished with high current circuits comprised of
inductors, capacitors, or transformers. These components are actuated with specialized high current
switching. Very recently, solid-state switching devices have been manufactured with sufficient
current ratings so that small arrays of devices may be used to provide launcher power.

Although the power supply may dominate the planning phases of an EML project, it should
not be forgotten that the power conditioning circuit will dictate the performance of the launcher.
The shape of the current waveform defines the acceleration profile that the projectile will undergo.
The stresses within the launcher are also a direct function of the output of the power circuit. The
firing protocol, burst size, and burst rate of fire are, again, parameters which are set not by the
launcher but by the power supply. In particular, a small caliber weapon may have a requirement
for a very high rate of fire during a burst. Furthermore, the accurate launch of a small projectile
will likely require a very small driving force as the projectile leaves the muzzle. The requirements
listed above imply a strong correlation between the ultimate mission of an EML and the
performance of the power circuit. Even in the early phases of component development, it is
valuable to emulate the circuit performance which is desired in the final application.

In this paper we present a concept for a rapid-fire EML power supply. This concept focuses
on our need to develop small caliber projectiles. The power conditioning circuit extracis electrical
energy from a laboratory outlet and delivers the high current necessary to drive a railgun. The
energy is stored in electrolytic capacitors, and the waveform is shaped with additional pulse forming
network (PFN) circuit inductance. The power is switched by silicon controlled rectifiers (SCRs).

This report describes the theory of circuit operation as well as the numerical model developed
to aid in understanding power supply behavior. Section 4 describes experimental results obtained
from a four module supply. Section 5 examines the possibilities of the power supply for
consideration as’ part of a rapid fire weapons system. Finally, conclusions are presented in
Section 6.




2. THEORY OF OPERATION

Consider a simple, series LC, ringing discharge circuit. When a discharge is initiated, the
energy stored electrostatically in a positively charged capacitor is transferred to magnetic field
energy and back to electrostatic energy stored at negative voltage. If the resistance is negligible,
tile negative maximum voltage should nearly equal the positive maximum voltage. If a railgun
were inserted as the load, the losses (i.e., resistive and kinetic) would simply lower the negative
voltage at the end of the current half cycle. If the load were removed at this point, charge could
be very quickly added to the capacitor to restore the energy needed for a second firing. One
drawback with this type of circuit is that the capacitor inust be rated to withstand twice the initial
potential difference. This restricts the capacitor charge to half of the rated voltage or 25% of the
rated stored energy. One way to circumvent tnis iS t0 use two series capacitors with their negative
terminals connected and diodes across each to prevent voltage reversal. The voltage across either
capacitor at any point in time is equal to or less than the initial charge voltage. Accordingly, each
capacitor is utilized at the rated stored energy, but only half of the capacitors are charged. This
type of circuit is shown in Figure 1. The resistive and inductive elements in the circuit will be
described in Section 2. Capacitor C, (positive phase) is initially charged. When the discharge is
initiated, current flows from capacitor C,, through the load, to capacitor C, (negative phase). The
current, I, causes capacitor C, to charge. If there were no losses, the final recharge voltage on
capacitor C, would equal the initial voltage on capacitor C,. The final recharge voltage on
capacitor C,, with losses included, will be soinewhat lower than the initial voltage on capacitor C,
and must be determined from circuit simulations. Typical measured current and output voltage
waveforms for two sequential discharges are shown in Figure 2.

Electrolytic capacitors typically have very large capacitance but are rated at less than
500 V. They therefore need little added series inductance to match the half cycle discharge time to
the acceleration time of a railgun projectile. Voltage :eversal across their terminals must, however,
be prevented. On the whole, electrolytic capaciiors are appropriate for powering small railguns.
When many kilojoules are required, the capacitance can be on the order of 1/10 F. The serics
pulse shaping inductance will be on the order of one microhenry, which matches the inductance of
multiturn railguns less than one meter long. In addition, operating a pulsed power system at 500 V
or less is significantly safer and is less expensive since buying electrolytics in quantity :~n offer
considerable cost savings. Ninety-six 3100 uF, 450 V electrolytic capacitors, unused by another
project, were readily available and well suited for this application.
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Figurc 1. Secries Capacitor Power Supply.

Solid-state switching is relatively easy to control. For the power supply considered here, SCRs
can be stacked as the switching element. The triggering of the SCR’s gates is done using standard
pulse forming techniques. A low power, square pulse is applied to the basc of a two-stage
transistor current amplifier (Darlington pair), which drives the primary of an eight-output pulse
transformer. The rise time of the gate pulse is less than one microsecond, a timc considered
adequate for the expected rate of current rise through the SCRs. The SCR stack is primarily used
as a closing switch but will naturzlly open at a current zero crossing which normally occurs at the
half period for a sinusoidal current pulsc. The gate pulsc is applied to the gates of both the
positive and ncgative phasc SCRs regardless of which phasc is being discharged. A more
claborate gate pulsing scheme would allow for various combinations of current magnitude and pulse
width for driving a railgun armaturc. The nature of the gate pulsing circuit allows it to be
integrated into an all electric system and adapts easily to computer control.

Available storcd cnergy and circuit code simulations determine both the solid-state devices for

usc in the modules and thc load consistent with the configuration of a readily available launcher.
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Lying within these constraints, a 6.35 mm square bore, scries-augmented, 585 mm long barrel
supported by a structure rated for 150,000 A was selected. The projectile mass used to analyze
power supply performance is 3 g. The barrel’s augmenting tum inductance, resistance, and
inductance gradient were measured using pulsed current techniques. Average values are used in the
following circuit analysis simulation. Figure 3 displays a photograph of the assembled launcher
while Table 1 summarizes the barrel load parameters. A nominal equivalent series resistance (ESR)
of 10 mQ is used for each electrolytic capacitor. The projectile.mass was estimatcd assuming a
mass stabilized, solid armature type (Garner et al. 1989).

Figure 3. Breech View of the 6,35 mm, Square Bore, Augmented Launcher.

Table 1. BRL Augmented Launcher Parameters.

Bore height (mm) 6.35
Bore width (mm) 6.35
Length (mm) 585.0
Projectile Mass (g) 3.0
Inductance Gradient (pH/m) 0.72
Augmenting Tum Inductance (pH) 0.189




3. CIRCUIT ANALYSIS

The variable elcments shown in Figure 1 (L'x and R'x + L’v) correspond to motion-
dependent electrical parameters. The position of the projectile and its velocity are denoted by
x and v, respectively. The barrel inductance gradient, L', is easily measured and is nearly
independent of armature position. The barrel resistance gradient, R’, 'is somewhat cumbersome both
analytically and experimentally and is calculated as a function of time, assuming constant rail

current as:

R’ =

2|+
~-

-

8
3h m

where h is the bore dimension and p and p are the permeability and resistivity of the rail material
(Powell 1988).

From Figure 1, Kirchoff’s voltage law can be written as:

di
V,=1Ry +E Lot - Ve (2)
where
Ry =R, + Ry + L'v + R'x + R, + R,
and

L = L'x + Lo + L,

where L,,, and R,,; arc the augmenting tum inductance and resistance and L, and R, are the PFN
inductance and resistance, respectively. The resistive component of voltage in equation (2), which
accounts for moving a current carrying conductor in a magnetic field, is termed the back electromotive
force (EMF) and is represented by the terms IL'v. For initial conditions we assume that capacitor C, is
charged to a voltage V,, capacitor C, is uncharged, and all the solid-statc devices are assumed to be




ideal. After making the substitution, di/dt ~ Ai/At, in equation 2, the relation may be solved for Ai, the

increment of current during time, At:
Ai = (Vg - TRy - V) AL/ L, 3)

The values for I, V,,, and V, may then, by equations (4) through (6), be updated for use in

successive iterations:

=1+ A @)
Vg = Ve - (1 AL/ C)), (5)

and
V, =V, + A AL/ C. (6)

The equations for projectile motion which couple the kinematics to the electrodynamics

are given by:

X = X + VA, @)
v = v 4+ aAt, (8)

where a is the acceleration, m, is the total launch mass, and
Fo = 12 L' - Fyy g (10)

For the simulation, the armature is assumed lossless with no drag between the bore and projectile.
However, the reaction of a shock wave driven ahead of the projectile is included and given by:

F..

- 1+ 1
air drag = §2_'Y)hzvzpo ' (1)




where 7y is the ratio of the specific hcatvat constant pressurc to that at constant volume (1.4) and p,
is the ambient atmospheric densit); (1.29 kg/n'13) (Powell 1983). Resistive and inductive circuit
parameters employed for the launcher in equation (3) are also iteratively updated from the resulting
dynamics by equations (7) and (8). Equations (1) through (11) were assembled into a computer
code in order to compare various electrical parameter variations with resulting power supply
performance. A first concem in this analysis is the projectile velocity at the muzzle of the barrel.
Because of the relatively large number of capacitors available, the power supply can be configured
in a number of series/parallel combinations. Table 2 lists the characteristics of three configurations
of 48 capacitors making up one of the two, identical phases. The values in column 1 correspond
to a configuration with 48 capacitors all in parallel; those in column two, for 24 paralleled groups,
each with two capacitors in series; and those in column three, for 16 paralleled groups of three
capacitors in series. The bank inductance was considered to be negligible, and any added PFN

inductor was assumed to possess a time constant of 5 ms.

Table 2. Capacitor Configurations.

Capacitor Voltage (V) 450 900 1350
C, = C, (mF) 148 37.2 16.5
Total ESR, R, + R,, (mQ) 0416 1.67 3.75

Additionally, the amount of PFN inductance needed to tailor the pulse was varicd in the code and was
done for two cases: with the capacitor equivalent series resistance (ESR) as given in Table 2 and with
the ESR assumed to be zero. The PFN inductance for the 450 V and 1350 V cases was varied from
0.1 ph to 1.0 ph, while the 900 V cases had values in the range of 0.25 ph to 1.15 ph. The
inductance was incremented by 0.05 ph in all cases. Changing the PFN inductance affects the peak
current and pulsc width and may be used to obtain the optimum match to the load. In Figure 4, the
resulting peak current, which varies with PFN inductance in the configurations simulated, is plotted
against the final vclocity. The higher values for peak current are obtained at the lower values of PFN
inductance. Not plotted is the amount of projectile travel. The configuration which best utilizes the
barrel length is the one with the largest capacitance. Howecver, in all cases, the final drive length
under electromagnetic acceleration is less than 585 mm. The same optimum capacitor configuration is
selected whether the ESR is zero or not, however; a zero ESR would further extend the pulse width
and increased projectile drive duration. As the PFN inductance grows, the rail losses, augmenting tum
losses, and residual voltage left on the capacitor are all decreased.
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A second conccrn is the recharge voltage on capacitor C,. The larger the encrgy transferred

to the projectile, the smaller the encrgy that is transferred to the uncharged capacitor C, and, conse-

quently, the greater the time to fully recharge capacitor C, with a current limited recharge supply

Thus, for a charging supply

of given current capacity, projectile performance will always be bought at

the expense of repetition ratc. In Figure S, the recharge voltage (V,) is plotted against the final

velocity for the 450 V capacitor configuration. Both valucs for capacitor ESR arc shown. If the peak

power level for the charging supply is known, the recharge voltage axis in Figurc 5§ can easily be

transformed to fire rate. The resultant energy distribution for a total PFN inductance of 0.25 pH with

the 450 V capacitor configuration is shown in Figure 6. Relatively little gain in projectile performance

is obtained from any further decrease in PFN inductance.
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4. FOUR MODULE EXPERIMENT

Based on the preceding circuit code simulations, the specifications for the power supply are
determined and listed in Table 3.

Table 3. Module Design Parameters.

Capacitor Voltage (V) 450
Phase Capacitance (mF) 37
PFN Inductance per Module (LH) 1.0
PFN Resistance per Module (m2) 0.2
Peak Gun Current (kA) 146
Acceleration Time (us) 589
Projectile Travel (mm) 230
Exit Velocity (m/s) 698

The capacitor bank is comprised of 4 modules, each supplying 25% of the total current. The
SCRs and diodes selected to handle the individual module current are Westinghouse models TA20 and
RA20, respectively. Recent testing indicates no capacitor voltage reversal, and, consequently, the high-
current diodes were replaced with a single lower current model (1N3295). The buswork is fabricated
from 6061-T6, 3-in aluminum channel and 1/4-in bar stock. The main buswork is held together with
1/4-28 tapped inserts into 1-in thick plexiglass.

The charging suppiy consists of two, 100 VA, 120/480 V transformers with full-wave
rectification. The transformer input is controlled by a variable transformer to limit the maximum
charging current. It was found that once the SCRs commutate open for a given phase, the
capacitor never fully discharges to zcro voltage. This residual voltage on the recently discharged
phase presents an EMF, against which the next phase must discharge. Therefore, this voltage
should be nulled before the negative phase discharge is initiated. This was accomplished during the
polarity reversal and recharge times, with mechanical relays. Two snubber circuits (RL and RC)
were added to reduce the noise crcatcd when the charging relay opens. The full schematic for
operation and monitoring of the DC voltage is shown in Figure 7. When the charge relay is
closed, any residual voltage on the previously discharged bank is resistively depleted through the
transformer’s secondary windings and the two 1 ohm resistors in series with the sccondary. The
two 2 ohm, 100 W resistors in serics with the soft dump rclay are for limiting the individual phase
dump currents and conscquently slowly depleting the stored capacitive energy. When the voltage
has decayed to a low lcvel (<50 V), the hard dump can be lowered to fully null any capacitcr

11
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charge voltage. All the relays are low voltage DC controlled to reduce the amount of signal noise.
The sequence of the power supply opcrzition is as follows:

Soft Dump------------ OPEN

Hard Dump------------ OPEN

Set Polarity------------ POSITIVE OR NEGATIVE
Charge--------------=--- CLOSE

Charge Complete

Charge------------====- OPEN

Discharge

After the discharge is completed, the polarity may be reversed and the next phase recharged, or the
soft dump can be lowered and the system brought down.

Initial testing used one module and various load inductances. The energy distribution for the
residual voltage and recharge voltage is plotted against the PFN inductance in Figure 8. The peak
voltage measured after the SCR was only 67% of the initial charge voltage with a 668 nH coil and
89% of the initial charge voltage with a 2.6 pH coil. Increasing the amount of PFN inductance
increases the recharge voltage and dccreases the amount of residual voltage at the expense of
decreasing the peak current. If the voltage is inductively divided between the bank and the load,
the resulting bank inductance is calculated to be 320 nH. The inductance calculated for the
aluminum channel pair is 168 nH. This can be made lowcr by a more judicious placement of the
capacitors and closer spacing between the buswork. The high intemal bank inductance was not

apparent on a previously built small module experiment which used low power semiconductors.

Four coils were constructed from 000 gage stranded wire and wound on a 3-in diameter
cylindrical plexiglass form. Pulse discharge measurements and LRC bridge mcasurements indicate
inductance and resistance values of 1.6 pH and 2.1 mQ for each module’s PFN. These values are
higher than the PFN spccifications listed in Table 3. With the railgun, shorted at the muzzle,
serving as the electrical load, the residual energy on the discharged bank is 16% of the initial
energy; the recharge encrgy is 32% of the initial stored encrgy. The peak voltage drop measured
across the SCR is 15% of the initial charge voltage. A typical current tracc and the circuit code
prediction, both plotted against time for an initial charge voltage of 400 V, arc shown in Figure 9.
The predicted current pulse width undcrestimates the measured pulse width. Electrical characteristics
for the electrolytic capacitors may differ with their charge and discharge rates as well as with
the magnitude of their charge. Furthermore, actual semiconductor specifications may have to be

13
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uscd to predict current waveforms more closely. An electrical network analysis program such as
SPICE' may be required to further minimize differences between measurcments and simulations.

The assembled four module capacitive power supply is visible in the background of
Figure 10. To the right of the supply is a relay rack which houses the pulse and control circuitry
and the 200 VA charging power supply. The 6.35 mm augmented launcher is shown in the
forcground, with the wooden charge control box, which houses the relays, snubber circuits, and
dump resistors, located on the floor undemeath the breech end of the launcher.

The predicted current waveform when the modules drive a 2.5-g, solid aluminum armature is
shown in Figure 11 (top). The initial charge voltage used in the simulation is the pulsed rating for
these capacitors of 500 V. Figure 11 (bottom) also shows the resultant armature velocity plotted
against time. Time-dcpendent models for the augmenting tum inductance and resistance, obtained
from pulse discharge experiments, have been incorporated in the circuit simulation (Zielinski 1989).
However, armature ohmic and frictional heating effects are ignored.

5. CONSIDERATION AS A WEAPONS SYSTEM

While the laboratory apparatus described here is certainly not ready for development into a
weapon, it is worthwhile to project improvements in the various components and cnvision a future
wceapons system based on this concept. In the past, we have attempted to estimate a "system” by
considering each element in the power train as an energy converter having a given conversion
efficiency. Starting from the desired output of the launcher, one may work back through each
clement of the power train and obtain its duty cycle and capacity. Using energy and power density
estimates for existing or proposed components, a crude projection may be obtained for system mass
without actually performing a design study. Our present efforts are directed toward the small
caliber arena, studying the possibilities for vehicle mounted, crew served, automatic weapons.
Typical of conventional weapons in this class is the time-honored M2 machine gun. It is capable
of firing in bursts and achi~ves ncarly 20 kJ of projectile kinetic energy with every shot.
Replacement by an electromagnetic tauncher would be considered unlikely without at least a
doubling in kinetic cnergy of the projectile and at least duplication of the burst firing rate. With
hcavicer, faster, more lethal projectiles, a smaller burst may be acceptable, as will longer times
between bursts.  The starting point for envisioning the future system is then given by the set of
parameters in Table 4.

'SPICE is a product of Micro Slim Corporation.
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Table 4. Envisioned Launcher Parameters.

Mass Stabilized Projectile Mass (g) ' 30

Bore (mm x mm) 14 x 14
Launch Velocity (m/s) 1634
Barrel Length (m) 15

Kinetic Energy (kJ) 40

Burst (rounds) 3@ 10 Hz
Average Rate of Fire (rounds/minute) 138

Even if the gun length, projectile mass, launch velocity, and inductance gradient are fixed,
one is still free within limits to sclect different combinations of capacitance, charge voltage, and
series inductance. The constraining factor is a requirement that the current zero occur just before
the projectile reaches the muzzle. Two systems are offered as examples and are outlined in
Table 5.

Table 5. System A and B Parameters.

Parameters System A’ System 'B’
Voltage (V) 1000 2500
Phase Capacitance (mF) 464 175
Inductance Gradient (WH/m) 0.9 0.9
Peak Current (kA) 457 376
Pcak Acceleration (kgee) 320 215
Peak Bore Pressure (ksi) 70 47
Pcak/Average Acceleration 35 24

The most dramatic difference in the two simulations is in peak currents. The complete
current waveforms for the two systems considered are plotied in time in Figure 11. The peak
acccleration drops by necarly one third as the voltage is increased from 1000 V to 2500 V. This
benefit is not without a burden, however, for the energy storage requirement for System B is more
than twice that for System A.
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The switchgear to deliver the requisite power to the railgun must be sized to handle the
product of the capacitor bank voltage and the peak current delivered to the gun. The switchgear in
the laboratory weighs about 16 kg, which, given no improvement, would set the future system
requirements for switchgear at 24 and 30 kg, the lower voltage system requiring lighter gear. The
storage capacity of both phases of the present laboratory bank is 30 times the kinetic energy output
of the railgun. In the simulations, the low voltage case requires 232 kJ (0.464 F) in each phase of
the capacitor bank while the high voltage case requires 546 kJ (0.175 F) per phase. In the
laboratory device, relatively large losses are seen in the intemnal impedance of the capacitors, a
condition which must be greatly reduced to match the simulations. Present "catalog" capacitors
store cnergy at densitics of about 0.25 kJ/kg, but proven laboratory devices store energy at densities
at least ten times that value. Assuming an energy density of 2.5 kJ/kg, the total mass for the
combined phases of capacitors will be 186 kg and 436 kg for Systems A and B, respectively.

A recharging device must supply a pcak power of either 1.0 MW or 1.35 MW to recharge
the respective systems at the 10 Hz firing rate. During a discharge, the small-capacity System A
charges the second phasc bank to only 50% of the original value during the shot. System B
charges its second phase 10 75% of the original voltage. The chargers must sustain average power
levels of 265 kW and 310 kW for scveral minutes. Fast discharge rotating machines including
recharge switchgear can be designed for pcak power densities of 50 kW/kg or larger, but their duty
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cycles are only a few tenths of a second per minute. The envisioned system requires a charger
with a 25% duty cycle. An average power density of 1 kW/kg would appear t0 be an obtainable
goal for an alternator with a rectifier and charging circuit. This would fix the mass of the
alternator/charger at 265 kg and 310 kg for Systems A and B, respectively. A 400 hp drive engine
is well matched to System A’s gencrator while System B would require a 465 hp engine.
Assuming aircraft turbine power to weight ratios, the System A drive would be about 100 kg and
System B’s would be about 110 kg. An autoloader/injector for eithef system, with 1000 rounds, is
estimated at 70 kg, including a fuel tank which contains enough energy to fire all 1000 rounds.
The masscs of the components for both systems, from fuel to railgun, are listed in Table 6. ‘

The mass penalty associated with reducing the acceleration is significant, but if long guns are
not pcrmitted, some consideration should be given to the larger capacity, higher voltage
configurations. Integrated projectile design considerations are greatly affected by allowable

acceleration limits and consequently peak barrel current.
While the mass for a small caliber weapon may at first appear excessive, the possibilities
exist for even greater improvements in capacitors and solid-state devices in the future. A wide

variety of vehicles exist which can carry a one ton payload.

Table 6. System Weights.

Component Weight (kg) System 'A’ System 'B’
Fuel 60 70
Generator/Rectifier 265 310
Switch Gear 24 30
Capacitors 186 436
Autoloader 70 70
Buswork 74 50
Railgun 60 40
Total (kg) 739 1006

For comparison, the total weight of the laboratory system described in this report is
250 kg. Its kinetic output is 1/40 of the system envisioned above and relics on commercial power
rather than autonomous generation. Further, it is a single-shot device without an autoloader or
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injector. Clearly, the projections presented here are optimistic but are certainly within the limits of
the state of the art in power ‘supply components.

6. CONCLUSION

The original motive for this effort was to construct a laboratory device which could emulate
a compulsator waveform. The power supply we have constmcteﬁ in this study is inexpensive and
performs this task very well, even to the point of offering very rapid pulsing at the expense of
diminishing pulse amplitude. The supply has been tested on a number of loads as well as being
utilized for some of our other pulse power experiments. This power supply is currently being
exploited in our ongoing solid armature/projectile development program. Multishot railgun firings
are planned in the very near future. Other plans include improving the present bank with a
multielement PFN to allow control over the acceleration profile.

The concept of simultaneously recharging a capacitor bank during the firing of a railgun
offers several attractive features. It recovers the magnetic field energy from the railgun bore. This
practice improves efficiency and provides a current zero at the end of the acceleration time. The
current zero is well suited to SCR switches which are able to open at the end of the discharge
cycle. A current zero before projectile exit may be absolutely necessary for small projectiles which
are susceptible to tip-off. Our long range plans include the consideration of this type of power
conditioning for small caliber weapons applications.
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