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FLYWHEEL-POWERED SHUTTLE CAR

By John R. Bartels,! William D. Mayercheck,? and Jon A. Hummer®

ABSTRACT

This U.S. Bureau of Mines report describes the development, system by system evaluation, and
preliminary surface testing of a flywheel-powered shuttle car (FPSC). The use of a self-contained
flywheel-power source has the potential to eliminate the numerous safety and routing problems asso-
ciated with tethered mobile equipment. An alternative to conventional power cable systems was devel-
oped consisting of the world’s first seven-rotor stacked flywheel system capable of storing 6 kW-h of
energy at 16,700 rpm. Numerous interdependent systems were necessary for successful interfacing with
a conventional shuttle car. Each of these systems was evaluated and tested individually. Finally, the
entire shuttle car was surface tested. The tests indicated that the flywheel energy system can function
and operate a shuttle car. The economics of the system and the design of required support systems
were not addressed in the project

!Civil engineer, Pittsburgh Research Center, U.S. Bureau of Mines, Pittsburgh, PA.
2Supervisory physical scientist, Pittsburgh Research Center.
3Electrical engineer, Schneider Services, Pittsburgh, PA.



INTRODUCTION

The trailing cable constitutes a major drawback to shut-
tle car safety and productivity. To avoid tangled or dama-
ged cables, each shuttle car must have a dedicated route.
Naturally, there are only a few entries available for these
routes in the mine. The cables are often a source of elec-
trical accidents, and the tensioning system often causes
injuries. Production delays are also caused by cable main-
tenance and handling. The FPSC has the potential to be
safer and more efficient than conventional shuttle cars
because of the elimination of the trailing cable. The FPSC
is not restricted to using the same forward and return
path, thus allowing more than two shuttle cars to operate
in a section. Computer simulations have indicated that
this technology would achieve a lower cost per short ton
and higher rate of return than other coal haulage vehicles
powered by conventional electric motors.*

Trailing cable restrictions can be eliminated by a self-
contained power source on the shuttle car. However, the
more conventional means of providing power, such as the
internal combustion engine, is not permissible in some
States due to the closed environment. Flywheel power is
especially suited for use in hazardous areas because it
eliminates the need for an electrical trailing cable.

The potential use of a FPSC permits the use of a num-
ber of such cars in a section to improve productivity and
increase safety while freeing the car from restraints inher-
ent with use of the trailing cable.

4General Electric Co. Bvaluation of a Flywheel-Powered Shuttle Car
(Dep. Energy contract ET77C01-8890), Aug. 1978, 128 pp.

The Pennsylvania State University-U.S. Bureau of
Mines (PSU-USBM) computer simulation model was then
used to determine the effects of various bottom conditions
and seam thicknesses on the energy requirements for the
flywheel. The results of the simulation and the calcu-
lations from the mine data were reviewed, and it was
determined that the flywheel design should be based on
4.5 kW-h of usable energy. This represented a balance
between the high values obtained with the computer simu-
lation of requirements in high coal with bad bottom and
the low values from the actual mine tests. This power
requirement was to perform a duty cycle with a tram
distance of 550 ft from the face to the dump site on a
+3 pct grade with a rolling resistance of 200 1b/st.

The FPSC (fig. 1) was designed and iabricated by the
Engineered Systems & Development (ESD) Corp., San
Jose, CA under a Bureau contract.” The flywheel module
chosen to meet this energy requirement and still fit within
the limited space available on a standard shuttle car was
a compact seven-rotor module (fig. 2). This module is
capable of storing a total of 6,000 W-h of energy at
16,700 rpm with 4,500 W-h of usable energy, which per-
mits the car to complete the duty cycle with 700 W-h of
energy in reserve (fig. 3). Specifications for the flywheel-
power system are detailed in table 1. Table 2 is a com-
parison of the FPSC with other haulage equipment in its
class.

SChristofferson, D. Fiywheel-Powered Shuttle Car (contract
30333911, Engineered Systems & Development Corp.) BuMines OFR
96-86, 1986, 173 pp.; NTIS PB 87-119079.

Figure 1.—Flywheel-powered shuttle car.



Table 1.—Flywheel-powered shuttle car' specifications

Shuttle car:
Weight (empty), with flywheel drive package ... .. Ib .. 30,000
Length ... .ot i e e e ft .. 24
Height, in:
Frame .. .......cciiiiiiiii i 345
TOP'Of CANOPY: e sm e s mims oo 5 56 6am b o6 50
Minimum working height with canopy ............. 56
WIARN & e 5im 50 o S0 508 B S BT 005 e B8 B G B in.. 1125
Conveyor:
WAAD . o 5655 5 0w €5 SR R TR 5 5m o miem Bk o 0 2 m in.. 56
OPOBT ;s v s i sve ave mw e E W e w R W A S B W A R rpm 64
Capacity, ft*
LOVBI sossvsmuvnmsenassmemsm s @amswsmiNg L85 HiA 186
With 6-in sideboards .......................... 272
Maximum tram speed? . ... ................. mph.. 42
Tires:
SIZO i isurmininiEi RN E TSR E IR TR S a i 10 by
15
Load rating (each) ..............cv v Ib.. 16,000
Ground Clearance .., 4« v v wviwsms wamwemp e mesems o8 in.. 75
Wheelbase ..............oiiiiineininnnnn. in.. 98
Boom, in:
Extension . ... 41
Clearance:
TN v 8 5 5 o 15 im0 8 5 0 a6 g 6 st e 05 i 35.25
DOWIN 15 55 515: 5 57 9300 & 1 g 658 00 0 6 0 0008 0 08 55 0 6§08 8 00 10.25
Turning radius, in:
INSIdE s ismwrmenmsmmesmaememswesimsmem mm @Iy 109
Outside . ...... ..t i e 257
Motor (250 V dc) rating, hp:

Figure 2.—Seven-rotor configuration. Traction (2) .. ...t e 15
Chaln cONVeYOr w:msaswsmiasmesimimsms mimossise 15
Hydraulic: puimp .o xiwowsmamsmsswsmenswrswonoms 15

Energy, kW-h:
Maximum gross storage at 16,700rpm . ............. 6
Net usable (16,700-12,800 rpM) ... ........0vveue.n 45
Flywheel drive weight, excluding onboard charge
SYBIBM L L ittt e Ib.. 3250
Onboard charge motor (480 V ac) rating .. ....... hp-.. 300
Dl‘”y cyc'e Lube-cooling system rate at 230 psi ........... gpm .. 346
3’800 Weh Vacuum pump pressure in flywheel housing, psia:
MINIMUMN o wswimsssmensmpnei s mememimems s 0.2
Maximum . ........ . e 0.02
Power generator from flywheel rotor . .......... Vde.. 270
Fiywheel, in:
Reserve Rotor (7) diameter ... .. .cissssvsinimsmins supnvs 23
700 Weh Housing:
(5,101 [ | B E N A P F S RO 275
LBAGH o momsafsmsmewsmomamsmws s sraes s oo mes 45
Drive space envelope:
WIAtN ssucosmememsmumoms e s oo 9 6w 0w 5@ ams 28
Height . ....... ... .. i, 34
bongth :vucssssmsnvniwiminimsn s gsmad o mys g 76
'FMC model 6L.

Figure 3.—Duty cycle. 2with silicon-controlied rectifiers.



Table 2.—Comparison of various face haulage vehicles

__Energy, kW-h Total Payload Total
Manufacturer and model Stored Duty onboard (water level) weight
cycle hp # st empty, b
FMC 6L-56:

Flywheel powered . .. ... 60 38 60 186 5.1 130,000
Electric trailing cable . ... 6.0 3.8 60 186 5.1 24,000
FMCG6L48 .......cou0un NAp NAp 60 160 4.4 22,000
Joy 188C-13 ........... NAp 3.95 55 190 5.2 26,000

National Mine Service Co:
T-20 Torkar ........... NAp 2.07 45 154 4.2 23,000
MC36-S12%............ NAp NAp 100 194 5.3 28,000
Jeffrey 404L RAMCAR? . . . . 70 NAp 50 134 3.6 27,000
Kersey 16-S ............ 70 NAp 40 110 3.0 32,000

NAp Not applicable.

lincludes onboard 300-hp, 480-V ac charge motor and gearbox (2,750 Ib total).

?Battery powered.

DESCRIPTION OF FLYWHEEL-POWERED SHUTTLE CAR

The FPSC is a conventional FMC? model 6L shuttle car
retrofitted with a flywheel-power package. The flywheel-
power package is located in the area previously occupied
by the cable reel. The shuttle car has a 6-st haulage

SReference to specific products does not imply endorsement by the
U.S. Bureau of Mines.

Flywheel
acceleration
transmission

Oil pump —!

Oil reservoir -

Brake ring

Rotor assembly

capacity and a 15-st gross vehicle weight. A solid-state
starter is connected to a 300-hp charging motor, charging
the flywheel to 16,700 rpm. Energy for shuttle car op-
eration is extracted from the flywheel via a 270-V dc
generator. Figure 4 is a detailed illustration of the fly-
wheel package with components.

Vacuum pump

Air circulation
fan

Out put generator

Figure 4.—Flywheel module.



FLYWHEEL CHARGE MOTOR

Figure 5 shows the charge motor mounted on the
shuttle car. The charge motor is rated at 300 hp (nomi-
nal) and is a three-phase, 460-V, 60-Hz, alternating cur-
rent (ac) squirrel cage induction motor. Figure 6 defines
the motor characteristics.

The mine-permissible induction motor was specified to
meet the required duty cycle, i.e., spin up from 12,800 to
16,700 rpm in less than 60 s on the duty cycle once every
6 min. The specified duty cycle represents an average con-
dition compatible with duty cycle measurements taken
from in-mine measurements and computer simulation.
The charge motor is critical to the successful operation of
the flywheel-powered system because for mining appli-
cations a fast recharge time is required for the mine
production cycle. The charge motor would not be mount-
ed on the machine for in-mine application and is only
mounted on the machine for proof of concept evaluation.

Figure 5.—Charge motor.

3 T [ T ] T T I T
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g ! —— Torque S N
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Figure 6.—Motor characteristics.

SOLID-STATE STARTER

A solid-state starter provides soft start capability for the
charge motor (class 15-30657 starter). The starter causes
an altered torque-speed curve, for lower shockload and
prevention of excessive charge motor heat generation. The
starter allows the charge motor to more readily interface
the high inertial force of spinning the flywheel up to speed
from a dead stop condition.

The solid-state starter contains a number of silicon-
controlled rectifiers (SCR), which switch the incoming
480-V electrical lines at synchronized intervals during the
60-Hz voltage alternations. By advancing or delaying the
triggering points, more or less power can be applied to the
charge motor. When charging the flywheel, it is desirable
to start the motor with a minimum of voltage and to
increase gradually the amount as the flywheel accelerates.
Figure 7 shows the solid-state starter.

The following adjustments are available on the starter:

1. Current Limit - Determines the maximum current
draw that the charge motor is permitted. The reduced
current capability prevents the motor from imposing ex-
cessive output torque.

2. Current Trip - Turns off the starter and lights a red
indicator when a running overload has occurred. A 40-s
time delay after the start command enables the motor to
come up to speed before the trip becomes active. The trip
can be set between 75 and 150 pct of the motor’s full-load
current rating.

Figure 7.—Solid-state starter.



3. Ramp Time - This system selects the rate of linear

voltage increase until full-line voltage is reached. A cur-
rent limit override may extend the ramp time. The control
is adjustable from 1 to 30 s.

4. Initial Voltage - This system sets the initial voltage
to a level that enables the motor to exceed breakaway
torque when it is just started. The adjustment can vary the
initial voltage from 0 to 50 pct of line voltage.

SYSTEM GEARING

The flywheel charge motor is connected to the flywheel
package through two separate gearboxes, which match the
charge motor speed with the desired rotor speed. The
charge motor synchronous speed is 1,800 rpm. The fly-
wheel fully charged speed is 16,700 rpm. A low-speed
gearbox is coupled to the charge motor and a high-speed
gearbox connected to the rotor package.

The low-speed gearbox is a chain-driven gearing system,
which accomplishes the first speed increase through a
transfer case at the charge motor output shaft. Figure 8
shows the transfer case and is identified as the low-speed
gearbox. The transfer case steps the 1,800 rpm charge
motor synchronous speed to 5,000 rpm. The output of this
gearbox is coupled to the high-speed gearbox by a gear
coupling (fig. 9) custom designed for the flywheel-powered
system.

The high-speed gearbox provides a speed increase from
5,000 to 16,700 rpm for the flywheel. An auxiliary pump
output shaft is incorporated in the gearbox for driving the
flywheel-powered system and the hydraulic pump. This
stage provides a speed reduction from 16,700 to 3,142 rpm.

A paramount design feature of the gearbox is the incor-
poration of an overrunning clutch on the flywheel input
drive shaft of the gearbox. This clutch disengages the

Figure 8. —Low-speed gearbox.

charge motor and low-speed gearbox from the flywheel
rotor when it is up to speed (16,700 rpm). The auxiliary
drive remains coupled to the rotating flywheel and pro-
vides power to the system hydraulic lubrication pump.

FLYWHEEL ROTOR SYSTEM

The flywheel system fits in a 34 by 28 in cross-sectional
compartment normally occupied by the shuttle car cable
reel. It is designed to deliver 4.5 kW-h of usable energy
and a total energy storage capability of 6.22 kW-h at
16,700 rpm. The flywheel module assembly is 27 in. in
diam and 43.5 in long. The module consists of a cylin-
drical outer case with end plates and load bearing sub-
assemblies at each end. A 23-in diam, seven-disk flywheel
rotor is mounted horizontally within the case. Each disk
weighs 741.8 Ib for an approximate rotor weight of
5,193 Ib. The rotor is surrounded by a braking ring and is
supported by bearings at each end. Carbon-face shaft
seals are located between the rotor chamber and the oil
lubricated bearings. These seals provide for the appli-
cation of a vacuum within the rotor case.

Safety with regard to rotor containment was a primary
design factor of the flywheel module. At full speed, the
flywheel would have considerable energy that, if suddenly
released, would cause significant damage. The rotor is de-
signed to prevent explosive failure. Figure 10 shows the
mechanical-fuse concept built-into-each of the-seven-rotor
discs. If the rotor contacts the case with significant force,
then the rim will break around the neck area and contact
the stationary braking ring attached to the flywheel case
and stop the rim. The rotor hub would retain sufficient
balance and come to a stop without major damage.

A constant-stress principle was used to design the ro-
tating disks, which is based on the physical characteristic

Figure 9.—Gear location In car.



that the stored emergy in any element of the disk is
proportional to the stress in the element. It follows that
to achieve maximum energy storage, every element in the
flywheel should be equally stressed to its maximum usable
limit. The classical formula for a thickness of constant
stress in a rotating disk is

Y = YBI'C —uw 2/20‘

where Y the thickness at radius r, in,

Y, = thickness at the axis, in,
u = material density, Ib/in%
w = angular velocity, rpm/s,
r = distance from the axis, in,
e = natural log,
and o = stress, psi.

Geometrical development of this formula results in a
shape of gradually decreasing thickness that theoretically
approaches zero as the radius approaches infinity.

It was recognized that a safer flywheel could be
developed by some modification of the constant-stress
shape. A reduced section near the outer rim combined
with an enlarged rim shown in figure 10 results in a de-
fined zone of increased stress. Because the high-stress
zone is near the outer rim of the flywheel, failure of the
disk causes the rim to breakaway reducing stress levels
throughout the disk and prevents a far more dangerous
failure.

The next principle adapted from existing technology was
a method of attaching the hub without using center holes
shown in figure 11. This reduces the stress by as much as
a factor of 2 over a disk with a center hole. The flywheel
disks are an optimization of the basic principles of
constant-stress and hub attachments, designed using com-
puter assisted finite element analysis and selection of high
quality material.

Reduced cross section
forms mechanical fuse

\ Flywheel
A

Neck

Figure 10.—Mechanical fuse.

FLYWHEEL LUBRICATION AND
HYDRAULIC SYSTEMS

The flywheel module requires lubrication for the
bearings and operation of the vacuum pump and cooling
fan. Figure 12 shows a schematic of the lubrication system
on the flywheel module. The working fluid is automatic
transmission fluid. The choice of lubricant was quite
critical. Viscosity has a strong effect on bearing and gear
life and the damping effect of the special squeeze film
bearings used to prevent shaft dynamic problems. The oil
should not age for several years at 1,200° to 1,500° F and
vapor pressure must be under 0.02 psia (1 torr) to prevent
overloading of the vacuum pump.

VACUUM AND WINDAGE

To minimize air turbulence affects on the seven-rotor
flywheel assembly, the flywheel housing must be kept at a
partial vacuum. The vacuum pump is driven via a hydrau-
lic motor and evacuates the rotor case te 0.2 psia (10 torr)
or below, which is the point at which air turbulence can
start to affect rotor performance. The vacuum pump ad-
jacent to the flywheel package will evacuate 300 L/min.
This will evacuate the housing to 0.2 psia (10 torr) in
4.5 min and reach and maintain 0.02 psia (1 torr) in 7 min.

Mechanical Outer Braking
fastenings casing Rotor ring

AT IITI TTI T TTNTHTTERIETITNENTNTATTTNNTINTININTTATTINETINTY N

ATTITTRAT TR T AR SAMALANIA N IR

— — o — —
L LEHITHHHETHLELE L E I HE AT E S ELHLLHLL LA L LR LR LR LR R AR R

Figure 11.—Rotor connections.
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Figure 12.—Hydraulic system. All diameters are in inches.

The housing must make a vacuum tight container.
Stresses due to the vacuum are very low because of the
amount of metal required by rotor containment. However,
the ends of the container must be convex to reduce deflec-
tions caused by the vacuum.

ROTOR CONTAINMENT

At full speed, flywheel rotors contain a considerable
amount of energy (21.6 J), the sudden release of which
could result if a failure occurs. Thus, for safety reasons,
a rotor containment system is needed. The rotor system
used is shaped so that an explosive failure is almost im-
possible; instead, the rotor rim will break around the neck
area and contact an internal breaking ring which will stop
it. The breaking ring and housing are designed to contain
the fragments should this occur.

Another type of failure which could occur is the
"dropped rotor case", which occurs as a result of shaft or
bearing failure, including loss of lubrication. In this case,
the rotor rubs the braking ring at very high speeds and will
be stopped by friction without developing excessive force.

The total energy to be absorbed would be 6 kW-h or less
and is designed to be absorbed by the 2,400 Ib of steel in
the containment housing.

DIRECT CURRENT GENERATOR

The generator selected to convert the flywheel inertial
energy into usable electrical energy was a compact power
generator designed for efficiency at the operating speeds
of the flywheel rotors. This allowed the generator to be
directly attached to the flywheel, eliminating the gear
losses that would be anticipated otherwise. The purpose
of the generator system is to supply 270-V dc power to
the shuttle car’s normal electrical circuitry up to a limit
of 45 kW with an operating range of 8,500 to 16,700 rpm.
The generator is a wound-rotor, nonsalient pole, synchro-
nous, brushless generator. It has an integral ac exciter,
rotating rectifiers, permanent magnet generator, and a
double-bridge rectifier system with interphase transformer
to convert the ac generator’s output to dc. Excitation for
control of the generator’s output voltage is supplied to
the rotating field of the main generator by the ac exciter



through the exciter rectifiers. The permanent magnet gen-
erator (PMG) furnishes the power for the exciter and sys-
tem control functions.

The generator package is mechanically connected to the
flywheel that spins from 0 to 16,700 rpm, but is operable
only between 7,500 and 16,700 rpm. The generator output
can be enabled or disabled depending on whether or not
the excitation field is energized, and also on the amount of
excitation. This control feature facilitates output voltage
regulation, current regulation, and emergency shutdown
should a condition arise on the car that is potentially det-
rimental to the generator system.

GENERATOR CONTROL UNIT

Control of the entire generator system is delegated
to the generator control unit (GCU) as shown in figure 13.
The GCU monitors vital generator parameters from
which it adjusts to the exciter field current for regula-
tion purposes. The GCU also monitors areas of potential
faults that result in generator action shutdown. The GCU
provides outputs that are interfaced to the ESD-supplied
operator’s monitoring station. This station warns of pos-
sible problems before a shutdown of the generator is
required by the GCU. The monitoring station allows the

Figure 13.—Generator control unit.

shuttle car operator time to correct a problem before
power to the car is lost. If delivered power is shutoff by
the GCU, then the operator can ascertain why the shut-
down occurred via the monitoring station read outs. Once
the generator system is up to speed, power is supplied by
the generator to run the normal shuttle car functions until
the flywheel system has to be recharged.

SURFACE TESTING

TEST PROGRAM OVERVIEW

The objectives of the surface testing were to verify the
capability of the flywheel energy storage package to power
the shuttle car over a nominal coal mine face haulage duty
cycle and to evaluate the shuttle car’s worthiness for an
underground demonstration. The FPSC as received at a
Bureau facility had never operated successfully. A test
plan was generated to address the unresolved problems
and the requirements document objectives. The test plan
took an extremely cautious approach because the major
system components were prototype devices that could not
be replaced.

STARTER VERIFICATION TESTS

Tests were designed to determine the operating char-
acteristics of the solid-state starter before energizing the
shuttle car’s 300-hp charge motor. The objectives were to
become familiar with operation of the solid-state starter,
install instruments that would remain in use as the test
program progressed, and to determine the calibration of
the starter adjustments. Each of the starter parameters
was evaluated (current limit, current trip, ramp time, and
initial voltage). Appendix A documents the results of the

starter verification tests. It was determined that the cal-
ibration of the starter adjustments was sufficient to permit
successful operation of the equipment.

CHARGE MOTOR VERIFICATION TESTS

The next sequence of testing involved the evaluation of
the charge motor interfaced to the solid-state starter. The
intermediate drive shaft between the low-speed transfer
case and the high-speed gearbox was removed. Removal
of this shaft enabled the charge motor and low-speed
transfer case to be operated without powering the
flywheel. Appendix B contains the details of the tests
conducted. The charge motor, starter, and transfer case
operated as expected. Proper rotation and speed of the
motor and transfer case were verified (counterclockwise
when looking at the shaft end at 1,800 rpm).

However, a significant visible wobble was observed in
the Morse transfer case. This wobble was considered
detrimental to the system operation. Through testing
reported in appendix B, it was determined that resonance
frequencies of the transfer case were being created by
vibration of the bull and pinion shaft caused by misalign-
ment and unbalance shaft forces. A stiffener was added
between the charge motor housing and the transfer case.
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The stiffener not only increased transfer case natural fre-
quencies, but aided in maintaining alignment. Additional
system stiffness would be obtained with the addition of
the gear coupling between the low- and high-speed
gearboxes. Vibration levels would be monitored through-
out the course of the test program.

FLYWHEEL LUBRICATION TESTS

A method was devised to power the flywheel lubrication
system without rolling over the flywheel. This method re-
quired removal of the flywheel package from the shuttle
car. Details of the test apparatus, procedures, and results
are included in appendix C.

The flywheel lubrication system requires precise flow
and pressure for lubrication of bearings and other mechan-
ical components. The vacuum pump and cooling fan are
also driven by the lubrication system.

Initial testing of the lubrication system revealed several
problems. The system reservoir was contaminated, and
the access cover was poorly designed. The reservoir was
cleaned and the access cover modified (see appendix C).
The hydraulic pump was installed with the pressure and
return ports reversed. Initial activation of the pump
resulted in no flow. This nonflow condition would have
resulted in a major disaster if this error had not been de-
tected and the flywheel was rotating. Upon replumbing
the pump and activation of the lube system, a major leak
was found in the generator. This leak was the result of
collapsed seals in the generator. If this leak would have
occurred while operating the flywheel, then a major
mechanical problem would have developed due to lack of
lubrication. The lube system has a 7-gal reservoir and
the 17-gpm pump would have depleted the fluid supply
quickly. Subsequent operation of the system with repairs
and modifications confirmed proper operation of the
system.

An anomaly was noted in the hydraulically driven
vacuum pump system. Without initial vacuum in the
flywheel housing, the vacuum pump and lubrication system
operated as expected. However, when the lubrication
system was operated with an initial vacuum in the flywheel
housing, the vacuum pump was locked up due to the high
torque requirements imposed by the flywheel vacuum on
the vacuum pump drive. This situation caused a change in
the ilow characteristics of the lubrication system (see
appendix C), and was remedied by installing a bleed valve
in the flywheel housing. This valve allowed the flywheel
housing vacuum to bleed off prior to energizing the
lubrication system.

GENERATOR CONTROL CIRCUITRY
CONTINUITY TESTS

This circuitry contains the GCU relays that indicate
generator status in the event of a fault and related support
circuitry. The circuitry can be divided into four groups:

the 28-V dc system, the 5-V dc system, the 15-V dc sys-
tem, and the GCU.

The 28-V dc system is powered by the GCU and the
PMG. The circuit contains the relay that enables the main
contractor to apply power to the normal car functions.
This part of the circuitry also contains the battery circuit
that supplies instrumentation and indicator circuitry power
during flywheel charging.

The 5-V dc supply is powered by the 28-V dc system.
This system contains the fault-indicating relays and asso-
ciated readout devices located in the operator’s station.
This system directly interfaces with the GCU’s fault detect
circuitry.

The 15-V dc system is powered from the 5-V dc supply.
The function of this system is to supply operating powei to
the instrumentation amplifiers, monitoring rotor speed, oil
pressure, oil and case temperatures, generator amps, and
volts.

The GCU is powered by the PMG and is interfaced to
the stock shuttle car electrical system (fig. 14). The func-
tion of the GCU is to provide control for the main gener-
ator and to detect fault conditions. The GCU contains
electronic circuits that perform the following functions.

1. Rectify PMG output for use in field excitation of the
main generator and supply power for control and fauit de-
tect electronics.

2. Monitor generator voltage, current, and alter field
excitation as required.

3. Monitor voltage, current, temperature, and ground
integrity, and shutdown generator action should values ex-
ceed preset limits.

Phase 1 of circuitry testing was accomplished or a
point-to-point basis using an ohmmeter to verify that the
circuitry was connected as designed. A discrepancy was
found in the 28-V dc system. The return for the 28-V dc
supply of the power relay was not connected in the main
contactor case. TD1, which is the time delay module for
the battery powered relay, was not installed. Spare TD
units were tested, and one was installed to verify circuit
operation. All other systems were operationaily correct
according to schematics.

Phase 2 of testing iuvolved the application of power to
the circuitry components. With the application of power,
various fault conditions were simulated to ensure the
circuitry performed as intended. The following fault con-
ditions were simulated: ground fault, overvoltage, over-
current, generator overtemperature warning, and genera-
tor overtemperature trip.

The 28-, 5-, and 15-V dc systems showed all relays
operating properly when fault conditions were simulated as
originating in the GCU. The GCU can only be checked
out with a three-phase power simulator. Appendix D des-
cribes the apparatus, procedure, and test results for the
tests conducted on the GCU. The GCU unit failed the
first time it was powered up and was modified and re-
paired in-house. After repair, it functioned properly.
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Figure 14.—Generator control unit and permanent magnet generator.

SPIN UP OF FLYWHEEL WITHOUT GENERATOR

The first spin up of the flywheel assembly was per-
formed without the generator attached. The flywheel
package without the generator was fully instrumented and
assembled on the shuttle car. Through testing it was
determined that a current limit of 850 to 900 A was re-
quired to spin the flywheel up to full speed. Details of the
testing and analysis are included in appendix E. This
testing showed that the lubrication system and vacuum
systems all functioned within acceptable limits. It was
determined that there are at least two flywheel critical
speeds at 4,800 and 10,680 rpm, and the squeeze film
dampers provide adequate damping of the flywheel rotor
vibration for normal duty cycle operation.

Charge time required to spin the flywheel up from 0 to
16,700 rpm was 5 min 1 s. Coast-down time to 8,400 rpm
was on average 30 min 20 s. Recharge time from 8,400 to
16,700 rpm was 1 min 44 s. Total time to coast down
from 16,700 to 0 rpm was 89 min 35 s.

The charge motor is marginal with regard to internal
winding temperature. The charge motor has nearly
reached temperature limit when the system reaches full
speed. The cool-down period is dependent on ambient air

temperature. If cool down does not occur to a significant
degree during the shuttle car duty cycle operation, the
motor will overheat during the recharge cycle of 8,500 rpm
to 16,700 rpm. This temperature problem could be re-
solved by using a different class-duty cycle motor better
matched to the flywheel package charge requirements.

Sound level measurements were obtained 3 ft from the
side of the flywheel housing while the flywheel was at
16,700 rpm. A reading of 100 dB was measured. The
covers were not installed when this measurement was
taken, and when installed, the level will decrease.

These tests constituted the first major milestone in the
testing and evaluation of the FPSC. The flywheel was suc-
cessfully brought up to full speed. Preparations for a
flywheel spin up with the generator were immediately
implemented.

SPIN UP OF FLYWHEEL WITH GENERATOR AND
RESISTIVE LOAD BANK TESTS

The next sequence in the test program involved resis-
tive load testing of the generator when spun up to full
speed. This testing represented another major milestone
in the test program. All flywheel package systems would
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be operational, except for the final interface of the gen-
erator to the shuttle car power control circuitry. A re-
sistive load bank circuit was designed and installed in the
shuttle car conveyor. Figure 15 shows the resistive load
bank installation in the shuttle car conveyor. Appendix F
contains details of the test apparatus and test results, All
flywheel systems functioned within operating limits. Test
results indicate that the flywheel power package should
provide sufficient power to complete the theoretically pro-
posed duty cycles. However, it does not appear that there
will be the reserve energy originally expected until a more
efficient electric system is assembled. Appendix F shows
the development of an empirical equation for determining
flywheel speed change due to the load applied at the gen-
erator output.

FLYWHEEL POWER PACKAGE INTERFACED TO
SHUTTLE CAR POWER CONTROL CIRCUITRY

This test involved the interface of the output power
leads of the generator to the shuttle car. The objective
of the testing was to verify operation of the shuttle car
via power supplied by the flywheel power package. The
flywheel was brought up to 16,700 rpm via the charging
system. The generator was activated, and the lighting sys-
tem turned on successfully. The electric motor driving the
shuttle car hydraulics was then activated. Portions of the
GCU circuitry failed immediately. This phase of the test
program was aborted, and an investigation of the failure
was initiated along with repair of the damaged electronic
circuitry.

The shuttle car is designed with large values of capac-
itance and inductance of sufficient charge to filter line
variations in typical mine power centers. Approximate
values are 1,000 pF per 500 V dc capacitance and 12 uH

Figure 15.—Reslstive load bank.

inductance. These devices require large instantaneous
amounts of power to initialize or charge them. Testing,
using the 270-V dc power center interfaced to the machine
after the failure, showed an instantaneous current reading
of approximately 400-A dc when the main line contactors
are closed.

Review of the frequency modulation (FM) tape re-
corded data for the test showed that portions of the GCU
error regulation circuitry may have failed or been inop-
erative prior to the test. The generator began a run away
sequence until the overvoltage circuit disabled field excit-
ation and all outputs went to zero. Appendix G contains
the results of the failure analysis conducted.

Problems were traced to the generator control system’s
lag time in response to apparent loads. This lag time is
due to the required charge time of the excitor field once
the control electronics have interpreted an increase in the
load. The electronics cause an overshoot of the generator
output when a transient load condition analogous to the
pump activation is encountered. This overshoot also oc-
curs when a load is released because there must be a dis-
sipation of the excitor field power before the generator
output can come into compliance with the load demands.
The shuttle car power circuitry also caused transient volt-
age spikes detrimental to the generator control electronics.
It was also apparent that the inherent waveforms gener-
ated by the SCR chopper system for traction motor speed
control, when coupled to the response time of the GCU,
could cause a resonant oscillation in the control circuitry
of the GCU. This resonance would have an adverse effect
on system stability.

From the resistive load test data it was determined that
the overshoot phenomena observed when engaging or dis-
engaging loads was diminished when there was an initial
static load attached to the output of the generator. The
5-kW resistive load bank would be utilized to maintain the
static load condition. The capacitors and inductors, which
provided filtering, would be removed to eliminate the tran-
sient caused by these devices. The SCR traction motor
speed control would be replaced with a simplified con-
tactor speed control circuitry available from an identical
shuttle car. Resistors would be added in series with the
traction motors so that transients associated with motor
activation would be limited to 125 A dc. The total instan-
taneous power requirement of the shuttle car would be
limited to 45 kW. Finally, since problems were encoun-
tered with the operator’s station monitoring panel, ihe
panel and signal conditioning was disconnected from the
GCU circuitry.

On 5 August 1987, the FPSC trammed 10 ft under fly-
wheel power. The machine could not be trammed further
due to the instrumentation umbilical attached to mon-
itoring electronic instrumentation. On 20 August 1987,
provisions were completed for mounting and powering of



all electronic hardware on the shuttle car. The shuttle car
successfully trammed over 800 ft under flywheel power.
Appendix G contains details of the test, data obtained,
and test results.

These tests have proven the shuttle car can be oper-
ated under flywheel power. There were no gyroscopic ef-
fects due to the flywheel rotation detrimental to the
steerage of the shuttle car. The major drawback noted
was that the maximum obtainable tram speed was ap-
proximately 1.2 mph. This speed had a detrimental effect
on the ability of the shuttle car to complete duty cycle
requirements. The duty cycle proposed in appendix F calls
for 4-mph tram speed empty and 2.7-mph tram speed
loaded. The generator can deliver the necessary power,
but the current generator to shuttle car interface was
inadequate. Optimization of this dynamic interface re-
quired additional engineering investigation and testing.

13

The FPSC was retrofitted with a solid-state control
circuit that increased efficiency by 33 pct. A new interface
was designed to compensate for generator-control system
lag time in response to apparent loads, which had caused
generator problems when initializing the system. The use
of a solid-state traction drive system also allowed variable
control of the tram circuit replacing the on-off type of
operation that was previously on the machine. Results
from surface testing indicate that the solid-state circuitry
will increase the tram rate from 1 to 4 mph.

The FPSC was surface tested in a mockup path that
simulated an underground duty cycle carrying a full load
of coal. Results from surface testing indicate that an av-
erage speed of 3.5 mph was achieved, thereby making the
FPSC competitive with conventional shuttle cars with trail-
ing cables and satisfying the original design specifications.

CONCLUSIONS

The shuttle car, as originally configured with regard to
the generator and shuttle car power interface, could not
fulfill mine duty cycle requirements. The electrical config-
uration currently installed took a fail-safe approach to this
most important interface. This approach was successful
and proved that the shuttle car could be operated via a fly-
wheel power system. There were no gyroscopic effects on
the vehicle handling from the flywheel rotor.

To accomplish the duty cycle simulation phase of the
test program, the generator to shuttle car power interface
needed to be optimized. This optimization required addi-
tional engineering and testing to ensure the shuttle car can
complete a mine duty haulage cycle.

The FPSC was retrofitted with a modified solid-state
control circuit and interface circuit between the control
circuit and the GCU. These system changes increased the
efficiency by 33 pct. In addition, the solid-state circuitry
allowed variable control of the tram circuit, which replaced
the on-off type operation that was previously on the
machine. Results from the surface testing indicate that the
solid-state circuitry will increase the tram rate by 1 to
4 mph, thereby satisfying the original design specifications.
The tinal surface test was the completion of a typical mis-
sion duty cycle with a typical load of coal. The shuttle car
was able to complete the duty cycle at an average speed of
3.5 mph, thereby making it competitive with conventional
shuttle cars with trailing cables.

The FPSC was designed and fabricated to increase
productivity in underground coal mines by determining if

flywheel power technology, applied to shuttle cars, could
provide a reasonable alternative to the conventional shuttle
car powered by an electric trailing cable. This alternative
to conventional power cable systems consists of the world’s
first seven-rotor stacked flywheel system capable of storing
6 kW-h of energy at 16,700 rpm. The FPSC was designed
on the chassis of a standard shuttle car and has the ca-
pacity to complete one duty cycle on one charging of the
flywheel.

The surface tests have proven that the flywheel energy
system can function and operate the shuttle car. Gyro-
scopic effects were insignificant with regard to vehicle
steerability. The newly designed interface between the
generator and the solid-state traction drive system has
been successfully surface tested. Results indicate that the
original design specification of 3.5 mph (see appendix G
for averages) has been achieved which permits the FPSC
to complete a typical duty cycle underground before
recharging. No economic studies of such a system were
included in the project.

A remote charging station is being designed with finite
clement analysis that will analyze the dynamic loading
interface between the charging station and the FPSC. The
remote charging station will reduce vehicle weight and per-
mit the use of a more efficient charge motor. The most
promising concept has the shuttle car being recharged
while discharging coal at the section belt by an automatic
docking mechanism, which locks onto the FPSC and spins
the flywheel up to 16,700 rpm.
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APPENDIX A.—STARTER VERIFICATION TEST

Setup and Instrumentation

To verify operation of a solid-state starter, the unit was
connected to a chain conveyor system which provided a
suitable load.

The voltage, current, and power supplied to the con-
veyor motor was measured at the starter output terminals.
A two-element watts transducer measured total motor
power. A voltage transducer monitored line to line voltage
and a current transducer detected phase current. Current
and potential transformers were selected to enable the
transducers to operate within their measurement range.
Each transducer produced a 1-V full-scale analog signal,
which was recorded on a strip chart.

Test Procedure

Each of the starter parameters was adjusted to vari-
ous settings throughout their ranges, while all other con-
trols remained fixed. The following are the four starter
adjustments.

1. Current Limit - Determines the maximum current
draw that the motor is permitted. The reduced current ca-
pability prevents the motor from imposing excessive output
torque. This control is adjustable from 75 to 300 pct of
the motor’s full-load current rating.

2. Current Trip - Turns off the starter and lights a red
indicator when a running overload has occurred. A 40-s
time delay after the start command enables the motor to
come up to speed before the trip becomes active. The trip
can be set between 75 and 150 pct of the motor’s full-load
current rating.

3. Ramp Time - Selects the rate of linear voltage in-
crease until full-line voltage is reached. A current limit
override may extend the ramp time. The control is adjust-
able from 1 to 30 s.

4. Initial Voltage - Sets the initial voltage to a level that
enables the motor to exceed breakaway torque when it is
first started. The adjustment can vary the initial voltage
from 0 to 50 pct of line voltage.

A start was initiated and the strip chart recorded the
voltage, current, and power until the motor reached a
steady-state condition. Figure A-1 shows a typical starting
event. The peak current, ramp time, and initial voltage
were determined for each start.

Results

A total of 11 starts were made at various control
settings. Table A-1 shows a reduction of the data taken
from the strip chart and observations made during the
tests. Trials 1 to 3 determine the accuracy of the ramp
time adjustment, and trials 4 to 6 check the response to
the initial voltage adjustment.

Figure A-2 illustrates the calibration of the ramp time,
current limit, and initial voltage controls. The dashed line
represents the calibration expected as described in the
starter operator’s manual.

Based on the results of these operational checks, the
following conclusions can be made:

1. The calibration of the starter adjustments is suf-
ficiently consistent with the operator’s manual description
to permit successful operation of the equipment.

2. The initial voltage is affected by changes in the ramp
time and current limit. Therefore it should be set last.

3. An oscillation in motor torque of approximately
2.2 Hz was observed just before the motor reached full
speed. This may be related to the mechanical load charac-
teristics of the conveyor system.

4, A current trip condition could not be duplicated with
this test setup.

Table A-1.—Data from solid-state tests

Current  Current Ramp Initial Peak Ramp Initial
Trial limit trip time voltage motor  Indication time, voltage, Comments
setting, sefting, setting, setting, current, of trip s Vac
A A s Vac A
{ imimsesanininin 872 315 21.3 55 540  None . 25 103 None.
D oimumsas 0s imanin 872 315 30 55 ls20  ..do. .. 32 71 Do.
G mrmimiEs i imEg 872 315 1 55 590 ..do. .. 3 309 Do.
B spiEiEaA Sk 1,200 315 1 55 960 ..do. . 431 Do.
By 1 i 300 315 1 55 200 ..do?. e 185  Motor failed to accelerate.
B b 8055505 e A 570 315 1 55 400 ..do. 37 252  Motor slow to accelerte.
7 A T T 570 300 1 55 400 ..do. .. 14 252 Do.
8 i 1,200 300 30 55 'sso  ..do. .. 33 103 Motor turned after 2.1 s.
9 i 1,200 300 30 0 Is14 ..do. .. 30 0  Motor turned after 4.6 s.
10 o 1,200 300 30 234 716 ..do. .. 25 354  Motor turned immediately.
Mo, 1,200 300 30 96 Isp2  ..do. .. 32 148 Do.

ICurrent did not reach saturation.
20ver-current condition was not held long enough for trip.
3Ramp time was extended by current limit.
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APPENDIX B.—CHARGE MOTOR VERIFICATION TEST

Setup and Instrumentation

To verify operation of the solid-state starter and charge
motor, the same measurement circuit described in appee-
dix A was used. Voltage, current, and power were meas-
ured at the same test points used in the charge motor
verification testing. The intermediate drive shaft between
the low-speed transfer case and the high-speed gearbox
was removed to isolate the charge motor from the flywheel
package. A magnetic pickup (fig. B-1) was installed on the
low-speed shaft of the transfer case to sense charge motor
speed. The pickup would generate a one pulse per revolu-
tion signal, which was connected to a frequency counter to
give a speed readout. Additionally, three accelerometers
were used to monitor vibration of the charge motor and
transfer case (fig. B-2).

Test Procedure

The 300-hp charge motor was electrically connected to
the solid-state starter. All instrumentation systems were
activated, and the start button was engaged on the solid-
state starter. The motor was allowed to come up to full

Figure B-1.—Magnetic pickup.

speed of 1,800 rpm, and remained at that speed until the
stop button on the solid-state starter was activated. The
motor and transfer case would then coast down to a stop.
This procedure was repeated several times with the
accelerometers mounted at different locations on the
charge motor and transfer case.

Results

The loads imposed on the charge motor with the inter-
mediate drive shaft removed were insufficient for eval-
uating motor and starter characteristics. Proper rotation
and speed of the charge motor were verified (counter-
clockwise when looking at the shaft end at 1,800 rpm).

A significant visible wobble was observed in the Morse
transfer case when the motor was operating. Spectrum
analysis of the tape recorded accelerometer data was un-
dertaken to evaluate the cause of the vibration, since it
could be detrimental to the flywheel package hardware.

International Standards Organization (ISO) standard
3945 was used as a guideline for vibration severity
judgement. A severity criteria of 0.25 in/s and greater was
chosen as the unacceptable range because the standard

Figure B-2.—Accelerometer placement.



establishes this level as being unsatisfactory for hard and
soft supported gearcases.

Peak hold spectrum plots were generated using a spec-
trum analyzer for acceleration measurements at various
locations on the charge motor and transfer case. The peak
hold mode of operation records the highest value for
any frequency while the analyzer is operational. Since
these spectrum plots were generated while the machinery
coasted down from full speed condition to zero speed, a
continuous record of running speed frequency and ampli-
tude was generated. Figure B-3 is a typical peak hold
acceleration plot generated for the transfer case in the
axial direction. Table B-1 tabulates those frequencies that
are theoretically associated with the rotating shaft com-
ponents at full running speed. Typically, rotating shaft
unbalance vibration is characterized by increasing vibra-
tion amplitude with increased running speed frequency by
the following force equation,

F = MRW

where F = force, M = unbalanced mass, R = radius of
mass unbalance from center of shaft rotation, and W =
running speed, radians per second.

Table B-1.—Running speed frequency components

Speed, Harmonics, Hz
rem Base X2 X3 X4 X5 X6

Associated hardware

Charge motor .. ... 1,800 30 60 90 120 150 180
Morse transfer case:

Slow-speed shaft . . 1,800 30 60 90 120 150 180
High-speed shaft .. 5,000 83 166 249 332 415 498

NOTE: Multiplication factors show the frequencies that were
monitored.
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Figure B-3.—Axial direction, top of transfer case, coast down
peak hold acceleration.
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To distinguish between vibration due to shaft unbalance
and structural resonances of the transfer case, rap tests
were conducted on the transfer case. A rap test simply in-
volves rapping the structure with a hammer and measuring
the response with an accelerometer. Figure B-4 is a typi-
cal spectrum plot generated by rap testing. The frequen-
cies shown in these plots represent the natural frequencies
of the transfer case. Table B-2 tabulates these natural
frequencies. Table B-3 tabulates those frequencies in the
transfer case which exceed the 0.25 in/s severity criteria.
The data indicate that the bull and pinion shafts of the
transfer case are exciting the transfer case structural reso-
nances via unbalance or misalignment shaft induced forces.

Table B-2.—Transfer case structural resonance
frequencies, Hertz

Sampling location .. 1 2 3 4 5i 6
Axial ............ 20 44 84 112 170 268
Lateral ........... 39 46 74 98 106 157
Radial :wcwowsvees 16 39 46 73 ND ND
ND No data.

NOTE: Designations 1 through 6 represents the major peak
frequencies.

Table B-3.—Tabulated frequencies exceeding 0.25 in/s
during coast down

Frequencies!
1 2 3 4 5 6

Location and direction

Top transfer case:

Lateral s wiwswsmemes 30 56 70 83 86 ND
il soassr@imemen 30 48 56 80 83 86
Radial ............ 30 70 80 83 ND ND
Lower transfer case:
Lateral cs:ssmsmimss 30 70 83 ND ND ND
Aial acnsnininina 22 30 60 83 86 ND
Radial ............ 30 46 74 83 ND ND
ND No data.
peak frequencies.
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Figure B-4.—Axlal direction, bottom of transfer case, rap test.
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It was known that the stiffness of the transfer case
would be altered when the intermediate drive shaft be-
tween the low-speed gearbox and high-speed gearbox was
installed. This shaft installation would cause the transfer
case resonant frequencies to increase, hopefully, out of the
running speed frequency range of the rotating shafts.

As a precaution to increase case stiffness and maintain
shaft alignment, a stiffener was added between the charge
motor housing and the transfer case. Figure B-5 shows
the stiffener. Great care will be taken to check alignment
in all directions when the intermediate drive shaft is
installed. This stiffness modification and alignment pre-
cautions should reduce transfer case vibration when
coupled to the flywheel package. The visible wobble was
eliminated with the stiffener added. Acceleration meas-
urements were monitored during the flywheel spin up tests
and no notable problems were observed.

Figure B-5.--Stiffener.
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APPENDIX C.—FLYWHEEL LUBRICATION TEST

Setup and Instrumentation

To verify operation of flywheel lubrication system, a test
was conducted with the hydraulic system disconnected
from the flywheel package. The hydraulic lubrication
pump on the flywheel package is powered through the
high-speed gearbox. This gearbox also interfaces the
flywheel and normally turns simultaneously with the lu-
brication pump when the input shaft to the gearbox is
rotated. The quill shaft interfacing the flywheel was re-
moved so that the input shaft of the gearbox could be
powered without rolling over the flywheel. With this shaft
removed, the pump and lubrication system could be oper-
ated by supplying power to the input shaft of the gearbox.
Figure C-1 is a detailed drawing of the gearbox. A belt
and pulley system was devised to transfer power to the
gearbox input shaft at 5,000 rpm using a 1,800-rpm electric

Flywheel input shaft

/—Overrunning clutch

Pump drive for system
hydraulics

Input shaft
charge motar

Figure C-1.—High-speed gearbox.

Figure C-2.—Hardware setup.

motor. Figure C-2 shows the hardware configuration for
powering the gearbox lubrication system.

Test Procedure

The first task undertaken regarding the lubrication
system was to drain and clean the reservoir. Inspection of
the reservoir revealed that a hole had been cut in the top
to gain access. Duct tape was used to secure the cover.
Since contamination of the lubrication system could result
with this hardware, a new cover plate was fabricated.
Figure C-3 shows the new reservoir and cover plate. The
reservoir housing was drilled and threaded to accept sheet
metal screws. A silicon gasket material was used between
the cover plate and reservoir housing.

The next task undertaken was to remove the quill shaft
from the high-speed gearbox and install the pulley drive
system for power input to drive the lubrication pump. A
pressure gauge was installed to monitor system pressure,
and a vacuum gauge to monitor the flywheel housing
vacuum. Turbine flow meters were installed in three lo-
cations of the hydraulic circuit. Power was turned on in
order to drive the electric motor, and system parameters
were evaluated, the flows and pressures are shown in the
lube schematic.

Results

When power was initially turned on to drive the gear-
box, no flow was generated by the pump. It was discover-
ed that the lubrication pump was installed with the suction
and pressure ports reversed. This problem was corrected,
and the lubrication system was again energized. A sub-
stantial oil leak was observed in the generator housing.

Figure C-3.—Modified hydraulic reservoir.
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Figure C-4 shows where the oil leak occurred. Transmis-
sion fluid was leaking from the power discharge leads of
the generator. Inspection revealed that the internal seals
of the generator had collapsed and needed replacing. The
generator was removed, and a Plexiglas acrylic plastic
cover plate was installed on that end of the flywheel
housing. This cover allowed further testing of the lube
system while the generator was being repaired.

The lubrication system was replumbed, bypassing the
generator circuit so that the system could be operated. A
flow control valve was used to simulate flow characteristics
of the generator. With the motor pulley system driviag the
hydraulic pump at 3,100 rpm, system relief pressure was
adjusted to 230 psi and the flow control valve was adjusted
to allow 4.6 gpm. With these pressure and flow adjust-
ments, a 6.7 gpm bearing flow was verified. Subsequent
operation of the system indicated no other leaks were
present and that the fan motor and vacuum system would
operate.

The generator was installed back into the test fixture
after repair to verify proper flow through the generator
circuit. Initial operation of the system showed that the
return line coupled to the generator drainline was causing
back flow through the generator drain port and flooding
the bell housing of the generator enclosure. It was deter-
mined that the drain connection to the return line was not
necessary since very little fluid was coming out of the drain
port. Furthermore, the drain port only provided escape
for any minimal leakage around the o-ring seals of the
housing plate adaptor. With the drain port open to at-
mosphere operation of the lube system, the generator
produced the required 4.6 gpm flow rate.

Figure C-4.—Oll leak.

An anomaly in the vacuum system was observed dur-
ing lubrication testing. Initially, without vacuum in the
flywheel housing, the hydraulic pump driving the vacuum
pump would operate continuously and draw a vacuum.
When the lubrication system was de-energized and re-
energized with a vacuum in the flywheel housing, the
hydraulic motor driving the vacuum pump would stall
because of the differential pressure across the vacuum
pump. This stalling caused system pressure to increase,
and caused the flow to the generator branch of the circuit
to decrease. If the vacuum was bled before energizing, the
vacuum pump operated properly. This situation would be
resolved by manually releasing the vacuum, and could be
automated at a later time.



APPENDIX D.—GENERATOR CONTROL UNIT TEST

Setup and Instrumentation

The GCU monitors and adjusts key parameters of the
270-V dc generator unit. These parameters are generator
output voltage, current, temperature, and ground system
integrity. The purpose of this testing was to ensure opera-
tion of the GCU independent of the actual generator. The
test required simulation of all inputs to the GCU from the
generator unit and external sensing devices.

The first requirement of the GCU was power. This is
normally accomplished by the PMG section of the genera-
tor package. The PMG supplies the GCU with a three-
phase (ac) voltage that is rectified internally by the GCU
to power the necessary electronic circuitry. To simulate
the PMG for this test, a three-phase, variable autotrans-
former was incorporated into the circuit. Also contained
in this circuit were a (dc) power supply used in place of
the standby batteries and the high voltage dc power supply
that would simulate the main generator output.

Results

The GCU was supplied with power, and the internal
power supplies operated normally for 5§ min. The output

of the internal power supplies went to zero, which indi-
cated circuitry failure. At the same time, there was failure
of one of the panel meters that indicated oil pressure lo-
cated in the operator’s station. Bench inspection of the
GCU showed that the output voltage regulators had failed.

The failed components were the 15- and 28-V dc volt-
age regulators (fig. 14). The hybrid switching regulator
(Q1), also failed and was designed to keep the input lev-
els within acceptable levels over a wide range of supply
voltages. The regulating function is basically accomplished
by a pulse width modulator contained in the circuitry.
Replacement components were installed. The GCU was
powered up on the bench and allowed to run idle for
approximately 4 h, while circuit checks were being made
and documented.

The GCU was then reinstalled in the FPSC and pow-
ered up. The unit was allowed to run the machines’ elec-
tronic systems in the idle mode without any problems.
The systems functioning for this test were the internal
electronic monitors, controls, and the external machine
instrumentation installed by ESD Corp. The GCU opera-
tion now appeared normal.
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APPENDIX E.—FLYWHEEL SPIN UP WITHOUT GENERATOR

Test Setup and Instrumentation

The objective of these tests was to become familiar with
charging the flywheel up to full speed using all systems,
except for the generator. The generator would be includ-
ed in the next sequence of the test plan and removed the
potential of damaging the prototype in the event of other
system failures. This test sequence called for extensive
instrumentation for measuring system parameters from
which rapid engineering judgments could be made.

The flywheel package was installed on the shuttle car
. without the generator. A Plexiglass acrylic plastic plate
and a flow control valve were used to accommodate this
test without the generator (refer to appendix C). Twenty-
six system parameters were instrumented for monitoring,
These parameters would be used to evaluate the operating
state of the system. A computerized, solid-state program-
mable controller was used to monitor and trigger alarms
at preset levels. The user program interprets the input
based in user instructions and either energizes or de-
energizes output devices. Figure E-1 is a wiring schematic
of the input and output parameters monitored and con-
trolled by the processor. The indicated transducers were
preconditioned with appropriate amplifiers and frequency-
to-analog converters.

Using an industrial terminal supplied with a data acqui-
sition system, a status report on lubrication, temperature,
or vibration parameters could be displayed. Table E-1
tabulates the preset levels at which the program activated
a horn and flashing light whenever any of the parameters
exceeded the preset levels in minimum or maximum ac-
ceptable levels. This computer control system reduced a
cumbersome amount of data channels into an easily han-
dled data interrogation system with all data displayed in
engineering units. The solid-state starter was also in-
strumented as defined in appendix A. A building block
approach for instrumented parameters was maintained
throughout the test program. A FM tape recorder was
used to record selected parameters for post-test analysis.
Table E-2 tabulates the parameters recorded.

Procedure

The flywheel package without the generator was fully
instrumented and assembled on the shuttle car. All sys-
tems were ready for the initial spin up of the flywheel.
Current limit was set at 600 A. All strip charts and tape
recorders were activated, and the controller was powered
up. The test commenced with activation of the starter via
a remote start switch. The area within 50 ft of the starter
and machine was cleared of personnel for the first 10 s of
activation because of the large current draw anticipated.

Table E-1.—Operating parameters

Parameter Range Limit

Case vacuum . ................ psi .. 0.01-0.1 1
Flow, gpm:

Mainlube ............... ... 10-17 <10

Alternator ... ...t i 26 <1->8

Bearinggearbox .................. 485 <2->10
Oilpressure .................. psi .. 130-230 <50
Proximity probe rotor, in: .

. 00010 ‘0015

Radial . ...vvreriiii 01.010 '0.015
Rotorspeed ................. rem .. 0-16,000 17,000
Temperature, °F:

Flywheel housing . ................. 100-200 250

Oilreservoir . .........cvvvuvnnn..n 130-200 250

Flywheel bearings (4) ............... 150-225 250

Charge motor windings (6) . .......... 100-375 425

Charge motor housing .............. 100-200 250
Vibration, Gal:

GearboX ... ...t 0-10 129

Flywheel module .................. 0-10 125
Ipeak.

Table E-2.—Data for flywheel spin up without generator

Channel Parameter or sensor Value
1. System lube pressure . . . ............ psi.. 250
2. Flywheelvacuum . ................ psia .. 0.2
3. TOtal flOW o« scnswimumsmimsnmsmans gpm .. 17.2
4 . Bearing flow . . s vsscnvviwswiwsmsns gpm .. 67
5 5 Generatorflow ................... gpm . . 4.6
6 . Radial gearbox velocity .................. NAp
7. Radial generator velocity ................. NAp
8 . Axial gearbox velocity . . .................. NAp
9 iuan Proximity probe, dc coupled, radial gearbox ... NAp
10 ... Proximity probe, dc coupled, radial generator .. NAp
11 ...  Proximity probe, dc coupled, axial gearbox ... NAp
12 ...  Proximity probe, ac coupled, radial gearbox ... NAp
18 i Proximity probe, ac coupled, radial generator .. NAp
14 ... Proximity probe, ac coupled, axial gearbox ... NAp
15 ... Startervolts ............ ..., NAp
16 ... Starteramperes . ............ i, NAp
17 ... Staterkilowatts ........................ NAp
18 ... TypeKthermocouple .................... NAp
19 Motor winding thermocouple .............. NAp

NAp Not applicable.

Results

With the 600 A current limit setting, the flywheel spun
up to 3,300 rpm and would not advance in speed. Testing
was curtailed until the next day, and the current limit on
the starter was raised to 700 A. The flywheel was able to
reach 6,000 rpm before a stall condition developed. With
the current limit set between 850 and 900 A, the flywheel
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Table E-3.—Temperature parameters as of 16 May 1986

Time, Flywheel Temperature, °F
p.m. speed, Bearing Flywheel Transmission  Charge motor Motor
fpm 1 2 3 4 Internal Surface fluid surface windings

1:43 .. 16,080 173 160 139 215 99 90 116 148 380
1:55 .. 12,900 174 167 157 230 102 93 135 172 NM
2:00 .. 11,160 171 167 160 219 105 96 143 177 NM
2:19 .. 15,720 200 188 178 257 111 101 149 182 NM
2235 .. 11,400 185 180 174 242 118 107 154 186 NN
2:51 .. 6,000 155 150 152 180 123 110 140 174 NM

NM Not measured.

was successfully powered up to 16,700 rpm. This amper-
age is required to overcome system torque requirements
as related to the charge motor torque curve.

Figure E-2 shows the charge-discharge time for the
spin up test. A total of 5 min 1 s was required to charge
the flywheel to 16,700 rpm from a dead stop. The charg-
ing time between 8,400 and 16,700 rpm, which is the
operating speed range of the generator, averages 1 min
36 s. Total coast down time from 16,700 to O rpm was 1 h
29 min 35 s.

Various temperature measurements were obtained
while operating the flywheel package. Table E-2 tabulates
the temperature limits on various components. The only
temperature out of limits was bearing 4, which is the
bearing on the generator side of the flywheel package.
Initial temperature limit for the bearing was set at 250° F.
The manufacturer was contacted about the hot bearing
and responded that the bearing could operate at 300° F
without damage. Table E-3 shows bearing 4 temperature
increasing during speed increases and decreasing as the
flywheel coasts down. This trend suggests the bearing will
operate satisfactorily without damage.

Flywheel system performance characteristics were
evaluated from the FM tape recorded data and from the
data processing system. Hydraulic system characteristics
were evaluated by plotting flywheel speed versus system
flows. Figure E-3 shows typical system flows with fly-
wheel speed. The 10 gpm limit for total system flow was

5minls
——3min33 s | min 28s
Orpm 8,400 rpm 16,700 rpm
30min 65
8,400 rpm 16,700 rpm
| min 44 s
8,400 rpm 16,700 rpm
89 min 35 s <
56 min |s ———————33 min 345
i -t
O rpm 8,400 rpm 16,700 rpm

Figure E-2.—Charge-discharge time.

achieved at 10,000 rpm of the flywheel. The 3 gpm min-
imum for bearing flow was achieved at 3,000 rpm. The
1 gpm minimum for alternator flow was achieved at
2,000 rpm. Since the operational range of the flywheel
will be 8,500 to 16,700 rpm, the flows are all within ac-
ceptable limits. Figure E-4 plots system pressure versus
flywheel speed. Normal system pressure operating range
limits are reached at 4,000 rpm and are well within the
duty cycle range of the flywheel package.

The charge motor-starter system was characterized by
plotting volts, amps, and kilowatts versus flywheel speed.
Figure E-5 shows a typical test plot. Figure E-6 is the
charge motor kilowatt parameter integrated to obtain the
overall input energy relative to flywheel speed. This plot
shows that the flywheel system requires 19 kW-h of
energy to reach 16,700 rpm from O rpm. The amount of
energy stored in the flywheel should equal some percent-
age of these values after all system losses are determined
when the generator is installed in the flywheel package.

Figure E-7 is a plot of the charge motor winding
temperature versus spin up time to 16,700 rpm. The
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Figure E-3.—System flow versus flywheel speed.
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Figure E-5.—Motor-starter voltage versus speed.

motor manufacturer recommends that the motor winding
temperature should not exceed 425° F. The figure shows
that the motor winding temperature is not exceeded, but
is very close to the 425° F limit at 410° F. This near limit
temperature in the charge motor could be a problem with
regard to recharge cycle. A cool down period is required
on the motor prior to recharging.

Accelerometers were used to monitor vibration while
the flywheel was operated. The accelerometer signal was
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Figure E-7.—Charge motor temperatures.

integrated via an analog integrator supplied by the accel-
erometer manufacturer to obtain velocity. A spectrum
analyzer, in conjunction with a desk-top computer, was
used to analyze the velocity data recorded on FM tape.
This data can be used to interpret the severity of vibration
and rotor vibration characteristics (i.e., unbalance and
shaft critical speeds). Figure E-8 is a peak hold spectrum
plot of vibration measured at the generator side of the
flywheel housing in the radial direction. Vibration due to
shaft unbalance tracks directly with running speed and at
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critical shaft speeds, the vibration is amplified due to
dynamic instabilities. This figure shows there are probably
two shaft criticals in the operating speed range of the
flywheel. The first critical occurs at 4,800 rpm (80 Hz),
and the second critical occurs at 10,680 rpm (128 Hz).
Figure E-9 is a cascade plot of the same data depicted in
figure E-8. Vibration frequencies that track with running
speed or some ratio of running speed form diagonals on
the plot.

Frequencies that do not track with speed are structural
resonances. Although a shaft critical does exist within the

8 T T = T

PEAK HOLD VELOCITY, in/s

! | L .
0 I 2 3 4 5
FREQUENCY, Hz

Figure E-8.—Peak hold vibration spectrum.

normal operational range of the flywheel [8,500 (142 Hz)
to 16,700 rpm (278 Hz)], a fluid damper has been designed
into the bearing system to dampen this vibration, and the
vibration levels measured are within acceptable limits.

While the flywheel system was operating, a sound level
meter was used to measure the sound at a 3-ft distance
from the flywheel compartment. A level of 100 dB was
measured when the flywheel was at 16,700 rpm. Flywheel
compartment covers were not installed during the test.
These covers will reduce or have the potential of in-
creasing the noise level.
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Figure E-9.—Vibration cascade plot.



APPENDIX F.—FLYWHEEL SPIN UP WITH GENERATOR AND
LOAD RESISTOR BANK TESTS

Setup and Instrumentation

These tests were designed to verify the mechanical and
electrical operation of the generator., The flywheel with
generator would be spun up to full speed and known
resistive loads were engaged to the generator electrical
output.

This testing required the design and installation of a
resistive load grid on the shuttle car. This grid allowed for
various resistive loads to be applied to the output of the
generator. The load bank allowed for selective engage-
ment of 5-, 25-, and 45-kW electrical loads. These resis-
tors were of significant size and required fixturing to allow
installation within the shuttle car conveyor. The output of
the generator was instrumented for dc voltage and current
measurement. These transducers constituted the final add-
ition to the overall instrumentation package developed
throughout the test program. The generator volts and am-
peres were output to a strip chart and FM tape recorder.
A FM tape log sheet for the parameters was recorded
while testing.

Procedure

The generator was lube tested using the fixturing de-
scribed in appendix C prior to installation on the shuttle
car. With the flywheel package installed on the shuttle car
and the generator interfaced to the load bank resistors, the
flywheel and generator were brought up to full speed of
16,700 rpm. The 5-kW load bank was engaged and the
generator activated. The flywheel and generator coasted
down to approximately 8,500 rpm under the 5-kW load.
The charge motor was then activated to charge the fly-
wheel system back up to 16,700 rpm. The 25-kW load
bank was then engaged, and the flywheel coasted down to
8,500 rpm. The spin up sequence was repeated and the
45-kW load engaged while the flywheel coasted down in
speed. Generator volts and amperes along with other sys-
tem parameters were recorded on FM tape throughout the
course of testing.

Resuits

All mechanicai and electrical systems functioned
properly during flywheel charging and with generator load

test operation. After successfully completing the load test
sequence, the data recorded on FM tape was analyzed.
Figures F-1 through F-5 are plots of generator voltage,
ampere, wattage, speed, and energy with 45 kW of the
resistive load-applied to the generator output. These plots
provide valuable information about the flywheel systems
capability for powering the shuttle car through a mine
haulage duty cycle.

The power delivered by the generator was obtained via
computer multiplication of the generator voltage and am-
pere data recorded on FM tape. The energy plot was de-
rived from integrating the power plot. The generator
speed plots were generated by using a period to voltage
converter on the recorded proximity probe sensor’s data.
The proximity probes were installed in the flywheel hous-
ing and generated a one pulse per revolution signal as the
flywheel rotor turned.

The voltage and ampere plots show that the generator
package was able to supply steady-state voltages and am-
peres for each of the resistive loads applied to the gen-
erator output. The data also show that the cycle time
decreased as the load increased. This cycle time is based
on the speed of the flywheel. Operational requirements

= 2849 rpm/s N
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Figure F-1.—Flywheel speed versus time 45 kW load.
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Figure F-5.—Energy delivery 45 kW load.



call for a speed cycle range between 8,500 and 16,700 rpm
for the mine haulage duty cycle.

The flywheel speed plots for the various loads show
a linear speed decrease with time. Table F-1 tabulates the
slope for the generator revolution per minute measured
for each of the load conditions tested. A plot of the slopes
versus load shows a linear relationship between the two
parameters. Figure F-6 shows a linear curve fit of these
parameters with the following equation:

y =439 +0.535x
where y = generator speed-time slope
and x = generator load, kW.

Table F-1.—Power-slope tabulation

(Flywheel designed to deliver 4.5 kW-h usable energy;
total usable energy of 6.22 kW-h)

Slope Delta time, Run Energy,
Power, kW rpm, 16,700 to time, kW-h
s 6,700 rpm, s min
O s osmp g -3.30 3,030 50.5 0
5 swsms ap -8.43 1,186 19.77 1.65
25 wuanan -17.49 572 9.53 3.97
45 ...... -28.49 351 5.85 4.38

This equation considers power losses due to mechanical
inefficiencies and aerodynamic drag on the flywheel power
system. Generator speed is the major factor with regard
to the mine haulage duty cycle. The generator will stop
functioning when it gets below 6,500 rpm.

The equation determined for generator speed versus
kilowatt load can be applied to the duty cycle to evaluate
if the cycle can be accomplished. Table F-2 tabulates the
loads and run times for each portion of the proposed
cycle. The delta revolution per minute column shows the
generator change in speed due to that portion of the duty
cycle. A total change of 10,000 rpm is indicated for the
proposed duty cycle. This delta revolution per minute
change places the generator speed at 6,700 rpm, which is
the borderline for recharge sequence to begin. The gen-
erator will stop functioning below 6,000 rpm. This duty
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cycle does have some dead time built into it so that there
is some margin for error.

Table F-2.—Mission duty cycle tabulation

(9,998.7 delta rpm total)

Parasitics  Load, Slope Time, Delta,

kW pm, s s rpm
Losses .. 11 10.28 327 3,362
Tram ... 33 22.0 88.6 1,953
Load ... 8.4 8.87 55.6 493
Haut . . .. 56 34.35 122 4,190

Figure F-7 is a revised duty cycle. Substituting values
into the speed-load equation again predicts generator
revolution per minute for the proposed duty cycle. The
final speed of 8,926 rpm was determined for this duty
cycle. However, there is no wait time built into this cycle.

These duty cycles are theoretical and final evaluation
would have to be determined from actual testing with the
machine operating under flywheel power. Interface of the
generator to the shuttle car power control circuitry was
accomplished and testing completed.
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Figure F-6.—Speed versus load.
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Figure F-7.—Mission duty cycle power requirements.
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APPENDIX G.—FLYWHEEL POWER PACKAGE INTERFACED
TO SHUTTLE CAR POWER CONTROL CIRCUITRY

Test Setup and Instrumentation

The FPSC was trammed over a given course to evaluate
the flywheel power package with regard to duty cycle
operation. The following is a description of the interface
configuration of the generator to the shuttle car power
circuitry.

1. A 5-kW resistive load bank was placed between the
generator output and shuttle car input. This resistive bank
would provide a continuous static load for generator tran-
sient protection.

2. The capacitors and inductors associated with the
shuttle car power control system were eliminated.

3. The SCR traction motor speed control circuitry was
replaced with a simplified contractor control circuitry from
another shuttle car.

4. Resistors were added in series to the traction motor
power inputs to limit current during transient intervals to
125 A.

5. The shuttle car monitoring system at the operator’s
station was disconnected.

Procedure

The shuttle car interface circuitry was tested via power
obtained from the power center before final connection
to the generator output circuit. A gasoline-powered gen-
erator was used to supply power to the instrumentation
now mounted within the shuttle car conveyor. The shuttle
car was fully instrumented and could now operate
untethered. The flywheel was brought up to full speed
using the solid-state starter charging system. The power
center for the solid-state starter was shut off and the
power cable between the starter and shuttle car charge
motor disconnected. The generator was then activated
along with the shuttle car pump circuitry. The operator
then engaged the tram circuitry and trammed a predeter-
mined course. The flywheel speed was continuously mon-
itored while tramming, and when flywheel speed reached
12,000 rpm, the operator reversed directions and trammed
back to the solid-state starter charging station. The
flywheel was then allowed to come to a complete stop.
The same instrumentation system used for the resistive
load test was used for this test sequence.

Results

All mechanical and electrical systems functioned
properly. The shuttle car trammed 634 ft in 6 min 23 s for

an average tram speed of 1.13 mph. Figure G-1 shows
that the time required to charge the flywheel from 0 to
16,700 rpm was 5 min 31 s. During the charge sequence
it was often noted that the charge motor windings came
close to and often exceeded the 425° F winding temper-
ature operational limit. Figure G-2 is a plot of charge
motor winding temperature versus time during the fly-
wheel charge sequence. A period of time would be re-
quired before the flywheel could be recharged for the duty
cycle to resume. Figure G-3 is a plot of charge motor
temperature against time after the initial charge sequence.
The following equation expresses the cooling rate depicted
by figure G-4 with an ambient temperature of 72° F:

y(x) =a+b xx

where a = 421°F,

b = -0333° F/s,
X = time, s,
and y = motor winding temperature, °F.
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Figure G-1.—Flywheel speed versus charge time.
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Figure G-3.—Winding cool down.

Figure G-3 shows that during the charging sequence the
charge motor temperature was approximately 220° F when
the rotor was at 6,500 rpm. This temperature would re-
present the minimum temperature the motor would have
to reach before recharging would occur. Using this equa-
tion, it will take 10 min 26 s before a duty cycle recharge
can occur without overheating the charge motor windings.
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Figure G-4.—Generator voltage while trainming.

This cycle time will be reduced with the anticipated lower
ambient temperature associated with coal mines.

Figure G-4 is a plot of the generator voltage during
the tram testing. The mean value for the volts gener-
ated is 268 V. Figure G-5 is a plot of flywheel-generator
speed versus time for the tram test. The curve has a lin-
ear slope. The hump in the middle shows a change in
slope that can be associated with an idle condition while
the operator reversed tram directions when the speed was
at approximately 12,000 rpm. The final speed reached
when the machine returned to the charging station was
6,642 rpm. The generator was still functioning at this
speed. Figure G-6 plots generator current versus time for
the tram test.

The mean amperes was 93.23 A, which is well within
the 167 A maximum range of the generator.

Figure G-7 is a plot of the power output of the gen-
erator while tramming. The mean value for this power
was 25 kW. Figure G-8 is a plot of the overall energy
delivered during the 6 min 23 s tram test. Conversion of
the watt-seconds to kilowatt-hours results in a total of
3.06 kW+h of energy delivered to the shuttle car by the
flywheel power package. This value fits well into the de-
sign requirements specified at 4.5 kW +h of usable energy.
for the recycle speed range. Figure G-9 is a time histo-
gram with the 5-kW resistive load removed mathematically
since the resistor bank was not doing any useful work.

The speed control used for this test only allowed for
approximately 1-mph tram speed. The theoretical duty
cycles presented in appendix F calls for tram speeds of
4 mph while tramming empty and 2.7 mph when loaded.
These higher tram speeds reduce the time for which
energy is expended for tramming. The time required to
complete the tram test was longer than the proposed duty
cycle which involved loading, unloading, and a wait time.

This test has proven that the flywheel energy system can
function and operate the shuttle car. Gyroscopic effects
were insignificant with regard to vehicle steerability. The
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Figure G-7.—Generator wattage while tramming.

major drawback now involves the speed control and
interface to the shuttle car from the generator. The
current system would not meet duty cycle requirements.
The generator to shuttle car power circuitry needed to be
optimized to obtain higher tram speeds.
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Figure G-8.—Generator energy while tramming.

Final optimization of the shuttle car tram circuitry took
the form of an interface arrangement between the solid-
state chopper drive and the flywheel power package. This
was the original speed control for the tram. The solid-
state drive provided the most efficient use of the available
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Figure G-9.—Power while tramming 5 kW load.

stored energy in addition to the precise tram power
control that will achieve the desired mission duty cycle.

The FPSC was retrofitted with a solid-state control
circuit and interface circuit between the control circuit and
the GCU. These system changes increased the efficiency
by 33 pct. In addition, the solid-state circuitry allowed
variable control of the tram circuit, which replaced the on-
off type operation that was previously on the machine.
Results from the surface testing indicate that the solid-
state circuitry will increase the tram rate by 1 to 4 mph,
thereby satisfying the original design specifications. The
final surface test was the completion of a typical mission
duty cycle with a typical load of coal. The shuttle car was
able to complete the duty cycle at an average speed of
3.5 mph, thereby making it competitive with conventional
shuttle cars with trailing cables.
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