
Abstract

As technology for hybrid-electric propulsion, electric
weapons and defensive systems are developed for future
electric combat vehicles, pulsed rotating electric machine
technologies can be adapted and evolved to provide the
maximum benefit to these new systems.  A key advantage of
rotating machines is the ability to design for combined
requirements of energy storage and pulsed power. An addi -
tional advantage is the ease with which these machines can
be optimized to service multiple loads.  

Continuous duty alternators can be optimized to provide
prime power energy conversion from the vehicle engine.
This paper, however, will focus on pulsed machines that are
best suited for intermittent and pulsed loads requiring
power in range from 100 kW to several gigawatts and
energy storage levels of a few megajoules to a few hundred
megajoules.  Providing boost power to supplement vehicle
acceleration and to recover braking energy requires a few
hundred kW on a 5 to 25% duty cycle for several hours.  On
the other extreme, firing an electromagnetic gun requires a
few gigawatts on a 0.1% duty cycle for a few minutes.
Loads that fall in between these extremes include elec -
trothermal-chemical guns, active armors, and  directed
energy systems.

Depending on the size and configuration of the vehicle and
the mix of advanced electric power systems to be included,
specialized rotating machines can be designed to maximize
overall vehicle performance. In all cases, driving consider -
ations are (1) compact size of the machine, (2) power con -
version equipment that provides the interface with vehicle
electrical system, and (3) any required auxiliary systems.
The range of machines potentially needed to meet the needs
of future combat vehicles includes iron-core and air-core
compensated pulsed alternators, flywheels with both induc -
tion or permanent magnet energy conversion, and multi-
mode machines that can operate in both pulsed and inter -
mittent duty cycles.  

Introduction

Use of ac rotating machines for driving low impedance
loads in pulsed mode has its beginnings in the electric util-
ity industry for testing of switching hardware designed to
manage certain short circuit fault conditions.  More often

than not, these test machines were merely modified gener-
ators fitted with damper bars to lower impedance suffi-
ciently to allow brief high current pulses needed for the
experiment at hand.  The late 1970's brought continuing
research in fusion power, renewed interest in electromag-
netic guns and other pulsed power users in the high power,
intermittent duty regime.   Likewise, flywheels have been
used to store kinetic energy for many applications over the
years.  In some cases (like utility generators providing tran-
sient fault ride-through capability), the functions of energy
storage and power generation have been combined.  

Development of specialized machines that were optimized
for this type of pulsed duty was needed.  In 1977, the laser
fusion community began looking for an alternative power
source to capacitor banks for driving laser flashlamps.  A
group of researchers at The University of Texas devised an
ac machine with active compensation, which provided a
substantial inductance variation with rotor position.  The
concept was successfully proven in 1979 with a prototype
compulsator driving a bank of flashlamps.  In the mid-
1980's, the electromagnetic gun community began to look
beyond the single shot laboratory power supplies in favor of
something which could satisfy rep-rate capability and even-
tually fit into a mobile platform.  An ac machine, with its
naturally occurring current zero, allows a railgun circuit to
be opened upon projectile exit and thereby provided an
inherent multi-shot energy storage and high rep-rate capa-
bility.  However, since the railgun is a very low impedance
load, the internal impedance of the ac machine must also be
low to obtain reasonable power transfer efficiencies.  Com-
pensation was found to not only provide the low imped-
ance, but is also useful in shaping the output current pulse
into the gun.  While not initially apparent, the latter benefit
has substantial implications on the barrel and launch pack-
age design.

The 1990s have brought significant interest in hybrid-elec-
tric propulsion for both commercial and military vehicles
and a growing population of potential pulsed electric sys-
tems for combat vehicles.  In addition, pulsed rotating
machine technology has continued to mature with the
development of intermittent duty flywheel-generators and
air-core compulsators. Pulsed flywheels constructed of high
strength composites use conventional induction, synchro-
nous, or permanent magnet energy conversion in a variety
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of configurations and are being developed for mobile
hybrid-electric propulsion systems, utility power distribu-
tion, and space power systems applications.  Improvements
in power switching devices and components for pulse form-
ing networks, which are needed to control and condition the
output of these machines, have also continued at a rapid
pace for utility power and variable speed drive applications.  

The developments over the past three decades provide the
fundamental technology basis for application of advanced
rotating machines to the electric combat vehicle applica-
tion.  No other alternatives can provide the combination of
energy and power density offered by these devices.  

Pulsed Rotating Machine Operation

Compulsators, in the most basic form, are essentially con-
ventional alternators to which a compensating winding or
shield in close proximity to the armature winding has been
added.  The effect is a reduction of the internal inductance
of the machine as it produces transient output current
pulses.  The compensating element (shield or winding) is
always located on the same machine component (rotor or
stator) as the field coil, so it can be configured to provide
compensation which varies with rotor position.  There are
three basic methods for establishing the compensation: pas-
sively with a uniform conductive shield; passively with a
shorted winding (also called selective passive); and actively
with a series connected winding.  Variations of these three
types are also attractive in some applications.

In order to achieve an efficient pulsed discharge, the opera-
tional sequence of events is as follows.  First, the excitation
field is established by exciting the field windings.  The field
current can be provided by an external source or by self-
exciting the machine.  Once the field is established and the
armature is developing open circuit voltage, a switch is
used to close the compulsator into the load.  Once the
pulsed discharge is completed, the discharge circuit is
opened and the field circuit is de-excited.  In pulsed opera-
tion into a very low impedance load like a railgun, the rate
of current rise in the circuit is dominated by the internal
impedance (inductance) of the machine.  By compensating
the armature winding inside the alternator, the internal
impedance can be lowered significantly during transient
operation.  As shown in Fig. 1, the mutual inductance
between the armature and the compensating coil plays a
significant role in reducing the terminal impedance of the
machine.  The degree of compensation is often character-
ized by the electromagnetic coupling (k) between the arma-
ture winding and the compensating winding.  The higher
the coupling, the better the armature winding is compen-
sated and the lower will be the transient impedance of the
machine.

Types of Compensation

A passive compulsator uses a uniform conductive shield to
compensate the armature output current.  As armature cur-
rents flow, the image currents induced in the shield keep the

magnetic flux compressed and low machine inductance
results.  Because the shield is uniform, there is no induc-
tance variation with rotor position.  Instead, the armature is
equally compensated in all positions and the internal induc-
tance of the machine remains low throughout the cycle.
Fig. 2 shows the generated voltage and current pulse shape
from a passive compulsator driving an inductive load, such
as a railgun.  When the voltage is positive, the current con-
tinues to rise as the load inductance is charged.  Once the
generated voltage swings to the negative portion of the
cycle, the current begins falling as the inductive energy in
the load is transferred back into the compulsator rotor.
Note that the pulse shape is sinusoidal, and its magnitude
and duration depend on the rotor position at which the pulse
is initiated.  

Another form of passive compensation uses a shorted wind-
ing as compensation.  This configuration was devised
specifically to provide a flat top current waveform into a
railgun.  In this case, the compensating winding is config-
ured with the same number of poles as the armature wind-
ing with each pole shorted.  Fig. 3 shows how the induc-
tance of the armature winding varies with rotor position.
As with the passive compulsator, the magnitude and width
of the current pulse are determined by the rotor position
when the circuit is closed.  By adjusting the axis of the com-
pensating winding relative to that of the field coil, the out-
put pulse shape into a specific load can be varied signifi-
cantly.  For a railgun, a flat pulse shape maximizes piezo-
metric efficiency, and reduces peak current and launch
package acceleration.  For an ETC load, selective passive
compensation can be used to provide an rising current.

Fig. 1.  Effective impedance in a compensated circuit



Fig. 2.  Current pulse shape into an inductive load from a passively compensated machine

Fig. 3.  Current pulse shape into an inductive load from a passively compensated machine



Some applications, including laser flashlamps, require a
more peaked pulse shape for optimum performance.  This
type of waveform can be achieved from a rotating ac
machine through active compensation.  Active compul-
sators also utilize a compensating winding, but place it in
series with the armature winding in the discharge circuit.  

Magnetic Circuit and Operating Mode

As with any rotating electrical machine, compulsators can
be designed with either an iron-core or an air-core magnetic
circuit.  Due to the low ampere-turn requirement for iron
based machines, they tend to be considerably more efficient
than air-core variants.  However, to due the low specific
strength and high density of ferromagnetic materials, the
rotor tip speed and therefore energy density are severely
limited.  Also, operation at or near 1.8 T excitation flux is
basically fixed for iron-core machines.  Optimizing
machines for high energy storage density and high power
density favors air-core machines because tip speeds possi-
ble with low density composite rotor materials and the
capability to operate at higher flux densities.  Air-core
machines, however, must be self-excited and therefore pay
a significant overall efficiency penalty in establishing the
excitation field.  On the other hand, parameters like rotor tip
speed, excitation flux density, and efficiency can be opti-
mized to provide a minimum weight and volume device.

The general operational sequence for an air-core machine is
described graphically in Fig. 4, which depicts compulsator
rotor speed fluctuations during the self-excitation and
pulsed discharge event.  As shown, the self-excitation
process requires a few tens of microseconds during which
time energy from the rotor is used to provide the magnetic
energy in the field plus resistive losses.  The generalized
self-excitation circuit uses a full wave, phase control bridge
rectifier to provide direct current to the field coil and then
invert the field magnetic energy back into the compulsator
rotor after the pulsed discharge.  This circuit is provided in
Fig. 5.  The small capacitor (50 to 100 kJ) is used to provide
an initial seed current in the field coil to begin the process.
Returning to Fig. 4, the pulsed discharge event is typically
a few ms long for most railguns, including inductive energy
recovery from the barrel.  Once the discharge is complete,
the field excitation bridge is operated as an inverter to
recover field coil magnetic energy.

Compulsator Design Considerations

An important topology consideration in compulsator design
is the choice between rotating and stationary field coils.
Iron-based machines (continuous and pulsed) tend to be
rotating field designs.  One advantage of this configuration
is the lower current and therefore smaller brush mecha-
nisms required for the field coil.  In addition, rotating the
field coil eliminates the need to laminate the rotor structure
that allows higher operating speeds.  

The greatly increased excitation requirements in air-core
machines unfortunately tend to make the field coils to large

to support on the rotor.  Consequently, early air-core com-
pulsators were built as stationary field machines.  Recent
concepts to improve overall system efficiency, however,
have focused on minimizing losses in the field circuit by
self-exciting very rapidly.  In this case, the air-core field
coils can be made small enough to allow incorporation onto
the rotor. An additional advantage gained in this topology
also includes reduced machine mass because the heavier
field winding is used to store rotational energy.

Aside from the type of compensation and the magnetic cir-
cuit selected for a given compulsator application, an addi-
tional electrical design consideration is the number of

Fig. 4. Compulsator rotor speed history during a self-excitation,
pulsed discharge, and field energy recovery sequence

Fig. 5.  Compulsator self-excitation circuit



phases to be used.  Early compulsators were all configured
as single-phase machines wherein the required current
pulse was derived from a single voltage cycle as shown pre-
viously in Figs. 2 and 3.  While this approach greatly sim-
plifies output switching requirements, it does mean the out-
put pulse width must be close to the voltage period pro-
vided by the fundamental machine electrical frequency.  In
order to minimize the size of a single-phase machine given
a stored energy requirement, the number of poles must be
minimized to increase rotational speed.  Unfortunately, the
smallest machines are therefore 2-pole configurations that
suffer from a variety of electromagnetic and mechanical
problems, including a requirement for a non-conductive
shaft and bearings.  As discussed previously, the compen-
sating element in single-phase machines can be customized
to provide a wide range of pulse shapes as desired.

Multi-phase compulsators utilize a higher electrical fre-
quency and then rectify the output to provide the required
pulse width.  This effectively eliminates the pulse
width/electrical frequency constraint experienced by sin-
gle-phase machines.  Therefore, the number of poles and
rotor rotational speed can be separately optimized to pro-
vide the desirable features of higher number of pole
machines with high rotor energy density. The primary
tradeoff then becomes one of machine size versus switch-
ing hardware size, mass, and cost.  Another major consid-
eration in the multi-phase system architecture is type of rec-
tifier selected.  A full wave, phase controlled rectifier
allows the greatest pulse shaping capability, but requires
approximately twice the number of switching devices as a
half-wave, phase controlled rectifier because current flows
in each bridge leg at all times.  In either case, quadrature
compensation provides substantial benefits in optimizing
machine impedance for maximum power transfer to the
load and in minimizing transient over-voltages resulting
from rectifier commutation switching events.

History of Development

After the invention of the compulsator in the late 1970's,
researchers at CEM-UTdesigned and built an actively com-
pensated iron-core machine for Lawrence Livermore
National Laboratory. The machine was designed to power
a bank of laser flashlamps and successfully proved the prin-
ciple of operation.  The first compulsator built specifically
for railgun application was for the rapid-fire EM gun sys-
tem.  This was the first attempt to directly drive a railgun
from a rotating machine in rapid fire, multi-shot mode.
Tested in 1987, the machine was configured as a single
phase, passively compensated device with a rotating field.
Due to the low speed (4,800 rpm) rotor, the 2 ms pulse with
was accommodated with a 6-pole machine.  The machine
(referred to as the iron-core compulsator and shown in Fig.
6) was designed to launch 80 g projectiles to 2 km/s and
successfully tested at firing rates up to 60 Hz for 2 shot
bursts and 10 Hz for 3 shot bursts.  While providing the
proof of concept as intended, the iron-core approach was

clearly not adequate for achieving the level of energy den-
sity necessary for eventual mobile applications.

The first air-core compulsator, small caliber compulsator
was designed, built and tested between 1988 and 1993 to
drive a rapid-fire 60 caliber augmented railgun.  It is a sta-
tionary field, passively compensated machine with a 2-pole
electrical configuration.  Due to the 2-pole nature, the com-
posite rotor is built up on a silicon nitride ceramic shaft sup-
ported on ceramic roller bearings.  The significance of the
machine was the demonstration of an air-core compulsator
driving a railgun as predicted by simulation code, and the
first high speed (>20,000 rpm) composite compulsator rotor
built.  Tests results compared with simulation predictions
were within 5% and provided validation of the design
analysis tools developed for air-core machines.  A unique
feature of the small caliber machine is the use of two arma-
ture windings on the rotor.  One provides voltage for self-
excitation and the second is used to provide the main out-
put pulse.  This approach allows optimization of each arma-
ture winding to its specific mission.

A second generation of the small caliber style machine,
however, has been developed under the cannon caliber elec-
tromagnetic gun (CCEMG) program.  The CCEMG com-

Fig. 6. The iron-core compulsator was the first machine built to
directly drive a railgun



pulsator is a 4 pole, stationary field machine designed to
drive a 30 mm round bore equivalent augmented railgun.
This machine (shown in cross-section in Fig. 7) uses a sin-
gle armature winding for both the self-excitation and pulsed
discharge duty. Table 1 provides the general parameters for
several compulsators built and tested to date.

Recently, an advanced multi-phase, model-scale compul-
sator has also been built and tested.  This machine has pro-
vided the proof of concept for continued gains in compul-
sator energy and power density.  Figs. 8 and 9 provide sum-
maries of progress in demonstrated compulsator energy and
power density since the concept was invented in 1978.

Pulsed Electric Combat Vehicle Loads

In order to generate concepts for optimum combat vehicle
rotating machines, a review of the types of loads and the

combinations of those loads for various vehicles is impor-
tant.  Table 2 provides a summary of the potential loads that
can be serviced by a specialized pulsed machine or fly-
wheel-generator.

In the most simplistic case, a flywheel-generator can be
used to support the vehicle acceleration, hill climbing and
braking to allow the vehicle engine to be reduced in size.
This provides increased fuel economy and extended range.
However, in reviewing the energy storage requirements
provided in Table 2, several of the pulsed loads have simi-
lar needs and the concept of a single flywheel to service all
these loads is attractive.  Unfortunately, the voltage, pulse
width, and peak power requirements for ETC ignition,
active armor, and air-defense lasers vary over a wide range
and significantly complicate the design of such a flywheel-
generator.  One solution is to build a dual-mode flywheel-

Fig. 7.  A cross-section view of the CCEMG compulsator

Parameter
Iron Core

Compulsator
Small Caliber Cannon

Caliber

Status Tested Tested Tested

Machine Mass 10,000 kg 750 kg 2,000 kg

Machine Volume 2.1 m3 0.22 m3 0.85 m3

Field Configuration Rotating Stationary Stationary

Rotor Energy Stored 40 MJ 9 MJ 40 MJ

Air Gap Flux Density 1.6 T 2 T 2.5 T

Rotor Tip Speed 200 m/s 500 m/s 450 m/s

Phase Voltage 2 kV 2 kV 4.5 kV

Energy delivered per Shot 450 kJ 135 kJ 530 kJ

Peak power 700 MW 600 MW 1.2 GW

Rotor Speed 4,800 rpm 25,000 rpm 9,000 rpm

Number of poles 6 2 4

Number of phases 1 1 1

Table 1. Compulsator parameters and characteristics

Fig. 8.  Improvement in compulsator peak power density

Fig. 9. Improvement in compulsator energy 
storage density



generator which incorporates two armature windings, one
for low voltage to support mobility needs and a higher volt-
age winding to provide power for the pulsed loads.  Even in
this case, a specialized PFN will be needed to condition the
power from the flywheel-generator for use by the pulsed
loads.  The conceptual design of such a machine has been
completed.  Making use of high strength composites for the
flywheel and permanent magnets for the generator excita-
tion, the dual-mode flywheel has an estimated weight of
700 kg and occupies a volume of less than 0.2 m3.

For vehicle concepts that include EM guns, the energy and
power requirements can only be met with a high speed
pulsed alternator approach like the compulsator. While
compulsator development activities are now approaching
performance levels of interest for future combat vehicles,
the integration of the machine into the electric vehicle sys-
tem architecture must be accomplished.  In order to make
use of the large amount of rotor energy stored in the com-
pulsator for mobility needs and lower energy pulsed loads,
a separate motor-generator can be incorporated into the
machine.  Use of the air-core generator for these loads
would be very inefficient, so this auxiliary motor-generator
would use an iron based topology and would be mounted on
the same shaft as the compulsator rotor.

Rotating Machine Issues

Many of the issues that must be resolved for hybrid electric
drive in combat vehicle are common with those associated
with pulsed rotating machines.  Thermal management, volt-
age safety, reliability, maintainability, electromagnetic
compatibility and fault handling are important issues as
electric combat vehicles are contemplated.  The introduc-
tion of pulsed rotating machines into these vehicles bring
another set of concerns, including shock and gyroscopic
load management, thermal management of high speed

rotors, flywheel safety, and EMI associated with air-core
magnetic circuits.

Use of ceramic roller bearings mounted in custom dampers
provides excellent shock load management in high speed
aircraft engines, and those techniques have been success-
fully applied to compulsators.  These types of bearings are
not lossless, however, and do require lubrication and cool-
ing during operation.  Magnetic bearing systems are matur-
ing rapidly and can essentially eliminate these losses but
cannot manage the shock and gyroscopic load typically
experienced in combat vehicles.  A hybrid bearing system
that uses magnetic levitation for normal operation and
mechanical bearings to handle overload conditions is under
development for several applications and would provide the
advantages of both approaches.

Cooling of high-speed rotors is complicated by the large
pressure rise in either a liquid or gas cooling medium
caused by the magnitude of the centrifugal forces.  Several
concepts currently under investigation look attractive for
moderate levels of heat rejection from high speed rotor
windings.  Combined with adequate thermal capacity in the
rotor windings for several hours of normal operations and
at least one very intense engagement, these techniques can
address the rotor cooling requirement.

Safety of high-speed composite rotors is another issue that
is often raised concerning these machines.  A comprehen-
sive approach for the design, health monitoring, and debris
containment for these types of rotors is under development
for commercial transportation applications of flywheels.
This activity can be leveraged to set design criteria, quality
assurance procedures, and rotor monitoring techniques to
insure against failure during normal operations.  The aspect
of controlling rotor debris resulting from external failure
initiation sources can either be addressed by including
lightweight containment or by protecting the vehicle crew
and other mobility critical functions individually.  Simi-

Table 2.  Pulsed and intermittent loads for future electric combat vehicles

Load
Peak  

Power Voltage
Pulse  
Width

Maximum
Energy
/Event

Events  
Stored

Stored  
Energy  
Req.

Mobility power averaging 0.3 MW  
– 1 MW

0.3 kV
 –1 kV

2 s
 – 30 s

3 MJ

–8 MJ

2- 3 6 MJ
 –16 MJ

ETC ignition 500 MW 5 kV 1 ms
 – 2 ms

125 kJ 10 - 15 2 MJ
– 4 MJ

Active armor 5 GW 5 kV 0.1 ms
 – 0.3 ms

0.5 MJ
– 1 MJ

2 - 3 2 MJ
- 4 MJ

DEW (laser) 20 MW 10 kV 1 s
–2 s

3 MJ 2 8 MJ
– 10 MJ

EM gun  
(cannon caliber)

2 GW 5 kV 1 ms
– 2 ms

500 kJ
– 750 kJ

10 - 15 50 MJ
– 75 MJ

EM gun
(large bore)

10 GW 10 kV 4 ms
– 8 ms

20 MJ
- 30 MJ

5 - 10 200 MJ
– 300 MJ



l a r l y, electromagnetic fields associated with air- c o r e
machines can either be shielded or EMI-sensitive equip-
ment on the vehicle can be protected.

Conclusions

Pulsed rotating machine and flywheel technologies are
currently being developed for a wide variety of applica-
tions and may offer significant advantages to future elec-
tric combat vehicles.  There are at least two rotating
machine configurations which are of interest, and the
selection depends on the types and combinations of pulsed
loads being contemplated for a given vehicle.  Several
issues remain to be addressed before these machines can
be successfully integrated into combat vehicles, but credi-
ble approaches for each of them are currently being pur-
sued.

References

1. W. F. Weldon, M.D. Driga, and H.H. Woodson, "Compen-
sated pulsed alternator," U.S. Patent No. 4,200,831, April
29, 1980

2. W.F. Weldon, M.D. Driga, W. L. Bird, K.M. Tolk, H.H.
Woodson, and H.G. Rylander, "Compulsator -- a high
power compensated pulsed alternator," Second Interna-
tional Conference on Energy Storage, Compression, and
Switching, Venice, Italy, December 5-8, 1978

3. B.M. Carter, B.T. Merritt, and W.L. Gagnon, W.L. Bird,

W.F. Weldon, and R.C. Zowarka, "Driving parallel flash-
lamps with a compensated pulsed alternator,"14th Pulsed
Power Modulator Symposium, Orlando, FL, June 6, 1980

4. M.D. Werst, D.E. Perkins, S.B. Pratap, M.L. Spann, R.F.
Thelen, "Testing of a rapid fire compensated alternator
system," IEEE Trans. on Magn.., vol. 25, No. 1, January
1989

5. M.D. Werst, B.G. Brinkman, M.L. Spann, "Fabrication of
a compensated pulsed alternator for a rapid fire railgun
system," IEEE Trans. on Magn., vol. 22, No. 6, pp 1812-
1816, November 1986

6. J. R. Kitzmiller et al, "Optimization and critical design
issues of the air core compulsator for the cannon caliber
electromagnetic launcher system (CCEMS)," IEEE Trans.
on Magn., vol 32, No. 1, January 1995

7. S.B. Pratap, "Operating modes for compulsator based elec-
tromcagnetic launcher systems," 10th IEEE International
Pulsed Power Conference, Albuquerque, NM, July 10-13,
1995

8. R.F. Thelen, "Field excitation and discharge switching for
air-core compulsators," 10th IEEE International Pulsed
Power Conference, Albuquerque, NM, July 10-13, 1995

9. J.H. Beno, M.D. Werst, R.C. Thompson, S.M. Manifold,
and J. Zierer, “End-of-life design for composite rotors,” in
progress for 10th EML Syposium,  San Franciso, CA,
April 25-28, 2000

10. M.A. Pichot, J.P. Kajs, A. Ouroua, J.H. Beno, and R.J.
Hayes, “Active magnetic bearings for energy storage sys-
tems for combat vehicles,” in progress for 10th EMLSym-
posium, San Franciso, CA, April 25-28, 2000


