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ABSTRACT-Effective integration of compact, air-core, 
compensated pulsed alternators (compulsators) into 
mobile platforms will likely require a lightweight, high
power turbine to motor the compulsator rotor. Self
motoring compulsators using high energy density 
batteries are an alternative, but peak power constraints 
may limit rep-rate in many applications. The U.S. Army 
9 MJ Range Gun [1], a turbine driven compulsator
railgun system scheduled for initial testing in 1992, has 
provided the first opportunity to understand and address 
the issues involved with turbine drives for pulsed rotating 
machines. 

This paper discusses comprehensive packaging issues 
of motoring a compulsator with a turbine drive. Control 
system design is modified from conventional control 
approaches and tailored to the specific needs of the 
compulsator. A hybrid open loop/closed loop approach 
for controlling the speed of an inertial load with low 
bearing losses is presented. Powertrain installation and 
operation issues are also discussed. Design modifications 
to the recommended mounting system to provide a 
lightweight mounting structure and satisfy alignment 
requirements are reviewed. Drivetrain protection from 
high torque transients of a pulsed power discharge with a 
slip clutch is described. Other aspects of packaging 
including material selection of mounting components, air 
filtration and turbine accessories are covered. 

INTRODUCTION 

Driving a compulsator with a turbine presents some unique 
operating conditions not normally encountered in most 
turbine-generator applications. In contrast, a compulsator is 
essentially an inertial load with bearing losses which are low 
when compared to the load provided by the rotor inertia. 
Once at speed, the apparent load seen by the turbine reduces 
drastically to the low level of friction losses in the 
compulsator bearings. The power developed by the turbine 
must be reduced accordingly to prevent an overspeed 
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condition. Combined with this is the pulsed duty cycle 
typical of compulsators. The discharge of the compulsator 
requires only a few milliseconds, and during that time the 
rotor experiences peak angular decelerations of 32,000 
rad/s2. The resulting torques transmitted to the drivetrain 
components are excessive and would cause premature 
component failure, except for the protection provided by an 
integral slip clutch. Finally, in the specific case of the U.S . 
Army 9 MJ Range Gun (Task C), the turbine drive system is 
packaged in a lightweight, compact skid requiring the use of 
lightweight, nonmagnetic materials and novel packaging 
techniques. 

POWER1RA1N DESCRIPTION 

The drivetrain arrangement for the compulsator, as shown 
in Fig. 1, consists of a General Electric (GE) model LMSOO 
gas turbine, a speed increasing gearbox with 1.43 ratio and 
slip clutch driving the compulsator through a driveshaft, 
which is mounted atop the power skid. 

The turbine, rated at 5,000 horsepower, is a twin shaft, 
cold end drive type indicating that the power turbine shaft 
rotates independently of the gas generator/compressor shaft 
and that thermal growth occurs on the hot, non-drive end. 
The first 6 stator stages of the 14 stage compressor are 
variable. This variable stator vane geometry is useful in 
managing adverse air inlet and operating conditions. 

The slip clutch isolates the powertrain from the 
compulsator and prevents the gearbox and turbine from 
experiencing the rapid decelerations during discharge, which 
could cause premature failure of gearbox and turbine 
components. The slip clutch is a multidisc, wet type which is 
hydraulically actuated and cooled. The clutch is a custom 
manufacture and is rated to 4,900 ft-lb at 10,000 rpm , 
although, these two values should never coexist in this 
application. The torque setting is adjustable and 
approximately 200 psi actuation pressure is needed to 
provide the 4,900 ft-lb torque setting. The friction discs and 
clutch plates are bathed in oil to aid in heat removal and the 
discs are grooved to allow oilflow across the slip interface, 
exactly where heat is generated. 
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Fig. 1. Task C chive train 

POWER1RAIN INSTALLATION 

Powertrain installation design was driven by Task C 
contract requirements. Weight budget requirements dictated 
the use of lightweight materials wherever possible and 
resulted in building a skid of aluminum construction. 
Materials used for mounting the turbine were changed from 
magnetic alloy steels to stainless steels to minimize magnetic 
coupling to the compulsator and be non-corrosive. Mounting 
component geometry, especially the front mount, were 
adapted to the specific needs of the Task C application. 

In a typical installation, a turbine is hard connected to the 
gearbox, if one is required, and the hinged joint to allow 
alignment flexibility occurs between gearbox and load. This 
arrangement accomplishes many things. First, the loads and 
forces induced by the flexing coupling are borne by the more 
robust and slower rotating gearbox output shaft bearings (in 
the typical case employing a speed reducing gearbox). 
Conversely, the rigid connection between the turbine and 
gearbox limits the amount of coupling flexing required to 
maintain alignment thus reducing the forces seen by the 
lighter and higher speed (therefore higher frequency) 
bearings in the output shaft of the turbine and the input shaft 
of the gearbox. Secondly, it allows the turbine and gearbox 
to be a subassembly which is aligned as a whole to the driven 
load. The Task C application, however, employs a speed 
increasing gearbox, causing the output transmission to be the 
more critical. 

Consequently, in the Task C application, the turbine to 
gearbox interface is hinged to allow flexibility on the skid 
between turbine and gearbox. This arrangement is preferable 
for several reasons. During installation, difficulty is 
anticipated with aligning the power skid to the compulsator. 
Since the turbine is hinged to the gearbox, the gearbox can be 
aligned exactly to the compulsator and is fitted with 

adjustable mounting feet that provide all six degrees of 
freedom in order to accomplish this. As a result, mounting 
the skid is greatly simplified. Also, the compulsator drive 
coupling should remain aligned more accurately during 
operation reducing the stress experienced during discharge. 
Unfortunately, the drive coupling is not isolated from the 
high decelerations resulting from a discharge. Finally, since 
the gearbox is speed increasing, flexing occurs on the low 
speed side. One concern of this approach is the manner in 
which the rear turbine mount is completed. This is 
necessarily the last mount to be connected and therefore is 
affected by all previous adjustments. Special shims may be 
needed to properly align the turbine to the gearbox. Another 
concern is the modifications needed for the front turbine 
mounting system to provide the hinged joint between the 
gearbox and turbine. 

The design of the rear mount was not changed 
geometrically, rather only a material and small dimensional 
change were made. 17-4 PH (precipitation hardening) 
stainless steel was substituted for a high alloy steel. This 
stainless alloy possessed the range of strength required with 
proper heat treatment and at least equal fatigue strength. 
Further, 17-4 PH has an elevated operating temperature range 
needed due to the proximity to the turbine hot section, is only 
slightly magnetic, and is non-corrosive. The rear mount is 
still comprised of two links connected to a clevis and base. 
The links are connected on either end with spherical bearings 
allowing the hot (rear) section of the turbine to grow 
thermally. To regain the recommended stiffness of the link 
due to the lower flexural modulus of 17-4 PH, the link 
diameter was increased by the flexural modulus ratio of the 
alloy steel to 17-4. 

In order to allow installation and alignment of the turbine
gearbox drive coupling, it was necessary to leave access from 
above to drop the coupling in. Although it is not a radical 



departure from a typical one piece, rigid, truncated cone 
geometry, the two part structure provides equivalent support 
Fig. 2 shows that the front mount is made up of two halves, 
the turbine side being a modified cone while the gearbox half 
is comprised of two 1-beam structures. The two halves are 
connected using spherical bearings that allow rotation only in 
a vertical plane. Additional vertical support is provided by 
struts that connect near the spherical bearing housings. A top 
cover that fastens onto the 1-bearn half restores some of the 
torsional support and serves as a coupling guard. 

Due to the lightweight nature of the skid and the use of 
sheet aluminum for its structure, a subframe was required to 
reinforce strength and stiffness of the skid underneath · the 
turbine. Fig. 3 shows the fabricated aluminum 1-beam 
assemblies for the front and rear turbine mounts that are tied 
together with an aluminum angle space frame to complete the 
subframe. Analysis was conducted to insure that the 
subframe alone possessed the required vertical, lateral, and 
horizontal stiffnesses for each mount as well as sufficient 
strength for turbine failure scenarios described by the 
General Electric Company [2]. 

CON1ROL SYSTEM, INS1RUMENT A TION 

For speed control, advantage is taken of the sequential 
logic capability of the programmable logic controller (PLC) 
to simplify speed control. The open-loop control during 
acceleration simply sets a nominal torque (i.e., fuel) schedule 
until the compulsator speed is detected to be within 5% of 
desired setpoint. Fault monitoring in the PLC logic 
determines if the change in compulsator speed is responsive 
within bounds during this period. As the set speed is 
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approached, the proportional-integral-derivative (PID) 
calculating routine is employed for gradual approach. The 
compulsator spins within a vacuum and uses hydrostatic 
bearings, so real power loss in the drive train is relatively 
low. The output of the turbine, therefore, can be seen as a 
transfer of energy from fuel storage to rotor kinetic storage. 
This rotor kinetic energy store is the source for conversion 
during a compulsator discharge. Tachometer pick-ups are 
employed on the power turbine section and on the gearbox 
output so that clutch slippage may be detected by a change in 
the ratio of these two. 

In the event of an overspeed of the compulsator, an option 
is to flame out the LM500 turbine by simply cutting fuel. 
The hazard of this type of shutdown is that turbine cooling 
from the outside may cause the stator to seize the rotor blades 
due to differential thermal expansion. The PLC can control 
this situation by turning off the case cooling air blower and 
motoring the gas generator section via the hydraulic starter 
motor. This should maintain interior through put of cooling 
air while minimizing the cooling rate of the exterior. 

OPERATION 

Two modes of operation are planned for during testing. 
Initially, during commissioning, a single shot mode will be 
used, in which compulsator rpm will be increased gradually 
to full speed. This would entail simply motoring to speed, 
discharging, and bringing the system to shutdown. Later, a 
multishot or salvo mode will be employed. The two share 
similar motoring periods but differ once at speed and 
subsequently. 
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Fig. 2. Turbine front mO\mt detail 
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Fig. 3. Skid with subfrarne under drive train 

The major sequence of events during single shots include 
initial motoring to set speed, discharge, and coastdown. 
Motoring to set speed takes place as described in the controls 
section and presents no extreme demands on the turbine or 
control system. An open loop subroutine is employed while 
motoring to 95% set speed The fuel valve is positioned to a 
preset value to achieve a nominal rate of acceleration. 
Compulsator rpm falls out using this approach. During this 
time all normal turbine parameters are monitored along with 
compulsator parameters. Any out of range or abnormal 
signal can effect a normal shutdown. Once within the 5% set 
point window, control changes to the PID subroutine, 
described in the controls section, to control compulsator rpm 
precisely. Once at speed, the turbine power is reduced to idle 
setting. However, as the load is essentially inertial, the only 
significant loss mechanism is bearing friction, which is 
proportional to the square of the rpm and is approximately 
800 horsepower at full speed (8,600 rpm). At lower speeds 
and during shutdown, idle horsepower for the LM500 
exceeds these losses, presenting several control difficulties. 
First, dwelling at set speed is not allowed, since compulsator 
rpm will slowly increase in most cases. Normally this is the 
time that all other systems are checked for status before 
proceeding with discharge. Therefore, systems status must 
be determined while motoring. Cutting fuel to the turbine 
addresses this, but is not normally advisable due to the 
thermal shock and decreased turbine life that would occur. 
Secondly, after discharge the compulsator coasts to rest. The 
turbine at normal idle horsepower spins the rotor at 
approximately 8,000 rpm. This and the fact that the clutch 
can not be disengaged at high speeds forced two changes to 
be made to normal operation to allow coastdown while 
limiting, if not eliminating, potential damage to the turbine. 

As described above, action can be taken to assure turbine 
cooling occurs from inside out. These two changes allow the 
fuel to be cut completely and the turbine to flame out. 
Mother option that may be used is energizing the backup 
bearing pumps to increase the load seen by the LM500 and 
extract more energy from the compulsator rotor. A final 
option to bring the rotor to rest is partially exciting the field 
coil, converting rotor stored energy to electrical losses, which 
will be absorbed by the field coil circuit. In practice, the 
relative merits of all three approaches will be examined. 

Operating the compulsator in the salvo mode includes two 
more main sequences over the single shot mode. 
Regeneration and remotoring occur immediately after 
discharge. While motoring to speed is no different than in 
the single shot mode, differences begin at set speed. In the 
salvo mode, the turbine power does not need to be throttled 
back as the compulsator must restore energy in 20 s. 
However, due to the small overspeed criteria for the 
compulsator rotor, 1/2% of full speed, the PID speed control 
reduces power very near set speed. The gas generator drops 
to 13,000 rpm from approximately 16,500 rpm. Immediately 
after discharge, the gas generator must be reaccelerated to 
16,500 rpm to develop full horsepower and remotor the 
compulsator within the required performance of one shot per 
20 s. This transient can potentially induce stall or a flameout 
or cause overpressures and backfires in the turbine. The 
potential for these adverse events are mitigated through the 
use of the variable stator vane geometry. Additionally, a 
minimum of 1.8 s are needed to take the gas generator from 
13,000 to 16,500 rpm, which accordingly shortens 
remotoring time, placing higher horsepower demands on the 
turbine. 



The first stage of remotoring is regeneration, in which the 
compulsator is electrically self motored taking advantage of 
the stored energy in the field coil. Regeneration actually 
begins during discharge and accelerates the rotor 900 rpm in 
0.7 s. Regeneration causes the rotor to change from being a 
load of inertia plus discharge to self motoring. This takes 
place when the turbine gas generator is reaccelerating to 
develop horsepower. These circumstances caused concern 
that the gearbox would unload and experience a torque 
reversal. Then as the turbine came to power the gears would 
slam back together potentially causing damage to the teeth. 
A calculation of power and accelerations revealed that this 
indeed would not happen, due in part to the large inertia of 
the compulsator rotor. The small inertia of the drivetrain 
even with a few hundred horsepower will accelerate much 
faster than the compulsator rotor during regeneration. The 
turbine then takes over and completes the remotoring to set 
speed, operating at 4,500 peak horsepower. After the last 
discharge the turbine shuts down the same as in a single shot 
and the system comes to rest. 

CONCLUSION 

Issues of a gas turbine prime power drive for a 
compulsator/railgun system have been examined. 
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Recommended installation and control methods have been 
modified slightly to adapt them to the specific needs of 
compulsator operation. The turbine package is assembled 
and is undergoing system checkouts. 
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