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PREFACE

The study documented in this Final Report was conducted by Ford Motor

Co. under contract to the U.S. Department of Transportation (DOT), Federal

Railroad Administration, Office of Research, Development and Demonstrations.

The DOT Program Manager was Dr. John T. Harding~ Additional support was

provided by Mr. Arnold Gross of DOT and Dr. Roger Katz of MITRE Corp.

Overall program managemen,t and levitation magnet design were the respon­

sibility of the Ford Scientific Research Staff. Vehicle and guideway con­

ceptual designs, vehicle dynamic analysis, and overall systems analysis were

the responsibility of the Aeronutronic Division of Philco-Ford Corp.

Levitation magnet design and cost analysis were provided by Magnetic

Corp. of America, Waltham, Mass., under subcontract to Ford. Subcontractors

to the Aeronutronic Division of Philco-Ford and their areas of responsibility

were: The Cardan Co., Inc., Beverly Hills, Ca., for the design and cost esti­

mates of the supporting structure for the at-grade and elevated guideways;

the Raytheon Company, Equipment Division for linear synchronous motor studies;

and the Hamilton Standard Division of United Aircraft Corp. for the analysis

and cost estimates of air propulsion systems. The latter contract was sup~

ported by Philco-Ford in-house funds at no cost to the contract.

Additional no-cost information was provided by the A~Research Division

of Garrett Corp. (linear induction motor design and performance data, and

information on superconducting rotary electric motors), Jet Propulsion Labo­

ratory (conceptual single-sided linear induction motor performance), and the

United Aircraft Research Laboratory (cost analysis of high-speed ground trans­

portation systems).
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SECTION 1

INTRODUCTION

1 •1 BAC KGROUND

This report summarizes the studies conducted by the Ford Motor Co. and

its subcontractors under Task I of the Tracked Magnetically Levitated Vehicle

(TMLV) Technology Program - Repulsion scheme. The purpose of the program is

to establish the technology of magnetic suspension for ultimate use in a

passenger-carrying high-speed ground transportation (HSGT) system - at speeds

on the order of 134 mls (300 mph).

Magnetic Levitation (MAGLEV) is one of several advanced vehicle suspension

concepts being studied under U.S. Department of Transportation (DOT) sponsor­

ship as alternatives to conventional transportation modes in the short-haul

regime. The search for transportation alternatives is motivated by predictions

of heavy traffic congestion - in the 1985-1990 time frame - in highly popu­

lated regions of the United States with attendant environmental damage, and

substantial hazard to public safety. Also, the national energy shortage has

intensified the search for more energy-efficient as well as cost-effective

transportation modes.

In 1971~72, DOT sponsored initial MAGLEV research studies at Ford Motor

Co. and at Stanford Research Institute (SRI). The results of these studies

indicated that magnetic levitation is feasible, and that it offers several

unique advantages and should be considered competitive, for example, with

tracked air cushion vehicles for the ultimate HSGT role.

The TMLV Technology Program contract was awarded to Ford Motor Co. on

31 May 1974 (Contract DOT-FR-40024) for the purpose of developing MAGLEV

technology relating to the Repulsion, or superconducting concept. The program

consisted of two tasks:

• Task I - A conceptual design of the total suspension and asso­

ciated guideway for an 80-passenger repulsion MAGLEV vehicle
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meeting the specified ride quality requirements at all speeds

below 134 m/s.

• Task II - The detailed design, construction and test of a high­

speed test platform incorporating a scaled version of the sus­

pension system designed in Task I. Also included was the asso­

ciated guideway (to be constructed at the U.S. Naval Weapons

Center (NWC), China Lake, California).

This report contains only the results of Task I; Task II was cancelled shortly

after initiation due to cuts in the Federal budget.

The original scope of Task I has been expanded to include larger capacity

vehicles, preliminary propulsion studies, conceptual vehicle design (other

than suspension-related elements), system engineering studies of the overall

system (vehicle, guideway, etc.), and cost studies of the major elements of

the system. A simplified cost model has been derived to establish cost/

effectiveness trends and help make preliminary judgements as to such factors

as optimum cruise speed, magnet and guideway configuration, system energy

efficiency, etc.

1.2 ORGANIZATION OF REPORT

A summary of the important results obtained from this study are contained

in Sectiqn 2. The system requirements specified by DOT and those derived

during the program are given in Section 3. Section 4 contains the design and

analysis of the vehicle, suspension, propulsion, and guideway (both at-grade

and elevated). The system analysis and tradeoffs are given in Section 5,

followed by the cost estimates for the suspension subsystem and guideway.

Volume I is concluded by the Conclusions and Recommendations, Section 7.

Volume II is an Appendix which contains the mathematical details of

various portions of the vehicle dynamics and control work (Appendices A-D),

followed by a Hamilton Standard Summary of the Q-fan propulsion system acoustic

characteristics and the Raytheon work on the linear synchronous motor.

Volume III (AppendiX G) is a description of the five degree-of-freedom

(5 DOF) computer program that was developed to analyze the dynamics and ride

quality of the Repulsion MAGLEV vehicle.
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SECTION 2

SUMMARY

A baseline Revenue TMLV system is identified as a reference point for

comparative performance and cost analysis. The salient features of this

system, supporting tradeoffs, and alternate design approaches are summarized

in the following paragraphs.

2.1 BASELINE SYSTEM DESCRIPTION

The reference system consists of an 80-seat vehicle (with a 2 + 2 seat­

ing arrangement, i.e., 2 seats on each side of an aisle) powered by two noise­

suppressed ducted fans driven by regenerative gas turbines. The vehicle is·

designed to operate at 134 m/s (300 mph) over a hat-shaped (wide inverted

tee) guideway. The route profile is nominally 750 km long with five inter­

mediate, equidistant stops.

A sketch of the vehicle is shown in Figure 2-1 and the frontispiece;

it has a cabin cross section 3.45 m (11.3 ft) high x 2.94 m (9.6 ft) wide

and is 33.7 m (Ill ft) long~.~ith a gross weight (including JP fuel at 15%

reserve) of 366.5 kN (82,400 lb).

Levitation and guidance is provided by eight cryogenically cooled super­

conducting magnets encased in insulated dewars and arranged in four modules

at the corners of the vehicle. The magnetic fields interact with L-shaped

aluminum guideway elements to provide levitation and guidance at a nominal

30 cm (12 in.) clearance (measured from coil centerline to guideway surface).

For operation at speeds below ~ 30 m/s (67 mph), an auxiliary suspension

system is provided consisting of retractable, pneumatic-tired bogies at the

front and rear of the vehicle.

Active control of vehicle dynamic motion is accomplished with conven­

tional electromagnets mounted below the levitation/guidance magnets and

external to the dewars. The control magnets interact with the levitation/

guidance magnets and the aluminum guideway elements to damp the vehicle

2-1
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oscillatory motion. This is accomplished by varying the current and polarity

of the control magnets in response to onboard motion and position sensor

data, processed according to a specified control strategy.

2.2 OVERALL SYSTEM PERFORMANCE

Each superconducting magnet module* has an effective coil size of

0.5 x 3 m, and a magnetic lift/drag ratio at 134 m/s of 45.5 for 2.54 em

thick, high-conductivity aluminum (1100-H14 series) guideway elements. For

the baseline 80-seat 366.5 kN vehicle, the total drag power in level, no-wind

operation at 134 m/s is 3,739 kW (5,014 hp); for operation on a 2% grade with

a 13.4 m/s (30 mph) headwind, the total drag power is 5,279 kW (7,079 hp).

With a two minute allowance for passenger loading/unloading and a maxi­

mum deceleration rate of 0.15 g, the vehicle will traverse the nominal 750 km

(466 mile) route in 120 minutes with five intermediate stops and in 98 min­

utes without intermediate stops (the express case).

For a two minute headway, the 80-seat vehicle can handle ~ 17 x 106 pas­

sengers per year, assuming 60% load factor and 16 hr/day operation;

~ 1.3 x lOla passenger-km/yr are accommodated for the 750 km route. A

140-seat configuration can handle ~ 5,000 passengers/hr, 30 x. 106 passengers

per year or ~ 2.2 x lOla passenger-km/yr, which is close to the predictions

for the Northeast Corridor (NEC) in the year 1990. The larger capacity

vehicle has the added advantage of reducing the energy intensity at 134 m/s

from 2.18 MJ/seat-km (3,324 BTU/seat-mile) to 1.65 MJ/seat-km

(2,516 BTU/seat-mile).

For headways greater than two minutes, or peak capacity greater than

5,000 passengers/hr, two or more 140-seat vehicles should be coupled together.

A train set of three 140-seat vehicles shows an energy intensity of 1.33 MJ/

seat-km (2028 BTU/seat-mile) at 134 m/s. At a cruise speed of 110 m/s

(246 mph), the energy intensity of the three 140-seat coach arrangement is

only 1 MJ/seat-km (1525 BTU/seat-mile).

*Two 0.5 x 1.5 m magnets, in separate dewars, are mounted end-to-end within
each suspension module.
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2.3 SUBSYSTEM CHARACTERISTICS

2.3.1 Vehicle Design

A. Suspension

(1) Dynamics and Control. The baseline Revenue TMLV control system

incorporates ~oderate damping of vehicle motion (damping ratio, C ~ 0.6-1.0)

based on feedback of vehicle absolute (inertial) velocity data and vehicle

position relative to the guideway. The effective natural frequency of the

system is 0.6 Hz; non-linear position feedback reduction is provided to avoid

possible vehicle instability in negotiating a transition to a 2% downgrade.

Gap sensors and accelerometers provide the necessary input signals. In addi­

tion to the sensors, the ride control system is comprised of: (1) a set of

control electronics to process the sensor data and compute low-power ride con­

trol signals, (2) a power control unit to provide power switching, (3) a set

of power amplifiers to drive the control magnets, and (4) an emergency back-up

power supply.

For guideway surface roughness approximately equal to that for airport

runways, the DOT ride quality requirements are achieved in all dynamic modes

(heave, pitch, roll, sway, and yaw) for straight and level operation as well

as for turns and transitions to a 2% grade. The associated vehicle displace­

ments from the steady-state position are small (maximum stroke - 5 em) and

power consumption is low (25 to 50 kW)*. Maximum vehicle sway (the lateral

displacement of e.g.) in response to a 20 m/s (45 mph) crosswind is 8 em.

Alternate active control strategies were briefly studied; e.g., accel­

eration feedback (in conjunction with absolute velocity feedback) and heavy

absolute damping, and offer potential advantages since they do not require

the use of gap sensors (which could be a problem in an all-weather environ­

ment). These alternate strategies achieve acceptable ride quality/stroke per­

formancebut require increased grade transition lengths (Table 2-1). Since

evaluation of this tradeoff is clearly route-specific, no optimum ride control

system or strategy can be identified at this time.

*This corresponds to the· long-time power consumption for straight and level
operation. The short-time multimode power demand for negotiating a I km
transition to a 2% upgrade is ~ 150 kW; comparable power for a downgrade
is ~ 60 kW.
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(2) Magnets. The liquid helium-cooled, superconducting, levitation/

guidance magnets are fabricated of niobium-titanium multi-filament twisted

wire, wrapped on a stainless-steel racetrack-shaped coil form approximately

0.5 m (19.7 in.) wide by 1.5 m (59.1 in.) long. Levitation and guidance

forces are transmitted from the coil to the top of the evacuated dewar struc­

ture via epoxy-fiberglass struts specially designed for low heat conduction.

Each magnet supports l/S of the weight of the vehicle at the design clearance

and speed, and operates at ~ 350,000 ampere-turns in the persistent mode; the

coil winding is intrinsically stabilized,. with a current density of 300 A/mm2 .

Active shielding is accomplished with a 0.5 x 1.5 m bucking coil mounted

within each dewar and 30 cm above the levitation/guidance magnet; the maximum

magnetic field at the seat level in the .vehicle passenger compartment is held

to acceptable levels (~ 70 gauss) without severe weight penalty.* Overall

magnet lift/weight ratio is ~ 16.S with the shielding coil; heat leak per

vehicle is 20.S W.

A closed-cycle refrigeration system is provided, consisting of two

electrically-driven Claude cycle expansion engines served by a single com­

pressor, with an additional back-up compressor for added reliability. The

associated cryogenic system includes 16-liter liquid helium storage containers

inside each magnet dewar, transfer lines, etc.

B. Structure and Configuration. The basic vehicle structure employs

aircraft-type aluminum sheet-stringer construction, modified- in fore and aft

section~ to support the levitation and guidance magnets, landing wheels, and

the propulsion system. In these areas, an I-beam structure replaces the

sheet-stringer construction below the floor level. "ZII section transverse

frames 5.1 cm (2 in.) deep are provided on 45.7 cm {18 in.) centers to sup­

port the outer structure and prevent buckling during compressive loading.

The outer structure consists of 0.102 cm (0.040 in.) thick 2024-T3 alloy

sheet flush-riveted to stringers 15.2 cm (6 in.) on centers. A 1.27 cm

(0.5 in.) thick aluminum honeycomb-core floor panel is provided, supported

by 20.3 cm (S in.) deep transverse V-channel members tied to the side frames.

The vehicle structure is essentially a lightly loaded, very stiff hollow

beam configuration. It is designed for a fundamental bending frequency of

*Maximum magnetic field occurs directly over the magnets, the average magnetic
field in the passenger compartment is approximately 5 to 10 gauss.
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4 to 5 Hz, which is substantially larger than the suspension heave-motion

frequency and avoids the necessity for considering structural elastic effects

on ride control system design. The baseline structural design approach has

been extended to encompass larger vehicles (up to 140 seats) and different

seating arrangements. A small decrease in bending frequency is all~ed.,

however, since excessive structure weight would result with the longer

configurations if the bending frequency is held constant. Preliminary

vehicle synthesis analyses show that the l40-seat configuration exhibits

24% less energy consumption per passenger than the baseline 80-seat vehicle;

the optimum seating arrangement for the larger vehicle is 2 + 3.

The particular vehicle cross section required to straddle the hat-shaped

guideway is a favorable shape. It results in a high section modulus and a

relatively short vehicle since the part of the structure below floor level

provides for convenient packaging of the suspension elements, wheels, fuel

and additional cargo. Both factors contribute to a lightweight, low power

vehicle design.

C. Propulsion. The baseline propulsion system is comprised of twin

rear-mounted ducted Q-fans, remotely driven by twin regenerative gas turbine

engines. The regenerative engines provide high operating efficiency; cruise

specific fuel consumption is estimated at 5.63 x 10- 4 kN/MJ (0.34 lb/hp-hr).

The Q-fan is a product of Hamilton Standard Division of the United Aircraft

Corp. and is specifically designed for low-noise operation. Noise suppression

materials and techniques are also applied to the engines as well as inletl

exit ducting for both the fans and the engines. Estimated total propulsion

system noise for level, no-wind cruise at 134 mls is 86 dbA* (at 15 m sideline

distance); for maximum power operation during acceleration or at 134 mls on

a 2% grade with 13.4 mls (30 mph) headWind, the noise level is 92 dbA (at

15 rn). A further reduction in propulsion system noise (~ 5 to 6 db) is

achievable by slightly increasing the separation distance between the fan

inlet and the top surface of the vehicle or moving the propulsion system to

the front of the vehicle. The Ducted Fan/GT system is a reliable lightweight

concept (80.6 kN (18,000 lb) including fuel with 15% reserve) with good

*At 134 mis, the vehicle self-generated (aerodynamic) noise is estimated
at 92 dbA, also at 15 m (50 ft).
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acceleration (0-134 m/s in ~ 180 sec), relatively low energy consumption,

and the lowest total cost (including guideway) of all the propulsion systems

studied. It is entirely self-conta~ned, thereby permitting complete freedom

in guideway selection. Also, it supplies all propulsion necessary for off­

line (including switching) as well as on-line operations. Thrust control is

provided by varying fan blade pitch; emergency braking can also be provided

with full pitch reversal. If necessary, the gas turbines can be operated on

a variety of chemical fuels (fossil or synthetic). With current design

techniques, exhaust emissions are controllable to very low levels, particu­

larly on a passenger-km basis.

2.3.2 Guideway

The hat-shaped guideway configuration is preferred for its favorable

stability characteristics, its compatibility with the proposed passive

failsafe switch concept, its low cost, and the fact that it can be fabricated

quite easily with standard slip-form highway construction techniques.

A. At-Grade Construction. The at-grade guideway is essentially a

continuously-reinforced concrete slab 20.3 cm (8 in.) thick and 3.05 m

(120 in.), wide, laid on a treated, compacted combination of fill materials;

the roadbed preparation is similar to that for airports and interstate

highways. The steel reinforcement is employed with appropriate size and

stand-off distance so as to minimize its influence (drag) on the vehicle.

The central "spine ll is a reinforced concrete beam, 79 cm (31 in.) wide and

53 cm (20.7 in.) high, anchored to the primary slab.

The guideway levitation elements are 2.54 cm (1 in.) thick, high con­

ductivity aluminum (1100-H14 series) plates fabricated in L-shaped sections

approximately 30 m (100 ft) in length. The aluminum sections are laid end­

to-end with transverse gaps on the order of 2 to 3 cm wide, and attached to

the concrete surfaces in a manner which permits longitudinal expansion, thus

avoiding buckling due to thermal expansion. The use of nearly pure aluminum

is essential for achieving a high vehicle magnetic lift/drag ratio.

Since the aluminum plates are non-structural elements, the roughness of

the guideway is essentially the roughness of the supporting concrete surfaces.
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The roughness for the long wavelengths of interest is dictated by the founda­

tion under the concrete, i.e., the roadbed characteristics. On the basis of

airport runway evaluation - which generally shows minima~ time-dependent

roughness degradation - no design allowance for post-installation adjustment

is deemed necessary for good soil conditions. Preliminary analysis of

conventional roadbed grading and concrete-laying techniques indicates that

the achievable guideway vertical roughness level (at the appropriate wave­

lengths) is actually less than the roughness level used for the vehicle

dynamics analysis. The lateral roughness level of the central guideway spine

is expected to be even lower, so there is potential for further improvement

in ride quality without resort to non-standard (i.e., expensive) construction

techniques.

B. Elevated Construction. The baseline elevated guideway design

approach is predicated on cost and the guideway influence on vehicle dynamic

response. The conceptual TMLV revenue vehicle has a low natural frequency

(0.6 Hz) with minimal relative damping; this results in a girder design which

is relatively light and flexible compared with those designed for a more

highly damped tracked air cushion vehicle. The baseline design (Frontispiece)

employs simply supported pre-stressed concrete box-beam girders with a depth

of 1.07 m (3.5 ft) and a span of approximately 23 m (75 ft). The beam has

an integral top cap 15.2 cm (6 in.) thick by 3.05 m (10 ft) wide; this cap

and an attached central reinforced concrete spine serve as the riding sur­

faces of the guideway. The box-beam girders are supported on columns with

sliding joints at one end to accommodate differential thermal expansion,

and pinned joints at the other end to transmit longitudinal loads. A uniform

pre-stress is employed to eliminate post-fabrication camber effects.

C. Switching. To avoid long radii of curvature and excessive switch

size, all switching operations are designed to take place at low speed;

i.e., at or below the lift-off speed of 30 mls (67 mph). Upon slowdown to

this speed, the wheeled suspension bogies are extended down and out from the

vehicle envelope to engage non-movable L-shaped reinforced concrete ramps

located outboard of the main gUideway. These ramps subsequently rise above

the guideway and lead to an apron where the vehicle can "taxi" to the appro­

priate loading platfonn. The maneuver is similar to current aircraft proce­

dure; the forward bogies are fully steerable to facilitate the taxi operation.
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The passive method of switch operation permits the "express" vehicles

to pass through the switch area at top speed with complete safety. Failure

to extend the wheels also permits a vehicle to pass through the switch area

without danger. Premature wheel extension is precluded by means of a dynamic

pressure activated linkage, similar to that used on aircraft to prevent

inadvertent landing gear extension at high speeds.

2.4 ALTERNATE PROPULSION SYSTEMS

If necessary, the Revenue TMLV can be propelled electrically - by any

one of a number of systems currently in various stages of research and

development. These include the single-sided linear induction motor (SLIM),

the linear synchronous motor (LSM) and a superconducting rotary electric

motor (REM) used in conjunction with ducted Q-fans. The guideway cost for

all of the electric systems studied is substantially larger than the basic

(non-electrified) guideway required with the Ducted Fan/Gas Turbine system.

The effect of this increased cost, however, can be reduced if very high pas­

senger capacity is achievable and/or the cost of chemical fuels becomes large

in comparison with the cost of electricity.
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The L8M is at a very early stage of development, but appears to have

substantial potential for Repulsion MAGLEV applications. Thrust forces are

developed by interaction of onboard superconducting magnets with a moving

electrical field generated in "meander" coils embedded in the guideway and

carrying large currents, appropriately phased and switched. The principal

advantages of an L8M are that it is a large-gap (""30 cm) device, no power

pick-up is re~uired, and, depending on the design, good power transfer

efficiency (""70%) can be achieved. Principal disadvantages are that more

and higher-current superconducting magnets are re~uired on the vehicle

leading to additional shielding problems and the problem of combining levi­

tation and propulsion functions in the same set of magnets since efficient

designs for these functions are at cross purposes. That is, long narrow·

levitation magnets give high magnetic lift/drag, while many short, wide

magnets result in efficient L8M propUlsion. In principle, the L8M can

also provide for vehicle ride control as well as for propulsion. Prelimi­

nary analysis, however, shows that this would re~uire additional active

guideway surfaces with substantial increase in guideway cost and complexity.

AlSO, there is no clear system advantage connected with L8M control of

vehicle dynamic motion. While the optimum L8M configuration is unknown at

this time (in terms of number and size of vehicle magnets, guideway voltage,

current and frequency), the L8M shows good potential for improvement and

merits further study, particularly when "trained" vehicles are considered.

The REM-driven ducted fan concept is a lightweight propulsion option

for MAGLEV if the superconducting motors can be developed at the target

values of weight and. volume used herein. Current U.S. Navy development

efforts on superconducting motors and generators should provide early verifi-
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cation of these estimates. However, energy consumption is the highest of

all systems studied, due to the combination of low fan/duct efficienty

and low efficiency for the electric generation, distribution, and collec-

tion process. Nevertheless, no reaction rail is required and the total

guideway cost is the lowest of all the electric systems. Also, switching

is made easier by the system's ability to prOVide propulsion for off-line

as well as on-line operations. From a systems viewpoint, an additional

advantage could result from using this concept as a back-up to the baseline

Ducted Fan/GT system. For example, if the Revenue system is initially

implemented with gas turbine drive, the superconducting REM drive could

be substituted with minimal design change at such time that electric power

is deemed necessary.

An advanced concept propulsion system - the superconducting paddle wheel

- was also considered and shows long-term potential. With this co~cept, an

onboard circular array of superconducting magnets is rotated about an axis

perpendicular to the longitudinal axis of the vehicle. Both thrust and lift

forces (or even drag for deceleration) can be developed by interaction of the

moving magnetic field with the aluminum guideway elements, depending upon the

peripheral speed of the magnets. An integrated propulsion/levitation system

is thus possible; propulsive efficiency is high (~ 65%) and, when driven by

regenerative gas turbines, the concept has the lowest energy consumption of

all the systems studied. Basic feasibility has not been demonstrated, how­

ever, and this concept cannot be considered a realistic candidate for near­

term application~

2.5 COST ANALYSIS

2.5.1 Baseline System

The Ducted Fan/GT-propelled, SO-seat vehicle estimated production cost

.is ~ $2.3 x 106 which includes $272,000 for the ride control subsystem. Basic

at-grade, double-track guideway cost is ~ $2 x l06/km with land at $30,000/
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acre; elevated guideway cost is $3.7 to 4.0 x 106/km depending on the type of

footings used. The total guideway cost, assuming the NEG mix of at-grade,

elevated, tunnel and bridge elements~\' and certain ancillary 'equipment is

$3.3 x 106/km.

The estimated guideway and vehicle costs have been converted to an

annualized basis (with debt service) and combined with other investment costs

(facilities), direct operating costs (fuel, crew, maintenance, and terminal

operations), and estimated indirect operating costs to ascertain total system

cost. For 134 m/s operation over the nominal 750 km route, total system cost

using 80-seat vehicles at two minute headway is 4.4 to 5¢/passenger-km for

JP fuel at 5.3 to lO.6¢/liter (20 to 40¢/gal); 16 hr/day operation is assumed,

with a load factor of 60%. Operation with l40-seat vehicles drops the cost

to 2.9 to 3.3¢/passenger-km. For train sets composed of three l40-seat

coaches (also at 2 minute headway) the cost drops further, to about 1.7 to

2.l¢/passenger-km.

With JP fuel costs between 5¢/liter (20¢/gal) and 30¢/liter ($1.13/gal),

the optimum thickness of the aluminum guideway elements is between 2 and 3 cm.

The cruise speed for minimum energy cost is between 80 mls (179 mph) and

95 m/s (212 mph); cruise speed for minimum total system cost is between

90 m/s (201 mph) and 110 mls (246 mph) although total cost is not very sensi­

tive to cruise speed for fuel cost up to l5¢/liter (57¢/gal).

2.5.2 Alternate Systems

The estimated vehicle production costs for

studied range from t"V $2 x 106 (S1IM) to $2.6 x

guideway cost variation is from~ $3.3 x 106 /km

the five propulsion systems
6

10 (paddle wheel). The total

(FanICT) to t"V $4.7 x 106 /km

(1SM). For electricity at 3¢/kw-hr, total system cost for the 80-seat

electrically-propelled systems varies from 5.4 to 5.6¢/passenger.-km compared

with 5¢/passenger-km for the Fan/CT system at the same headway and speed.

With l40-seat vehicles, the range is 3.5 to 3.6¢/passenger-km compared to

3.3¢/passenger-km for the Fan/CT, indicating some reduction in the overall

influence of guideway cost with increasing capacity, as expected.

*1% bridges, 4% tunnels, 16% elevated, 79% at grade.
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SECTION 3

SYSTEM REQUIREMENTS

3.1 OBJECTIVES

The objective of Task I of the TMLV Technology Program is to achieve a

conceptual design of a passenger-carrying MAGLEV "Revenue" vehicle and its

associated gUideway. The major portion of the Task I study is directed at

the levitation and gUidance aspects of the problem. The purpose of the con­

ceptual design effort is to provide the basis for the subsequent Task II

experimental program as well as to obtain a preliminary systems evaluation of

the Repulsion MAGLEV concept in the HSGT role. The potential HSGT application

is in the heavily-travelled Northeast and California corridors for the 1985 ­

1995 time frame.

3.2 SYSTEM REQUIREMENTS

The primary system requirement is to satisfy the DOT-supplied ride qual­

ity specification given below (Section 3.2.lE) for an 80-passenger vehicle at

all speeds up to 134 mls (300 mph). The secondary requirement is to meet vari­

ous other criteria related to a high-speed passenger-carrying system 10 to 20

years in the future. The secondary criteria specified herein should be

regarded as goals, since further system studies are necessary before firm

requirements can be established.

3.2.1 Operational Goals

A. System Capacity. The. passenger demand for a high-speed TMLV System

for the Northeast Corridor in the 1985-1995 time period is projected as
6approximately 40 to 50 x 10 per year. Sufficient capacity must be provided

to serve this level of demand, with provisions for future traffic growth. A

nominal peak capacity of 10,000 passengers per hour per gUideway is an objec­

tive. Freight has not been considered, although it offers an attractive

means of increasing the utilization of the system (i.e., at night).

B. Operating in Trains. The conceptual studies considered only single

coaches. However, analysis shows that the operation of multi-car trains is
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necessary to provide safe headway for the peak passenger capacities; thus

the system should eventually be capable of operating vehicles either separately

or in trains.

C. Passenger Capacity Per Vehicle. The nominal baseline coach contains

80 passenger seats although the effect of larger numbers of passenger seats

has been investigated in the System Studies (Section 5).

D. System Control. Much of the system for maintaining speed, headway,

switching, etc., is expected to be fully automatic, with over-riding manual

systems and onboard operators for abnormal operating conditions and as a

safety backup.

E. SWitching. High-speed switching C>45 mls or 100 mph) is impractical,

and a nominal switching speed of 30 mls (67 mph) is used. Passive "fail-safe"

switches will be required, and through-traffic should be able to pass switches

without reducing speed.

F. Headway. All vehicles will operate under a safe stopping headway

policy based ~n the normal or service braking rate of 0.15 g.

3.2.2 System Performance Reguirements

The following cruise and acceleration performance requirements apply to

single coaches only, not operation in trains.

A. Thrust - Speed. The nominal cruise speed is 134 mls (300 mph), and

the propulsion system should have sufficient short-duration performance to

provide this speed on a positive 2% grade with a 13.4 mls (30 mph) headwind.

The maximum duration of the 134 mls speed for a 2% grade, 13.4 mls headwind is

20 minutes. The propulsion system shall be capable of one hour operation on a

level grade with a 13.4 mls headwind. Continuous operation is required for a

level grade, no headwind cruise at 134 m/s.

B. Acceleration. The propulsion system should have the capability of

providing sufficient short-duration thrust to accelerate a 445 kN (100,000 lb)

vehicle on a positive 2% grade with a 13.4 mls headwind through the lift-off

drag peak (which occurs at ~ 30 m/s). The average acceleration between lift­

off and 134 mls for the level grade, no headwind condition should be approxi­

mately 0.08 g. The peak vehicle acceleration for any condition shall not

exceed 0.15 g.
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C. Normal Braking. The normal or service brake system shall be capable

of decelerating a 445 kN vehicle at the normal limit of 0.15 g on a 1% down­

grade with a 13.4 mls tailwind. Normal stops should not exceed the jerk limit

of 0.03 g/sec.

D. Emergency Braking. The emergency braking system shall be independent

of the normal braking system or wayside power pick-up (if any), and shall be

capable of decelerating a 445 kN vehicle at the 0.4 g emergency limit on a

1% downgrade with a 13.4 m/s tailwind.

E. Ride Quality.* Under any normal operating condition and all speeds

below 134 m/s (300 mph), the following DOT-specified values of sustained or

steady-state acceleration and rate of change of acceleration (jerk) shall not

be exceeded at any time:

Direction

Longitudinal

Lateral

Vertical

Sustained
Acceleration (±g)

0.15

0.08

0.10

Jerk (±g/sec)

0.03

0.03

0.04

These are human-comfort criteria, thus the response of the vehicle should be

accounted for in determining the conditions sensed by passengers. According

to Ref. 3-1, these limiting values do not apply to cabin vibrations but are

based,on vehicle maneuvers which result in durations exceeding 1 to 2 seconds.

An additional passenger ride comfort constraint given in Ref. 3-1 is a maxi­

mum roll rate of ISO/sec., and this value has been used as a nominal value

for this system.

The spectral composition of acceleration/time histories over any sample

collected over a l-km length of guideway or greater, over the frequency range

of 0.1 to 50 Hz, shall not exceed the limits shown in Figure 3-1. Comparison

with Figure 3-1 shall be made on the basis of a power spectral density analy­

sis with a frequency resolution of 1 Hz intervals in the passband.

*Requirements for the aluminum levitation/guidance elements are given in
Section 4.5.lA. The roughness index, A, used in this analysis is
1.5 x 10- 6 m (5 x 10- 6 ft).
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F. Guideway Superelevation and Vehicle Bank Limits. The radii or guide­

way curvature required to satisfy the ride quality specification given above

can obviously be reduced by the use of guideway banking (superelevation) andl

or vehicle cabin bank. The guideway superelevation for a vehicle which does

not have the capability of rolling the cabin with respect to the undercarriage

is normally limited to approximately 10°, since greater angles are uncomfort­

able for passengers should the vehicle stop or negotiate curves considerably

below the design speed of the curve (Ref. 3-1). The maximum vehicle bank

angle is 24.6° which includes any guideway superelevation.* For any speed,

a 24.6° bank angle and the specified 0.08 g lateral acceleration limit define

the minimum radius turn. Typical results are shown in Figure 3-2 for speeds

of 134, 89.3 and 45 mls (300, 200, and 100 mph). The curves labeled "coordi­

nated turn" denote a turn with no lateral acceleration.

The minimum vertical radius of curvature for a transition to a grade at a

nominal cruise velocity of 134 mls (300 mph) is 18.3 km (60,000 ft). At

89.3 mls (200 mph), this value is reduced to 8.1 km (26,670 ft.). Combined

horizontal and vertical curves, in general, require larger radii of curvature

than either the horizontal or vertical case, and must be calculated for the

,parameters of interest. The acceleration limits at the beginning or end of the

transition sections are dictated by the ride comfort values given above.

G. Operation in Crosswinds and Gusts. The vehicle shall be designed to

operate normally (i.e., without exceeding the ride quality limits) for con­

tinuous winds and sharp-edged gusts up to 20.1 mls (45 mph). The encounter

with a "sharp-edged" crosswind (a spatial step function in wind velocity) is

likely to be the worst aerodynamic loading condition, and can occur as the

vehicle emerges from a sheltered portion of the guideway into an open area

where a 20 mls crosswind is blowing (Ref. 3-2). The design value of 20 mls

is based upon the British Tracked Hovercraft study (Ref. 3-3), which demon­

strates that wind gusts of this magnitude are not likely to be exceeded 99.5%

of the time for a three-second gust for a Mildenhall, England location. Since

the Mildenhall data are similar to that for the Northeast Corridor or the

California Corridor of the United States, the 20 mls value is used for these

*Dictated by the vertical (heave) acceleration constraint of 1.1 g.
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studies. The vehicle can operate safely at crosswind speeds greater than

20 mIs, however at reduced vehicle speeds, based on early warning from guide­

way anemometers. If a warning is not received, then this is classified as an

abnormal operating condition and the ride quality could be exceeded until the

vehicle speed is reduced or the crosswind velocity abates.

3.2.3 Environmental Reguirements

A. Vehicle Noise. The primary noise sources at cruise speed are the

noise radiated from the vehicle boundary layer and wake, and the noise from

the onboard propulsion system. The latter source may emit negligible noise if

an electrical motor is used and power is supplied from the way-side. However,

the noise of the electrical pick-up must still be included. The noise "limits"

specified in Ref. 3-4 for High-Speed Ground Transportation Systems are listed

below.

FRA/DOT Specified HSGT Noise "Limits"

Exterior Noise "Limit" at Cruise Speed 73 dbA

Exterior Noise "Limit" Braking, Idling,
in Termina 1s . • • . . . • • . • • . . . • . . . . • . . . • . . . . . . . •• 63 dbA

• 50 feet from vehicle centerline,
measured at 90 0 to guideway for
cruise speed, measured 50 feet
in front of and behind the nearest
noise source on the vehicle for
braking, idling, or in terminals

o Includes specified tone corrections

Interior Noise Limits:

Passenger compartment ........•.•..•..•.• 65 dbA

Crew compartment ..••.••.••••...•••...... 75 dbA

However, the noise of the vehicle passing at 134 mls without onboard propul­

sion has been estimated to be substantially higher than the 73 dbA "limits"

(Section 4.2.5). Therefore, a more realistic requirement has been set for a

propulsion system, i.e., the noise level of the propulsion unit shall not

exceed either 73 dbA or the noise level of the vehicle without propulsion
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when moving at 134 mis, whichever is higher. Firm requirements for lower

speeds have not been established, but tentatively a goal of maintaining the

propulsion system sound level at or below the vehicle aerodynamic noise level

down to the speed where 73 dbA is reached has been set. The final noise

regulations that are used for HSGT systems should be based on the effect of

the noise on people along the gUidway and inside the vehicle.

B. Emissions for Onboard Gas Turbines. The use of an onboard gas tur­

bine for driving a ducted fan or a superconducting paddle wheel has several

advantages, however the noise and emissions must be within acceptable limits.

Noise goals are summarized in the previous paragraph. The initial emission

requirements used in the study were based on the information given in the

DOT "High Speed Ground Transportation Alternatives Study" (Ref. 3-5). The

values for emissions for a nonregenerative gas turbine were 1.4, 5.2, and

4.4 lb/l03 hp-hr for unburned hydrocarbons (UHC), carbon monoxide (CO) and

oxides of nitrogen (NO ), respectively*. Values for regenerative gas tur-
x

bines were approximately a factor of two lower.

A study of the Alternatives Study emissions revealed they were based

upon automotive gas turbines having a pressure ratio of about 1/4 that of the

aircraft-type gas turbine required for MAGLEV applications. Also the factor

of two reduction between nonregenerative and regenerative turbines is appar­

ently due to an assumed 50% reduction in specific fuel consumption (SFC).

Such an improvement in SFC may be possible for automotive turbines, but is

unrealistic for the high pressure ratio turbines for MAGLEV. Finally, the

emissions given above were based on operation at constant power, whereas a

more realistic approach is the use of a complete operating cycle where idle

time is considered (where UHC and CO are highest), as well as acceleration

and cruise. (NO
x

is highest at maximum power, and appears to be the biggest

problem.)

*Ref. 3-6 was given as the source of the information on gas turbine emissions.
However these original values were considerably lower than that quoted in the
Alternatives Study, Le., 0.48, 5.4, and 3.4 lb/l03 hp-hr for UHC, CO, and
NOx , respectively. For a regenerative system the values were exactly a
factor of two lower.
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To alleviate the problem of defining a pollution level based on automo­

tive applications, the Environmental Protection Agency (EPA) standards for

aircraft engines are used for the emission calculations (Ref. 3-7). This

standard is listed below.

1979/81 EPA STANDARD FOR P2 ClASS (TURBOPROP) AIRCRAFT ENGINES.

(Grams of pollutant per kilogram of fuel burned or
pounds of pollutant per 1000 pounds of fuel)

TOTAL UNBURNED
HYDROCARBONS (URC)

-IDLE-

4

CARBON
MONOXIDE (CO)

-IDLE-

20

OXIDES OF
NITROGEN (NOx)

-MAX. POWER-

10

(To apply these standards to a turbine-powered vehicle, it is first necessary

to define a. route profile and the corresponding turbine cycle (i.e., horsepower/

time requirements), then determine the percent of maximum URC, CO and NO
x

emissions and SFC as a function of horsepower for the particular gas turbine

of interest. These factors can then be combined to yield the total pollutants

emitted for the cycle or pollutants per horsepower-hour-cycle. Note that the

proposed emission standards for aircraft published in Ref. 3-8 are considerably

higher than those given above when converted to a typical cycle.)

Articles published in the past have referred to electric propulsion from

wayside power pick-up as "pollution-free," however this is misleading. Most

of the electrical power generated between the present time and at least the

year 1990 will be from the combustion of fossil fuels (Ref. 3-5). This type

of power plant emits pollutants which must be accounted for in comparing the

overall emissions of gas turbines with electric motors. As nuc~ear power and

electrical power from other non-fossil-fuel sources becomes more important,

the power plant-generated pollution should then be proportionately reduced.

C. Magnetic Field/Shielding. The superconducting levitation magnets

generate an intense magnetic field close to the magnet coil, e.g., ~O.lS to

0.2 tesla (T) (1500 to 2000 gauss) at 0.3 m above the coil for the worst case

of no magnetic shielding and the vehicle is at rest. The field is roughly

0.04 T (400 gauss) at the floor of the passenger cabin for an unshielde~
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magnet if the vehicle is not moving, and 0.02 T (200 gauss) when moving at

high speed (Section 4.3.1B). Since no environmental requirements now exist

for magnetic fields, what are believed to be realistic limits are specified

in order to determine the amount of magnetic shielding required for passengers.

Reference 3-9 summarizes the pre-1970 literature on the biological effects

of magnetic fields with emphasis on human exposure to static fields. Since

that time there have been no decisive biomagnetic experiments which show harm­

ful effects to man in fields of 0.1 T (1000 gauss) or less. However, much

lower fields can cause some problems, for example a field of 0.02 T (200 gauss)

will affect the operation of some watches and may influence electronic pace­

makers. A field of 0.005 T (50 gauss) or less will affect some sensitive

electronic equipment.

In a recent paper, Beisher and Reno (Ref. 3-10) reviewed the literature

on biomagnetic effects and included some recommended limits for human exposure

to magnetic fields. These recommendations come from two sources: the Stanford

Linear Acceleration Center (SLAC) and the Soviets. The SLAC limits were based

on biomagnetic research on animals and also experience gained through main­

taining careful records on exposure of members of the Center. The Soviet

recommendations were based on studies of long-term health records of workers

engaged in the fabrication of permanent magnets. The recommendations are

summarized below.

RECOMMENDED LIMITS OF HUMAN
EXPOSURE TO MAGNETIC FIELDS FOR EXTENDED PERIODS (HOURS)

(REF. 3-10)

Type of Exposure

Whole Body or Head

Arms and Hands

SLAC

200 Gauss

2000 Gauss

USSR

300 Gauss

700 Gauss

Taking into account factors such as recommended limits to human exposure,

inconvenience to passengers, problems in shielding the magnetic field to low

levels, etc., the following recommendation is made: The maximum whole body or

head exposure for passengers and crew will be 0.008 T (80 Gauss), and the

maximum magnetic field at any point in the passenger compartment which is
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accessible to people will be 0.02 T (200 Gauss). Potential problems with

onboard electronic equipment will be alleviated by the proper selection of

components, locating the equipment away from the magnets, and additional local

shielding of equipment, if required.

D. Other Environmental Effects. Abrupt cabin pressure changes upon

entry and exit from tunnels and the less severe case of pressure changes on

grades must be avoided, and the obvious solution is the use of a sealed, pres­

surized cabin. The discomfort experienced by a person by a reduction in pres­

sure depends on the rate of change of pressure and if the middle ear can

adjust to it (Ref. 3-11). Any pressure changes due to cabin conditioning sys­

tem should be limited to a rate of less than approximately 0.005 psi/sec, and

the pressure change from the initial ambient must be limited to a few tenths

of a psi.

The environmental impact of the elevated or at-grade guideway, passenger

terminals, parking lots, and other facilities should be minimal. This effect

is highly route-specific, and requires careful planning and design.

The visual effects of nearby objects passing the vehicle at high speed

has an unsettling effect on people. Optokinetic (train) nystagmus and inter­

mittent photic (flicker) stimuli must be maintained within acceptable levels

by not having large vertical objects close to the track and/or restricting the

visual field of the passengers. ,The latter may be accomplished by limiting

the location, size, and number of side windows or having a technique of making

the windows partially opaque when high speeds are reached. Envelopes of

critical optical effects are given in Ref. 3-11.

3.2.4 Route Characteristics

A 750 km (466 mi.) linear, double-track route with five intermediate

stops is selected to permit meaningful evaluation of energy consumption

(acceleration, deceleration, and station idle operation), switch location and

associated off-line loading arrangements, passenger handling capacity, etc.

Deceleration from cruise speed into each city area takes place at 0.15 g

with subsequent station dwell for two minutes to allow for passenger loading

and unloading. Acceleration time and distance out of the station and up to
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cruise speed varies depending upon the particular vehicle and propulsion com­

bination under analysis. Between the cities, 10% of the route (75 km) is

assumed to have a 2% grade with a simultaneous headwind of 13.4 m/s (30 mph);

the remainder of the intercity distance corresponds to level, no-wind operation

at cruise speed.

3.2.5 Safety and Reliability

Detailed safety requirements have not been determined, however guidelines

for various aspects of system safety have been formulated. The safety of any

passenger-carrying system is of the highest importance. This is best accom­

plished during the design phase by conservative design approaches, redundant

systems, and other standard safety techniques. The design objectives are that

no accidents occur during normal operating conditions, and any malfunction

that could result in an unsafe condition occur in a fail-safe manner (Ref. 3-11).

It is anticipated that many of the aircraft-type safety procedures will be

specified, particularly if gas turbines are used.

A. Vehicle Safety. Provisions will be made for automatic fire detection

and extinguishing. Fire retardant and nontoxic materials will be used for the

interior. The loading/unloading doors will be designed so that the passengers

and crew can evacuate quickly. The vehicles will be designed to act as energy

absorbers in event of a collision to minimize injuries. Braking the vehicle

will be accomplished by two or three systems, with fail-safe provisions. Switch­

ing will be accomplished by onboard mechanisms which do not rely on moving any

guideway element. This allows the vehicle to pass safely through the switch

in event the SWitching mechanism fails.

The levitation system will have redundancy in the key components such as

the lift magnets. Thus, failure of a single magnet will not result in contact

with the guideway. The magnets will be protected from contact with the guide­

way by wheels and skids, and protected against the impact of small iron pieces

attracted by the magnetic field by an external shroud. The baseline propulsion

system has two separate and independent engines so that in the event of an engine

failure the vehicle can reach the next terminal (at reduced speed) for repairs.
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B. GUideway Safety. The guideway structure will be designed to withstand

all normal loads. The design wind loads will be 45 mls (100 mph) for the

Northeast corridor with no vehicles operating, and 27 mls (60 mph) with the

vehicles operating. The normal height of the vehicle above the gUideway

(~ 19 cm) allows it to pass over relatively large objects, as well as a con­

siderable amount of ice, snow, sand, etc. Low-speed areas will probably require

clearance and the removal of most of the ice and snow due to the reduced

clearance and the use of wheels. Selection of the final gUideway shape will

depend, in part, on the tendency to collect snow and other debris and the

ease of removal. A system for the detection of objects on the guideway may

be required, onboard the vehicle or on the guideway.

Sufficient side clearance must be allowed between vehicles to reduce the

passing loads to reasonable levels ~ 10 ft. at 300 mph). The right-of-way

must be completely dedicated, i.e., no grade crossings are allowed. Fencing

must be provided at the edges of the right-of-way to prevent people or animals

from approaching the track or throwing objects directly at the vehicles. The

number of overpasses above the MAGLEV guideway should be minimized, and they

must be fenced to reduce the possibility of objects being dropped on the

vehicles or onto the track. Elevated guideways will be required in some urban

areas to ensure the safety of the vehicles. This will also help to reduce

the amount of right-of~way required in these areas.

If electrical power is picked up from the guideway, the usual provisions

of protecting people or other objects from contacting the power rails must be

provided. The electrical system must be properly grounded and protected

from overloads caused by lightning, etc. Communication links and the system

for detecting vehicles or other objects on the track must be redundant.
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SECTION 4

SYSTEM DESIGN ANALYSIS

4.1 INTRODUCTION

This section contains the discussion of the design and analysis of the

major components of the system: the vehicle (Section 4.2), the suspension

subsystem (Section 4.3), the propulsion subsystem (Section 4.4), and the

guideway (Section 4.5). The basic purpose of this effort is to obtain a cost­

effective conceptual design of the levitation and guidance elements of a

passenger-carrying MAGLEV revenue vehicle and its guideway which meets or

exceeds the ride quality standard.

A baseline conceptual design has been selected after considering the many

options available; options related to the types of control strategies, the

magnet design, the propulsion system and its effects on the vehicle and

levitation/guidance elements, the type of guideway and its effects, etc. Pre­

liminary tradeoffs were conducted among these options to obtain the baseline

system - a system that is feasible for the near term (10 to 15 years). With

development, some of the more exotic systems such as superconducting paddle

wheel propulsion, could well become the optimum system in the future.

4~2 VEHICLE DESIGN

A conceptual design has been performed to obtain a baseline vehicle con­

sidering such parameters as vehicle size and shape, structural design, mass

properties, and subsystems. The philosophy used in this study has been based

on the ultimate purpose of a system of this type - that of providing high­

speed intercity transportation typical of the high-density Northeast and

California corridors in the United States. "Express" service from one end of

a corridor to the other can involve travel times up to 100 minutes duration,

and a high level of passenger comfort should be provided during the transit

time, commensurate with other aspects such as vehicle cross-sectional area

and cost.
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The vehicle configuration is dependent upon the type of propulsion sub­

system and guideway that is chosen. System tradeoffs indicate that a Ducted

Fan/Gas Turbine is the leading propulsion candidate for the near term and that

the hat-shape (wide inverted Tee) configuration is the first choice for the

guideway. The baseline system shown in the following sections is based upon

these selections.

Since the levitation magnets do not generate lift at zero speed, wheels

must be provided. These support and guide the vehicle up to the lift-off (or

landing) speed of ~ 30 m/s (67 mph). ,An arrangement has been devised wherein

the landing wheels are used to engage a passive switch and enable the vehicle

to switch to an alternate guideway such as into a passenger loading/unloading

station. The Ducted Fan/Gas Turbine propulsion system is relatively simple

and compatible with various switch designs, whereas other systems require

switching a power pick-up and/or complicated guideways such .as an active track

(i.e., the 1SM). An 'evaluation of the various propulsion candidates is given

in Section 4.4.6.

4.2.1 General Configuration

Initial weight and size estimates were established for the 80-passenger

vehicle in order to have a common reference point for the structural, aero­

dynamic, and dynamics analyses. The maximum weight was set at 445 kN

(100,000 lb), and the external envelope at 3 x 3 x 30 m (10 x 10 x 100 ft).

Calculations of the propulsion power demonstrated the value of minimizing the

weight, and the detailed weight estimates* for the baseline vehicle resulted

in a gross weight of 366.5 kN (82,400 Ib). The external envelope of the base­

line vehicle with the Ducted Fan/Gas Turbine is 3.45 x 2.94 x 33.67 m (11.3 x

9.7 x 110.5 ft). These dimensions are close to the original envelope; the

additional 3 m length is required for the extensive sound treatment required

in the fan duct. Details of the overall vehicle configuration are shown in

tigures 4-1, 2-1 and the frontispiece.

*S~. tion 4~2.4
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\

Preliminary tradeoffs between passenger seating options and the need for

minimum cross-section area (minimum aerodynamic drag), resulted in a vehicle

with a cross section of 8.45 m2 (91 ft
2
). The baseline design shows the mag­

net modules near the front and rear ends of the vehicle to minimize the magne­

tic field in the passenger cabin. However, if the shielding coils are as

effective as predicted, the magnets can be located directly under the pas­

senger cabin if this is desirable from the standpoint of vehicle ride, pack­

aging, etc.

Discussion of the various propulsion systems available for the vehicle ­

including the baseline Ducted Fan/Gas Turbine - is given in Section 4.4. The

general vehicle configurations for these different propulsion systems are also

shown in Section 4.4.

4.2.2 Passenger Cabin

Details of the 80-passenger cabin for the baseline configuration is given

in Figures 4-2 and 4-3. A minimum cabin area has been defined consistent with

large seats; seats equivalent to those of a DC-lO aircraft. The internal

dimensions are a height (headroom) of 2.05 m (81 in.), a width of 2.79 m

(110 in.), and a cabin length of 19.5 m (64 ft). A four-seat row with center

aisle (2 x 2) has been used, with an aisle width of 0.533 m (21 in.). Both

the aisle width and headroom dimensions are the same as a DC-9 aircraft. A

seat pitch of 0.96 m (38 in.) is used to ensure adequate leg room.

The magnets, fuel, and landing/switching gear are located in channels or

"sponsons" on either side of the vehicle. The distance between the floor of

the cabin and the bottom of the vehicle is primarily dictated by the diameter

of the landing/switching wheels. The cross section of the vehicle can be

reduced by placing the magnets and wheels in front of and behind the passenger

cabin and replacing the baseline hat-shape guideway with a V-channel shape,

but this results in a considerably longer vehicle. System tradeoffs demon­

strate that this arrangement is not as optimum as the one shown in Figure 4-2.

Figure 4-3 shows the baseline passenger compartment and service area

arrangement. The seats for the 80 passengers will face forward to take advan­

tage of the higher allowable longitudinal accelerations. Two door openings of

4-4
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single passage each are planned for each side of the vehicle for passenger

ingress/egress. At any given time it is likely that only the two doors on

one side will be utilized. The door opening will be approximately 0.76 m

(30 in.) wide with a loading/unloading capacity of one passenger per second

(Ref. 4-1). For 80 passengers, the loading(unloading time is 40 seconds (or

20 seconds for an emergency exit from all four doors). Eventually it may

prove economical to add another door near the center of the vehicle to improve

the load/unload time, and thus the average speed, particularly if the passen­

ger capacity per vehicle is increased.

4.2.3 Structural Design

A. Introduction. A preliminary structural analysis of the conceptual

vehicle design is presented which defines the primary structural elements and

estimates the structural weight. The calculations are based upon the initial

estimates of a vehicle with a weight of 445 kN and a length of 30 m. Scaling

relationships are developed so the structural weight can be estimated for the

baseline vehicle. Since vehicle ride quality requirements limit the allowable

vehicle accelerations, dynamic loading of the vehicle during cruise conditions

will be low. The most severe bending loads occur at low speeds when the

vehicle drops down on the landing wheels. Normally, the transition from mag­

netic levitation to wheeled support will be smooth; however, a 2 g vertical

acceleration of the vehicle is conservatively assumed for any adverse landing

conditions,

Since the vehicle structure is lightly loaded, stiffness considerations

become the primary structural design constraint. To simplify the vehicle

dynamic control problem, the fundamental natural frequencies of the vehicle

structure should be high relative to the vehicle/suspension system rigid-body

heave-motion natural frequency of 0.6 Hz. Calculations based on the assump­

tion that the vehicle could be represented by a uniform free-free beam were

used to predict the value of the bending stiffness required to give a funda­

mental vehicle bending frequency of 5 Hz (~ 8 times the heave-motion fre­

quency). Based on this goal of 5 Hz,' a bending stiffness requirement of

EI = 2530 MN_m2 (8,83 x lOll lb-in2) was established. Various structural con­

figurations have been studied in an attempt to meet this stiffness require­

ment, and the selected design is defined below.
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B. Structural Configuration. Aluminum aircraft-type sheet-stringer

construction is used for the basic structure. This structure is modified in

the forward and aft vehicle sections to support the levitation and guidance

magnets, landing wheels, and propulsion system. In the center section of the

vehicle (the passenger section), the efficient sheet-stringer construction

provides the entire external perimeter of the vehicle. In the forward and

aft sections - where large, massive vehicle subsystems must be supported - an

I-beam frame structure replaces the sheet-stringer construction below the

floor level. Nonstructural fairings will be provided to enclose the lower

portion of the vehicle in the forward and aft sections.

The proposed vehicle cross sections are illustrated in Figure 4-4. The

vehicle cross sections employ two stringer designs; the stringers along the

top and bottom of the vehicle are considerably larger than the side stringers

in order to support the higher vertical loads through the vehicle and to com­

pensate for the reduced vertical height in the forward and aft sections. The

lateral stiffness provided by the side stringers is reinforced by the floor

panels and the component support beams.

To prevent buckling during compressive loading, S.l-cm-deep (2 in.)

aluminum "Z"-sectio~ frames have been specified to support the outer structure

every 45.7 cm (18 in.). Aluminum honeycomb-core floor panels supported by

transverse beams tied to the frames on each side of the vehicle were designed

to support a 4787 N/m2 (100 lb/ft 2) maximum load. All components of the

primary structure are illustrated in Table 4-1 along with tabulated weight

data.

C. Structural Analysis. A lumped-mass-beam analytical model was used to

calculate the fundamental bending frequencies for the vehicle structure. The

weight and stiffness distributions for the model are shown in Figure 4-5.

Fundamental bending natural frequencies of 6.9 Hz and 5.8 Hz were calculated,

assuming the beam model to be simply supported at the lift and guidance mag­

nets (joints 4 and 10 in Figure 4-5). These two frequencies were calculated

for the motion in the vertical and transverse planes, respectively. The

fundamental torsional mode was calculated to occur at approximately 6 Hz.
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The 2 g landing condition induces the maximum compressive stresses in

the top of the vehicle and maxim~ tensile stresses along the bottom. The

axial position of the maximum stresses is approximately midway between the

forward and aft landing wheels. The calculations of the structural margins

of safety during landing are based on the assumption the outer sheet is fully

effective in tension and partially effective in compression. (This is a com­

mon practice in aircraft fuselage stress analysis, e.g., Ref. 4-2.) Margins

of 480 percent to local buckling of the sheet-stringer structure between

frames on the top of the vehicle, and 390 percent to tensile yield along the

bottom of' the vehicle are calculated. These results are based 'on the,proper­

ties of 2024-T3 aluminum alloy construction given in Ref. 4-3.

The possibility of general instability of the vehicle structure (buck­

ling of the sheet-stringer structure through the frames) is prevented by

designing the frames to be effectively rigid relative to the stringer bending

stiffness, thus forcing the sheet-stringer panels to buckle between frames.

Two approaches are taken to estimate the frame stiffness required. First, the

frame stiffness requirement (EI) is estimated to be 4680 N_m2 (1.63 x

106 Ib-in2) from data for ring-stiffened circular cylinders presented in

Ref. 4-4. As an alternate approach, the sheet-stringer structure forming the

top of the vehicle structure is assumed to be an orthotropic simply-supported

flat plate, and an analysis predicts a required frame stiffness (EI) of

4220 N_m2 (1.47 x 106 lb-in2). The frame structure proposed in Table 4-1

gives a bending stiffnes (EI) of 40,800 N_m2 (14.2 x 106 Ib-in2) which is

considerably larger than either of the requirements derived above; therefore,

a large margin exists before general instability takes place.

The margin to yielding for the transverse beams supporting the floor

panels is calculated to be 150 percent for a maximum floor loading of

4790 N/m2 (100 Ib/ft2). For a nominal floor loading of 1436 N/m
2

(30 Ib/ft
2
),

the maximum floor deflection should be no greater than about 0.38 cm (0.15 in).

D. Scaling Relationships for Structural Weight. Relationships have

been derived to allow an estimation of the structural weight required for

alternate vehicle geometries and gross weights. The estimated structural

weight can be scaled from the values given in Table 4-1 by assuming certain
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conditions are valid. The primary assumption is that the vehicle structure

is idealized by a rectangular tube with height, h, width, b, length, L, and

gross weight, W. Supporting assumptions are:

• Vertical vehicle stiffness is provided only by the top and
bottom sheet-stringer structures.

• Lateral vehicle stiffness is provided only by the side sheet­
stringer structures.

• Frame bending stiffness and spacing for the baseline design
is adequate for all configurations to be considered, there­
fore frame weight scales linearly with the vehicle surface
area.

• The weight of the honeycomb-core floor panels scales linearly
with floor area.

• The transverse beams supporting the floor should maintain a
constant floor deflection for all vehicle designs.

With the above assumptions, structural weight can be estimated from the

following relations:

W = 1.25 (w I + wf + wf + w b)structure s s r p t

where

w
sIs (

w ) 2(w )(.9. )4 (h*)2 (W z ) 2 (w ) (.9. \ 4(bl~)2
= W; W* .9.)', h wi + w~ w* .9.)~J b

(b+h).9.
=. (b*h'~).9.~' w~r' weight of frames

b.9. * . h f fl 1= b*.9.* wfp ' we~g t 0 oor pane s

weight of
sheet­
stringer
panels
and com­
ponent
support
beams

__ (bb",)2 (~~,)w
tb

N' ,weight of transverse beams

wand ware the desired minimum fundamental bending frequencies of the
y Z vehicle structure.
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The values for the initial vehicle design are:

W>'~ 445,000 N (100,000 lb)

L* 30.5 m (100 ft)

hi' = 3.4 m (134 in. )

b>~ - 3.0 m (118 in. )

wi 18,200 N (4086 lb)

w* = 13,300 N (3000 Ib)
2

w* 2570 N (578 Ib)
fr

Wi" 6310 N (1419 Ib)
fp

w,,~ 2600 N (9585 lb)tb

E. Conclusions. The vehicle structure described in Table 4-1 and Fig­

ure 4-4 provides adequate stiffness and strength for the expected TMLV envi­

ronment. A structural weight of 53.4 kN (~ 12,000 Ib) was calculated for the

primary and secondary structure based on a vehicle 30.5 m long with a gross

weight of 445 kN. As a conservative approach, the structural weight estimate

of 53.4 kN was retained for the lighter, longer baseline vehicle. This

results in a slight drop in th~ fundamental bending frequency, but the weight­

length ratio compares favorably with prior TRW correlations, as discussed in

Section 4:2.6.

4.2.4 Mass Properties

The detailed weight estimates for the baseline 80-passenger vehicle

powered by a Ducted Fan/Gas Turbine are given in Table 4-2. The results

reflect what are considered to be reasonable estimates of each significant

component of the vehicle. The major portion of the total vehicle weight of

366.5 kN (82,400 lb) is contained in the suspension system (66.8 kN or 18%),

the structure (53.4 kN or 15%), the propulsion system (80.6 kN or 22%), and

the passenger payload (71 kN or 19%). The remaining 26% of the weight is con­

tained in furnishings, auxiliaries, brakes, and approximately 5% of the total

weight for contingencies.
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TABLE 4-2. DETA ~ LED WE IGHT BREAKDOWN SUMMARY FOR BASEU NE
MAGLEV VEH iCLE

WEIGHT

iTEM
o SUSPENSiON

LIFT/GUIDANCE MAGNET MODULES(1) (4 SETS)
CRYOGENIC REFRiGERATION(2)
LANDiNG/SWITCHING WHEELS, BOG~ES & BRAKES (4 SETS)
CRYOGENiC PIPING, INSULATiON, ATTACHMENTS, ETC.
ELECTRONIC CONTROL FOR LIFT/GUIDANCE MAGNETS

o STRUCTURE

PRIMARY STRUCTURE
SECONDARY STRUCTURE

21.8 KN
7.1

19.6
4.4

13.9

42.7
10.7

KN (ill)

66.8 (15,000)

53.4 (12,000)

o FURNiSHiNGS
SEATS (80)
CARPETiNG AND liN~NG

WINDOWS AND EXTERiOR DOORS

11.0
8.1
5.4

24.5 (5,500)

21.0 (4,700)

20.2 (4,500)

15.6 (3,500)

80.6 (18,200)

2.2
9.1
2.7 .
1.6

6.2
3.6
7.6
3.6

o AUX~UAR~ES

AIR COND~TIONiNG (AIR CYCLE MACHINES PLUS DUCTING)
AUXILIARY POWER UNIT AND LIGHTING
PARnTIONS AND BAGGAGE RACKS
LAVATORIES (TWO), POTABLE WATER AND TANK

® BRAKES (AERODYNAM~CPANELS & EMERGENCY PARACHUTE)

Cl'l CREW COMPARTMENT

COMMUNICATiONS
ELECTRICAL mSTRiBUTION
GAllEY
CONSOLE, iNSTRUMENTS, & FURN~SHINGS

G PROPUlS~ON

FANS (TWO 4.5 FT mAMETER) 4.4
ENGINES (TWO ~ 7000 HP REGENERATiVE TURBOSHAfTS 17.1

PLUS DUCTS AND NOISE TREATMENT)
FUEl(3) (lNClUmNG 15% RESERVE AND FUEl TANKS) 34.1
FAN DUCTS AND NOiSE TREATMENT 21.6
GEAR BOXES 3.4

@ CONT~NGENCY

@ EMPTY VEH~ClE WE~GHT

~ PAYLOAD (100% LOAD FACTOR)

PASSENGERS - 80 PLUS 4 CREW MEMBERS
(AVERAGE PASSENGER & CREW WEIGHT PLUS lUGGAGE
=0.845 KN)

• GROSS VEHICLE WE~GHT

13.4 (3,000)

295.5 (66,400)

71.0 (16,000)

366.5 (82,4001

(1)iNCLUDES LEVITATION/GUIDANCE COILS, SHIELDiNG COilS, DEWARS AND CONTROL COilS.

(2)INCLUDES BASIC SYSTEM CONSISTING OF ONE COMPRESSOR AND TWO REFRIGERATORS PLUS
ONE BACK·UP COMPRESSOR.

(3)EVALUATED FOR BASELINE TRIP PROFILE OF 750 KM LENGTH WITH FIVE EQUIDI~TANT
INTERMEDIATE STOPS.
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Additional details on the weight breakdown for some of the items such as

the lift and guidance modules, control electronics, and structure is given in

Sections 4.3.1, 4.3.5, and 4.2.3, respectively. An average passenger weight

of 716 N (161 1b) is used, plus 129 N (29 1b) for luggage, clothing, etc.

This is the same as the value used by domestic airlines. Weights of the fur­

nishings and auxiliaries are primarily based upon similar equipment for air­

lines. As in the case of aircraft, it is important to keep vehicle weight as

low as possible in order to minimize the propulsion system power requirements.

Further discussion of weight breakdowns for alternate propulsion systems

and for vehicles with greater passenger capacity are given in Section 5.4.

The location of the baseline vehicle center of gravity is indicated in

Figure 4-6, i.e., 16.22 m aft of the nose and 1.32 m above the bottom of the

vehicle. The estimated moments of inertia are:

•

.4262Roll Moment of Inertla = 6.24 x 10 kg-m (1.48 x 10 1b -ft ). m
627Pitch and Yaw Moment of Inertia = 3.52 x 10 kg-m (8.35 x 10

Z = 0 AT GUIDEWAY
SURFACE, LEVITATION
MAGNET COIL
HEIGHT = 0.3 M

I------'.~ X

COORDINATE SYSTEM -Y

XCG = 16.22 M (53.2 FT)

YCG = 0

ZCG = 1.51 M (4.95 FT)

FIGURE 4-6. BASELINE VEHICLE CENTER OF GRAVITY LOCATION
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4.2.5 Aerodynamics

A. Introduction. The aerodynamics analysis primarily consists of esti­

mating the aerodynamic loads and moments on the vehicle for the design cross­

wind condition. These estimates are made in order to determine the effect of

aerodynamics on the ride quality and stroke, and if the guidance and control

system can accommodate the baseline crosswind forces and moments without

special provisions. The vehicle shape is not aerodynamically optimized.

Ultimately this must be done as well as evaluating the effect of transient

air10ads and the investigation of other problems such as passage through tun-

nels, etc.

The baseline system utilizes a hat-shape (wide inverted Tee) guideway.

The fully exposed sides of the vehicle make it vulnerable to large .side forces

and moments induced by crosswinds. Therefore, a brief study was concerned

with the design changes that may ultimately be required to alleviate the

crosswind problem. A summary of the results and recommendations are given

below. Additional details of the aerodynamic analyses are given in Ref. 4-5.

B. Aerodynamic Data. The data of Grunwald (Ref. 4-6) have been selected

as the basis for the aerodynamic coefficients after a review was made of the

limited information applicable to vehicles exposed to a crosswind in ground

proximity. Grunwald's report represents the most comprehensive and represen­

tative compilation of data at this time. However, even these data have short­

comings when applied to the conceptual vehicle, particularly for the lift and
,

pitching moment coefficients.

The first category of problems involves the test setup of Grunwald, and

at least three differences exist between the test technique and actual MAGLEV

operation. First, the moving ground plane fails to simulate properly the

resultant wind-to-ground angle and velocity, as observed by Bowman (Ref. 4-7)

and Ruetenik (Ref. 4-8). For the best' simulation, the moving ground plane or

belt should move in the direction of the model axis rather than in the direc­

tion of the tunnel airflow. For this reason, the stationary ground plane

data are used. A second difference between Grunwald's models and the revenue

vehicle concerns the guideway configuration. The baseline hat-shaped guide­

way has a raised section down the center whereas Grunwald used a flat belt.
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These first two differences will affect the vehicle lift and pitching moment.

The third difference exists in the base region. A ducted fan is the base­

line propulsion system, with some or all of the flow deflected into the wake,

while Grunwald used the model base for sting attachment. Also the vehicle

has a partial boat-tail whereas the models did not. The third difference

reduces base drag for the revenue vehicle as compared to the models.

The other category of problems relates to the model shape vs. the con­

ceptual shape of the MAGLEV vehicle. Grunwald obtained aerodynamic data for

six body geometries, three of which are more representative of the MAGLEV con­

figuration. Grunwald refers to these shapes as square, triangular, and half­

circle with long extended sides. The square cross section best matches the

current baseline vehicle shape, but considerable differences still exist.

Also the nose shape, base shape and especially the bottom configuration are

considerably different. The overall effect of these differences is unclear.

The triangular and half-circle shapes are aerodynamically superior to the

square configuration in crosswind conditions due to their lower yawing forces

and moments. Therefore these two shapes provide guidelines for improved

aerodynamic designs. The aerodynamic coefficients for the square configurR ­

tion of Grunwald are used to compute the forces and moments for this study.

The aerodynamic analysis was completed before the final vehicle config­

uration was derived. Figure 4-7 presents the shape used in the analysis*;

the length and width of the vehicle is slightly less than the baseline con­

figuration shown in Figure 4-1. The computed loads are based on a cross­

sectional area of 8.5 m2 (91.5 ft 2), and height above ground (ground clear­

ance) of 0.15 m (6 in.). The large lateral area of the fan ducts is not

included in the analysis. This area will increase the yaw force but reduce

the yawing moment due to its location well aft of the vehicle center of

gravity. The vehicle/guideway gap of 0.15 m corresponds to a height-to­

effective-circular-diameter (Hid) of 0:045, which is within the range
e

of values tested by Grunwald. The aerodynamic moments were transferred from

the location used by Grunwald to the center of gravity location shown in Fig­

ure 4-7 by a simple mathematical transformation.

*This preliminary vehicle was also used for the structural and dynamic
analyses.
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At the design yaw angle of 8.5 0
- which corresponds to a 20.1 m/s

(45 mph) crosswind on a vehicle traveling at 134 m/s (300 mph) - the steady­

state loads and coefficients are the values presented in Table 4-3.

TABLE 4-3. DESIGN AERODYNAMIC COEFFICIENTS AND LOADS FOR
STEADY CROSSWI ND

FORCE,KN
PARAMETER COEFFICIENT (LB)

DRAG CD 0.255 24.4 (5480)

LIFT CL -0.085 -8.5 (-1910)

YAW Cy = 0.525 49.0 (11,010)

PITCH MOMENT Cm = -0.48

YAW MOMENT Cn = 1.0

ROLL MOMENT Ct = -0.10

MOMENT, KN·m
(FT-LB)

-150 (-110,000)

320 (237,000)

-3 (2210)

NOTE: FAN DUCTS NOT INCLUDED, MOMENTS ABOUT VEHICLE cg

In addition to the design case given above, aerodynamic coefficients and

derivatives are computed from Grunwald's results for three configurations

(square, triangular, and half-circle with extended sides} for yaw angles of

0, 4, 8, and 12 degrees (Ref. 4-5). The yawing and pitching moment coeffi­

cients exhibited the greatest variation with yaw. For high crosswinds, these

moments tend to force the nose away laterally a~d lift the aft end of the

vehicle.

C. Conclusions and Recommendations. Based on the magnitude of the

forces and moments at the 8.5 0 yaw angle, only the yaw force and yawing moment

appear to pose any potential problems. These loads, of course, depend on the

body geometry, and the differences between the test models and the conceptual

vehicle may mean that the Grunwald data are not accurate for the baseline con­

figuration. Further test data are required to determine this. Approximately

a 30% reduction of the yaw force and moment can be achieved by using the half­

circular or triangular shapes rather than the square configuration. As

observed by Ruetenik (Ref. 4-8), rounded corners on the bottom of the vehicle
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are to be avoided since they tend to increase the side force and make it more

sensitive to Hid. Although aft control surfaces (e.g., the fan ducts or a
e

tail) will reduce the yawing moment, these will also increase the yaw force.

No real advantage is realized by the use of a tail for yaw loads. The present

baseline configuration has a relatively large height-to-width ratio, and this

tends to result in high side forces. If these forces and moments (for appli­

cable test models) prove to be too great a problem for the control system to

overcome, consideration should be given to using a V-channel guideway and a

longer, lower vehicle. A 0-channel also provides .a better shield for cross­

winds, especially if additional wind barriers are erected along the sides~

The pitching moment is controlled by the lift. The Grunwald data show

the lift for the.square configuration to be slightly negative and acts far

forward on the vehicle. Bowman (Ref. 4-9) has found that lift is particularly

sensitive to the nose and tail shape. A minimum lift force requires that the

nose stagnation region be kept low to the ground and rounded to the sides.

The base should be square with the vehicle, avoiding the fastback slope. The

vertical portion of the hat-shape guideway will cause a reduction in the

Grunwald-derived lift and moments by reducing the airflow under the vehicle.

Since the Grunwald configurations are not similar to the revenue vehicle nose,

tail, or guideway; the lift and pitching moment data are probably only repre­

sentative in magnitude. The conceptual revenue vehicle will likely have a

slightly negative lift and moment.

The rolling moment is very small since the center-of-mass is near the

geometric center of the vehicle. Vehicle drag was not investigated in detail

since it does not significantly affect stability; additional information on

the aerodynamic drag coefficients is given in Section 4.2.6B.

The problems associated with the theoretical predictions of subsonic

aerodynamics in the presence of a ground plane and the configurational and

test set-up problems with the existing test data make it necessary to have

extensive subscale tests of the shapes of interest prior to the fabrication

of any full-scale vehicle. One important problem that must be addressed

further before testing is ?oW to obtain the best simulation of the ground

effects and crosswinds. Wind-tunnel testing should provide accurate
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measurements of the side force and yawing moments. The data obtained by NASA

(Ref .. 4-6) and Hovercraft (Ref. 4-10) show that lift and pitching moment vary

substantially with body and guideway geometry, but side force and yawing

moments remain nearly the same. As observed by Beauvais (Ref. 4-11), the

ground plane simulation technique may give as much as 25% variation in pitch­

ing moment. The fixed plane technique appears to provide the best results in

the pitch and yaw plane when compared to full-scale model test data (Ref. 4-7).

A second approach to acquiring the test data is through the use of a

moving model facility (fixed track) as suggested by Ruetenik and Zartarian

(Ref. 4-8). This setup provides the correct body and track wind angle and can

also be used for gust load and passing load measurements. This technique has

a number of attractive features and existing test facilities have the poten­

tial of reaching the test conditions needed for MAGLEV.

D. Other Aerodynamic Phenemoma

(1) Passing Loads. Transient loads such as wind gusts and vehicles

passing in opposite directions will give higher side loads and yawing moments

than produced from steady-state side winds. Some work has been done on find­

ing the force of one train exerted on a second train passing in opposite

directions (Refs. 4-12 and 4-13). Typical results based on experiments and

potential flow theory are given in Ref. 4-13. It was found that: (1) the

force on the vehicle remains nearly constant over the length of the train,

and (2) the force is proportional to (a/a+S)4, where "a" is the half-width of

the body and "5" is the physical separation distance between the two trains.

A high side force builds up as they approach, followed by a negative force of

approximately the same strength. At a separation distance of one-half the

train width, the force exerted by a passing train is equal to the force of a

steady crosswind of 30.9 mls (69 mph) on a vehicle with a speed of 134 mls

(300 mph) (for this case S = 13°). To maintain an acceptably low force

between passing trains, a good rule of thumb is to keep a minimum separation

distance of at least one train width (5 = 2a). A nominal separation distance

of 3 m (10 ft) is specified for locations in which 134 mls cruise speeds are

reached.
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(2) Vehicle Flow Field Effects. The aerodynamic flow field produced

by a high-speed vehicle will be felt by objects close to the guideway. This

=ffect will be in the form of a wind gust of short duration (~ 1 second), and

the magnitude of the gust will be influenced by the distance from the passing

vehicle, the vehicle characteristics (shape, speed, method of propulsion), and

the magni~ude of any crosswind.

The principal aerodynamic phenomena due to the vehicle body results from

the pressure field created by the vehicle nose, and the wake aft of the vehi­

cle base. Hammitt (Ref. 4-14) presents graphical estimates of these phenomena

in parametric form for a representative vehicle configuration. The results of

Hammitt have been used to determine the approximate magnitude of the wind gusts

that would be experienced from passage of a single vehicle traveling at 134 m/s

(300 mph) with no crosswind. Figure 4-8 shows the estimated maximum induced

gust velocity as a function of side distance from the vehicle centerline. The

results indicate the wake is more important than the nose effect. Figure 4-8

demonstrates that the induced velocity for an aerodynamically smooth body

representative of MAGLEV is hardly noticeable at distances greater than about

9 m (30 ft) from the.vehicle centerline. Therefore, a distance of 15 m

(50 ft) to the edge of the wide right-of-way should provide sufficient distance

to eliminate gust ~ffects at the edge even with crosswinds, however additional

test data are needed to confirm this conclusion.

A Ducted Fan/Gas Turbine exhausting into the base region will completely

change the wake effect by changing the direction of the wake velocity.

Hamilton Standard· Division of United Aircraft conducted a brief study to

evaluate the exhaust plume characteristics of the fan and the gas turbine for

the MAGLEV application. Velocity and temperature profiles were obtained for

three turboshaft gas turbines at static conditions and maximum power. The

results showed that the significant increase in the velocity and temperature

for the engine alone is confined to a relatively small volume extending about

1 m (3.3 ft) on either side of the centerline of the turbine exhaust and

approximately 23 m (75 ft) downstream.

The Q-fan exhaust is larger than that of the gas turbine, the exit

velocity is higher, but there is no temperature increase. Some recent exhaust
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• V 00 = 134 MIS (300 MPH)

• VEHICLE DIAM =3.05 M (10 FT)
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FIGURE 4-8. INDUCED WIND VELOCITY RESULTING FROM
PASSAGEOF HIGH.SPEED VEHICLE

measurements on the Hamilton Standard Q-fan demonstrator have been used to

prepare velocity profiles for the static, maximum thrust condition. The

results show that the area of significant velocity increase is roughly 6 m

(20 ft) maximum on either side of the Q-fan exhaust centerline and approxi­

mately 60 m (200 ft) downstream. The region of high velocity is considerably

smaller than this. No problems for the static exhaust of either the gas tur­

bine or Q-fan exist at the edge of reasonably sized (~50 ft from centerline)

rights-of-way. The problem of the exhaust in the passenger loading/unloading

areas is minimized by using low thrust and/or by having protective loading

and unloading ramps similar to present-day airports.
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When the vehicle is in motion the plume velocity perceived by a station­

ary observer is the difference between the static plume velocity and the

vehicle velocity. Thus, the static conditions are the worst case, and the

flow field effect at the edge of the right-of-way for the Q-fan and turbine

at cruise speed are expected to be even less than that due to the flow field

from the body alone.

(3) Passage Through Tunnels. Although a study of the problems of

high-speed travel through tunnels was beyond the scope of the conceptual

design, the presence of tunnels has substantial implications on the ultimate

system design. For example, Kurtz and Dayman (Ref. 4-15) show that aerodyna­

mics should be a major factor in the design and operation of high-speed sys­

tems in tunnels. Either large tunnels are required or special techniques must

be used to vent the tunnel, otherwise the power required andlor the vehicle

velocity loss become prohibitive. A pressurized vehicle will be required to

eliminate the problem of rapid pressure changes in the cabin upon entry into a

tunnel. A large increase in the temperature of the air in the tunnel is also

a potential problem. Detailed systems studies must address these areas and

determine the most cost-effective solutions. As in the case of guideway con­

struction, tunnel construction and the necessity of having significant numbers

of tunnels is a highly route-specific problem.

(4) Vehicle Aerodynamic Noise. Substantial noise or sound is gener­

ated by the passage of a high-speed vehicle through the air. This sound is

due to the boundary layer on the body, vortex shedding, and the presence of

mixing and shear regions. The sound level increases rapidly as a function of

the vehicle speed. This phenomenon was apparently not fully appreciated when

the preliminary HSGT noise limits were set by FRA/DOT (see Section 3.2.3).

Although FRA/DOT has specified the total vehicle noise limit as 73 dbA at

50 feet from the vehicle centerline, this value should be considered as an

optimistic goal rather than a requirement. This is because the aerodynamic

noise level of the vehicle without propulsion traveling at 134 mls (300 mph)

or even considerably lower speeds, is predicted to be substantially greater

than this value. In order to obtain a realistic basis for specifying the

sound level requirements for the propulsion system, it was decided that the
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propulsion system should not have a sound level greater than that of the vehi­

cle itself at 134 mis, and, as a goal, should not exceed the sound level of

the vehicle at any speed above which the aerodynamic noise fs greater than

73 dbA. The task of predicting what the noise level of the vehicle would be

without a propulsion system was undertaken by the Hamilton Standard Division

of United Aircraft.

A literature review of prediction procedures for vehicle noise radiation

shows that most of the methods had been established for, and correlated with,

gliding aircraft (e.g., Ref. 4-16). The primary mechanism of noise generation

for glidihg aircraft is vortex shedding off the wings - an unrealistic condi­

tion for the MAGLEV vehicle. Thus, wing vortex noise equations provide, at

best, only a rough conservative guide as to the noise levels.

Figure 4-9A presents noise data for various types of transportation vehi­

cles with and without propulsion systems (from Refs. 4-17 and 4-18), and a sum­

mary of predictions for the unpowered MAGLEV vehicle. The recommended Hamilton

Standard correlation was based on work by LTV (Ref. 4-19). Figure 4-9B is an

updated summary of the information presented in the previous figure. The most

applicable data are enclosed by the shaded border. Note that the Hamilton

Standard correlation for the unpowered MAGLEV vehicle lies considerably outside

the shaded area.

The recommended Hamilton Standard correlation results in a prediction of

the unpowered MAGLEV sound level of 92 dbA (50 ft) at 134 mls (300 mph), drop­

ping to the DOT noise "limit" of 73 dbA at 77 mls (174 mph). The importance

of vehicle aerodynamic noise is obvious at high speeds. An upward revision of

the DOT noise limit is required, otherwise future high-speed ground transpor­

tation vehicles typical of MAGLEV will be restricted to speeds roughly below

77 mls (174 mph), even if the propulsion system, wayside pickup (if any) etc.,

contribute no increase in the bare-body aerodynamic noise level. Further

test measurements are needed to determine aerodynamic sound levels of HSGT

systems, since supporting data for magnetically levitated vehicles are non­

existent for the speeds and vehicle configurations of interest.
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4.2.6 Vehicle Synthesis

A matrix of 80- to l40-seat vehicles is synthesized to ascertain the rela­

tive merits of different seating arrangements*, e.g., 2 + 1, 2 + 2, 2 + 3,

3 + 3. The basic objective of this effort is to determine the "minimum energy"

configurations for subsequent input to the systems analysis reported in Sec­

tion 5. In particular, reasonably detailed syntheses are necessary to properly

account for growth factor effects due to changes in the weight of individual

vehicle components.

All vehicles are designed for a cruise speed, VC' of 134 m/s (300 mph)

and employ the baseline Ducted Fan/Gas Turbine propulsion system. Four 0.5

x 3 m(or eight 0.5 x 1.5 m) superconducting magnets are used for levitation

and guidance, separated 0.3 m (horizontal and vertical) from L-shaped aluminum

guideway elements of 2.54 cm thickness arranged in a hat-shape configuration.

The magnetic lift-drag ratio is 45.5 at 134 m/s (300 mph).

The major tradeoff parameters are as follows:

• Seating Arrangement - The seating arrangement, together with
the number of seats (NSV ) sets the basic vehicle dimensions.

• Aerodynamic Drag - Aerodynamic drag power increases with vehicle
cross-sectional area and length. Long slender shapes are pre­
ferred for fixed payload volume.

• Magnetic Drag - Magnetic drag power increases with vehicle gross
weight (as does the energy expended during acceleration); gross
weight is in turn influenced by the structure and other compo­
nent weights. Structure weight is adversely affected by vehi­
cle length; for fixed payload volume, short squat shapes are
preferred.

A. Seating Arrangements. Table 4-4 shows vehicle length for each seat­

ing arrangement and capacity under consideration. The seating accommodations

are the same as DC-10 values, as shown previously.

*A 2 + 1 seating arrangement is two seats on one side of an aisle and one on
the other, 2 + 2 is two seats on each side of an aisle, etc.
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TABLE 4-4. VEHICLE LENGTH, .£ (m)

PASSENGER
CAPACITY, SEATING ARRANGEMENT

NSV 2 + 1 2+2 2+3 3+3

80 40.42 33.67 29.81 27.88

100 47.2 38.5 33.6 30.8

120 54.5 44.9 39.1 35.2

140 61.3 49.7 42.9 39.1

Two lavatories are provided for NSV 2 100 whereas four lavatories are provided

for NSV ~ 120. Also, the length includes ~ 8.6 m over the basic passenger

compartment length to accommodate the crew compartment (forward) and the pro­

pulsion system compartment (aft).

Cross-sectional data are shown in Table 4-5, based on an effective rec­

tangular shape, i.e., the rectangular cross section has the same height and

frontal area of the actual cross section. This approach was taken to simplify

certain of the aerodynamic and structural calculations used in the tradeoff

analysis.

TABLE 4-5. CROSS SECnON DATA
SEATING ARRANGEMENT

2 + 1 2+2 2+3 3+3

HEiGHT, h (m) 3.454 3.454 3.454 3.454

EFFECTIVE WmTH, b (m) 2.044 2.45 2.80 3.12

FRONTAL AREA, AC (m2) 7.06 8.45 9.66 10.77
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B. Aerodynamics. A simplified aerodynamic drag analysis is employed

based on the data of Ref. 4-20*. The aerodynamic drag coefficient for this

general class of configurations may be written as:

CD = CD (Nose, Prot) + CD (Friction) + CD (Base) + CD (Gap)

where

'\,

CD (Nose, Prot) '\, 0.098 4-1

CD (Friction)

CD (Base)

CF (~:)

~ J::5(~r3
Db

@ D = 0.5

4-2

4-3

and

CD (Gap) 4-4

-2 580.455 (log Re£) .

Re.~ = 9.1745 X 10
6

£ @ sea level, £ in meters

A /A 2 (b+h) £/bh
w c

4-5

All vehicle surfaces are assumed smooth, corresponding to aircraft design

practice; all doors, windows, etc., are likewise flush-fitting. The protu­

berance and nose drag (Equation 4-1) are estimates for carefully streamlined

vehicles. The base drag (Equation 4-3) is computed on the assumption of

partial boat-tailing, i.e., Db/D = 0.5. For a large ducted fan or gas turbine

exhausting into the base region, the base drag should be lower than the value

obtained from Equation 4-3. The skin friction coefficient, CF (Equation 4-5)

*The referenced work was conducted by Avco Corporation for Ford Motor Company
on prior DOT-sponsored MAGLEV research.
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is based on the Prandt1-Sch1ichting formula, for Re~ > 2 x 108 . Equation 4-4

estimates the non-two-dimensiona1 influence of secondary flow venting from the

gap under the bottom of the vehicle in the circumferential direction. Fully

developed flow in the gap is not expected to occur except toward the rear of

the vehicle, i.e., where the boundary layer thickness approximates the gap

dimension.

The resultant CD values are tabulated in Table 4-6.

TABLE 4-6. AERO DRAG COEFF rCrENTS

PASSENGER
CAPACITY, SEATING ARRANGEMENT

Nsv 2 + 1 2+2 2+3 3+2

80 0.244 0.213 0.197 0.188

100 0.263 0.255 0.206 0.195

120 0.284 0.242 0.219 0.204

140 0.303 0.254 0.228 0.213

The aerodynamic drag power, PA (in kW), is determined by

P
A CDAc PV~/2000

where

A = Cross-section area = bh (m2)
c

Ambient air density = 1.225 kg/m
3 levelp at sea

4-6

The aerodynamic drag power for the various vehicle design points is shown in

Figure 4-10.'

C. Structure. Detailed structural weight calculations are reported in

previous paragraphs. These calculations are made for a baseline (2 + 2, NSV
80) configuration at an arbitrary gross weight of 445 kN (105 lb) and at

~ = 30.5 m, with the criterion that the structural modal frequencies be

larger (~ 8 times) than the natural frequency of the suspension system. This
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FIGURE 4-10. AERO DRAG POWER

permits the suspension system to be designed without consideration of struc­

tural elasticity. Using aircraft-type construction, this gives a weight/

length ratio (~ 1.78 kN/m) which compares favorably with a trend line devel­

oped by TRW in Ref. 4-21.

Subsequent iterative calculations show that the baseline configuration

would approximate 366.5 kN (82,400 lb) gross weight at 9, = 33.67 m. The

baseline structural weight has been adjusted to these new values, and a new

trend-line developed which fits the following equation.
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t 1.338
W (Structure) = -z (6.393 + 0.0283 t )

b
4-7

Equation 4-7 is the basis for the structure weight data shown in Figure 4-11.

h = 3.454 m

200

Z 150
.:.
~
:::I:
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w
S
w
c::
~ 100,
u
:::::l
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~
Cf.)

50

2+1
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J

SEATING
ARRANGEMENT

30 40 50
VEHICLE LENGTH, £ (m)

60 70

FiGURE 4-11. . GENERALIZED STRUCTURE WEIGHT
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Note that the structural frequencies are not held fixed for all the data

points on Figure 4-11. Constant frequency designs would result in intolerably

high (and unrealistic) structure weights for vehicle lengths in excess of

approximately 40 m (131 ft), particularly for narrow configurations.

D. Propulsion. On the basis of data supplied by the Hamilton Standard

Division of UAC, the propulsion system was scaled for vehicles of arbitrary

gross weight operating over the baseline 750 km route with N. intermediate,
1.

equidistant stops. A generalized propulsion system weight equation was

derived:

[

0.0124 Wgo.0265(Ni+l)]
W (Propulsion) = 21.2 + ° 385 PC' (kN)

(N. + 1) •
1.

where

W Vehicle gross weight (kN)
g

Pc = Cruise Power (kW)

4-8

Equation 4-8 includes fuel weight, with 15% reserve, for a one-way 750 km run*

including level-cruise, grade-cruise, acceleration, deceleration, and station

idle operation. The weight of fuel consumed (in kN) is correlated by:

W(Fuel) = 1.204 x 10-6 (PC - 378.7) [5800 + 1.167 (N
i

+ 1)°·728

'(Wg - 9. 6)J 4-9

E. Weight Summary. Scaling law estimates were made for the weight of

the remaining components. Table 4-7 summarizes the component weight equations.

For Vc = 134 m/s(300 mph) and magnetic L/D = 45.5, cruise power, PC'

can be expressed (in kW) as

4-10

*Refueling at the route terminus is assumed.
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TAB LE 4-7. VEHICLE WEIGHT BREAKOUT (kN)

• SUSPENSION

• STRUCTURE

• FURNISHINGS

• AUXILIARIES

• BRAKES

• CREW COMPARTMENT

• PAYLOAD

• PROPULSION (N j = 5)

• CONTINGENCY

48.5 +0.05 Wg

£
b2 (6.393 + 0.0283 £, 1.338)

0.225 NSV +0.0361 (b + 3.545)£'

0.2625 NSV

4.5 +0.043 Wg

15.6

0.8877 NSV

21.2 + 0.006221 WgO.159 Pc

13.4

Equation 4-10 can be combined with the summarized component weights from

Table 4-7 to determine vehicle gross weight and associated power data for

each configuration in the vehicle matrix. The Energy Intensity, ~ is then

computed* (in MJ/Seat-km) from

4-11

Figure 4-12 shows the Energy Intensity for the matrix of study vehicles. The

l40-seat vehicle, as expected, is substantially better than the aD-seat con­

figuration; optimum seating arrangement for NSV = 140 is 2 + 3, resulting in

a vehicle 42.9 m (141 ft} in length with a cross-sectional envelope of 3.454 x

3.454 m (11.3 x 11.3 ft).

Additional analyses have been carried out for the class of vehicles

designed to fit a V-channel, rather than the hat-shaped guideway. These vehi­

cles have less height and consequently lower cross-sectional area (lower aero­

dynamic ,drag). The magnetic and wheel suspension elements and fuel, however,

*Lower heating value for JP fuel is approximately 4412.1 MJ/kN.
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must be moved forward and aft of the primary passenger compartment, thus

increasing length. The combination of lower section depth and increased

length serves to increase structural weight and magnetic drag. These factors

combine to produce a vehicle with higher total drag (and energy consumption)

than the baseline design. It appears that the "sponsons" (the deep sections

required to straddle the hat-shape guideway) on the baseline design are bene­

ficial in that they provide a high section modulus and a relatively short

vehicle - by encapsulating magnets, wheels, and fuel thus permitting a lower

weight, lower power system. Of course, this type of configuration could be

used with the U-channel guideway just as well as with the hat guideway. The

essential point of this analysis, however, is that it does not pay to reduce

frontal area at the expense of length.

4.2.7 Common Subsystems

A summary of the general type of subsystems acceptable for the conceptual

vehicle is contained in this section. These include air conditioning, landing/

switching gear, brakes, auxiliary power unit, and onboard control/communication

equipment. The term "common" subsystem refers to the fact that the subsystem

. will largely be the same for any type of propulsion system.

A. Air Conditioning. The air conditioning system must perform the func­

tions of heating, cooling, humidity control and maintain a near-constant cabin

pressure for the sealed cabin. The system must also be lightweight; all of

these requirements imply the design must be more like that used on an airplane

than a conventional train. An air cycle environmental control system has been

chosen, since it fills the requirements stated above plus has the advantages

of:

o Using air as the refrigerant,

o Rapid cabin cooldown capability (high airflow)

o High reliability, low maintenance

o Compact, low weight design

An air-cycle machine is driven by compressed air, which is ideal if a gas tur­

bine is used since the required air can be bled from the engine compressors.
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The use of electrical propulsion systems will require a separate electric

motor-driven air compressor to supply the required air. An air-cycle system

has the disadvantages of requiring more power per ton of refrigeration and

being more expensive than for a Freon-type system. Air-cycle machines are

used on practically all modern aircraft and have proven to have all the

advantages stated above.

Approximately 15 "tons" (53 kW) of air conditioning will be required t and

the weight based on actual aircraft installations is estimated to be 1780 N

(400 lb) for the air-cycle machine t (including heat exchangers t ducts t valves t

sensors t etc.) plus approximately 4450 N (1000 lb) for the ducting required

throughout the vehicle.

-B. Landing/Switching Gear. The landing/switching gear has been designed

to perform the following functions:

o Support the vehicle on wheels up to the lift-off speed and be
capable of rapid downward extension in the event of an emer­
gency condition t such as power or magnet failure.

o Extend down and out to engage the switching ramps used for
the baseline switching concept. (Small lateral guidance
wheels will be used to guide the vehicle in the ramp.)

o Be steerable so that the vehicle can be maneuvered in the
terminal areas.

o Have wheel brakes for slowing and stopping in the switching
and terminal areas.

o Be fully retractable during cruise to minimize aerodynamic
drag. An optional function during retraction would be to act
as bumpers in event of extreme vehicle excursions t although
this function may be better served by fixed skids.

The wheel design must allow for two positions when the wheels are lowered:

first t directly down so that the wheels can engage the guideway during emer­

gency conditions t and second t down and out to the sides to engage the SW1tch­

ing ramps. These two cases are illustrated on the left side of Figure 4-13.

A typical design is also schematically illustrated in Figure 4-13. A total of

eight 36 x 11 inch aircraft-type tires are required to support the vehicle

during emergency landing conditions. A hydraulic system will be used to

actuate the gear t for steering t and to operate the wheel brakes, although a
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back-up pneumatic system may be used for the rapid extension during emergency

conditions. The entire system is estimated to weigh 19.6 kN (4,400 lb), based

on aircraft landing gear design.

C. Brakes. Normal braking can be accomplished by reversing the pitch

of the fan blades of the air propulsion system or by reversing the field of an

electric motor. However, due to fuel consumption reasons, the air propulsion

system will not be used for braking except in emergencies. Aerodynamic panels

which extend into the airstream are the normal brakes for the baseline system.

Typical deceleration calculations have been made to determine what size of

aerodynamic panels are appropriate, based on the 0.15 g normal deceleration

limit. The results were computed as a function of drag area of the brake
2 2

(CDA). Values of CDA between 3 and 6 m (30 to 60 ft ) appear reasonable.

A brake with CDA = 3 m
2

reduces the stopping distance of the vehicle by 30%

compared to a vehicle without an aerodynamic brake. For CDA =06 m2 the dis­

tance is decreased by 44%. More rapid stops can be accomplished by varying

the CDA (modulating the panel position) so that a 0.15 g deceleration can be

maintained at all speeds. Actuation of the panels will be accomplished with

a hydraulic system. If all other systems fail to work properly, a back-up

drag parachute may be used.

D. Auxiliary Power Unit (APU). Onboard power must be provided for

lights, communication, control system, cryogenic refrigeration system, etc.

The total power requirements are approximately 200 kW. This power could be

provided by an alternator, gear-driven from the compressor shaft of one of the

drive engines. If an electric propulsion system is used, the power can be

provided from the wayside power rails via an electrical pick-up. For the

baseline propulsion system, it was decided to use a separate APU incorporating

its own small gas turbine drive. This system was chosen for maximum reli­

ability in event of engine or power failure. It also has the advantage of

more efficient operation during protracted idle conditions, e.g., long sta­

tion dwell, turnaround, general maintenance operations, etc. The unit also

contains the central hydraulic pump in addition to the alternator. High

reliability, aircraft-quality gas-turbine APU packages are commercially

available and directly suited to this application.
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E. Control and Communication. The onboard control and communications

equipment comprises the hardware defined in Figure 4-14. The basic control

element is a stored program micro processor with up to 8~ of memory operating

at a cycle rate of approximately i MHz. This unit provides all of the requi­

site automatic flight control signals for vehicle operation. It receives

inputs from the vehicle state transducers, the vehicle operator and the com­

munications network. The state transducers provide information on the vehicle

dynamic parameters required for active ride control. They also provide status

monitoring of the onboard equipment for automatic housekeeping operations and

for fault detection.

The communications network inputs in-stat-ion and en-route control infor­

mation to the onboard computer from the wayside complex. It also transmits

vehicle- status information to the wayside.

The operator interface provides information to the operator display from

the control computer and the vehicle state monitors. It also provides a means

for the operator to input control instructions to the computer for in-station

and en-route operations such as switching and main line ingress and egress.

The output of the computer comprises all of the static and dynamic con­

trol signals needed for vehicle operation. These signals are buffered in a

Power Cont,rol Unit (PCU) and fed to the appropriate terminal devices. The

PCU provides primary power to the various onboard elements in addition to the

computer-generated control signals. Primary power switching, levitation mag­

net "charging,1I cryogenic refrigeration power, passenger-door operation, vehi­

cle lighting, air conditioning, and passenger service communications are under

manual operator control. Manual override of some of computer-generated con­

trol signals under some operational conditions is also provided. 'The manual

override capability is constrained to those situations where the operator can

be effective in real time control. These comprise terminal ingress, egress,

switching, and emergency stop conditions. The latter case will involve oper­

ator actuation of special subroutines stored in the computer with direct

manual control of the propulsion, wheels, and aerodynamic braking equipment.
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The vehicle control equipment will interface with the wayside complex via

the communications transducers. The communications facilities will comprise

a digital data link, a voice communications link, and any special links used

for vehicle schedule control and vehicle safety. The digital data link pro­

vides a means to transmit route-control information to the onboard computer

and to monitor vehicle status as noted previously. The voice link provides a

direct channel for operator interface with the wayside complex to handle rou­

tine operational messages, passenger service communications, and emergency

backup communications. The digital data link will be augmented with special

links to control vehicle speed in real time from the wayside complex for

schedule control and vehicle safety purposes. The latter function includes

protection against foreign objects and inter-vehicle safety. These links will

employ RF coupling to a combination of wayside antenna and cable networks.

4.3 SUSPENSION SUBSYSTEM

The suspension subsystem of the revenue vehicle consists of the supercon­

ducting levitation/guidance magnets. dewars and associated cryogenic system,

helium liquifiers. control coils and control electronics. Also included are

the details of the vehicle dynamics and control analysis (Section 4.3.2).

4.3.1 Sup~rconductingMagnets and Associated Cryogenics

The "I'evitation magnets selected for the suspension subsystem are flat.

"racetrack"-shaped coils. More complicated shapes may ultimately be required

if very stringent requirements for,magnetic shielding of the passenger com­

partment are set. However. for the present requirements (Section 3.2.3C), a

flat racetrack magnet with a shielding coil provides an acceptably low field

in the passenger cabin. Parametric studies relating to coil geometry were

carried out under an earlier contract (Ref. 4-22); these have been used in the

present system studies to define a design which meets the overall system

requirements. It was found that separate guidance coils are not required for

the baseline concept; the levitation coil alone can supply an adequate guid­

ance force provided it operates in the vicinity of the vertical leg of an

L-shaped guideway element. In addition. calculations and experiments were

carried out in an earlier study to determine the magnitude of the cryogenic

loads due to projected thermal losses (Ref. 4-22 and 4-23).
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A. Basic Magnet Design. Two important design parameters are the magne­

tic lift/magnetic drag ratio (FL/FD) and the lift/weight ratio (FL/weight) of

the suspension subsystem. Both of these parameters must be large to obtain

a viable design. Large FL/FD leads to a magnet design with large aspect

ratio (length/width). These narrow magnets can be used on a narrower "track"

or guideway, and thus require less aluminum in the guideway. Although there

is not a well-defined optimum size for the racetrack coils, consideration of

the overall system parameters and requirements resulted in the selection of a

coil geometry of 0.5 x 3 m at a nominal suspension height, h, of 30 cm.
5Approximately 3.5 x 10 ampere-turns are required to support one fourth of

the weight of a 445 kN (100,000 Ib) vehicle. Since the track width should

exceed the magnet width by about twice the suspension height (2 h), narrowing

the 0.5 x 3 m magnet will save some aluminum, but this small advantage is out­

weighed by the requirement fo.r more magnet current to get the same lift (thus

increasing magnet weight). An aluminum guideway composed of high electrical

conductivity alloy (lIDO-type), 2.5 cm thick has been selected so as not to

limit FL/FD at cruise speed by inadequate conductor , thickness and resistivity.

Tradeoffs of magnet performance, magnet size, conductor properties, etc., are

discussed in Section 5.3.2.

A total of at least four magnets is required, one near each corner of the

vehicle. However, to minimize the possibility of magnet failure and to

increase system reliability, it is proposed that each 0.5 x 3 m superconduct­

ing coil be replaced by two 0.5 x 1.5 m coils, in tandem, with each coil in a

separate dewar with separate refrigeration. It was shown in earlier studies

that the long magnet can be replaced by two separate shorter coils with only a

5% reduction in FL/FD and a 3% loss in lift for high speed conditions when the

coils are separated by 20 cm (Ref. 4-22). This is a small penalty to pay for

the greatly increased reliability of a critical component.

Table 4-8 summarizes key magnet system characteristics and specifications.

The nominal suspension height has been selected as 30 cm*, but a larger

*Defined as the distance from the center of the superconducting coil to the
aluminum guideway. A nominal lateral guidance distance of 30 cm has also
been selected. (See Figure 4-16.)
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TABLE 4-8. MAGNET MODULE CHARACTERISTICS AND SPECiFICATiONS
FOR BASELINE CONCEPTUAL VEH~CLE

o NUMBER REQUIRED
o COIL SIZE

o SUSPENSION HEIGHT

o LATERAL GUIDANCE DISTANCE

o AMPERE TURNS

LIFT TO DRAG RATIO FOR
1100 H14 ALUMINUM AT 134 MIS:

~NFINITE FLAT PLATE
CORNER (GUIDANCE FORCE = 0.36 FL)

o liFT TO WEIGHT RATIO
WITHOUT SHIELDING COil
WITH SHIELDING COil

o CURRENT DENSITY

" OPERAnNG CURRENT

o TYPE OF SUPERCONDUCTOR

o PERSISTENT SWITCH RESISTANCE

o HELIUM COOLING SYSTEM

o MAGNET COIL SUPPORTS

o CONTROL COl L

4 MODULES
0.5 X 3 M; TWO 0.5 X 1.5 M
MAGNETS END-TO·END
~ 30 CM

~30 CM

~ 3.5 X 105 A-TURNS
(NORMAL OPERATiON)

61.7
45.5

20.5
16.8

300 A/MM2

1310A

NbTi MULTI-FilAMENT,
TWISTED, LARGE - CORE BRAID

< 1O-7n
GRAVITY FEED WiTH
16 LITER CONTAINER

LOW HEAT LOSS FOLDED
EPOXY-FIBERGLASS COLUMNS

ALUMINUM WITH ~2 A/MM2;
FORCED AIR COOLING CAN
BE PROVIDED, iF REQUIRED

suspension height will improve the ability to pass over objects on the track,

reduce the aerodynamic drag of the underside and simplify some aspects of the

dynamics/control problem: An increased suspension height, however, requires

more magnet current to get the same lift. For example, F
L

varies as h- 2 . 4

for constant current between h = 30 and 40 cm; thus it takes 1.41 times as

much current at h = 40 cm to develop the same lift as at h = 30 cm. Since

the amount of superconductor needed should be adjusted to an optimum current

density, the h = 40 cm case will require more superconducting material, more

structural material to accommodate the higher internal forces, and more

cryogenic capacity. The 10 cm added height will roughly incur a 35% cost
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increase for the magnets and refrigeration system relative to the baseline

design. Furthermore, the magnetic fields will be 1.41 times higher and addi­

tional magnetic shielding will be required to obtain the same field level in

the passenger cabin. On the other hand, a suspension height of 30 cm is near

the minimum acceptable value since it is difficult to maintain adequate clear­

ance between suspension system and guideway under various dynamic conditions

for small distances.

B. Magnet Field/Shielding. Section 3.2.3C defined the recommended mag­

netic field limits as: 0.008 T (80 gauss) for the maximum whole body or head

exposure for passengers and crew, and a maximum 0.02 T (200 gauss) at any

point in the passenger cabin which is accessible to people.

The magnetic field at the guideway surface beneath the levitation coil

must be in the vicinity of 0.1-0.5 T (1000-5000 gauss) in order to provide

adequate magnetic "pressure" to support the vehicle. As a consequence, the

magnetic field above and around the magnet is several orders of magnitude

above ambient. For the worst case location, 1. e., directly above the magnets,

the results show that only a simple bucking-coil shield is needed to limit the

average flux levels to the requirements given above. If substantially lower

whole body exposure levels are required (e.g., 20 gauss), then passengers will

not be able to sit directly over or within 1-2 m of the magnets*.

When the vehicle is in motion, circulating currents are generated in the

guideway near each magnet which help shield the magnet. Thus, the magnetic

field of the moving magnet is less than that of the stationary magnet. A very

effective way (on a weight basis) to reduce the magnetic field above a coil is

to use a bucking coil; if the main coil is located 30 cm above the conducting

guideway, then an "optimum" bucking coil has the same dimensions as the main

coil, has one-fourth the ampere-turns, and is located 30 cm above the main

coil. This bucking weakens the lift force from the main coil slightly; it

requires a 8.5% increase in the coil current to maintain the lift of an

unshielded levitation coil.

*Note that the baseline vehicle shown in Figures 2-1 and 4-1 have the magnets
located at the ends of the vehicle so that the passenger seats are not above
the magnets.
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Figure 4-15 shows the magnetic field contours of the 0.5 x 3 m levitation

coil in a longitudinal plane through the magnet (NI 4 x 105 ampere-turns).

The effects of the shielding coil and magnet motion are shown in the figure.

The field contours were obtained from three-dimensional calculations of fields

produced by currents in the main coil, bucking coil, and all developed "image

coils". For the at-rest shielded case, the floor is at a maximum magnetic

field level of 0.012 T (120 gauss), and the seat level at 0.007 T (70 gauss).

However, a large majority of the time the vehicle will be moving, and the cor­

responding maximum shielded values are only about 0.0085 T (85 gauss) at floor

level and 0.004 T (40 gauss) at seat level. Note that the field drops off

rapidly in the longitudinal direction (and also in the lateral direction),

therefore there is only a relatively small region above the magnets which are

subjected even to these levels.

C. Details of the Cryogenic Magnet Design. The basic requirements for

the levitation/guidance subsystem do not appear to offer unsolvable problems

for superconductor/cryogenic technology. However, there are some areas of

uncertainty, and what is vitally needed is a program to develop a practical,

state-of-the-art levitation magnet - a new application with its own unique set

of requirements. For example, magnet current densities of 300 A/mm
2

have been

achieved in laboratory superconducting coils, and is felt to be a realistic

value for the levitation magnets. Whether or not such high current density

will create quench problems* because of the vibratory environment must be

determined experimentally. If 300 A/mrn2 is not practical because the quench

probability would be too large, more superconducting wire must be used. This

will increase the magnet costs and magnet weight and reduce the magnet suspen­

sion height. For example, if 200 A/mrn2 is used for the operating current

density of the magnet, the weight of the magnet module will increase by 8%,

the costs by 16%, but the clearance will be reduced by only 0.35 cm. The

cryogenic heat load will remain the same, but cooldown time will be increased

by approximately 20%.

*Quenching is loss of the magnetic field when the superconductor is driven
to the normal state.
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Another area of uncertainty is the important a.c. loss problem and its

implication on superconductor design which is discussed below. Based on the

potential problems, it is expected that several generations of experimental

magnets will be required before acceptable low-weight, low-heat-leak, high­

current-density magnets are available for a revenue vehicle. Note that the

size of the magnets is of no concern. In fact, a number of large size super­

conducting magnets are currently in operation and they work reliably

(Ref. 4-24). Others in the advanced R&D stage are:

o Large bubble chambers in operation at high-energy physics
installations allover the world. One of the largest
(3.65 m dia.) has been on line at Argonne National
Laboratory since 1967.

o Low speed homopolar motor. One such 3000 hp unit pumps
water at the Fawley Generating Plant, England.

o Superconducting motors and generators being developed for
the U.S. Navy and the electric utility industry.

o Immense plasma confinement magnets for fusion reactors.

The basic magnet/dewar designs and the cryogenic system specifications

have been developed by Magnetic Corporation of America (MCA) with some inputs

from Ford Motor Company (Scientific Research Staff). Discussions have also

been held with Japanese scientists in the JNR MAGLEV prograrn* concerning

improvements in magnet design and construction. Bas~d on these inputs, a

conceptual design has been developed with and without a shielding coil.

Figures 4-16 and 4-17 show the cross section and the layout of the modu­

lar pair of unshielded magnets used for levitation and guidance. As discussed

in Paragraph A, each module consists of two magnets, cryogenically isolated

from each other, but which basically act like a single magnet. Each magnet

is supported by six epoxy-fiberglass support columns which are canted as

shown in the figures. Additional technical features of the magnet system are

given in Table 4-9.

*Particularly, Professors T. Ohtsuka and Y. Ishizaki of Tohoku University and
Tokyo University, respectively.
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TABLE 4-9. ADDITIONAL TECHN ICAl FEATURES OF MAGNET MODULES

• REDUNDANT MAGNETS FOR SAFETY AND RELIABILITY

• HIGH-CUR RENT-DENSITY, INTRINSICALLY-STABILIZED, SUPERCONDUCTING WINDING
(300 A/mm2)

• TWISTED, MULTI-FILAMENT, LARGE-CORE BRAID FOR LOW A.C. LOSSES

• SEPARABLE CURRENT LEADS FOR LOW-HEAT LOSS

• 3 cm SUPERINSULATION FOR RADIATION SHIELDING

• 16-L1TER LIQUID HELIUM EMERGENCY STORAGE CONTAINER IN EACH DEWAR,
GRAVITY FEED

• ALUMINUM OUTER CRYOSTAT

• MAGNETIC FIELD AND LIQUID HELIUM LEVEL INSTRUMENTATION

• MAGNET COOL-DOWN TIME'" 16 HOURS

TABLE 4-10. MAGNET MODULE WEIGHTS AND HEAT lOSS

WITHOUT WITH
SHIELDING COl L SHIELDING COIL

WEIGHT*

Superconductor 757 N 947 N

Helium Container 300 410

Tension Plates 206 404

Outer Cryostat 1900 2250

Struts 181 272

Misc (Tubes, Leads, Persistent Switch) 200 250

Control Coil 928 928

-- --Total (Module) 4472 N 5461 N
Total (Vehicle) 17.9 kN 21.8 kN

CRYOGENIC HEAT LOAD

Radiation 0.5W 0.8W

Conduction 2.0 2.0

Current Leads 1.0 1.0

Cryogenic Lines 0.7 0.7

A.C. Losses 0.7 0.7

Total (Module) 4.9W 5.2W
Total (Vehicle) 19.6W 20.8W

*Values Adjusted for 366.5 kN Vehicle
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Figure 4-18 shows a cross section of the baseline magnet design, i.e., the

one containing a shielding coil. This design shows a different arrangement for

the G-lO, epoxy-fiberglass support columns. The main leVitation/guidance coil

is held in place by at least four vertical columns and four diagonal columns

(two canted in the transverse direction and two canted longitudinally).

Actually, the .six~canted-column support structure sho~~ in Figure 4-16 can also

be used for the baseline design, but the cant angle and column positions must be

modified in order that the columns clear the shield coil. The elevated shield

coil is not attached to the outer cryostat, but is connected to the coil form

of the main coil by lightweight tension members. The reserve liquid helium

tank is not shown in Figure 4-18, although it will be used in an actual design.

Table 4-10 summarizes the weights of the various magnet components and

lists the expected heat loads discussed in Paragraph D. The weights have been

calculated for the baseline 366.5 kN vehicle rather than the preliminary weight

estimate ~f 445 kN.

The G-IO (epoxy fiberglass) columns shown in the figures are folded to

lengthen ,the thermal path and reduce the heat leak. Structurally, the G-IO is

placed in compressive loading at 83 N/mm2 (12,000 psi). This compares to the

140 N/mm
2

value for infinite fatigue life (Ref. 4-25). Dr. Y. Ishizaki of the

University of Tokyo has noticed a "significant" increase in the thermal con­

duction of G-IO in a "loaded" condition (private communication). This subject

needs further investigation to determine the heat losses through the folded

columns under typical loads. Canting the column at approximately 30° mini­

mizes the. bending moments and maximizes the compressive loads on the column

under stationary (non-dynamic) conditions. The use of superinsulation reduces

the complexity of the module by eliminating the need for an intermediate

temperature radiation shield. (The use of this type of shield is particularly

troublesome since it must be strong enough to carry part of the transient

dynamic loading of the magnet.)

The amount of superconductor required in the levitation magnet depends

directly on the maximum current density which can be attained. As stated
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"N" TYPE SUPPORTS
ALL JOINTS PINNED

CONTROL COIL,
AVAILABLE·

AREA;;; 5 X 18 CM

30CM

-30CM-I-~:l'-':"'I--\- 50CM_- -,

I VEHICLE SKIN TENSION MEMBERS
~ 19 CM

SUPERCONDUCTING
COIL FOR SHIELDING

SUPERCONDUCTING
LEVITATION
COIL
(2.5 X 10 CM)

50CM

FIGURE 4-18. CROSS SECTION OF BASELINE MAGNET ASSEMBLY WITH SHIELDING
COIL
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above, superconducting magnets have been built and operated in a laboratory
2

environment at design current density of 300 A/mm , but they have not been

operated in the vibratory environment typical of a magnetically suspended

vehicle. This is a subject for further development and test since the current

density has substantial impact on magnet weight and cost; at 300 A/mm
2

the

superconducting material is expected to account for 50 to 60% of the magnet

cost.

Once the maximum practical current density has been established the cur­

rent in the coil can be calculated for various operating conditions; typical

values are shown in Table 4-11. Since the magnet is operating in persistent

mode*, the flux linking the superconducting coil remains constant. Flux is

proportional to inductance times current, and since the mutual inductance

between the coil and guideway changes for different operating conditions, the

current must also change. The maximum current of 420,000 ampere-turns shown

for the worst-case condition determines the amount of superconductor required.

D. Cryogenic Heat Loads. The cryogenic heat loads can be broadly clas­

sified into three separate areas - radiation and conduction from external

sources, and internal heat generation (a.c. losses).

(1) Radiation. Because of the large size of the magnets, radiation

from the outer or room temperature container to the magnet container and the

liquid storage vessel is the dominant effect for this type of heat load. Heat

transfer through the superinsu1ation can be approximated empirically by a

conduction-type equation (rather than radiation-type) of the form:

k A (T1-T2)/~ t

where the k value for superinsu1ation is approximately 10-4mW/cm-oK. The

terms A, T, and ~t are area, temperature, and thickness, respectively. The

*Persistent mode operation of the levitation magnet refers to the energizing
of the magnet from an external power supply and then providing a low res is­
tapce short (R < 10-7 ~), usually at low temperature, across the magnet
winding so that the external current supply can be disconnected. This low
resistance, together with the inductance of the coil (0.2 H), results in a
decay of the magnetic field with a time constant greater than 2 x 106 seconds.
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TABLE 4-11. EFFECT OF OPERATING CONDITIONS ON THE CURRENT
IN THE LEVITATION MODULE

(Persistent mode operation; FL = 111 kN. Self inductance, LO, =182 mH)(l)

CURRENT HEIGHT SIDE GAP GUIDANCE FORCE,

MODE (103 A-t) (cm) (cm) . FG (kN)

Normal Operation:

• Initial Condition 358 - - -
(Zero Speed) •

• Nominal Guidance 393 30 30 40

One Coil Out: (2)

• New Equilibrium 408 24.5 24.2 26

• At Largest Dynamic 420 20.9 20.2 -
Excursion (Worst Case)

(1 )L
8

calculated for a coil with 270 turns and coil cross-section consistent with
3 0 A/mm2 current density.

(2)See Section 4.3.6 for conditions.

baseline magnet module has an exposed surface at liquid helium temperature of
25 m area, and a 3 cm thickness of superinsulation will result in a heat load

of 0.5 watt per module. This value will be increased somewhat due to penetra­

tion of the superinsulation by current leads, struts and refrigeration tubing,

and precautions must be taken to minimize the radiation load at these points.

(2) Conduction. Conduction of heat trom high-temperature external

regions into the cryostat can take place along the struts, current leads, and

to a negligible degree along the instrumentation leads.

The heat losses down well-designed current-carrying leads is approximately

3xI watts, where I is in kiloamperes. This low value assumes the latent heat

of the helium gas is used to cool the leads. Since the braided superconductor

requires current levels of approximately 1300 amperes, persistent mode opera­

tion is necessary to minimize the heat loss associated with this current level.

To reduce the heat load below that for persistent mode operation (~ 1 watt),

a mechanical disconnect should be incorporated inside the cryostat (probably
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in the vacuum container). Then, the only heat input will be radiation between

the disconnected leads.

The epoxy-fiberglass material used for the folded columns is very strong

in compression and also has a very low thermal conductivity of 1.04 mW/cm-oK

between 4°K and 80 oK, rising to 5.2 mW/cm-oK at 300 oK. These values are for

no-load conditions and it remains to be determined what degradation, if any,

is caused by loading. Thus even with a conservative stress design of 83 N/mm2

(dictated by loading at the worst situation - one coil out, maximum dynamic

excursion), the heat leak down the struts is predicted to be a relatively low

2 watts per module. Future designs may have part of the strut cooled to an

intermediate temperature by, say, the warmed helium gas, and heat conduction

loads of less than 0.2 watt could be expected for this type of design. Such

an approach will only be recommended if the conduction heat leak is signifi­

cantly larger than 2 watts, since this results in a more complex cooling

system.
,

Compressed superinsulation has been used in some applications to transfer

the levitation loads on the superconducting winding to room temperature struc­

ture (Ref. 4-27). However, the heat load using such a technique is predicted

to be significantly larger than for the folded epoxy-fiberglass columns shown

in Figqres 4-16 and 4-18. Newer techniques using plastic honeyco~b insulation

(PHI) developed by Mitsubishi Electric Company show promise thatcryostats of

simple design with lift-to-weight ratios approaching 50 can be made, but at

the expense of somewhat higher conduction heat loads.

(3) A.C. Losses. The third major loss - internal heat generation

by a:c. losses - is more difficult to estimate because of the dependence on

conductor design, the influence by the control coil and screening of the

external fields by the outer cryostat. These losses can arise from flux flow

through the superconductor (during current changes) as well as eddy current

generation in the normal copper matrix, but the latter usually arises only

during current oscillations with frequencies larger than that expected to be

encountered in vehicle operation (i.e., greater than 10 Hz). It was shown

experimentally in Ref. 4-22 that, because of the small oscillation of the
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superconducting current about an equilibrium value, the choice of a large

single-core supercortductor could reduce the a.c. heat losses to 0.6 wattl

vehicle - several orders of magnitude lower than that expected for fine multi­

filament wire. However, monofilament wire suffers from being less stable than

twisted multi-filament wire, so that the selection of a particular supercon­

ducting wire becomes a tradeoff. The choice of a braided cable where ,each

strand is composed of one or several twisted filaments in a copper matrix

appears to offer the best solution, but this approach must be tested

experimentally.

E. Refrigeration Requirements. Figure 4-17 shows one refrigerator and

compressor servicing the two modules at one end of the vehicle. This is a

closed cycle refrigeration system in which the warm helium gas leaving the

module is recompressed, liquified, and recirculated. Although the refrigera­

tor should operate reliably with only routine servicing*, the baseline cryo­

genic system is designed with liquid helium storage containers inside each

magnet dewar. These l6-liter containers are large enough to allow a maximum

4-hour vehicle operation should refrigerator failure occur. These containers

also enable transient heat loads, such as magnet energizing, to be more

easily dissipated, and provide a measure of the cryogenic 'performance of each

magnet by means of a liquid level detector. Each storage container forms part

of the cryogenic circulation system, with liquid helium from the refrigerator

first entering the shield coil, then the storage coritainer. The main coil is

served by gravity feed from the 16-liter storage container with vapor return

lines from the main coil to the storage container.

An evaluation of the tradeoffs involved in providing onboard refrigera­

tion has been undertaken by MCA. Examination of the type of cooling cycle

(Claude vs. Gifford-McMahon), the number of refrigerators '(one per module or

one per vehicle), and number of compressors led to the following conclusions

for system optimization. A single compressor serving two Claude cycle expan~

sion engines located at the two ends of the vehicle (between the magnet

*For example, the Cryogenic Technology model 1400 liquifier/refrigerator
requires routine servicing o~ly every 3000 hours.
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modules) offers the best compromise in terms of heat load t efficiencYt size t

weight and cost; however t the second compressor is added for reliability. The

system utilizes compressors already under development and refrigerators that

are currently available and can readily be adapted to the required conditions.

A closed-cycle refrigeration system is our choice for large-scale

MAGLEV applications in order to avoid handling cryogenic fluids. However t it

is possible to operate the magnets in sealed cryostats (with no onboard

refrigerator) for several hours with the internal liquid helium reservoir t or

even for a whole day with a sufficiently large reservoir (Ref. 4-26). A

reassessment of the need for an onboard refrigerator should be made after

more experience has been obtained with the cryogenic problems of MAGLEV

vehicles.

4.3.2 Vehicle Dynamics and Control

A. Introduction

(1) Definition of Problem. The suspension system of a MAGLEV

vehicle must provide acceptable ride quality without excessive vehicle excur­

sions (stroke) in response to transient excitations and low-frequency periodic

disturbances. In principle t a9ceptable ride quality can be achieved with a

sufficiently soft (low stiffness) suspension and/or with sufficiently high

damping. The Repulsion MAGLEV concept is essentially a large gap, low stiff­

ness system; the natural frequency of the baseline Revenue TMLV (without

active control) is 1.41 Hz at the nominal 30 cm levitation height selected.

However, for realistic guideway roughness levels,* the suspension is not

sufficiently soft to meet the ride quality standards without damping, and

since there is. very little inherent damping in the system, some fonn of

external damping must be provided.

Damping can be provided by passive means, e.g., with copper or aluminum

plates inserted between the levitation magnets and the guideway. Prior Ford

analysis, however, shows that there is a large weigh~ penalty with this

approach, and it cannot meet the DOT-specified ride quality standards unless

the guideway is substantially smoother than the guideway used here, or unless

*The guideway design presented in Section 4.5.2 is characterized by a statis­
tical roughness coefficient, A, on the order of 1.5 x 10-6 m (slightly
better at long wavelengths).
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the vehicle is limited to low-speed operation. Recourse must be made, there­

fore, to an active damping system. In addition, as shown later, an active

control system can reduce the effective suspension system stiffness thereby

improving ride quality as well as the ability to negotiate turns and grade

transitions.

Prior Ford studies also show that the vehicle dynamic motion can be

damped with a force proportional to vehicle velocity (rate damping), gener­

ated by means of a conventional electromagnet mounted external to the dewars,

i.e., between the levitation magnet and the guideway. The control magnet

interacts with the aluminum guideway elements and the levitation magnet field

to alter the force-velocity relationship; the force-displacement relationship

is altered to change stiffness. The control magnet current and polarity are

varied subject to signals derived from onboard sensors and processed according

to the particular control strategy selected. The major problem addressed in

this study is the integration of a particular control strategy with the devel­

opment of multi-degree-of-freedom analyses to ascertain vehicle dynamic

response to random, periodic, and transient disturbances. The effort is

scoped to determine a feasible conceptual control system design, rather than

an optimum design based on broad parametric analysis.

(2) General Approach. A baseline control concept - derived from

prior Ford and Philco-Ford studies - was selected for detailed evaluation.

Absolute rate damping, i.e., relative to an inertial reference frame, is

provided, employing feedback of vehicle (absolute) velocity derived from

onboard accelerometer data. This inhibits the vehicle response to small

amplitude, high frequency guideway irregularities. and produces a good ride.

The level of rate damping is optimized by adjusting the control system gain

parameters to achieve damping ratios as near to critical damping as possible,

while maintaining stability in all vehicle response modes and avoiding

excessively high or low natural frequencies in any of these modes.

Positive position feedback is also provided, based on data relating

vehicle position to the aluminum guideway surface and derived from body­

mounted gap sensors. This reduces the effective suspension system stiffness

thereby improving the ride.

Because inertial damping is used with this concept, there was initial

concern that the vehicle might not negotiate turns and grade transitions
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efficiently, i.e., with short transition lengths. (This presumes, of

course, that short transition lengths are desirable, i.e., they result in

a cheaper guideway - a presumption which may not be correct for many route

specific situations.) Since grades and turns essentially produce large

amplitude, low frequency vehicle excursions, the vehicle's ability to

follow grades and turns should be improved by damping the vehicle motion

relative to the guideway at low frequencies. This is accomplished by gener­

ating a damping force proportional to vehicle velocity relative to the guide­

way. The appropriate feedback signals are derived from the aforementioned

gap sensor data. The resulting baseline system would then combine absolute

rate damping (with a high-pass filter), relative rate damping (with a low­

pass filter), and positive position feedback to produce good ride quality

with improved ability to follow grades and curves. However, subsequent

analyses showed that for the baseline concept and parameter values chosen

herein,' relative rate damping is beneficial only at very short transition

lengths, well below the length required to hold maximum vehicle stroke below

the design goal. The preferred baseline control concept, therefore, is

defined as positive position feedback with filtered absolute damping only.

The recommended damping ratios are in the range of 0.6 to 1.0, and the effec­

tive natural frequency is selected at 0.6 Hz. Also nonlinear feedback reduc­

tion is employed to assure stable operation in a transition to a downgrade.

Further details of the baseline control concept are given in subsequent

paragraphs of this section. Where possible, performance results are given

both with and without relative damping.

Two alternate control s~rategies were briefly examined, primarily out

of concern that reliable, accurate gap sensors might not be available for

operation over a wide range of environments. These are: (1) a simple veloc­

ity feedback system with very high absolute (inertial) damping only, e.g.,

with damping ratios ~ 3 to 4, but without position feedback or gap sensors

(the system natural frequency is 1.41 Hz), and (2) acceleration feedback in

combination with absolute velocity feedback using moderate damping ratios

(~0.6 to 1.0). This second strategy eliminates the need for gap sensors,

and has .the added advantage of improved response to crosswind gusts by virtue

of the increased apparent mass of the vehicle. The effective natural fre­

quency of the suspension system for the second alternate system is 0.6 Hz.
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(3) Study Results. Detailed results of the vehicle dynamics anal­

ysis are presented in subsequent sections of this report. A brief overview

of the study results is given here to summarize important points.

Overall performance characteristics of the three control concepts are

summarized in Table 2-1. The previously defined baseline position feedback

system meets the DOT ride quality specifications in all dynamic modes for

straight and level operations as well as for turns and grade transitions.

Note that the power spectral density criteria are essentially inapplicable

for turns and grade transitions, so only the DOT criteria on maximum sustained

acceleration and rate of change of sustained acceleration (jerk) are employed.

In negotiating a transition to a 2% grade, the vehicle maximum stroke* is

less than the design goal of 5 cm for transition lengths of 1 km. With the

amount of positive position feedback necessary to produce a vehicle heave

fre~uency of 0.6 Hz, the force-displacement relationship indicates an unstab~e

situation for upward excursions (transition to a "down" grade) greater than

several centimeters. This instability is remedied by employing nonlinear

feedback reduction for upward excursions. The baseline control concept can

also negotiate horizontal turns,but modification of gain constants is found

necessary to improve vehicle dynamic behavior. Further improvement (pri­

marily in stroke) is possible, if necessary, by decreasing the amount of

absolute damping** during transit through the turn. The necessary signals

can be obtained by wayside communication or by increasing the capacity of the

onboard computer and employing it (in conjunction with the existing acceler­

ometers) as a simplified inertial navigator. For straight and level opera~

tion, the heave mode power consumption for the baseline concept is ~ 17 kW;

*Stroke is defined as the vehicle displacement from its nominal steady-state
position relative to the guideway surface. The physical clearance between
the bottom of the control coil and the guideway. is nominally 19 cm so the
design goal of 5 cm maximum stroke is very conservative. Lateral clearance
is nominally 23 em, but the same design goal on maximum stroke is employed.

**The absolute damper (in combination with centrifugal force) is essentially
trying to pull the vehicle toward the guideway during passage through a turn
thus decreasing the clearance between the vehicle and the guideway.
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total power consumption for all modes is estimated at ~ 25 kW. The short­

time multi-mode power demand for negotiating a 1 km transition to a 2%

upgrade is estimated at ~ 150 kW; comparable power for a down-grade is

~ 60 kW.

The alternative acceleration feedback concept dispenses with the gap

sensor, but still meets DOT ride quality specifications for all dynamic modes

and on turn and grade transitions as well as on str~ight and level portions

of the guideway. A grade transition length of 6.5 km, however, is required

to prevent vehicle maximum stroke from exceeding the design goal of 5 cm

during approach to a 2% grade. Horizontal turn negotiation was not examined

in detail, but it appears that vehicle dynamic response is somewhat better

than with the baseline concept. Further improvement in stroke performance

is achievable by reducing the level of absolute damping (during passage

through the turn) in the aforementioned manner. Heave mode power consumption

for straight and level operation is ~ 17 kW; total power consumption for all

modes is estimated at ~ 30 kW.

The alternative heavy damping concept also dispenses with the gap sensor

and meets the appropriate DOT ride quality criteria. For an absolute damper

filter frequency of 0.6 Hz, a (2% grade) transition length of 4 km is

required to prevent vehicle maximum stroke from exceeding the 5 cm design

goal. Heave mode power consumption for straight and level operation is

~ 32 kW, total power consumption for all modes is estimated at ~ 50 kW. No

evaluation has been made for horizontal turn negotiation, but no insurmount­

able problems are expected.

The foregoing brief review of the vehicle dynamic analysis indicates

that all of the above systems are feasible and meet the appropriate ride

quality specifications. The baseline concept permits much shorter grade

transitions but requires gap sensors. Further analysis involving route

specific considerations is obviously required prior to final system selection.
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B. Control Concept. This section presents a general discussion of the

baseline TMLV control concept and its alternatives. Details are given in

Section 4.3.2C and Appendices Band C. The present discu&sion considers the

following subjects:

• Feedback Logic

• Signal Filtering

• Signal Mixing

• Modal Gains and Control Current Commands

(1) Feedback Logic. In general, a control concept can provide for

feedback of any combination of the following signals:

• Position relative to the guideway (gap)

• Inertial acceleration

• Velocity relative to the guideway (relative rate)

• Inertial velocity (absolute rate)

Positive position feedback is employed with the baseline concept to

reduce the effective suspension system stiffness in order to improve ride

quality. Another technique - inertial acceleration feedback - also improves

ride quality, since it increases the vehicle apparent mass thereby reducing

the suspension system natural frequency. This has the same effect as reducing

the suspension system natural frequency with positive position feedback,

except that the effect of magnet force nonlinearities is less significant

with acceleration feedback than it is with positive position feedback. As

stated earlier, acceleration feedback was subsequently considered as an

alternative to the baseline position feedback concept.

Rate feedback is used to provide increased damping (above the level

provided by passive damping forces). Absolute rate feedback is used to pro­

vide damping relative to an inertial reference frame in order to improve ride

quality and is common to all control concepts studied. Relative rate feed­

back provides damping relative to the guideway and may improve the vehicle's

ability to follow grades and turns. The final, preferred baseline control

concept, however, does not employ relative rate damping, as discussed earlier.
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(2) Signal Filtering. Tradeoff analyses were conducted both with

and without relative damping which incorporate signal filtering. Signal

fil tering is employed to allow satisfactory ride quality to be achieved simul­

taneously with the ability to follow grades and turns. In essence, weighting

of relative rate signals is increased at low frequencies to improve track­

following ability, while weighting of absolute rate signals is increased at

high frequencies to enhance ride quality. This is accomplished by providing

a combination of absolute rate damping with a high pass filter and relative

rate damping with a low pass filter.

(3) Signal Mixing. Accelerometers and gap sensors located on the

vehicle near each of the magnet coil assemblies provide inertial acceleration

and relative position measurements, respectively. Absolute and relative rate

signals are derived from the acceleration and position signals. These sig­

nals are then modified by gain constants selected to achieve the desired com­

bination of acceleration, rate, and position feedback. (Detailed discussion

of gain selection is given in Section 4.3.2C. and in Appendix C.) The rate

signals are then filtered as described above, and the acceleration, position,

and filtered rate signals from each of the sensor locations are combined to

generate "pseudo state variables." These pseudo state variables constitute

a set of five signals, each of which relates exclusively to one of the five

fundamental degrees of freedom (pitch, heave, roll, sway, yaw) of t~e vehicle.

Thus, the pseudo state variables are basically modal signals, and the signal

mixing process is essentially a Fourier decomposition of the filtered sensor

signals into their fundamental modal content. (Details are given in

Appendix B and Section 4.3.2C.).These modal signals are then further mod­

ified and operated on, as indicated below, in order to generate the ultimate

control signals wh~~ .. ~stablish the appropriate currents in the control coils.

(4) Moda1..;::;~7.ns and Control Current Commands. The modal' signals

derived from the sensor signals are modified by individual "modal gain con­

stants" to produce ":1.·::,iJal control signals." The gain constants are selected

5~ t~~t these modal control signals ensure stability with adequate damping in

all modes. The modal control signals are then recombined to generata indi­

v:~J~l control sig~als to each of the cdntrol coils. These control signals
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establish current levels in the control coils which produce the appropriate

combination of forces and moments to damp the vehicle motion in all modes.

Details are given in Appendices Band C and the following discussion.

C. Dynamic Model. Modeling of vehicle dynamics and studies of stability

characteristics are summarized in this section. Detailed derivation of the

relevant equations is described in three appendices. Formulation of the

magnetic force model is treated in Appendix A, derivation of the equations

of motion including the control function is presented in Appendix B, and

techniques employed for stability studies and selection of gain values are

detailed in Appendix C.

(1) Vehicle Schematic and Dynamic Model. The' vehicle is treated as

a rigid body supported at four coil modules by forces and moments resulting

from interaction of the levitation coils with a pair of L-shaped guideways.

A control coil is placed at the bottom of each levitation module assembly to

provide the requisite control forces for maintenance of vehicle stability

and ride quality. Control current commands are generated through appropriate

filtering and mixing of both acceleration information and relative displace­

ment data at each of the coil assemblies. The eight sets of information are

reduced to four separate current commands. ' A schematic for signal mixing

and current command generation is shown in Figure 4-19.

The state of motion of the vehicle is defined in terms of five state

variables wh'ich represent the following five rigid body degrees of freedom:

Z downward displacement of vehicle c.g.

e pitching rotation about the body pitch-axis

y lateral displacement of vehicle c.g.

<P rolling rotation 'about the body roll-axis

'f yawing rotation about the body yaw-axis

For vehicle operation at constant speed the equation for forward displace~ent

of the c.g. along the direction of motion is a trivial identity defining the

amount of thrust necessary to maintain the speed. A block diagram showing

the interaction of control forces and passive magnetic forces with the vehicle

is shown in Figure 4-20.
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FIGURE 4-19. SIGNAL MIXING AND CONTROL
CURRENT COMMANDS SCHEMATIC

Due to the symmetrical placement of the four coil assemblies, there is

no dynamic coupling between the (2, 8) group of equations and the (Y, ~, ~)

group .. This allows separate studies of vertical and lateral dynamics.
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The matrix equations defining the vehicle motion have the following form:

[s2 I A - "A + BA QM KA KOA] [~J ~ [BA QM KA PAS I\, + CAl (

+ [BA QM KA PM lb' + DA] 11 + [LA]

All matrices cited above are defined explicitly in Appendix B.

Note that in both groups of equations, dynamic coupling between the

state variables of vehicle motion will vanish if the vehicle center of gravity

lies in the plane of the coils (c=O) and if the vehicle center of gravity is

at the midpoint between the front and rear coils (aF=aR). This suggests the

possibility of simplified, approximate models in which the number of degrees

of freedom is reduced by eliminating certain state variables. These sim­

plified, approximate models are discussed in subsequent parts of this section.

Selection of control gain values is also discussed below.

(2) Definition of Vehicle Parameters. Mass properties and geomet­

rical d~scription of the preliminary conceptual vehicle configuration used in

the vehicle dynamics calculations are summarized below:

m vehicle mass 45400 kg (wt = 444.8 kN or .105 lb)

A rolling moment of inertia = 7.5 x 104 kg_m2

B pitching moment of inertia 3.4 x
.. 6

kg_m210

C yawing moment of inertia 3.4 x 106 kg_m2

These values were subsequently modified for the (lighter) baseline vehicle

(baseline values are given in Section 4.2.4).

The vehicle is provided with four. identical levitation coil assemblies.

Each consists of two levitation coils end-to-end with overall centerline

dimensions of 0.5 by 3.0 m and a control coil with identical centerline
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dimensions, located 0.1 m below the levitation coil. The levitation coil is

nominally located 0.3 m above the guideway surface with the center line of the

nearside winding 0.3 m from the vertical surface of the guideway.

Positions relative to the vehicle e.g. are listed in Table 4-12 for

individual coil modules and two other sets of related points. The thrust

line is located at 2.72 m above the vehicle e.g. and it is assumed to be

parallel to the direction of motion.

TABLE 4-12. COORDiNATES OF MA~N COilS; VEHiCLE EXTREMniES,
AND PASSENGER LOCAT~ONS@l

posn~ON ~NDEX X V z

I
RiGHT FRONT aF b C

MAiN
LEFT FRONT

CO~l
2 aF -b C

CENTER
RiGHT REARUNE 3 -aR b C

lEFT REAR 4 -a R -b C

REMARK

a F = 9.00

a R = 7.65

b = 0.965

C = 1.21

RiGHT FRONT 1 aVF b
ll

c
II aVf = 16.2

VEHiCLE lEFT FRONT 2 aVlF -b
ll

c
II aVR = 13.8

EXTRIEMniES
RiGHT REAR 3 -aVR b

ll
c

II
b

ll
= 0.55

lEFT REAR 4 -aVR -b
ll

c
II c

II
'= 1.21

R~GIH fRONT 1 apF bp cp apF = 8.2

CORNERS Of lEFT fRONT 2 apF -b cp 11.2PASSENGER P apR =
COMPARTMENT RiGHT REAR 3 -a PR bp cp bp 1.06=

lEfT REAR 4 -apR -b cp c = - 0.39P

NOTE X - AXIS POSiTIVE FORWARD
Y-AXIS POSiTiVE TO THE RIGHT
Z-AXiS POSmVE DOWNWARD

*VAlUES FOR THE PRELIMiNARY CONCEPTUAL VEHICLE USED FOR
DYNAMiCS AND CONTROL, STRUCTURES, AND AERODYNAMICS ANALYSES
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(3) Magnetic Force Model. Forces and moments acting on a coil

moving above a non-magnetic conducting medium are generated from interaction

of current in the coil and an eddy current field created in the medium during

the passage of the coil. Theoretical analyses and experimental measurements

performed by the Scientific Research Staff of Ford Motor Company (Ref. 4-22)

have established an adequate approach for the prediction of force and moment

characteristics for rectangular coils moving at finite speeds over realistic

guideway configurations. A detailed description of this approximate method

may be found in Appendix A, including consideration of a control coil at a

fixed distance from the levitation coil.

Pitching moment and yawing moments referred to the center of the main

coil have been neglected in the derivation of the analytical force model for

this study. This simplification is a good analytical approximation because

amplitudes in pitch and yaw will be much smaller than amplitudes in roll due

to the large longitudinal separation of the forward and rear coil assemblies

compared to the lateral separation between the left side and right side coils.

The magnet force components normal to the guideway surfaces and the rolling

moment about the longitudinal axis through the center line of the main coil

are given below in terms of coil orientation reckoned from its nominal

position:

6h 6h' if; 0' X

FL = 1.1120(05) -8.9372(05) +8.2437(04) -1.2899(04) +3.3981(05) 1

-3.0328(06) +2.4477(05) +6.6260(03) +2 . 71 77 (05) 0'

-2.6868(06) +1.6119(05) +2.9376(04) 0'2

F
G = 3.9640(04) +8.2437(04) -3.2430(05) -4.7202(04) +6.3715 (04) 1

+2.4477(05) -5.4840(05) -1.4250(05) +2.7417(04) 0'

+1.6119(05) -2.6359(05) +9.2180(04) 0'2

L = 1.1768(04) -1. 2899 (04) -4.7202(04) -2.3642(04) +2.7473(04) 1

+6.2601(03) -1.4250(05) -1.0240(05) +1.4795(04) 0'

+2.9376(04) +9.2180(04) -1.0968(05) a2

The above values are for the preliminary conceptual vehicle of 444.8 kN

(100,000 lb) gross weight and a speed of l3~ m/s. The nominal position of
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the coil assembly relative to the guideway is shown in Figure 4-21. The

number of ampere turns in the main coil is ~ 4.3 x 105 and the control cur­

rent parameter a is the ratio of ampere turns in the control coil to that in

the main coil.

The magnetically-induced drag force on each levitation coil module in a

corner is given by the sum of FL and F
G

divided by 61.505, the value for

lift/drag ratio for an infinite plate at a speed of 134 mise For speeds

other than 134 mis, the above result is multiplied by the ratio FL V/FL 134', ,
The variation of this ratio and the lift/drag ratio with speed is shown in

Figure 4-23. The lift force capability of the levitation coil at 134 m/s and

coil elevations other than 0.3 m is shown in Figure 4-22.

(4) Nonlinear Magnetic Force Considerations. Important considera­

tions relative to magnet force nonlinearity are discussed in this paragraph.

The magnet force-displacement curve is quite nonlinear; hence, a linear

approximation provides an accurate representation of force changes only over

a very limited range of excursions from the nominal vehicle position.

Figure 4-24 shows magnetic force characteristics with (0.6 Hz) and without

(1.41 Hz) positive position feedback. It can be seen that without position

feedback, a linear approximation results in errors exceeding 20% for excur­

sions greater than about 3 em from the nominal position. The errors are even

larger with positive position feedback. This occurs because the slope of the

force displacement curve is reduced by the position feedback. If linear

feedback is employed, the nonlinear content of the force-displacement curve

is unaltered, therefore, the nonlinear effect is larger relative to the

linear term than without position feedback.

Furthermore, with the amount of linear positive position feedback

required to produce a vehicle heave frequency of 0.6 Hz, the force­

displacement relation indicates an unstable situation for upward excursions

greater than several centimeters. This is shown by the dashed portion of the

0.6 Hz curve in Figure 4-24. This instability can be remedied by employing

nonlinear feedback reduction for upward excursions, as indicated by the solid

portion of the 0.6 Hz curve in Figure 4-24 to the right of the nominal 0.3 m

elevation.
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The effect of nonlinear feedback reduction is shown parametrically in

Figure 4-25. The value of the nonlinear feedback reduction parameter ~2

is selected on the basis of stroke' limitation during negdtiation of a grade

transition; that is, the value of ~2 is selec-ted so that the vehicle excur­

sions from its nominal position while negotiating a grade transition is

limited to acceptable values for grade transitions of reasonable length. In

Paragraph 4.3.2D(2) it will be shown that a value of ~2 = -2.5 results in a

stroke of about 4 em for a 1 km grade transition, i.e., below the 5 em design

goal.

(5) Simplified Heave Model. A point mass heave model is obtained

by retaining only the leading diagonal elements of the vertical equations

developed in Appendix B. By virtue of the single mass point stipulation,

gUideway irregularities at all four coil -locations must be identical, i.e.,

The reduced equation and a formal solution for Z in terms of Z is given in
g

Table 4-13. The functional relationships of various terms are also shown.

It is demonstrated in Appendix C that when the relative rate gain Ku
and the absolute rate gain K. take the same numerical value, the effect of

z
the filter time constant can be ignored. An initial selection of gain values

can thus be obtained from examination of the simplified heave model.

The following force coefficients apply for the preliminary conceptual

vehicle:

FLh -893720

F = 339800
~

The modal gain Kz will be taken to be unity. For a vehicle weight of 444.8 kN,

with both time constants set to zero it follows that

~ s + (~ + 2.63)

(0.0334+~) s2 + Kn s + (~ + 2.63)
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TABLE 4-13. ONE DEGREE-OF-FREEDOM POINT
MASS MODEL iN HEAVE

K·S
KZ·TZ H = K + h

H = K" + ; h h 1 + T 5
S Z 1 + TZS h

Z

Z9

Previous studies have established that an undamped frequency of 0.6 Hz with

0.6 critical damping is desirable. Hence,

2
(~ + 2.63)/0.0334 = (0.6 x 2n)

Kn = 2 x 0.6-V0.0334(Kh + 2.63)

which results in

K
h

= -2.1553 Kn = 0.1511
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The actual values used for subsequent analyses of ride quality are

-2.155

K. = a
z

0.15

K. = 0.15
z

K = 1Z

This completes the selection of gain values for vertical dynamics. Effects

of varying the pitch.mode gain K
A

have been presented in Appendix C, where

it is shown that a value of Ke = 1 will produce acceptable stability

characteristics.

(6) , Simplified Sideway/Roll Model. A similar simplification of the

lateral dynamics group le~ds to a sideway/roll model by ignoring the yaw

variable. The resulting equations are displayed in Table 4-14.

(7) Gain Selection for Lateral Stability. In general, there will

be three distinct natural frequencies in lateral dynamics (roll/sway/yaw).

Gain values must be selecied to ensure stability as well as to satisfy cer­

tain ride quality bounds for aqticipated guideway irregularities. Attainment

of the first objective of lateral stability call~ for a systematic search for

all relevant gain values for the lateral group, while accepting gain values

already defined for ~he vertical group.

Due to the presence of time constants for signal filtering, the degree

of the resulting polynominal is 12. This may be reduced to 9 by using the

same time constant for all channels. Of these nine roots, three conjugate

pairs pertain to lateral stability and the other three roots relate to the

denominators of the filtering function. To ensure stability, all roots must

have negative real parts.

The most direct search technique is to chart the movement of all roots

as individual gain values are varied. In order to reduce the number of

natural frequencies involved in the response analyses, it is also desirable

to have at least one set of double roots among the selected conjugate pairs.
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TABLE 4-14. TWO DEGREE~OF-FREEDOM MODEL FOR
SI DES WAY I ROLL MODES

4cby [IKy . Krp) KoS · KyKoA]

4cb¢ [IKy . Krp) KoS· KyKoA]

FOR

4c IKy . Krp) by Hh - 4 bcy +4ey

4c IKy . Krp) bq; Hh - 4 bCq; + 4erp l [::]
o -b

o b

o -b

o b

[:: ] 1 -c

-C

-1 C

[;: ]

KoS
2 KoA = 25 Hs + Hh 5 HA + Hh'

KZTZ K,/y
HS K··+-- HA K" +

z 1 +1: 5 Y 1 + T 5,
Z Y

Hh Kh +
Kti S

Hh,
Kti,s

1 + Th 5
Kh,+

1 + Th's

FGa bq; -(b FLa + C FGa + La)

-F Gh crp b FLh + C FGh + Lh

-FGh, dq; bF Lh , +c FGh, + Lh,

FGrp eq; -blF Lrp - FGo) ·c IF Grp+ FLo) -Lq;
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The above process has been carried out and a set of gain values has been

found which will satisfy all stability requirements. These gain values are

listed below:

1

Vertical Channels

Modal Gains:

Abs. Rate Gain:

Ace. Feedback Gain:

ReI. Rate Gain:

Pos. Feedback Gain:

K· = 0.15
z

K. 0
z

K· = 0.15h·

Kh -2.155

Lateral Channels

I<y 0.52

K¢ 1.25

K~ = 3.5

K. = 0.29
y

K. -0.02
Y

Kfi' 0.29

K ' 0h

Undamped frequencies and system damping associated with the above set of

gain values are:

0.515 Hz with 0.768 critical damping

0.734 Hz with 0.798 critical damping

1.016 Hz with 0.673 critical damping

A map of relevant roots in the vicinity of this region is shown in

Figure 4-26. The points corresponding to the previously given set of gain

values are shown circled in this figure. These values have been used for

evaluation of ride quality discussed in Section 4.3.2D.

Further refined search revealed that a double root is located at

K = 0.5182 and K. = Kh· ,= 0.2935, corresponding to undamped frequencies and
y y

system damping of
j

0.60 Hz with 0.80 critical damping

1.02 Hz with 0.68 critical damping

These are shown as double circles in Figure 4-26.

A systematic process is presented above for the selection of gain values

to ensure vehicle stability. However, additional iterations and search may
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be needed to fulfill all other ride quality specifications and dynamic

response limitations (e.g., stroke restrictions) imposed on the vehicle

design.

D. Vehicle Response to Random and Periodic Guideway Disturbances. This

section presents the results of an analysis of vehicle dynamic response to

guideway random irregularities and periodic disturbances. The analysis pro­

vides an assessment of ride quality, stroke (vehicle excursion from its

nominal position relative to the guideway), and control power requirements.

A 1 DOF (heave) model is utilized for broad parametric studies, and a multi­

mode (5 DOF) model is employed for detailed analyses of the dynamic response

of the preliminary vehicle configuration.

(1) Single-Degree-of-Freedom Dynamic Studies. A 1 DOF (heave)

model has been utilized for parametric investigation of vehicle dynamic

response to guideway random irregularities and also for analysis of vehicle

response to certain guideway periodic disturbances. The following analytical

investigations were performed:

• Effects of position feedback and damping

• Effects of filter parameters

• Response to guideway roughness during negotiation of a grade
transition

• Response to periodic gaps in the guideway

• Response to flexible guideway deformations

The results of these dynamic analyses are presented in the following

sections. All analytical results are based on a guideway random roughness

power spectral density (PSD) relation of the form AA 2 , where A is the spatial

wavelength and the roughness coefficient A is taken to be 1.5 x 10- 6 m (5

x 10- 6 ft).* This expression is believed to be inaccurate, however, for

characterizing real guideways at long wavelengths of interest (or frequencies

~ 2 Hz) .. Accordingly, investigations were conducted to assess the influence

of roughness roll-off in this frequency domain.

*Although only a single value has been used for A, the PSD and rrns values for
acceleration, gap, current, power, etc., scale as a function of A, thus it is
easy to extrapolate the results to other values.
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a. Effects of Position Feedback and Damping. This paragraph

discusses the effect of position feedback and damping on ride quality, stroke,

and power requirements.

The natural frequency of the baseline MAGLEV suspension without position

feedback is 1.41 Hz. Positive position feedback is employed to lower the

suspension natural frequency and thereby improve ride quality. Figure 4-27

shows the effect of suspension natural frequency (fN) on ride quality. The

acceleration PSDs shown in this figure were calculated using a 1 DOF (heave)

dynamic model with absolute (SA) and relative (SR) damping ratios equal to

1.0, and with filter corner frequencies* equal to 0.25 Hz.

It is seen from Figure 4-27 that the heave mode acceleration PSD exceeds

the DOT ride quality specification in the vertical direction if the suspension

frequency is greater than about 0.95 Hz. The ride quality specification can

be met with higher values of the suspension natural frequency only if the

absolute damping ratio is increased, as shown in Figure 4-28. This will be

discussed in more detail below.

A suspension natural frequency of 0.6 Hz was selected for the baseline'

control concept. As seen in Figure 4-27 this provides some margin to allow

for multimode (pitch-roIl-heave) dynamic response effects without exceeding

the ride quality specification.

Figure 4-28 shows the effect of damping on a system without position

feedback (suspension frequency = 1.41 Hz). Acceleration PSDs are shown for

several values of the absolute damping ratio, with the relative damping ratio

equal to zero. (A gap sensor, which provides the relative rate signal

required for relative damping, probably would not be used in a system without

position feedback.) It is seen from Figure 4-28 that a damping ratio of 3

or 4 ~s required to meet the ride quality specification with some margin to

allow for multimode dynamic response effects.

Figure 4-29 shows the effect of damping on the ride quality of the base­

line control system with position feedback (suspension frequency = 0.6 Hz).

It is seen that acceptable ride quality in the heave mode is obtainable over

a wide range of damping ratios.

*The corner frequency is where the filter is rolled off.
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Figure 4-30 shows the effect of damping on the rms stroke characterizing

the vehicle response to guideway roughness. Curves of rms stroke vs. damping

ratio are shown both for a system with (0.6 Hz) and a system without (1.41 Hz)

position feedback (i.e., gap sensor). For a system without position feedback

the rms stroke is somewhat higher at the higher values of damping required

for acceptable ride quality. However, even without position feedback the

rillS stroke is only 1.7 cm or less.

Figure 4-31 shows that the ride quality of the baseline system is

improved by eliminating relative damping. Relative damping can improve the

1.8
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1.6
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"1.4 ",
........ <'

E 1.2 ;;;
\WITH GAP SENSOR2 /'

w ./ fN = 0.6 HZ~
1.00

a: tA = tR = r
I-
Cf.)

Cf.) 0.8
~
a:

\
-

0.6

0.4

0.2

0
0 1 2 3 4

DAMPING RATIO, ~
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ability of the vehicle to follow grade transitions and turns. However, as

is discussed in Paragraph 4.3.2.E(1) this effect is negligible in the case of

the baseline system with position feedback for grade transitions of practical

length. As indicated on Figure 4-31, the rms stroke characterizing the

vehicle response to guideway roughness is smaller with relative damping than

without. However, for the guideway roughness under consideration, the rms

stroke without relative damping is only 1.71 cm. These considerations indi­

cate that relative damping can be reduced or even eliminated without signifi­

cant adverse effects on vehicle excursions relative to the guideway.
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Figure 4-32 shows power spectral density plots of the control current

ratio ry (ratio of control coil current to levitation coil current). These

curves indicate the spectral composition of the I 2R power loss in the control

coils. The control current PSDs are shown both with (0.6 Hz) and without

(1.41 Hz) position feedback, and for two values of damping ratio in each case.

The relative damping ratio is taken equal to the absolute damping ratio for

the system with position feedback. For the system without position feedback,

the relative damping is taken equal to zero, reflecting the absence of a gap

sensor, as explained previously.

Figure 4-33 shows the influence of the damping ratio on the mean square

control current ratio ry2. The mean square control current ratio is propor­

tional to the average I 2R power loss in the control coils. The approximate

value of the actual I 2R loss is indicated on the vertical scale at the right

of the figure. Curves are presented both with and without position feed­

back, and, in each case, with and without relative damping. Relative damping

is shown in the case of a system without'position feedback for comparative

purposes only, and as in the case of a system with position feedback, the

relative damping is taken equal to the absolute damping. It is seen that the

control power is significantly lower for a system with position feedback and

relative damping than it is for the system without relative damping. For a

system without position feedback and relative damping, the control power is

significantly higher at the higher values of absolute damping required for

acceptable ride quality. However, the heave mode control power is less

than about 35 kW in all cases, except that the multimode dynamic response

effects will result in somewhat higher control power requirements than the

values indicated for the heave mode only. This will be discussed in more

detail in a subsequent section.

b, Effects of Fil ter Parameters. This paragraph presents the

results of a parametric study of the effects of filter parameters on the ride

quality of the vehicle.

1. First Order Filter Corner Frequencies. The filter for

the absolute damper is a high pass filter with a corner frequency fA' and the

one for the relative damper is a low pass filter with a corner frequency

f R, The corner frequencies fA and f R are the first order filter parameters
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which have been investigated in the present study. Absolute and relative

damping ratios were taken equal to 1.0 for this investigation.

Figure 4-34 shows the effect of the corner frequencies on the ride

quality for the case where fA = fRo It is seen that lower values of the

corner frequencies result in improved ride quality. For the conceptual con­

figuration a value of
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was selected for the corner frequencies. Although heave mode acceleration

PSDs corresponding to somewhat higher corner frequencies will not violate

the ride quality specification, the value selected for the corner frequencies

(0.25 Hz) provides margin to allow for multimode (pitch-roIl-heave) dynamic

response effects:
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Additional parametric investigations were conducted to assess the effects

of using different corner frequencies for the absolute and relative dampers.

Figure 4-35 shows the effect of varying f R with fA = 0.25 Hz, and Figure 4-36

is a similar plot with fA = 1.0 Hz. Figure 4-37 shows the effect of varying

fA with f R = 0.25 Hz. Separating the absolute and relative damper corner

frequencies does not appear to improve ride quality, in fact in most cases

it results in poorer ride quality. It is concluded there is no advantage to

using different corner frequencies for the absolute and relative dampers.

2. Second Order Filter. The possibility of using a second

order filter to achieve improved low frequency stroke response was also

investigated. It was found that although improved low frequency (<0.2 Hz)

stroke response can be achieved, the peak stroke response (which occurs near

0.5 Hz) is actually worse. Similarly, ride quality is better at high fre­

quencies, but the peak acceleration response near 0.5 Hz is worse. It is

concluded that a second order filter offers no clear advantage over a first

order filter.

c. Ride Quality in a Grade Transition.* This,paragraph dis­

cusses vehicle response to guideway roughness during a grade transition.

During negotiation of a grade transition, centrifugal forces and the

action of the inertial (absolute) damper cause the vehicle to move to a new

equilibrium position relative to the guideway. Because of the nonlinearities

in the magnet force law, any vehicle excursion from the nominal position

relative to the guideway results in an increase in the effective suspension

stiffness.** The effective stiffness becomes greater as the vehicle excur­

sions increase. As the transition length to a given grade becomes shorter,

the vehicle accelerations increase, which in turn cause larger excursions of

the vehicle from its nominal position (and an increasingly stiff suspension).

*DOT and MITRE Corp. personnel have suggested that the acceleration PSD
criterion on ride quality is'not appropriate for the short-time operation
associated with turns and grade transitions. Pending establishment of a
realistic criterion for these operations however, the acceleration PSD
technique is used for the analysis reported in these paragraphs.

**This increase in stiffness occurs for both up and down excursions for the
baseline control system, i.e., one with a gap sensor and feedback reduction.
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The increased effective suspension stiffness in the grade transition

results in poorer ride quality in response to guideway roughness. Figure 4-38

shows heave mode acceleration PSDs for various transition lengths to a 2%

grade. Because the nonlinearities in the magnet force law are not symmetrical

about the nominal vehicle position, the acceleration PSD for an "up transition"

(increasing slope) differs from that for a "down transition" (decreasing

slope). The acceleration PSDs shown in Figure 4-38 were computed for the
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baseline configuration (with position feedback) and with the relative damping

ratio equal to the absolute damping ratio. It is seen that ride quality in

a grade transition is degraded relative to that on a level guideway. For the
. .

conditions used in Figure 4-38, the ride quality specification is exceeded

for grade transitions less than ten kilometers in length. It should be noted

that consideration of multimode dynamic response effects will cause the ride
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quality specification to be exceeded for even longer transition lengths.

However, since a grade transition is a transient effect, it may be possible

to exceed the ride, quality for this short period without much passenger dis­

comfort. For example at 134 mis, the ride quality in a 5 km grade transltion

would be exceeded iess than 37 seconds, and only seven seconds in a 1 km

transition.
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Figure 4-39 presents similar heave mode acceleration PSDs for the base­

line conceptual configuration (with position feedback), .but without relative

damping. Again, it is seen that ride quality is degraded relative to that on

a leuel guideway. However, comparison with Figure 4-38 indicates that ride

quality is improved by eliminating relative damping. Without relative damping,

heave mode acceleration PSDs exceed the ride quality criterion for grade
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transitions less than 4 km (as compared with 10 km for a system with relative

damping).
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Figure 4-40 shows the dependence of ride quality on transition length

(to a 2% grade) for a system without position feedback and without relative

damping. For such a system, magnet force nonlinearities cause ride quality

degradation only on an "up transition", and the curves in Figure 4-40 are

for this case. It is seen that the heave mode acceleration PSDs exceed the

ride quality specification for transition lengths less than about 5 km.
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Figure 4-41 indicates how the rms stroke (in response to guideway rough­

ness) varies as a function of transition length to a 2% grade. These results

are presented for the baseline configuration with relative damping. It is

seen that the rms stroke on a grade transition is less than that on a level

gUideway. Figure 4-42 shows how the increase in control current ratio (in

response to guideway roughness) depends on transition length to a 2% grade

for the: baseline control scheme. The control current requirement (in response

to guideway roughness) is less on a grade transition than on a level guideway.

d. Response to Periodic Gaps in the Guideway. The one DOF

nonlinear dynamic model has been employed to evaluate vehicle response to

periodic gaps in ,the guideway. The lift reduction due to the presence of a

gap is given in Section 4.5.2D. Absolute and relative damping ratios were

taken equal to l.b. Figure 4-43 shows the time histories of vehicle motion

after encountering gaps every 7.6, 15.2, and 30.5 m (25,50, and 100 ft).

A time history is, also shown for a single, isolated gap. Physically, the

plots represent the case of a vehicle traveling over a gap-free guideway then

suddenly encountering, at time: 0, a section of guideway with evenly spaced

gaps (or only a single gap). A momentary loss of lift occurs over each gap,

and the closer the gaps are spaced, the more the reduction in integrated lift·

and the closer the vehicle will approach the guideway. There is a transient

period before the vehicle reaches the equilibrium position. Each small wave

on the three lower curves shows the response to a single gap for the one DOF

model. It is seen that the steady state excursion of the vehicle from its

nominal equilibrium position is less than 1.5 cm for a gap spacing of 50 feet

(15.2 m) or more.'

Figure 4-44 shows passenger compartment acceleration as a function of

gap spacing. It is seen that the peak acceleration is less than the minimum

objective for gap spacings of 15.2 m (50 ft) or more.

e. Response to Elevated Guideway Deformations. Estimates are

given in Section 4.5.2Bof elevated guideway deformations under dynamic

vehicle loading f~r the preliminary elevated span designs. These guideway

deformations have ,been utilized as input excitation to the vehicle dynamic
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model in order to provide a predynamic response. Maximum vertical accelera­

tion levels were found to be 0.055 g, indicating that the dynamic behavior

of a vehicle in response to a properly designed elevated gUideway will not

result in unsatisfa'ctory ride quality.

(2) Multi-Degree-of-Freedom Dynamic Studies. The results of an

analysis of the multimode dynamic response of the baseline control concept

to guideway random irregularities are given below. A five-degree-of-freedom

mathematical model is used for this analysis. Since the pitch/heave degrees

of freedom are decoupled from roll/sway/yaw, pitch coupling effects are

examined separately from roll/sway/yaw effects.
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a. Effects of Pitch Coupling. Figure 4-45 shows vertical

acceleration PSDs at the corners of the passenger compartment in response to

guideway vertical random irregularities. The acceleration response is seen

to be well below the ride quality specification, and the ride quality at the

front and rear of the passenger compartment does not differ significantly.

The gain constants selected for the baseline configuration (see

Section 4.3.2B) result in a damping ratio of about 0.6 in the pitch/heave

mode. As was shown in Paragraph 4.3.2D(l)a., heave mode ride quality is
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relatively insensitive to damping over a range of damping ratios from about

0.6 to 1.0 (see Figure 4-29). Also, Figures 4-30 and 4-33 show that for the

baseline concept (with relative damping), the RMS stroke and control current

ratio are not sensitive to damping over the same range of damping ratios.

Comparison of Figure 4-45 with the heave mode acceleration PSD for a damping

ratio of 0.6 in Figure 4-29 indicates that pitch coupling effects are not

significant for the baseline concept. This is probably attributable to the

fact that, for this concept, pitch and heave are only weakly coupled, and the

selection of gain constants results in a pitch frequency which is very

nearly equal to the heave frequency.

Figure 4-46 shows the control current ratio PSD for response to guideway

vertical random irregularities. Curves are shown for the front and rear

control coils and for the total control current. These curves indicate the

spectral composition of the r 2R power loss in the control coils. Mean square

control current ratios, indicated on Figure 4-46, are proportional to the

average r2R power loss in the control coils. The average r2R loss is

approximately 16 kW for the pitch/heave mode.

b. Roll/Sway/Yaw Effects. Guideway lateral random irregular­

ities excite vehicle dynamic response in the coupled roll/sway/yaw modes,

which involve both lateral and vertical vehicle motions. The power spectral

density of guideway lateral roughness has been assumed to be the same as that

for vertical roughness, as given in Paragraph 4.3.2D(1). This spectral

density relation is probably conservative for lateral roughness and somewhat

lower values could probably be used, at least for longer wavelength roughness

components. This will be discussed further below.

Figure 4-47 presents the vertical acceleration PSD at the corners of the

passenger compartment for vehicle response to guideway lateral random irregu­

larities. This acceleration response is seen to be well below the ride

quality specification, and is essentially the same at all four corners of

the passenger compartment. The response to gUideway lateral roughness com­

bines statistically with the response to vertical roughness. The resultant

statistically-combined acceleration response is estimated as the sum of the

acceleration PSDs shown in Figures 4-45 and 4-47 and should be a conservative
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value. It is seen that this sum does not exceed the ride quality

specification.

Figure 4-48 shows the lateral acceleration PSDs at the corners of the

passenger compartment for vehicle response to guideway lateral random irregu­

larities. The curves designated by the solid lines show the vehicle response
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to the guideway lateral roughness PSD given above. It is seen that the

vehicle lateral acceleration response corresponding to this guideway rough­

ness exceeds the lateral ride quality specification. However, as indicated

previously, the power spectral density relation which was utilized to repre­

sent guideway lateral roughness is the same as the vertical roughness PSD

and should be conservative, at least for longer wavelength roughness

components.
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It seems reasonable to assume that a long wavelength rolloff exists in

the vertical roughness PSD. Figure 4-49 shows the assumed roughness power

spectral density relation together with two different suggested* long wave­

length (low frequency) rolloff characteristics. The lateral acceleration

response corresponding to these two modified guideway roughness characteris­

tics is indicated by the dashed and dotted curves in Figure 4-48. The dashed

curve in Figure 4-48 corresponds to a roughness PSD rolloff at 1.5 x 10- 2 ft 2 j

(rad/ft) and the dotted curve corresponds to a rolloff at 1.0 x 10- 2 ft2/

(rad/ft). It is seen that the lateral acceleration PSDs corresponding to the

modified gUideway roughness characteristics do not exceed the ride quality

specification near the response peak in the vicinity of 0.6 Hz. However, the

roughness rolloff does not reduce the acceleration response at frequencies

above 5 Hz, and so the ride quality specification is still exceeded slightly

in the frequency range between 5 and 15 Hz.

A modification of the control system gain constants can be used to alter

the acceleration response so that the ride quality specification is not

exceeded. Figure 4-50 shows the acceleration response for the modified set

of gain constants. The values of these gain constants are given in Table 4-15,

along with the values for the original set of constants corresponding to

Figure 4-48. The essential difference between the two sets is that the values

corresponding to original results (Figure 4-48) incorporate lateral accelera­

tion feedback (Ky) and no lateral position feedback (Kn'). Reversing the use

of these two gain constants improves the ability to meet the lateral ride

quality specification. (The definition of the symbols designating the gain

constants is given in Section 4.3.2B, where the selection of gain constants

is discussed.)

The curves designated by the solid lines in Figure 4-50 give the vehicle

response to the lateral roughness PSD with no rolloff. For this case the

lateral acceleration PSD does not exceed the ride quality specification at

frequencies above about 1.1 Hz, but the peak acceleration response below 1 Hz

is somewhat higher than the corresponding peak in Figure 4-48. However,

*Nathan Sussman, Mitre Corp., Personal Communication
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the lateral acceleration PSD corresponding to a roughness rolloff at 1,0 x

10-2 ft2/(rad/ft) is below the ride quality specification over the entire

frequency range.

Figure 4-51 shows the control current ratio PSDs for response to guide­

way lateral random irregularities. These control currents correspond to the

vehicle response shown in Figure 4-48. The mean square control current

ratios, indicated on Figure 4-51, are proportional to the average r 2R power
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TABLE 4-15. GAIN CONSTANTS

GAIN VALUES FOR VALUES FOR
PARAMETER FIG. 4-48 FiG. 4-50

K" -0.02 0y

K'; 0.32 0.275y

Kh, 0 -1

Kz ' 0 0

K' 0.15 0.15z

Kh -2.155 -2.155

Kz

Ke 1 1

K ' 0.52 0.05y,

K¢ 1.25

K 3.5 3.25

Ki,' 0.32 0.275

K" 0.15 0.15h

NOTE: All TiME CONSTANTS (T'S) =0.637

loss in the coils. The average total r 2R loss in the front control coils is

about 10 kW, and that for the rear coils is about 5 kW.

E. Response to Non-periodic and Non-random Excitation. This section

presents the results of an analysis of the dynamic response of the vehicle to

the following types of non-periodic and non-random excitation:

o

o

(j)

Grade Transitions

Steps and Gaps

Horizontal Curves

Crosswinds

(1) Grade Transitions. Results of an analysis of vehicle dynamic

response during negotiation of a grade transition are prese~ted here. The
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nonlinear, single degree of freedom (1 DOF) dynamic model has been utilized

for this analysis. Nonlinear effects have been found to be quite significant,

and predictions based on a linearized model differ considerably from the

results given by the nonlinear model.

As indicated in Paragraph 4.3.2.B(S), nonlinear feedback reduction is

necessary in order to maintain acceptable values of stroke during upward
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vehicle excursions from the nominal position. It has been found that a value

of the feedback reduction parameter ~2 = -2.5 results in a stroke of about

4 cm for a 1 km grade transition, and this value is the basis for the analyti­

cal results presented herein.

Figure 4-52 shows the maximum stroke (vehicle excursion from its nominal

position relative to the guideway) as a function of transition length to a

2% grade. Results are shown both for transition to an upgrade (increasing

slope) and transition to a downgrade (decreasing slope). It is seen that

higher strokes are experienced during negotiation of a transition to a down­

grade (which corresponds to an upward vehicle excursion). This results from

nonlinearities in'the magnetic force law, which is not synunetrical about the

nominal (or equilibrium) position of the vehicle relative to the guideway.

The maximum stroke is shown in Figure 4-52 as a function of transition

length for the case of a vehicle with and without a gap sensor. It is seen

that without a gap sensor, much longer transition lengths are required to

maintain a specified value of allowable stroke. This results from the neces­

sity of utilizing high damping ratios in a system without a gap sensor in

order to meet ride quality requirements, as is demonstrated in Section 4.3.2D.

For a system with a gap sensor, the maximum stroke is less than 4 cm for

transition lengths greater than 1 km.

Figure 4-53 is a similar plot, showing the maximum value of a (ratio of

control coil current to levitation coil current) as a function of transition

length to a 2% grade. Again eliminating the gap sensor results in the need

for much longer transition lengths to maintain the control coil current below

a specified value; or, for a given transition length, a system with a gap

sensor will require less control current (and power).

Figure 4-54 shows the effect of relative damping on maximum stroke in a

downgrade transition. With a gap sensor, relative damping has a negligible

effect on maximum stroke (for the range of transition lengths where the maxi­

mum stroke is not excessive). Without a gap sensor, large increases in rela­

tive damping produce only modest reductions in the transition lengths required

to maintain a specified value of maximum stroke. This is clarified by

Figures 4-55A and 4-55B which indicate that relative damping reduces stroke
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overshoot above the steady state value, but does not affect the steady state

value. For a-system with a gap sensor (abs0lute damping ratio ~ 1), the

stroke overshoot is negligible, while without a gap sensor (absolute damping

ratio ~ 4), there is only a modest stroke overshoot.

Figure 4-54 also shows that without a gap sensor, significant reductions

in required transition length can be achieved by increasing the absolute

damper corner frequency (fA) from 0.25 to 0.6 Hz. Nevertheless, a transition

length of about 4 km is required to limit the maximum stroke to the design

goal of 5 em. (Increasing the corner frequency beyond 0.6 Hz results in

undesirable degradation of ride quality characteristics.)

Figure 4-56 shows the maximum vehicle acceleration as a function of

transition length. It is seen that the vehicle acceleration is somewhat

greater than the grade acceleration, but for transition lengths greater than
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about 1 km, the maximum acceleration is significantly less than the allowable

acceleration limit of 0.1 g.

Figures 4-57 and 4-58 demonstrate the effect of utilizing acceleration

feedback instead of positive position feedback. Figure 4-57 shows that the

maximum stroke in a grade transition is significantly higher with acceleration

feedback than with position feedback. For example, with acceleration feedback

a transition length in excess of 6.5 km is required to limit the maximum

stroke to 5 cm for a transition to a 2% grade. Figure 4-58 shows that with

acceleration feedback the maximum value of the control current ratio a is

significantly greater than with position feedback.

(2) Steps and Gaps. The transient response of the vehicle to a step
,

discontinuity in the guideway has been analyzed using both linear and non-

linear one DOF dynamic models. The vehicle response has been analyzed both

with and without the ncnlinear feedback reduction described previously.

Figure 4-59 shows the vehicle response to a step with an amplitude of 1 cm.

The results of both linear and nonlinear analyses are presented for a system

without feedback reduction. The nonlinear analysis shows that the vehicle

response to an upward step is different from the response to a downward step.

(The sign of the response curve for a down step is reversed to facilitate

comparison.) The transient overshoot is greater in the case of an up step.

This results from the fact that the nonlinearity in the magnet force law is

not symmetrical about the nominal (eqUilibrium) position of the vehicle rela­

tive to .the guideway. It is seen that the maximum overshoot is about 0.3 cm

and the motion relative to the guideway and is damped out in about 3 or

4 seconds.

Figure 4-60 shows the vehicle response to a 2 cm step. Results are pre­

sented for both linear and nonlinear analyses. Results of the nonlinear

analysis are shown both with nonlinear feedback reduction (~2 = -2.5), and

without (~2 = 1). The nonlinear analysis shows that without feedback reduc­

tion the vehicle does not follow a downward step. This results from the

unstable magnetic force-displacement relation created by linear positive posi­

tion feedback, as described in Paragraph 4.3.2.B(5). This situation is reme­

died by employing nonlinear feedback reduction. The results in the figure
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show that the vehicle follows a 2 em step discontinuity in the guideway if

nonlinear feedback reduction is used. The maximum overshoot is about 0.7 ern

and the 'motion is, damped out in about 3 seconds.

The results of an analysis of dynamic response to periodic gaps in the

guideway are presented in Section 4.3.2D. Figure 4-43 in that section also

shows the vehicle, response to a single, isolated gap in the guideway. It is

seen that the maximum vehicle excursion in response to a single gap is about

0.4 cm and the motion damps out in about 1 second.

a. ,Horizontal Curves - Self Banking Capability. A study has

been performed to; investigate the feasibility of achieving a self banking

capability by appropriately designing the guideway and/or vehicle magnet

coils. The basic, idea is as follows: the hat-shape guideway"produces a small

self-banking moment in a horizontal curve as a result of cross-coupling effects

between lift forces and vehicle lateral motion. Although this moment is not

large enough to a~hieve the equilibrium bank angle for a coordinated turn,

the purpose was to determine whether modifications to the guideway configura­

tion and/or vehicle coil geometry could result in increased cross-coupling

effects sufficient to achieve the required bank angle. Specifically, canting

(rotation) of the L-shaped guideway elements and/or canting of the vehicle

magnetic coils has been analyzed to determine whether cross-coupling effects

can be increased sufficiently to provide a self-banking capability.

The study indicated that the vehicle ~agnetic coils must be canted 30°

or more relative to the horizontal in order to achieve non-negative bank

angles. Furthermore, it is found that the maximum bank angle is achieved

when the guideway element cant angle is also about 30°. However, the maximum

self banking angle attainable is only about 1/3 of the required equilibrium

bank an~le for a coordinated turn. This limited self-banking capability is

not adequate and does not justify the complexity and cost of canted guideway

elements and canted magnetic coils.

b. 'Coordinated Horizontal Turns. The horizontal turn transi-

tion problem and the associated lateral dynamics are somewhat analogous to

the grade transition and heave dynamics. However, the horizontal turn problem

is more complicated because of the sway/roll coupling, which requires the use

4-126



of 2 DOF dynamic modeling. A linearly increasing bank angle provides a coor­

dinated turn transition with a constant rate of change of acceleration

("jerk"). This results in a cubic turn transition of the .form: ¢ = ~ t
g g

and yg = ~ t 3 where a is the guideway lateral jerk and t is time. The guide-

way cross section geometry used in the 2 DOF sway/roll model is illustrated

in the following sketch.

¢
9

GU1DEWAY TURN GEOMETRY

After exiting from the transition, the vehicle enters the constant bank

angle coordinated turn which has a constant lateral guideway-acceleration.

In order to analyze the curve transition problem, a pseudo 3 DOF digital

simulation has been written. The 2 DOF sway/roll model was augmented with a

pseudo-steady state acceleration heave model in order to simulate the effect

of heave depression (that is, the vehicle settling closer to the guideway

in the turn). The steady state heave equation is:

-m+ 4b K (K' T + K.)z z z z z··
Z- Zg = --a-~+-"'-4~b~K~K---'- Yg¢ g

zz z z-ll

The symbols are defined in Appendix B.

Adding roll to the guideway motion via the e and e terms (see
y ¢

Section 4.3.2C) modified the equations of motion sufficiently to require a

revised set of control gains in order to obtain satisfactory dynamic behavior.
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Satisfactory performance was obtained by reducing K
y

and ~' from 0.35 to

0.01 slm and reducing K from 0.15 to 0.075 s/m. Figure 4-61 shows the
z

vertical and lateral strokes for this set of gains for the case of a 10° bank

angle turn at the maximum jerk of 0.03 g/s. The transition length is

0.7876 km and the transition time is 5.88 seconds. The vehicle is making a

right-hand turn and the strokes are computed at the right-hand (inside) cor­

ner. The vertical and lateral strokes are positive if the gaps are being

reduced.

As the vehicle does into the transition, it rides down in the guideway

(negative lateral stroke) and the right side or "inside" of the vehicle tends

to stabilize out with about a 1.0 em lateral gap increase (i.e., the vehicle

moves to the right or inside with respect to the guideway). The left-hand

side of the vehicle has a corresponding decrease in lateral gap. Also, there

is about a 4.0 em vertical gap increase on the right side because the vehicle

roll angle lags the gUideway roll. After the end of the transition (and the

vehicle is in the constant bank angle turn), the lateral gap stabilizes out

rapidly (Figure 4-61), but the vertical gap on the right side has been

decreased by a maximum of about 6 em. The steady stat:e vertical gap on the

right side in the turn is about 5 em less due to the heave depression.

It" has been found that somewhat better response can be obtained by

replacing the position feedback in the heave mode with acceleration feedback

(K. = 0.1517 s2 /m) to lower the heave frequency to 0.6 Hz, and reduce the
z

heave damping ratio to 0.25 with a K· = 0.35 s/m. All of the other gains are
z

unchanged. Figure 4-62 shows the vertical and lateral ~trokes for this set

of gains and the same 10° bank angle turn at the maximum jerk of 0.03 g/s.

As the vehicle goes into the transition, it rides up into the guideway (posi­

tive lateral stroke) and the right-hand side tends to reach a steady state

lateral stroke of about 0.6 em and a maximum lateral stroke (reduced lateral

gap) of about 1.0 em. In addition, the vertical stroke shows an initial gap

increase as the roll of the vehicle lags the roll of the guideway, but within

about 2 seconds the vehicle motion is dominated by heave depression. The maxi­

mum vertical stroke (reduced vertical gap) is about 5.1 em following the end

of the transition, and the steady state stroke is about 4.5 em in the turn.

The lateral stroke is zero in the steady state turn.
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The above results are preliminary in that magnetic force nonlinearities

have not been treated and extensive gain parameter studies have not been per­

formed to optimize the selection of gain constants, including consideration

of the effects of gain constant modification on ride quality and dynamic

behavior in a transition. Although these complete, detailed analyses remain

to be performed, the results presented above indicate that horizontal turn

transitions can be negotiated with appropriate selection of control system

gain constants.

c. Crosswinds. The response of the vehicle to crosswinds has

been investigated using the 2 DOF sway/roll model. Of prime concern is the

transient overshoot which may occur in the coupled sway/roll modes, since

the mode coupling limits the amount of damping which can be achieved.
I

Figure 4-63 shows the transient sway/roll response to a suddenly-applied

20.1 m/sec (45 mph) crosswind. The peak vertical displacement is 4.7 cm

(1.85 in.) for an overshoot of 12% relative to the steady ·state value of

4.2 cm (1.71 in.). The peak lateral displacement is 2.6 cm (1.02 in.) for

an overshoot of 18% relative to the steady state value of 2.2 cm (0.87 in.).

Since the yaw response can be damped independently of the sway/roll

modes, sufficient damping can be put into the system to prevent significant

yaw overshoot for ~rosswinds, and a steady state analysis can be used to

determine the yaw response. The steady state yaw response, with no position

feedback is

where Mo/ is the aerodynamic yawing moment, 320 kN-m (237,000 ft-lb), and

ao/o/ the yaw spring constant, 9.04979 x 104 kN-m (6.7025 x 107 ft-lb). The

resulting steady state yaw angle is 0.2 degree, corresponding to a lateral

stroke at the forward corner of 5.7 cm. The total combined (roll/sway and

yaw) steady state lateral stroke is 7.9 cm.

F. Dynamical Aspects of LSM and LIM Propulsion. In accordance with the

original program requirements fur the scope of propulsion-related studies,

consideration was given to the ~;lfluence of certain types of propulsion
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systems on vehicle dynamic behavior. The linear synchronous motor (L5M) , for

example, is claimed to be capable of providing damping, i.e., ride control,

of all vehicle dynamic modes thereby obviating the need for an onboard con­

trol system power supply. Further advantages with regard to headway control

are also claimed if all ride control functions - in addition to propulsion ­

are provided from the (active) guideway of the L5M. The Raytheon Company was

contracted by Philco-Ford to study the problem of L5M ride control; the

results of their study are presented in Appendix F. Essentially Raytheon

performed an analysis of the forces and moments on an elemental LSM unit,

presenting the results as a function of various vehicle displacements. In

addition, the force and moment characteristics of the elemental LSM unit have

been evaluated for vehicle control capability by identifying and analyzing a

hybrid vehicle/guideway configuration which could provide dynamic forces and

moments of sufficient magnitude and phase to accomplish damping of the

vehicle sway/yaw degree-of-freedom, with the levitation magnets providing

damping in all other dynamic modes. This hybrid configuration constitutes a

compromise relative to the degree of vehicle/guideway complexity required

to provide damping in all dynamic modes. The timing of this work and the

limitations on Task I were such that no in-depth analysis could be undertaken

to determine if the DOT ride quality specification can actually be achieved.

Cursory examination, however, indicates that the L8M approach is feasible,

but substantially more analysis is required to prove acceptable performance
"in all modes and for turns and grade transitions as well as straight and

level operation. One disturbing aspect, however, is the increase in complex­

ity of the guideway, e.g., due to the requirement for additional active

surfaces (other than propulsion) to provide the necessary forces. As indi­

cated in 8ections4.4.4 and 5, this increases guideway cost and could be

counter-productive. Also, since onboard power supplies on the order of

100-200 kW are needed for lighting, air conditioning, communications, brake/

wheel activation, etc. (compared with 25-50 kW* for ride control), there seems

to be very little energy benefit in putting the control system power supply

on the wayside. At this point, therefore, it is recommended that future

research on LSM be directed to it purely as a propulsive device.

*Straight and level conditions, up to 150 kW for short-time (~ 7 sec) 1 km
upgrades.
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The linear induction motor (LIM) was also originally viewed solely for

its relationship to vehicle dynamics. A LIM is a large, heavy, narrow gap

device (~ 10 to 20 mm) with substantial performance penalties for significant

gap variations during operation. The motor gap must be tightly controlled,

and if the motor is suspended from the vehicle, the reactive forces from this

(secondary) suspension system must not degrade vehicle ride quality and

stroke. The double-sided LIM has some freedom in the vertical direction and

Garrett recommends that it be rigidly attached to the vehicle in this direc­

tion. However, an active control system will be required for centering the

motor relative to the aluminum reaction rail. The single-sided motor (SLIM)

used in the propulsion studies of Section 4.4.3 has some freedom with regard

to lateral stroke, but the vertical gap must be tightly controlled; with the

added complexity of a downward attraction force (due to the iron in the

reaction rail) varying with gap dimensions and vehicle speed. In either case,

detailed analyses are required to firmly establish the feasibility of suspend­

ing the motor from the vehicle without adversely affecting vehicle ride

quality and stroke. A brief examination of the problem, however, suggests

operating it in a "tug" mode with its own suspension system, as is the case

with the Grumman Air Cushion TLRV. In this way~ the motor is effectively

uncoupled from the vehicle, resulting in a somewhat lighter system.

G. Conclusions

(1) Straight and Level Operation. The following conclusions per­

tain to straight and level operation of a 445 kN (100,000 lb) Repulsion

MAGLEV vehicle* at 134 mls (300 mph) over the baseline guideway with a

nominal statistical roughness coefficient, A, of 1.5 x 10- 6 m (5 x 10-6 ft).

a. Ride Quality. The DOT vertical and lateral ride quality

specifications are achievable for the baseline active control system employ­

ing position feedback in conjunction with absolute (inertial) velocity feed­

back. Alternate systems using acceleration feedback in place of position

feedback or only heavy absolute damping also meet the ride quality specifica­

tions and do not require gap sensors. For the baseline control system, the

following detailed conclusions are drawn:

*With appropriate scaling criteria, the results are applicable to the
finalized, 366.5 kN (82,400 Ib) baseline, 80-seat Revenue TMLV.
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•. Vertical lacceleration response to guideway random irregularities
is well below the specified limits.

e Lateral acceleration response to guideway random irregularities
is below the specified limits, provided the gUideway lateral
roughness~ PSD has a long wavelength (low frequency) rolloff at
1.0 x 10-2 ft 2/(rad/ft).

• Elimination of relative damping improves ride quality but
requires ~ncreased control power.

b. Gap Response. Vehicle dynamic response to gaps in the

aluminum guideway. elements is acceptable. The vehicle maximum excursion is

less than 0.5 cmfor a single gap. For periodic gaps spaced 15 m (50 ft)

apart, the cruise height above the guideway is reduced by less than 1.5 cm.

c.' Elevated Guideway. The dynamic behavior of a properly

designed elevated guideway will not result in unsatisfactory ride quality.

d.' Power Consumption. The heavy damping control scheme con­

sumes more power than either the baseline scheme or the acceleration feedback

scheme, but the difference is small compared with the overall power require­

ments of the vehicle.

(2) Grade Transitions. The following conclusions pertain to opera­

tion of a 445 kN Repulsion MAGLEV vehicle at 134 m/s over a transition section

connecting the straight and level guideway to a guideway at a 2% grade. The

baseline hat-shaped gUideway is employed, with a nominal statistical roughness
. -6 -6

coefficient, A, of 1.5 x 10 m (5 x 10 ft).

a. Stroke. All of the control system concepts studied

permit negotiation of both up- and down-grade transitions for a design goal

maximum stroke of 5 cm. The baseline position feedback system consumes the

least control power, but the difference in power consumption compared with the

al ternate control ,schemes is probably not significant when compared with the

overall vehicle power consumption. However, the required transition lengths

differ substantially, as follows:

o The baseline position feedback system requires a transition
length of ~ 1 krn. Nonlinear position feedback reduction is pro­
vided to avoid possible unstable dynamic behavior on transition
to a down-grade. Relative damping has negligible effect on maxi­
mum stroke except for very short transitions, i.e., « 1 krn.
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• The alternate highly damped system (without gap sensors) requires
a transition length of ~ 4 km with an absolute damper filter fre­
quency of 0.6 Hz.

o The alternate acceleration feedback system (also without gap
sensors) requires a transition length of ~ 6.5 km.

@ Improved vehicle dynamic behavior in a grade transition is
possible for a system either with or without a gap sensor, if the
amount of absolute damping is reduced during passage through the
transition. The necessary signals can be obtained by wayside
communication or by increasing the capacity of the onboard com­
puter and employing it (in conjunction with the existing accelerom­
eters) as a simplified inertial navigator. This permits sub­
traction of the component of the absolute rate signal due to
the vertical curvature of the gUideway, thus eliminating the
damping forces which increase vehicle stroke relative to the
guideway. Substantial reduction in transition length should be
pOSSible, particularly for the alternate concepts without gap
sensors.

b. Ride Quality. Ride quality during passage over a grade

transition is not as good as that on a level guideway. To meet the DOT ride

quality specifications based on power spectral density criteria*, the follow­

ing conclusions are drawn:

o The baseline position feedback system, without relative damping,
requires a transition length ~ 4 km. (For operation over the
stroke-limited transition length of ~ I km, the ride quality
specification limit would be exceeded for approximately
7.5 seconds.)

o The alternate highly damped system (without gap sensors)
requires a transition length ~ 5 km.

o The alternate acceleration feedback system was not analyzed for
ride quality during grade transition. However, it is our judge­
ment that it would be slightly better (shorter transition length)
than the baseline position feedback system.

(3) Horizontal Curves (Turns). Detailed analyses have not been

performed to ascertain vehicle dynamic motion in horizontal turns. Prelim­

inary, linear multi-DOF analyses, however, indicate that turns can be

negotiated, with the following observations.

*It appears that the PSD criteria on ride quality are inappropriate for short­
time, infrequent events such as grade and turn transitions. If the,DOT
criteria on maximum sustained acceleration and rate of change of acceleration
(jerk) are used, then all control schemes considered will show acceptable
ride quality for transition lengths « 1 km.
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• The baseline position feedback system can achieve acceptable
dynamic behavior, subject to appropriate gain constant modifica­
tion and damping reduction. However, more detailed studies are
necessary to establish the concomitant effect of gain constant
modification on ride quality and stroke in a grade transition.

o The alternate acceleration feedback system shows somewhat better
performance in a turn than the baseline system. The alternate
highly d~mped system was not analyzed for horizontal turn
negotiation.

o Vehicle dynamic behavior (primarily stroke) in a horizontal
turn can be improved, if desired, by reducing the amount of
absolute damping provided during transit through the turn - as
previously described for negotiating a grade transition.

(4) Crosswinds. Preliminary multi-DOF dynamic analysis of vehicle

response to a 20m/s (45 mph) crosswind shows a maximum side sway (lateral

motion of the c.g.) of about 8 cm. Rolling motion also takes place and

effectively reduces maximum lateral stroke to 2.6 cm. Maximum vertical stroke

(due solely to roll) is ~ 5 cm. No serious problems are foreseen in with­

standing crosswinds of 20 m/s.

H. Recommendations. A significant accomplishment of the Task I TMLV

program effort in the area of vehicle dynamics is the development of multi-DOF

computational techniques and associated computer programs for precise evalua­

tion of MAGLEV vehicle dynamic response to a variety of input parameters and

for various control system concepts/strategies*. This now permits rapid

analysis of problems not studied in depth here (or not studied at all) because

of scope/time limitations. Recommended analyses are as follows:

o Conduct multi-DOF analyses of vehicle transient and steady-state
dynamic response to guideway gaps, grade transitions, horizontal
curves~ wind gusts and elevated guideway deformations. Nonlinear
magnet force effects should be incorporated.

o Perform extensive, in-depth parametric investigations of control
gain constant selection to optimize vehicle ride quality and
dynamic response characteristics in horizontal curves.

*This program is documented in Appendix G, Volume III of this report.
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e Perform in-depth analyses of alternate control concepts, e.g.,
acceleration feedback and/or revised signal mixing and filter­
ing schemes, to improve ride quality and dynamic response in
curves and grade transitions.

o Conduct mu1ti-DOF analyses of vehicle dynamic behavior at speeds
above and below 134.1 m/s and include response to wind gusts,
guideway gaps, grade transitions and horizontal turns.

4.3.3 Control Magnets

Active control with control magnets is chosen over a secondary suspension

for a number of reasons; it allows more freedom in meeting the ride quality

requirements, it can be used on a rougher guideway, it is simpler and likely

to be less costly, and it only requires a modest amount of control power under

normal conditions. Previous work has shown that separate control coils are a

necessity to allow persistent-mode operation of the levitation coils, and to

keep the power requirements within reason. The control coils can be cryogen­

ically cooled, or be at ambient temperature; ambient coils have been chosen

for the conceptual design to simplify the driver interface and other aspects

of the coil design. These magnets are most effective when mounted as close to

the track as practical and coaxial with the levitation magnets. On the other

hand, it is even more important to maximize the vehicle clearance above the

track. Accordingly, the control magnets are located on the bottom of the

dewar, coaxial with the levitation magnets. A control coil envelope of approx­

imately 5 em high by 18 em wide is provided, as shown in Figures 4-16 and 4-18.

Eight control coils are specified to provide redundancy, each coil pro­

Viding one-half of the total control force needed at the four levitation

module locations. The windings of these coils will utilize aluminum tape

interleaved with mylar or some other suitable tape insulation to minimize

weight and maximize heat transfer from the core of the coil. Heat generated

in the coils will be dissipated by conduction through the insulating overwrap

to the outside container of the magnet module, and by radiation and convection

to the vehicle skin on the bottom of the module and hence to the ambient air.

Provisions are also included in the conceptual design to circulate cooling

air over the underside of the control coils for direct convective cooling, if

required.
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Electrically, each magnet must supply 3% of the levitation magnet ampere
,

turns to meet ride quality requirements when gap sensors are utilized in the

control loops, and 4.5% when they are not. The operating levels required are

then 10,500 amper.e turns and 15,800 ampere turns RMS, respectively. The param­

eters of the baseline magnets for these two cases are listed in Table 4-16.

TABLE 4~16. CONTROL COIL PARAMETERS (PER COlun)
AMPERE TURN RATIO

a = 0.03 a = 0.045

Q MATERIAL

o TURN SIZE (CM)

o OVERAll CROSS SECTION (CM)

o lENGTH (BETWEEN CENTERlINES)(CM)

o WIDTH (BETWEEN CENTERliNES)(CM)

o TURNS

\) RESISTANCE (AT 120°C) (n)

., INDUCTANCE (H)

ID CURRENT DENSITY, RMS (A/mm 2 )

G CURRENT PEAK (A)

RMS

6) REAL POWER: PEAK(2) (kW)

RMS

ALUMINUM ALUMINUM

5 X 0.0233 5 X 0.0233

5 X 18.4 5 X 18.4

150 150

50 50

750 750

10 10

1.6 1.6

1.2 1.8

20 30

14 21

4 9

2 4.5

(l)VALUES fOR STRAIGHT AND lEVEL OPERATION.

(2)THE MECHAN~CAl POWER DEliVERED BY EACH COil ~S <100 WATTS AND IS
MUCH lESS THAN THE POWER REQUIRED TO SUPPLY THE CO~lI2R lOSSES.

Negotiation of grade transitions requires more net control force than

for level conditions. A value of 7% of the levitation magnet ampere turns or

24,600 ampere turns is specified for the baseline condition with gap sensors.

This value is predicated upon a transition distance of 4 km* while still main­

taining. ride quality (i.e, higher values would provide shorter trade transi­

tions, but ride quality requirements cannot be met). When gap sensors are

not used, a control current ratio of about 10% to 11% is required to maintain

*4 km is based on the minimum transition length for the conditions shown in
Figure 4-39.
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ride quality over transition distances of ~ 10 km. The grade transition con­

trol force requirement is a transient peak-loading effect with a low duty

cycle. The extra thermal load imposed on the control coil due to grade tran­

sitions is a short-term condition and can be "heat-sinked" into the control

coil and dissipated normally after the grade is negotiated. The impact of

the added power for grade transitions will fallon the control coil drivers

which must be sized to provide the higher peak values.

4.3.4 Control Electronics

The suspension subsystem control electronics is diagrammed in Figure 4-64.

The following paragraphs discuss the major elements of this subsystem.

A. Ride Control Sensors. The basic ride control sensors consist of

eight accelerometers, a sensor for longitudinal velocity, one for longitudinal

acceleration, and a set of eight gap sensors. Gap sensors are used on the

baseline system, but a system has been examined which does not use gap mea­

surements. Some of these sensors are duplicated for reliability purposes.

The accelerometers are used to measure the vertical and horizontal

accelerations at each of the four levitation module locations. These data

provide the necessary inputs to compute ride control signals for active damp­

ing. The accelerometer performance requirements are:

e Range ±O.s g

e Resolution ±2xlO-4 g

Q Accuracy (All Effects RSS'd) > ± 2% of Full-scale

Q Bandwidth (3 db) > 25 Hz

These requirements can be met using existing commercial devices if provisions

are made to limit the temperature range to about lOO°F (30° to 130°F, typi­

cally). Also care must be taken to select units which are not susceptible to

magnetic fields, or else appropriate magnetic shielding must be used.

The gap sensors measure the vertical and horizontal gap between the

vehicle and the track at the eight accelerometer stations. This information

is used with the accelerometer data to compute dynamic ride control commands.

The requirements for this device preclude the use of any known instrument that

currently exists. None of the available devices have all the necessary capa­

bilities (i.e., measure gaps of 0 to 25 em with 1% accuracy under all-weather
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conditions). Optical, RF, acoustic, magnetic field, inductive, capacitive

and mechanical methods of implementing the requirement have been investigated.

All of these techniques have problems which either eliminate them or make it

doubtful that the performance requirements can be met under all-weather

conditions.
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Of the possible techniques, the inductive measurement approach currently

appears to be the best candidate. This approach bases gap measurement on the

variation in inductance of an a.c. excited coil with distance to the guideway.

The approach is an extension of existing technology, currently capable of a

maximum gap measurement of about 5 em. The major problem anticipated is the

maintenance of accuracy over a sufficiently wide temperature range. The

design problems of this approach can probably be solved but will require con­

siderable engineering development.

The RF approach utilizes either an interferometer to measure the phase

shift of a fixed carrier or the frequency shift of a swept carrier as a func­

tion of gap. Both methods suffer from the problem of large errors due to
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dielectrics, particularly ice, in the gap. It may be possible to devise ways

to compensate for these errors, however. The feasibility of error compensation

will have to be established, followed by engineering development. The total

development costs of this approach are likely to exceed those of the inductive

measurement alternative.

The other alternatives considered are judged less likely to yield work­

ing hardware in all-weather conditions. Overall, the gap sensor is the only

suspension subsystem electronic element which has major unsolved development

problems.

The longitudinal velocity and acceleration sensors proviqe the requisite

information to control the vehicle forward motion to the desired profile.

The velocity measurement can be made by the simple expedient of measuring the

elapsed time between the guideway joints (provided constant guideway lengths

are used), This method takes advantage of the large transient change in

inductance of a coil during passage over the joints (Section 4.5.lD). An

alternate approach could be the elapsed time between wayside distance markers.

Obtaining hardware for this measurement is straightforward, using existing

commercial devices.

B. Control Electronics. A digital computer is selected as the basic

control element because of the variety and number of control functions to be

performed, This element is augmented by extensive input/output (I/O) cir­

cuitry to mate it to the other subsystem hardware, The functions performed

by the control electronics are:

(1) Multiplexing, analog to digital conversion, and processing of
accelerometers, gap sensors, and longitudinal velocity sensor
outputs.

(2) Computation of damping control signals for the control magnets
based upon the sensor inputs.

(3) Computation of longitudinal velocity control signals for the
propulsion unit throttle, and thrust direction controls during
normal operations and emergency conditions.

(4) Automatic sequencing of aerodynamic drag brakes and wheel
deployment, including the computation of braking control sig­
nals during switching, landing, and in-station operations.
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(5)

(6)

(7)

(8)

(9)

Buffering of en-route vehicle control information from the
ground complex via the communications subsystem into the
vehicle controls in both the pre-stored program and real-time
control modes of operation.

Automatic monitoring of vehicle subsystem status information,
including key voltage, current and temperature readings, and
subsystem functional parameters. Automatic initiation and
monitoring of equipment built-in test routines.

Automatic fault isolation based upon data from Item 6. Auto­
matic notification of the operator and the ground complex of
fault conditions and switching of redundant back-up systems.

Computation of vehicle position as a function of time with
respect ito terminals in the ground complex. Computation of
other operator and passenger display information such as time
to next terminal, time to ultimate destination, etc.

Output of appropriate vehicle status information to the onboard
recorder, to the operator and passenger data displays, and to
the wayside complex via the data communications link.

The computer characteristics required to meet only the ride-control

requirements are: (1) a 2000-word l2-bits/word memory; (2) a basic

instruction-cycle time of 1 microsecond or less; (3) a hardware signed multi­

plication capability with an execution time of 40 microseconds or less on two

l2-bit words; (4) capability to handle double precision calculations; (5) an

instruction set equivalent :0 those of current mini-computers; and (6) an

option to add floating point computation facilities if needed. The basic I/O

electronics needed consist of: (1) a 10 or 20 input analog multiplexer and

an analog to digital converter to handle the inertial inputs, and (2) a set of

eight digital to analog converters to provide magnet control signal outputs.

However, the control electronics must also handle the other functions

and interfaces identified in Figure 4-64, in addition to the ride control.

Thus, the overall capabilities must be increased from the values given above

to the following: The memory capacity must be increased to 4000-8000 words,

the hardware signed multiply execution time must be reduced to 20 microseconds,

and the I/O capabilities must be greatly expanded.

It is obviou~ the control electronics mechanization will require a

sophisticated, high-performance set of hardware. This hardware is, however,

4-142



well within the state-of-the-art and may be accomplished by straightforward

adaptation of existing technology. This requirement will benefit from the

current trend of development in digital microprocessor hardware. Future

large-scale integration (LSI) can be expected to reduce the size and cost of

the basic computer and a good deal of the I/O circuitry, but care must be

exercised in estimating the cost impact of LSI. Section 6.1.2 contains a

discussion of the estimated costs.

C. Power Control Unit. The Power Control Unit (PCU) mechanizes the

following functions:

o Primary power switching to the onboard electronics including
switchover to the back-up power source.

o All requisite power buffering between the low-power outputs of
the Control Electronics/Operator Control Panel and the higher
power inputs to the various control actuators except the control
magnet power amplifiers.

o Secondary power conversion for the onboard electronics as
required (i.e., for those subsystem elements without integral
secondary power supplies).

@ Voltage and current pick-offs for some of the vehicle status
monitoring instrumentation.

The required power control circuitry can be implemented with application

of existing relay and solid-state electronic technology.

D. Control Magnet Power Amplifiers. The control magnet PAs translate

the low-power control signals from the control electronics to the power levels

required by the control magnets. Eight independent amplifiers are required,

driving the eight control magnets in parallel sets of two each. Each of

these amplifiers must prOVide the drive capabilities specified in Section 4.3.3.

The power handling requirements for ride control on level roadways are

relatively modest; 2 kW average and 4 kW peak with gap sensors, and 4.5 kW

average and 9 kW peak without. These requirements go up by a factor of about

5.5 when grade transitions are considered; to 11 kW average and 22 kW peak

with gap sensors, and 26 kW average and 52 kW peak without. The highest

levels are of short-duration and low duty cycle, but they will still dictate

the design voltage and current levels of the driver electronics. The only

area that can take advantage of the short-term factor will be the thermal

design of the units.
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Power amplifier circuitry operating in the switching mode will be needed

to gain efficiency. The selection of either transistor or silicon controlled

rectifier (SCR) circuitry is subject to a detailed design and cost tradeoff

between the requirements of the control magnet and the PA, considering the vol­

tage and current levels required. The baseline system (with gap sensors)

requires a PA capable of supplying a peak current of 47 amps at a peak voltage

of 470 volts, which tends to favor the SCR approach. In either case, design

of the hardware for the specific needs of this application is likely to be

required but such design is well-supported by existing technology.

E. Back-Up PowerS~pply. The back-up power supply must supply the full

suspension subsystem load for a minimum of 20 to 30 minutes to permit transit

of any vehicle to the next stop with a main power source failure. The con­

trol coil amplifier load is large enough so that the use of batteries for

this load is questionable from the standpoint of weight. A dedicated APU is

selected for this purpose~ A unit such as the Garrett GTP-36 series driving

a suitable generator is well suited to the need. Automatic start (under con­

trol of the subsystem control electronics) will be employed with a switchover

time requirement of ~ 60 seconds. Batteries will be used to supply the low­

power fault isolation and switching circuitry.

F. Suspension 'Subsystem State Instrumentation. A set of control system

instrumentation is required to provide key operational parameter data to the

control electronics and the operator. These data are needed for monitoring of

the vehicle status and ,to mechanize fault detection, isolation and corrective

actions. The hardware involved will include a central signal conditioner and

pick-oft devices distributed throughout the subsystem elements.

G. Reliability and Failsafe Operation. The feature of providing redun­

dant control coils for each levitation module reduces the problems associated

with the failure of a single control coil or its electronics. However, fail­

ure of several control coils or the complete control system must be avoided

since the ride quality and stroke (position) of the vehicle will be adversely

affected. To minimize the possibility of this happening, it is necessary to

provide high reliability in the basic suspension subsystem equipment and to

provide for failsafe operation. Equipment reliability is achieved by: (1)

conservative design of the hardware; (2) a high level of quality control dur­

ing manufacturing, test, and maintenance including use of high reliability,
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screened parts; (3) adequate qualification and acceptance testing including

exposure to expected environmental extremes; and (4) adequate in-service

preventive maintenance. All of these elements should be included in the pro­

curement and use of operational hardware.

Failsafe operation of the suspension control electronics is implemented

by providing dual redundancy, fault isolation, and switching to augment those

portions of the subsystem which do not have inherent redundancy. The equip­

ment needing augmentation are the inertial sensors, the control electronics,

the power control unit and part of the vehicle state instrumentation. The

control coils, their power amplifiers, and the back-up power supply are

inherently redundant. Incorporation of the additional hardware to implement

failsafe operations is recommended.

4.3.5 Weight and Volume of Suspension/Guidance Elements

Table 4-17 summarizes the weight and volume of the three major components

of the suspension and guidance subsystem. A more detailed weight summary of

the magnet module is given in Table 4-10.

All of the major items in the control system electronics have been sum­

marized, including a back-up APU to supply power to the control system in

case of failure of the primary APU. Batteries are also supplied to provide

low-level power in the transition period in case of primary APU failure. The

"miscellaneous" category contains more contingency than required for the

electronics alone, and it should be regarded as the contingency for the entire

suspension subsystem.

4.3.6 Magnet Failure

One of the potential, and more serious, modes of failure is the loss of

the magnetic field at one of the corners. The likelihood of failure is a

function of the magnet and _cryogenic design, i.e., the choice of super­

conducting current density, the stability of the coil in response to changes

in the magnetic field, the loss of refrigerant, and/or loss of vacuum. While

the magnets can be designed with excess copper and superconductor to minimize

the probability of failure, the degree of "excess" is a judgment that must

be determined by experiments during the magnet development program. In
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TABLE 4-17. SUSPENSION SUBSYSTEM VOLUME AND WEIGHT
VOLUME WEIGHT TOTAL

COMPONi:NT PER UNIT PER UNIT WEiGHT
m3 0N.3) N (LS) KN (lB)

21.8 (4910)

4,533 (1020)
928 (210)

11.5 (2585)

7,100 (1600)
4,400 (1000)

13.9 (3125)

1.8 (0.4)
111. (.251

4.5 (I)

334. (75)
1,112. (250)
445. (100)
133. (30)

356. (80)
445. (100)
1,334 (300)

4,460. (1000)

(91,500)

(75,200)
(3600)

1.6 (26,000)

1.5

1.23
0.06

120(3) (7.5)
1,400(3) (800)

400(3) (25)

0.08 (4800)
0.17 (10,000)
0.047 (2800)
0.019 (1100)

0.027 (1700)

Q MAGNET MODULES(l) (4)

LIFT/GUiDANCE MODULES
CONTROL COilS

o CRYOGENiCS (1 SET) .

REFRI~GERATION(2)
PIPING, INSULATION,

ATTACHMENTS

[) CONTROL SYSTEM ELECTRONICS (1 SET)

ACCELEROMETERS (1m
GAP SENSORS (16)
LONG.VELOCITY SENSOR (2)

CONTROL ELECTRONiCS (1 SET)
POWER CONTROL UNIT (1 SET)
POWER AMPLIFIERS (8)
SIGNAL CONDITIONER (1)

BATTERIES (2)
CABLING (1 SET)
BACK·UP APU/FUEL (1)
MISC(4)(SUPPORT STRUCT,

ATTACHMENTS, CONTINGENCY)

(1)DETAILED WEIGHT BREAKDOWN IN TABLE 4·10, VALVES USED FOR SHIELDED COil

(2)TWO COMPRESSORS AND TWO REFRIGERATORS

(3)UNITS ARE CM3 FOR THESE ITEMS

(4)CONTAINS CONTINGENCY FOR COMPLETE SUBSYSTEM

addition, the use of monofilament wire to minimize the heat generated by a.c.

losses ~ust be balanced against the stability obtained with multi-filament

twisted superconducting composites. The possibility of using a braid to

achieve both these goals appears very promising and deserves further

consideration.

Magnet failure can be caused by loss of vacuum and/or loss of refrigera­

tion. Loss of vacuum will cause rapid loss of superconductivity, due to the

sudden large heat inputs. For this reason each of the redundant magnets has
,

a separate cryostat. Loss of vacuum during normal operation is considered to
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be a minimal risk as evidenced by the long and successful experience of indus­

try with vacuum containers. For example, Western Airlines has flown liquid

nitrogen in evacuated cryogenic containers for five years with no vacuum fail­

ures. A protective shroud encloses the magnet to minimize the possibility of

dewar puncture by ferrous objects. Loss of refrigeration through compressor

failure is considered a higher risk because the compressor seals cannot be

lubricated due to the possible contamination of the helium. Experience has

shown that normal replacement of these seals minimizes this failure; but to

guard against this possibility two redundant features are added. First, a

storage container of 16-liter capacity is placed in each cryostat, and finally

a second compressor is placed on the vehicle.

Although magnet failure and loss of lift can still occur (whether by

"chance" or deliberate action), the idea of redundant magnets in the corners

of the vehicle tends to minimize the serious nature of this failure mode

since the vehicle corner can be supported by the remaining magnet. The

wheels required for low speed operation form a back-up system to prevent

impact with the guideway; furthermore, the dedicated guideway provides con­

finement surfaces on which the vehicle will coast to low speeds on wheels in

the event of complete loss of magnetic field at one of the corners.

The redundant magnet approach was suggested in a previous study in which

an analysis of' the failure mode of the vehicle was made, assuming an average

force law over a flat guideway (Ref. 4-22). Table 4-18 updates this work by

using the correct image calculations for a corner guideway for both the

0.5 x 3 m magnets (before failure) and the 0.5 x 1.5 m magnets (after failure).

The results show the new suspension height (h) and the lateral guidance

distance (hi) due to a failure of one of the two magnets at position '1 in

Figure 4-65. The normal equilibrium values for these parameters h = h'

= 30 em, and FG = 0.36 FLAvg ' After failure the remaining operational magnet

in the damaged module (position 1) drops 5.5 em and moves 5.8 cm closer to

the vertical surface in order to increase both the lift and guidance force

that was lost. The adjacent support magnet module (position 2) also drops

slightly (1.3 em) and moves away from the vertical 5.8 cm so that the guidance
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TABLE 4-18. MAGNET EQUILI BRIA POSITIONS AFTER FAILURE OF
ONE OF THE EIGHT LEVITATION/GUIDANCE MAGNETS
(See Figure Below)

0

LIFT FORCE, GUIDANCE FORCE, SUSPENSION LATERAL
FL FG HEIGHT, DISTANCE,

MAGNET (FRACTION OF (FRACTION OF h h'
POSITION NORMAL VALUE) NORMAL FLAVG) (em) (em)

1 0.83 0.23 24.5 24.2

2 1.17 0.23 28.7 35.8

3 0.83 0.36 32.6 30.5

4 1.17 0.36 28.0 29.5

A

BEFORE

"D(] RS1B lm

AFTER/'

MAGNET 2

VIEW A-A

D<l tkI --.1""'1." FG
~ 1:8:1

h

~=====:::::J ---±-
MAGNET 1

- - ---

FIGURE 4-65. SCHEMATIC OF MAGNET FAILURE MODE
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force at these positions are now 0.23 FLAvg instead of the normal operati~.g

value of 0.36 FL Schematically this is shown in Figure 4-65.
. Avg

The assumption of a rigid vehic~e structure leads to the magnet forces

and positions for magnets 3 and 4 listed in the table. However, an actual

vehicle ~ 30 m long is expected to have some flexibility and the magnets at

positions 3 and 4 will have force and position values between those listed

in the table and the equilibrium values for normal operation.

The maximum dynamic excursion (minimum position) can also be obtained,

assuming the failure of one magnet at position 1 to be catastrophic, i.e.,

instantaneous. These values for position 1 are h = 20.9 cm and hI = 20.2 cm.

Should magnet failure occur over a finite time, i.e., several seconds, the

equilibrium values listed in Table 4-18 will be reached with no overshoot.

Other factors that will influence the new equilibrium position and the tran­

sient behavior are aerodynamics, propulsion, and the feedback control system

for the control coils. A magnet field probe can be used to detect magnet

failure, and the characteristics of the control system can be changed in

order to minimize the effect of the loss.
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4.4 PROPULSION SUBSYSTEM

This section presents the results of preliminary propulsion system analyses

conducted in support of the TMLV Revenue Vehicle (MAGLEV) conceptual design.

Specific attention is given to the Ducted Fan, the Linear Induction Motor (LIM),

the Linear Synchronous Motor (LSM) and the Superconducting Paddle Wheel concepts.

4.4.1 Introduction

The TMLV Technology Program is structured to consider propulsion primarily

in relation to its direct effect upon vehicle dynamic motion, e.g., as would

occur with an integrated propulsion/levitation concept. The LSM analyses

reported in Section 4.3 are in this category. Detailed analyses of the propul­

sion aspects of the aforementioned concepts thus are not within the original

scope of thls program. Nevertheless, low-level preliminary analyses were

conducted to: (1) support vehicle synthesis/packaging studies, (2) make

preliminary compatibility assessments, and (3) assess energy implications and

the possible influence on cost effectivity of other MAGLEV system design

parameters.

4.4.2 Ducted Fan

Prior to initiation of the TMLV Technology Program, in-house MAGLEV system

studies at Philco-Ford indicated that a reaction propulsion system, using a

ducted fan, has merit provided noise and exhaust emissions can be reduced to

acceptable values. Subsequently, a contract* was issued to the Hamilton

Standard Division of UAC for preliminary design studies of a propulsion system

based on their Q-fan concept, with power supplied by gas turbine engines. The

results of this study are summarized in the following paragraphs.

A. Design Approach. The vehicle self-generated noise has been estimated

as a function of speed and compared with other vehicles as shown previously in

Section 3.2.3. The propulsion system noise goal was subsequently specified as

not to exceed the. bare vehicle noise for maximum power operation at the cruise

*The work was carried out from 1 July 1974 to 1 November 1974 on Purchase
Order P.O. A32835 under Philco-Ford Independent Research & Development (IR&D)
Program, Work Order 7831.
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velocity of 134 m/s (300 mph). Based on this constraint on noise (and additional

constraints on vehicle envelope), Hamilton Standard optimization studies show

that the most desirable* propulsion arrangement consists of twin ducted Q-fans

of 1.37 m (4.5 ft) diameter, driven by two remotely-Located gas turbine engines,

as shown in Figure 4-66. In addition to the basic low-noise design of the fan,

extensive noise treatment is provided along the duct walls, support struts,

turning vanes and central pylons. Similar noise treatment is provided for the

engines, primarily in the inlet and exhaust regions. The remote engine location

is preferred because it is more favorable for sound suppression and permits

inlet air filtering for longer engine life. Regenerative engines are highly

desirable due to their'" 15% lower fuel consumption, even though the weight

and volume is substantially increased.

The propulsion system is sized to produce thrust at 134 m/s equal to vehicle

total drag corresponding to 2% grade and 13.4 m/s (30 mph) headwind conditions.

During acceleration the engines are operated at maximum power, i.e., at the

power corresponding to the aforementioned design point, and fanblade pitch is

varied to provide the desired thrust. For the level cruise and no-wind condi­

tion, the engines are throttled back to the lower power level when cruise veloc­

ity is reached. This method of operation results in the thrust/velocity rela­

tionship shown in Figure 4-67. Minimum specific fuel consumption (SFC) for the

engines occurs at the level cruise, no-wind operating condition. The Q-fans' are

also fully ,reversible for braking, but this is employed only for emergency

operation because the aerodynamic drag brakes combined with the inherent magnetic

braking are easily capable of providing the maximum permissible 0.15 g decelera­

tion rate under normal operating conditions down to the lift-off point ..~'n" Wheel

brakes are provided for braking operations below the lift-off speed.

B. Noise. Propulsion system (engines and fans) noise level estimates are

shown in Figure 4-68 together with the design goals and the bare vehicle noise

estimate. For operation at 134 m/s on a 2% grade with 13.4 m/s headwind, the

noise level is estimated at 92 dbA, 15 m'(50 ~t) from the centerline of a

*The selection criteria included size, noise, acquisition cost, maintenance
cost, reliability, weight, and transmission (gear train) complexity.

**Note that the magnetic drag below lift-off (~ 30 m/s) is held constant by
appropriate control of vehicle height above the 'guideway, while operating
on its wheeled undercarriage.
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445 kN (100,000 lb) vehicle. For the baseline vehicle at 366.5 kN (82,400 lb),

the level reduces about 0.5 db, to 91.5 dbA. The noise level during accelera­

tion is held constant by use of a variable area exhaust nozzle. For normal

level-cruise operation, the propulsion noise level drops to 85.5 dbA at 134 mis,

6.5 db less than that for the bare vehicle. Vehicle and propulsion system noise

are equal (78.2 dbA) at approximately 90 m/s. Total vehicle noise is shown in

Figure 4-69 for the Q-fan system with either gas ,turbine drive or the electric

motor drive discussed in subsequent paragraphs.

100.----------------------------~
(j DUCTED IFAN PROIPUlSlON =-==-== GAS TURBiNE DRIVE

o BASEliNE CONF~GURATION =O~ em ELECTRiC MOTOR DRIVE

lEVEL CRUISE
NO HEAD WIND

ACCELERATiON

85

75OIL----2...L.O---......L...---=.~~::::.--~.80=----1:-:0~0:-----:.---:1*20~----:1:-:40

VELOCITY (m/sl

90

80

95
«-CJ
"C

~
LC)....
1-
l­
LL
o
LC)

l­
e:(

..J
LLJ

>
W
..J
W
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o
Z
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Overall untreated engine noise for the 445 kN vehicle is 99 dbA at 15 m,

reduced to 86 dbA with treatment. Untreated fan noise is estimated at 106 dbA

per fan, also reduced to 86" dbA with treatment. Hamilton Standard studies s'how

that further noise reduction is possible by techniques such as increasing the

fan diameter, moving the fans up so as to be out of the boundary layer (or

forward on the vehicle) and the use of advanced technology noise suppression

techniques. They estimate that the DOT "goal" of 73 dbA can be met, but the

systems implications are such that further study would be required. Neverthe­

less, baseline noise performance must be regarded as quite good when compared

with the performance goals of other transportation modes as shown in Table 4-19,

prepared by Hamilton Standard. Appendix E presents a detailed discussion of

Hamilton Standard's acoustic work relative to Q-fan propulsion for MAGLEV

vehicles.

TABLE 4-19. COMPARISON OF NOISE OBJECTIVES
dBA AT GOM

• DOT GOAL (73 dBA AT 15M) 61

• TMLV Q-FAN SYSTEM ('""93 DBA AT 15M) -81

• JAPAN (TRAINS) 75-80

• FRANCE (TRAINS) 75-80

o FUTURE STOL AIRCRAFT 92

• GENERAL AVIATION (USA AND EUROPE) 92

• FAR PART 36 (100,000 LB VEHICLE) 108

• 5-LANE INTERSTATE HIGHWAY 87

C. Performance. Figure 4-70 shows the acceleration of the baseline

80-seat vehicle for both cruise and grade/headwind conditions. The cruise

condition occurs most frequently during corridor operations and represents

the "de,sign" condition. Thus, for sizing the propulsion system, maximum

continuous power occurs during cruise at maximum velocity; acceleration and

grade/headwind conditions represent time-limited overload operations. In

general, Figure 4-70 shows that acceleration is very good, at least compared

with railroad practice.*

*The advanced-technology Sikorsky 6-car Turbotrain 2, for example, is quoted
at 0-80 mph in 156 sec, for an average acceleration of 0.023 g.
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FIGURE 4-70. FAN/GT VEHfcLE ACCELERATION

The speed-distance-time history for level, no-wind acceleration to cruise

speed is shown in Figure 4-71. Note that the baseline vehicle takes 182.3 sec.

and 14.17 km to reach 134 m/s. Figure 4-72 presents component efficiency during

acceleration and at the cruise conditions. The component arrangements are

shown below.
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Q·FAN

--n-j-

-------~~-~--

I i PFNn.....-- GEARBOX (€ ~ 0.98)

INLET/DIFFUSER Y i
IE '" 0.95)~...... PD

where

PFN Power delivered to fan

PGB Power delivered to gearbox

PE Power developed by (bare) engine

Po Output power ~ vehicle drag power
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FIGURE 4-72. PROPULSION COMPONENT EFFICIENCY

Table 4-20 shows the power and efficiency values for the baseline vehicle
2

(366.5 kN, CDAC = 1.8 m ).

The overall (fuel-to-power out) efficiency shown in ~igure 4-72 and

Table 4-20 is based on a fuel lower heating value (LHV) of 43.3 MJ/kg

(18,600 Btu/lb). The quoted SFC values are estimates by Hamilton Standarc

.based on current and advanced technology engines. The Detroit Diesel-Allison

Division of General Motors is currently developing a number of derivatives of
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TABLE 4-20. BASELINE POWER/EFFICIENCIES AT V = 134 m/s
CRUISE GRADE/HEADWI NO

Po (KW) 3739 5279

PFN (KW) 6680 9742

PE (KW) 7183 10,475

E (FAN/DUCT) 0.560 0.542

E (GEARBOX) X E (INLET) 0.93 0.93

E (OVERAll) 0.209 0.168

SFC (KN/MJ) 5.63 X 10.4 . 6.63 X 10-4

(lB/HP-HR) (0.34) (0.41)

their XT70l-AD-700 turboshaft engine for the Boeing Vertol heavy-lift.helicopter.

One of these derivatives is a regenerative engine for a hydrofoil boat, develop­

ing 7640 hp (5700 kw) with an SFC ~ 0.38 lb/hp-hr (0.23 kg/kw-hr).

D. Weight. Fuel weight is a function of the "trajectory" or mission

profile employed. For design purposes, a 750 km route has been selected, with

a maximum of five· intermediate, equidistant stops as discussed in Section 3.2.4.

The portion of the trajectory assumed for transit into and out of a hypothetical

city is shown in Figure 4-73 for the baseline vehicle. Note that the total

intra-city distance covered is 20.3 km and corresponding time is 423.5 sec.,

which includes 150 sec. for loading/unloading in the station. It is further

assumed that 90% of the route (675 km minus the intra-city distance) represents

the cruise condition and 10% (75 km) represents the grade/headwind condition.

The fuel consumption rate for idle and deceleration is approximately 15% of the

cruise value. SFC at grade/headwind conditions and under acceleration is

approximately 21% above the cruise value.

Table 4-21 summarizes component and fuel weight for the baseline vehicle

with five intermediate stops where the fuel weight includes a 15% reserve. For

straight-through (express) operation, fuel consumption is 25.1 kN, and the
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comparative Energy Intensity, w, for the baseline 80-seat vehicle is

c ~ (N. = 5) ~ 2.18 MJ/seat-km (3326 Btu/seat-mile)
~

o ~ (N. = 0) ~ 1.84 MJ/seat-km (2807 Btu/seat-mile)
~

TABLE 4-21. PROPULS ION SYSTEM WE~GHT BREAKOUT
COMPONENT

@ ROTOR GROUP

ROTOR ASSEMBLY

PiTCH ACTUATOR

PITCH REGULATOR

SYSTEM Oil..

o GEARTRAiN GROUP

GEARBOXES AND SHAFTING

SYSTEM 011..

• DUCT GROUP

NON·ROTATING SPINNER

CENTERBODY

VANES AND STRUTS

FUll DUCT

AFT SPLiTTER

& ENGINES (REGENERATIVE)

SUB·TOTAl, COMPONENTS

WEIGHT, KN

4.41

3.42

21.62

17.03

46.48

Ob)

(991)

(769)

(4,861 )

(3,829)

(10,450)

o IFUEL(29.7X1.15)

CRUISE
GRADElWiND
ACCElERATE

DECEI..ERATE

STATiON

16.7

4.0
8.0

0.4

0.6

29.7 KN
CONSUMED

34.12 (7,670)

TOTAL PROPULSION SYSTEM WEIGHT
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Section 4.2.6 reports on a vehicle synthesis study carried out to ascertain

the effect of vehicle seating arrangement and other parameters on energy con­

sumption. The l40-seat vehicle with 2 + 3 seating (two seats on one side and

three on the other side of an aisle) is found to have a substantially lower

Energy Intensity,. ~, than the baseline SO-seat vehicle. Figure 4-74 shows ~ as

4r---------------------,
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~
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For intercity distances less than 1000 krn, the Ducted Fan/Gas Turbine-

a function of intercity distance for both the 80- and 140-seat vehicle as well

~s for trains of 140-seat vehicles, all at 134 mls maximum speed. Note that

the 3-coacn train shows a ~ of 1.33 MJ/seat-~n (2029 Btu/seat-mile) for the

125 km intercity distance, corresponding to the baseline 750 km route with

N. = 5.
~

driven MAGLEV vehicle offers better than a 2 to 1 energy advantage (on a per

seat basis) over current CTOL jet aircraft as well as a significant improvement

over the personal automobile.

Figure 4-75 shows the effect of cruise speed on Energy Intensity. Note

that the minimum energy point for the 3-coad train occurs at approximately

100 m/s (224 mph) with ~ = 0.9 MJ/seat-krn (1373 Btu/seat-mile).

E. Emissions. Hamilton Standard believes that the gas turbines will

easily meet the proposed 1979/S1 EPA turbine regulations since some engines,

e.g., the T-56, can currently meet or come very close to these values.

Table 4-22 summarizes the emission performance for the SO-seat vehicle with

five intermediate stops. The advanced system figures are based on the study

data of Reference 4-2S.

TABLE 4-22. ESTIMATED PROPULS ION SYSTEM EMISSIONS
NOX UHC co

• 1979/81 EPA (G/KG FUEL) 10 (T.O.) 4 (IDLE) 20 (IDLE)

• BASELINE TMLV (KGITRIP) 24.7 0.8 4

• BASELINE TMLV (KG/103 SEAT-KM) 0.41 0.013 0.07

• ADVANCED SYSTEM (KG/103 SEAT-KM) 0.057 0.005 0.09

A brief examination of alternate fuels was carried out, primarily to

establish packaging requirements and performance capability associated with

different fuel heating values. The major objectives for consideration of

alternative fuels is reduced exhaust emissions and future fuel availability.

The results are summarized in Table 4-23 for three fuels with lower emissions

capability than the reference JP fuel. Note that the use of liquid hydrogen

4-165



3

NS = 80
V

(2 + 2)

N = 140-.....;..., Sv1(2 + 3)

/
/

/
/--_ ........\

3 COACH TRAI N

• DUCTED FAN/GT PROPULSION
• L = 750 Km, Nj = 5

-E
¥ 2
I-
<C
w
en-..
""')

~
~

>-
I-
en
Z
w
I­
Z 1
>-
Cl
0:::
W
Z
w

o
50 100 150

VEHICLE SPEED (m/s)

FIGURE 4-75. ENERGY VERS·US SPEED

reduces the fuel weight by 19.1 kN (4294 Ib) - a 64.3% reduction compared

with JP fuel. Although the storage volume is increased by a factor of

four, it can be accommodated within the baseline vehicle.
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TABLE 4-23. ALTERNATE FUELS COMPARISON (DUCTED FAN/GT BASELINE)
FUEL WEIGHT
CONSUMED

FUEL LHV (MJ/KG) WF• KN (LS) STORAGE VOLUME (M3)

&1 JP

e HYDROGEN

o ETHYL ALCOHOL

III METHYL ALCOHOL

43.2

121 :1

30

20.2

29.7 (6677)

10.6 (2379)

42.5 (9566)

63.3 (14,241)

4.4

17.6

6.8

14.5

F. Cost. For the baseline SO-seat vehicle, Hamilton Standard estimates

the fan components (Q-fans, ducts, gearboxes, etc.) at $500,000 and the gas

turbines at $700,000 for an onboard propulsion cost of $1,200,000 per vehicle,

exclusive of development cost. Since the system is totally self-contained,

there are no guideway-related costs as is the case with electric propulsion.

Total vehicle cost is estimated at $2,316,000.

G. Preliminary Evaluation. The Ducted Fan/Gas Turbine combination is a.
feasible concept for MAGLEV vehicle propulsion, and has numerous advantages.

Since it is totally self-contained, it is compatible with any vehicle/guideway

configuration desired and any switch concept proposed. It provides propulsion

for both primary operation as well as off-ramp and station operation. Overall

efficiency is relatively high, total system energy consumption and cost is low,

and a wide variety of chemical fuels can be employed, if desired, e.g., to

reduce exhaust emissions to negligible levels. Performance is excellent and

cruise noise levels by contemporary standards, are quite low. It has the

unique advantage of essentially "off-the-shelf" development status and the

obvious benefit of high ~e1iabi1ity. At this point in time, the only dis­

advantages are: (1) moderately high noise level (~ 90 dbA) during full-power

acceleration, and (2) the requirement for chemical fuel, i.e., if the United

States becomes an all-electric society.
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H. Alternate Power Plant (Ducted Fan/REM). In the event that chemical

fuels (fossil or synthetic) prove undesirable because of cost, availability,

or unacceptable e~issions characteristics, it will be necessary to propel the

MAGLEV vehicle with an electric system. Significant research efforts have

been devoted to a number of electric propulsion systems, such as the linear

induction motor (LIM) and the linear synchronous motor (LSM) discussed in

subsequent paragraphs. It is also possible to drive the ducted fans with

rotary electric motors (REMs) , but the large volume and mass of conventional

electric motors in the power range of interest effectively make this approach

infeasible. However, recent research on superconducting electric motors and

generators (Ref. 4-29) indicates that substantial improvements are possible.

For the analyses reported herein, a power/weight ratio of 335 kW/kN (2 hp/lb)

is employed, together with a specific weight of 24.3 leN/m3 (154.6 lb/ft3),

based on the data" of Ref. 4-29.

(1) Performance. An 80-seat (2 + 2 seating) vehicle has been synthesized

with this propulsion arrangement and the baseline hat-shaped guideway configu­

ration. With an onboard power control unit (FeU), the vehicle gross weight is

332.8 kN (74,800 lb) for operation at 134 m/s (300 mph) cruise speed. Indi­

vidual propulsion components are identified in Table 4-24. Table 4-25 shows

the weight of each major element comprising the vehicle. The general arrange­

ment of the Ducted Fan/REM drive system is shown in Figure 4-76.

TABLE 4-24. DUCTED FAN I REM SYSTEM COMPONENTS WEIGHTS
COMPONENT WEIGHT, KN (LS)

• FANS (2) 4.3 (967)

• GEARBOXES (2) 3.3 (742)

• DUCTING' . 21.6 (4,856)

• POWER CONDITIONING 4.5 (1,012)

• ELECTRIC MOTORS (2) 19.8 (4,451 )

TOTAL 53.5 KN (12,028 LS)
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TABLE 4-25. DUCTED FAN I REM VEH ICLE WEIGHT BREAKOUT
COMPONENT WEIGHT, KN (lB)

o SUSPENSiON 65.2 (14,659)

o STRUCTURE 49.8 (11,196)

o FURNISH~NGS 24.5 (5,508)

I() AUXIUARIES 21.0 (4,721)

Q BRAKES 18.8 (4,227)

o CR EW COMPARTMENT 15.6 (3,507)

t;) PAYLOAD· 71 (15,962)

o PROPULSION 53.5 (12,028)

10 CONTINGENCY 13.4 (3,012)

VEHiCLE GROSS WEIGHT 332.8 KN (74,820 LB)

Figure 4-77 shows the thrust/drag characteristics of the system, and

Figure 4-78 shows the resultant acceleration for operation on both level and

grade conditions .

.Overall sys~em efficiency, i.e., from fuel to power out is approximately

14.9% at Vc = 134 m/s (300 mph) as shown in Table 4-26.

,

TABLE 4-26. OVERALL FAN/REM EFFICIENCY AT
134.1 MIS

" FAN/DUCT

• MOTOR

(!l POWER CONDITIONING

QI GEARBOX

o TRANSMISSION LINES

(;) COLLECTiON, DISTRIBUTION

o GENERATING PLANT

4-170
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0.9
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For the 80-seat Fan/REM-powered vehicle at 134 mis, Energy Intensity, *,
is approximately 2.59 MJ/seat-km (3951 Btu/seat-mile) for the 750 km route

and N. = 5, i.e., for an intercity distance of 125 km. The general variation
~

of *with intercity distance is given in Table 4-27.
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TABLE 4-27. FAN / REM VEH ICLE ENERGY INTENS ITY
VC = 134. 1 M/S

INTERCITY
DISTANCE, KM 1/J, MJ/SEAT-KM (BTU/SEAT·MIl

50 2.96 (4,516)

100 2.66 (4,058)

125 2.59 (3,951)

200 2.52 (3,844)

300 2.47 (3,768)

500 2.43 (3,707)

800 2.41 (3,677)

(2) Switching. With the hat-shape guideway, the Ducted Fan/REM vehicle

will switch in the same manner as the gas turbine-powered vehicle, but with

the additional requirement that the power pick-up must be switched. This can

be achieved by retracting the primary pick-up and engaging another one upon

entering the off-ramp.

(3) Cost. Preliminary Fan/REM system cost estimates are given in

Table 4-28.

TABLE 4-28. FAN/REM SYSTEM COST EST IMATES

• MOTORS (INCL. PCU)

• FANS (lNCL. DUCT, GEARBOXES)

• POWER RAI LS

• POWER STATIONS

$950,000

$500,000

$497,OOO/km

$ 37,OOO/km

The 80-seat, 332.8 kN (74,800 lb) vehicle synthesized to accommodate a

Fan/REM propulsion system is estimated to cost $2,546,000 exclusive of develop­

ment cost. Section 5 summarizes the vehicle/guideway cost figures.
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(4) Preliminary Evaluation. The Ducted Fan/REM propulsion concept appears

feasible for a Repulsion MAGLEV system and is a viable alternative to a gas

turbine drive if chemical fuels prove unacceptable. Fan noise is still present,

but the previously presented acoustic data for Q-fans indicates that propulsion

noise may not be a problem except during acceleration. System performance is

good but overall efficiency is low, with consequent high energy consumption.

The system is very compatible with the Repulsion MAGLEV concept, i.e., it is

insensitive to the gap between vehicle and the guideway. Furthermore, the

system provides propulsion for primary guideway operation, for switching, and

at the passenger l~ading stations. Of all the electric propulsion systems

studied, it appears easiest to switch. Motor cost is a rough estimate at this

stage in its development, but the U. S. Navy programs on superconducting motor­

generator systems should provide more accurate inputs in the near future.

4.4.3 Linear Induction Motor (LIM and SLIM)

A. Background. The linear induction motor has been the subject of sub­

stantial research effort both in the United States and abroad. Claimed advan­

tages for this type of propulsion are low noise, no wayside emissions and the

elimination of chemical fuels (fossil or synthetic) as the energy-producing

source. Admitted disadvantages are the need for wayside power pick-up, reduced

motor efficiency compared with conventional REMs due to end effects, power

conversion losses and the reduced overall efficiency associated with Rankine­

cycle power-station generation, and losses in the electrical transmission/

distribution network. Furthermore, the motor and its associated power conver­

sion equipment (PCUs) are quite heavy, e.g., about 105 kN (23,600 lb) with

current technology. This problem can be alleviated, in principle, by locating

all PCUs on the wayside, but there are substantial cost implications, as shown

later in Section 5. Also, the plant-generated emissions problem is not elimi­

nated until the nation's conversion to an all-nuclear (or solar) generation

system. -Even under such circumstances, the electrical transmission/distribu­

tion loss problem is such that there is strong advocacy of a synthetic fuel

(e.g., hydrogen) system for those forms of energy utilization which are

inefficient users of electricity.
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B. Performance. More immediate difficulties with a LIM system for

Repulsion MAGLEV systems relate to dynamic incompatibilities, i.e., related to

the order-of-magnitude difference in clearance between the motor and its

reaction surface and the vehicle and its reaction surface. Preliminary consi­

derations on this subject (see Section 4.2) indicate that the motor cannot be

attached to (or suspended from) the vehicle without, (1) adversely affecting

vehicle ride quality, and/or (2) introducing unacceptable variations in the

gap between the motor and its reaction surface. For design purposes, therefore,

it is assumed that the motor has its own suspension system and functions

strictly as a tu~, thus transmitting only thrust forces by means of a low­

friction thrust bearing/linkage arrangement. It is further assumed that the

propulsion tug is suspended by means of superconducting magnets operating over

the same aluminum surfaces which provide levitation to the passengp.r-carrying

vehicle. Proper gap maintenance is achieved by operating the tug magnets

(with damping control) at a small gap, with consequent higher natural frequency

and much less stroke than for the main vehicle. Additional consideration has

been given to supporting the propulsion tug by means of air cushions as employed

on the Grumman TLRV. Although this approach could be more effective than the

magnetic support approach, the necessary analyses were clearly out of scope

for this program and no work has been done on air suspension.

LIM physical parameter and performance data have been provided by the

Garrett Corp. (Ref. 4-30) based on scaling the existing TLRV double-sided motor

to TMLV requirements. For analysis purposes, however, it was decided to

consider the single-sided motor (SLIM) largely because it can be switched more

easily and because the reaction rail configuration offers SOme technical

advantages. At the direction of DOT, D. Elliott of JPL supplied some data

for a SLIM (Ref. 4-31) based on a single-sided version of the Garrett LIMRV

motor scaled to greater width and higher current density.* Since Elliott's

estimate of the bare motor weight is essentially the same as Garrett's figure,

the more detailed Garrett component weight data have been employed to support

performance computations. Table 4-29 shows the weight and physical dimensions

*However, no data were provided on the associated power conditioning and
control equipment.
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TABLE 4-29. SLIM SYSTEM PHYS ICAl DATA
COMPONENT

• MOTOR (PRIMARY) (1)

• SYNC.CONDENSERS (2)

• CONVERTERS (2)

• SUPPORT EOUIPMENT
(COOLING, AUX POWER,
CONTROL) .

TOTAl*

WEIGHT (KN)

53 (11,915 LB)

37.3 (8,385 LB)

6.7 (1,506 LB)

7.8 (1,754 LB)

104.8 KN (23,560 LB)

DIMENSIONS (M)

3.81 (L), 1.0 (W),
0.16 (H)

1.2 X 1.2 X 1.2 (EACH)

1.65 (Ll, 0.55 (W),
1.2 (H) EACH

3.0 ( L), 1.2 (W),
1.2 (H)

*THESE FIGURES PROPERLY REPRESENT AN ON-BOARD SYSTEM; WITH WAYSIDE PCU,
ONLY THE MOTOR AND SUPPORT EOUIPMENT ARE ON-BOARD AT A GROSS WEIGHT OF
60.8 KN (13,669 LB)

for a SLIM system exclusive of tug structure, thrust pad/linkage, and levita­

tion/guidance (lev/guide) magnets. The tug structure and thrust pad/linkage

equipment is estimated to weigh 9 kN (2,023 lb) with the levitation magnets

and control equipment at 6 kN (1,349 lb) so the total SLIM propulsion system

weight is 75.8 kN (17,042 lb) if wayside PCUs are employed. An 80-seat

(2 + 2) vehicle was synthesized with this propulsion arrangement and the base­

line guideway configuration; the resultant weight breakdown is shown in

Table 4-30. With wayside PCDs, the vehicle gross weight is 347.2 kN (78,100 lb)

whereas the gross weight with onboard PCDs is 402.2 kN (90,400 lb). The

general arrangement of the vehicle and the propulsion tug is shown in Fig-

ure 4-79. The SLIM secondary (reaction surface) consists of a continuous

laminated iron component 1 m wide by 0.125 m thick, overlayed with an aluminum

conductor 2 mm thick. Note that this conductor is too thin (due to excessive

drag force) to permit the propulsion tug to support itself magnetically above

the motor reacti9n surface rather than above the vehicle reaction surfaces.

A more serious problem associated with the thin aluminum conductor is the heat

generated during motor start-up. Preliminary calculations indicate high temper­

atures in the aluminum with possible severe damage. Unfortunately, D. Elliott
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WEIGHT, KN (LB)

62.5 (14,051)

44.0 (9,892)

24.5 (5,508)

21.0 (4,721)

19..4 (4,361)

15.6 (3,508)

71 (15,962)

75.8 (17,042)

13.4 (3,012)

• SUSPENSION

• STRUCTURE

• FURNISHINGS

• AUXILIARIES

& BRAKES

• CREW COMPARTMENT

e PAYLOAD

o PROPULSION

• CONTINGENCY

TABLE 4.-30. 80-SEAT SLIM VEH ICLE WEIGHT BREAKOUT
COMPONENT

TOTAL 347.2 KN (78,057 LB)

has indicated that an increase in aluminum thickness would substantially reduce

SLIM performance. At this point, therefore, some aspects of the SLIM design

data are questionable.

Thrust/drag characteristics are shown in Figure 4-80 for the Garrett LIM

system as well as for the SLIM system. Note that the SLIM secondary exerts

a very large down-force on the primary, particularly at low speed; this down­

force introduces a drag force on the propulsion tug which serves to reduce the

effective thrust of the system. Nevertheless, the gross thrust is so high

that the vehicle acceleration will exceed the specified 0.15 g limit up to

approximately 80 m/s (179 mph), as shown in Figure 4-81. Figures 4-80 and 4-81

also show Garrett LIM data for comparison. The substantial improvement in

performance with the SLIM is probably due more to the "paper" aspect of the

design, i.e., based on future expectations, rather than on actual performance.

Figure 4-82 shows the variation of SLIM efficiency with speed. Overall

systems efficiency, i.e., from fuel to power out is approximately 18.8% at

Vi = 134 mis, as shown in Table 4-31.
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FIGURE 4-82. SLIM EFFICIENCY

TABLE 4-31. OVERALL SLIM EFFICIENCY AT 134.1 MIS.
• MOTOR

• PCU

• TRANSMISSION LINES

• COLLECTION, DISTRIBUTION

• GENERATING PLANT
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For the 80-seat SLIM-powered vehicle, Energy Intensity, ~, is approxi­

mately 2.19 MJ/s~at-km (3341 Btu/seat-mile) for the 750 krn route with Ni = 5,

which is equivalent to an intercity distance (stage length) of 125 km. The

general variation of ~ with intercity distance is given in Table 4-32.

TABLE 4-32. ~LlM VEH1CLE ENERGY iNTENS ITY AT 134.1 MIS

INTERCITY
DISlANCE, I<M 1J;, MJ/SIEAT-KM (BTU/SEAT-Mil

50 2.31 (3,524)

100 2.21 (3,371)

125 2.19 (3,341)

200 2.16 (3,295)

300 2.14 (3,265)

500 2.13 (3,249)

800 2.12 (3,2341

C. Switching. If the hat-shaped guideway is employed with SLIM propul­

sion, switching is accomplished in a manner similar to the baseline Ducted

Fan/GT system, with the exceptions that: (1) a separate propulsion system

must be provided since the SLIM is nullified when the vehicle leaves the

primary guideway, and (2) the power pick-up must also be switched. Since the

vehicle engages the switch at speeds below lift-off, i.e., on wheels, the first

exception above suggests separate electric motor drives for these wheels; '8

solution for the second exception is to retract the primary pick-up and extend

a separate pick-up for engagement at the switch. Both of these approaches

are complex but appear feasible, and retain the inherent safety of the basic

switch concept. Of course, the V-channel guideway provides a simpler switching

approach* and permits the SLIM to carry out the switch functions as well as

the primary propulsion functions. This approach is not failsafe, however, and

the V-channel suffers a number of other serious deficiencies when compared

with the hat-shaped guideway.

*By extending an arm to engage either (left or right) outside reaction surface.
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D. Cost. Preliminary SLIM system cost estimates supplied by DOT are

summarized in Table 4-33.

TABLE 4-33. SLIM SYSTEM COST ESTIMATES
• MOTOR (PRIMARY)

• REACTION RAIL (SECONDARY)

• POWER RAILS

• POWER STATIONS

$900,000

$311,OOO/KM

$497,000/KM

$ 93,OOO/KM

The 80-seat, 347.2 kN (78,100 lb) vehicle synthesized to accommodate a

SLIM propulsion system is estimated to cost $2,013,000 exclusive of development.

See Section 5 for the derivation of the vehicle/guideway cost figures.

E. Preliminary Evaluation. In general, the brief analyses reported here

show that a SLIM propulsion concept is feasible for a Repulsion MAGLEV system,

and it has moderate efficiency and good performance provided wayside peus can

be employed and high-speed power pick-up can .be achieved. Substantially more

research and development is required, however, to establish its desirability

for Repulsion MAGLEV. The inherent difference between the operating gaps of

the SLIM and the vehicle lev/guide magnets suggests a basic incompatibility

which is not likely to be removed by clever linkage design, tugs, etc. Motor

cost is reasonable, but the guideway cost is high, due primarily to the high

electrification costs.

4.4.4 Linear Synchronous Motor (L8M)

A. Background. Consideration has been given to a linear synchronous

motor of the type currently under study in Canada - namely 40-50 short

magnets on the vehicle to be used only for propulsion. This large number

of high-strength superconducting magnets are mounted on the vehicle and

interact with a specially-designed part of the guideway. This guideway sec-

tion is comprised of a matrix of aluminum conductors electrically powered,
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phased and controlled so as to produce a moving field which interacts with

the vehicle magnets and produces thrust. Since the LSM thrust is propor­

tional to the product of the width of the magnets, the number of magnets,

the magnet current and the guideway current (Ref. 4-22) it is obvious

that for fixed magnet width and current, few vehicle magnets reQuire high

guideway currents While a large number of vehicle magnets reQuire less

guideway current, albeit of a higher freQuency. Also, a larger number of

vehicle magnets increases the vehicle weight reQuiring a corresponding

increase in thrust.

Although the optimum configuration (magnet size, current and frequency)

for lowest costs lies outside the scope of this study, work was initiated to

obtain LSM magnet weights and costs from the Magnetic Corporation of America.

This information together with appropriate modifications to the results of

a report by United Engineers (Ref. 4-33) on the guideway electrification

costs for the MIT Magneplane project formed the basis for the results in

this section and the cost results in section 5.4. Also, the Raytheon Cor­

poration, under contract to Philco-Ford, carried out a brief investigation

(Ref. 4-32 and Appendix F) of the suitability of LSM for controlling the

vehicle dynamic motions as well as for propulsion. Although is appears

feasible to do this dual function, systems considerations suggest that a

separate onboard system should be employed for ride control and use the 1SM

solely for the propulsion role. For example, additional "active" guideway

surfaces will have to be provided in addition to the one for propulsion ~o

assure the reQuired damping forces in all degrees of freedom. Since these

active surfaces are Quite costly - compared with the basic guideway - there

will have to be substantial benefit to justify the approach. The information
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exchange betwee~ vehicle and guideway is greater because of the need for

handling multi-zxis dynamic motion data. Furthermore, an onboard power

supply of about 100-200 kW is still necessary for lighting, air condition­

ing, communications, etc., whereas the average control power saved is only

about 25-50 kW. Thus the benefits of having the IBM provide ride control

appear outweighed by the disadvantages.

B. Performance. The propulsion-only IBM is reasonably compatible

with the baseline guideway as shown in the general arrangement of Figure

4-83. (Note the layout of a hybrid system, where the IBM provides ride

control.of the sway/yaw motion in addition to propulsion.) There are a

number of disadvantages with the 18M, however, that are pertinent to a

MAG1EV system of the type considered here. For example, a large number of

superconducting magnets and their associated cryogenic equipment requires a

significant increase in vehicle weight and complexity. The guideway cost

is high compared to the baseline ducted fan design because of the "active"

nature of the propulsion-related components. Vehicle switching is also

anticipated to be'IDore complex although no in-depth analysis has apparently

been made on this subject to date. If the IBM is coupled with the baseline

guideway, auxiliary propulsion must be provided as the vehicle engages th~

Off-ramps. One solution would be to provide electric motors for the wheeled

suspension, to facilitate SWitching, off-ramp, and station operations.

Power pick-up would thus be necessary, but at the low speeds involved this

should be no problem.
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Table 4-34 shows a weight estimate for the LSM magnets and associated

cryogenic system~ and Table 4-35 summarizes the component weights for a

134 m/s~ 80-seat vehicle synthesized to accommodate an LSM propulsion sys­

tem, The gross weight of the vehicle is 464 kN (104~300 Ib).

The overall system efficiency at cruise conditions is approximately

19,6%, Table 4-36 identifies the individual component efficiencies. Note

that the LSM efficiency corresponds to 2.5 km guideway-winding length,

which results in lowest overall system cost~ according to Ref. 4-33, It is

claimed that LSM efficiency could be increased if shorter winding lengths

were employed~ but there would be a substantial cost increase. This is one

area where more design and systems analysis is needed.

For the 80-seat vehicle operating at 134 m/s over the 750 km~ 5-stop

baseline route~ the energy intensity~ ~~ is estimated at 2.13 MJ/seat-km

(3~249 Btu/seat-mile). The variation of ~ with intercity distance is

shown in Table 4-37,

C. LSM Magnetic Field Strength. The magnetic field above an LSM is

large in the immediate vicinity of the winding because of the ~ 106 ampere­

turn coils~ however the fall-off in field strength is quite rapid with dis­

tance since the LSM magnets alternate in polarity, This is verified by the

calculations summarized in Table 4-38 for an unshielded LSM composed of

O,5xl.5 m magnets under the length of the vehicle.

Comparison of these results with those of the levitation magnets shows

that the maximum unshielded LSM magnet field is not as large as the field

of the shielded levitation coil~ but the LSM field is spread over a much

larger area, Also~ the difference between the maximum and minimum LSM mag­

netic field strengths at a given height is only about 10%~ whereas the

field for the levitation coil drops off rapidly in both the longitudinal
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TABLE 4-34. LSM PROP ULS ION SYSTEM WEIGHT

MAGNET SYSTEM

(; SUPERCONDUCTOR

Gl HELIUM CONTAINERS

• OUTER CRYOSTATS & SUPPORTS

SUB·TOTAL (PER MODULE)

SUB·TOTAL (5 MODULES!VEHICLE)

REFRIGERATION

TOTAL SYSTEM

WEIGHT
(KN)

6 (349 LB)

6.7 (1,506)

9.5 (2,136)

22.2 (4,991)

111 (24,955)

43.5 (9,780)

154.5 KN (34,735 LB)

TABLE 4-35. LSM VEH ICLE WEIGHT BREAKOUT

COMPONENT WEIGHT, KN (LB)

• SUSPENSION 71.6 (16,097)

• STRUCTURE 63.9 (14,366)

• FURNISHINGS 24.5 (5,508)

• AUXILIARIES 25 (5,620)

• BRAKES 24.5 (5,508)

• CREW COMPARTMENT 15.6 (3,507)

• PAYLOAD 71 (15,962)

• PROPULSION 154.5 (34,735)

• CONTINGENCY 13.4 (3,013)

VEHICLE GROSS WEIGHT 464 KN (104,316 LB)
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TABLE 4-36. LSM COMPONENT EFFICIENCY

• LSM (INCL. pcu @ 0.85) 0.672

• TRANSMISSION LINE 0.9

1:1 COLLECTION, DISTRIBUTION 0.9

• GENERATING PLANT 0.36

TABLE 4-37. LSM ENERGY INTENS ITY @134.1 MIS
INTERCITY

DISTANCE, KM 1/;, MJ/SEAT-KM (BTU/SEAT-Mil

50 2.24 (3,417)

100 2.15 (3,280)

125 2.13 (3,249)

200 2.10 (3,204)

300 2.08 (3,173)

500 2.07 (3,158)

800 2.06 (3,143)

TAB LE 4~38. PRED ICTED Fi ELD STRENGTH OF LSM MAGNETS

HEIGHT (m) MAXIMUM FIELD STRENGTH
(ABOVE MAGNET WINDING) (TESlA)

·0.3 0.310 (3100 gauss)

'0.6 0.045 (450)

'0.9 0.007 (70)

1.2 0.001 (10)
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$234,OOO/km

$ 320,000 Ibn
$180,OOO/km

and lateral directions. The results presented above indicate that the

unshielded magnetic field for LSM propulsion may not be a problem provided

there is sufficient height (~ 1 m) above the windings - which is the case

if the vehicle is configured to accommodate a V-channel guideway. For the

baseline guideway however, there is less available height and shielding

coils are provided.

D. Cost. The LSM costs are identified in detail in Section 6. With

appropriate shielding coils, the total cost estimate is approximately

$868,000 per vehicle, excluding refrigeration system cost and any develop­

ment costs. Total cost of an L5M-powered, 80-seat vehicle is estimated at

$2,086,000, exclusive of development. The guideway-related costs, based'

on Ref. 4-33 data, updated for 1974 dollars, are as follows:

• Conductors and .Attach Hardware

s Fixed Equipment (115 kV and

34.5 kV Transmission Systems)

o Variable Equipment (Power Stations, .

PCDs, Transformers, etc.)

LSM-Related Guideway Cost $ 734.000 Ikm
As stated in Section 5, the data presented in Ref. 4-33 actually indicates a

cost of $l,280,000!km for the conductors after adjustment for 1974 dollars.

However, because our vehicle has more L8M magnets (four times as many as

assumed by Rahtheon) the guideway conductor costs have been reduced. The

cost of transmission equipment estimated by Raytheon has not been changed

here since the difference is not considered significant.

E. Preliminary Evaluation. The LSM appears to be a feasible propul­

sion system for a NAGLEV vehicle; its major advantages are compatibility

with the Repulsion scheme and e1irnination·of power pick-up equipment. Much

R&D work remains, however, before a realistic assessment of the LSM can be

made. The LSM-powered vehicle is very heavy and, although overall propul­

sive efficiency is good, energy consumption is adversely affected by the

high weight. Much further work remains in the areas of vehicle switching,

speed control and acceleration, and the LSM-part of the guideway design.
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4.4.5 Superconducting Paddle Wheel

The superconducting paddle wheel is a novel propulsion scheme proposed

by Davis and Borcherts (Ref. 4-34) to overcome the inherent small gap limi­

tation of a conventional linear induction motor by using a superconducting

winding.

Thrust is developed similar to the conventional induction motor, i.e.,

a moving magnetic ~ield near a conducting surface generates eddy currents in

the medium, and these eddy currents prod~ce a force opposing the motion of

this field. In the conventional induction motor, the moving magnetic field

is created with multiphase power. However, only dc currents can be used in

order to take advantage of the large fields produced by superconductors and

to avoid severe ac. loss problems. Hence, the moving magnetic field must be

generated by mechanically moving the static magnetic field. One method of

doing this is to mount the superconducting winding on the face of a drum and

rotate the drum in proximity to a reaction rail. If the drum rotates fast

enough, the part of the winding nearest the reaction rail is moving backward

relative to the rail. In this manner, the "drag" force created is in the

forward direction, providing thrust in analogy to the conventional paddle

wheel used for ship propulsion. (By changing the relative speed of rota­

tion, braking action can be obtained.) Since this superconducting motor does

not generate its own power, a prime mover such as a gas turbine or a rotary

electric motor (REM) would have to be provided.

For this application, the superconducting paddle wheel uses the levitation

surface of the guideway as its reaction rail for producing thrust. The gen­

eralized thrust of the paddle wheel (per unit width) at constant current is

shown in Figure 4-84 as a function of both vehicle speed and relative speed*.'

Note that the high "stall" thrust is a favorable feature for a Repulsion

MAGLEV vehicle with its characteristic low-speed drag peak. The winding cur-

rent must be in the vicinity of 10
6 ampere turns to provide the desired

thrust. Figure 4-85 shows the generalized efficiency, also as a function of

*Relative speed is the difference between the peripheral speed of the wheel
and the vehicle speed.
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vehicle speed and relative speed. Typical paddle wheel performance is shown

in Figure 4-86, including the braking force available.
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FIGURE 4-86. PADDLEWHEEl PERFORMANCE

In addition to the thrust force, there is an appreciable lift force gen­

erated that. could augment and possibly eliminate at least one of the two sup­

port magnets in each of the levitation modules near the paddle wheel. It is

even possible to provide four padc.1le .wheels in the corners of the vehicle and

completely eliminate the need for levitation magnets, relying solely on the

lift force generated by the rotating paddle wheels. In this manner, magnetic

drag - an undesirable by-product for the levitation magnets - is eliminated

and becomes a useful thrust in the superconducting paddle wheel. Detailed
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analyses are required to evaluate an integrated propulsion/suspension approach,

particularly in the area of ride quality.

The proper matching of the thrust from the superconducting paddle wheel

to that required for the vehicle requires more work to obtain the optimum

guideway parameters and determine the desirability of using the lift force

from the paddle wheel. For example, a 2 to 3 cm thick aluminum guideway may

be too thick to provide adequate vehicle thrust with a 106 ampere-turn paddle

wheel winding. Although a thinner aluminum section would decrease the lift­

drag ratio of the levitation magnets, lift force from the paddle wheel can

offset this decreased peformance. It should even be possible to provide an

iron backing, similar to that of the single-sided linear induction motor

(SLIM), to the high speed sections of the aluminum guideway to enhance the

performance of the device. At high speed, the levitation magnets would not

"see" the iron backing.

An 80-seat, 134 m/s vehicle has been synthesized for the superconducting

paddle wheel propulsion scheme. Power is supplied to the paddle wheels by

regenerative gas turbines arranged as shown in Figure 4-87. The installation

is quite compact, with only a small increase in vehicle cross-section to allow

for the engine air intakes. The gross weight of the vehicle is 365.4 kN

(82,150lb). Propulsion system weight is shown in Table 4-39.

The weight of each major component of the vehicle is given in Table 4-40.

For the baseline 750- km, 5-stop route, the energy intensity, 1J;, is approxi­

mately 1.71 MJ/seat-km (2,609 Btu/seat-mile). The variation of 1J; with inter­

city distance is given in Table 4-41.

The estimated cost of the paddle wheels is $775,000, and the cost of the

gas turbines is $725,000, for a total propulsion co~t, per vehicle, of

$1,500,000 exclusive of development. Total vehicle cost with the Paddle

Wheel/GT propulsion system is estimated at $2,626,000. Note that at the cur­

rent state of knowledge, the cost estimates for the paddle wheel must be con­

sidered very approximate.

A substantial amount of R&D effort must be devoted to this concept before

its feasibility can be established. At this point in time, however, it has
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TABLE 4-39. PADDLE WHEELlGT VEHICLE WEIGHT BREAKOUT

COMPONENT WEIGHT, KN (LB)

• PADDLEWHEELS (2) 29.4 (6,610)

• GAS TURBINES (2) 14.2 (3,192)

• DUCTING 6.0 (1,349)

• GEARBOXES (2) 3.3 (742)

COMPONENT SUB-TOTAL 52.9 (11,893)

• FUEL (23.2 X 1.15) 26.7 (6,003)

TOTAL PROPULSION 79.6 KN (17,896 LB)

TABLE 4-40. PADDLE WHEEL/GT VEH ICLE WEIGHT BREAKOUT
COMPONENT WEIGHT, KN (LB)

• SUSPENSION 66.8 (15,019)

• STRUCTURE 53.3 (11,983)

• FURNISHINGS 24.5 (5,508)

• AUXILIARIES 21.0 (4,721)

• BRAKES 20.2 (4,541 )

• CREW COMPARTMENT 15.6 (3,507)

• PAYLOAD 71.0 (15,962)

• PROPULSION 79.6 (17,896)

• CONTINGENCY 13.4 (3,012)

GROSS WEIGHT 365.4 KN (82,149 LB)
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TABLE 4-41. PADDLEWHEEL ENERGY INTENS ITY
iNTERCITY

DISTANCE, KM l/J, MJ/SEAT-KM (BTU/SEAT-MO

50 2.14 (3,2651

100 1.78 (2,715)

125 1.71 (2,6091

200 1.6 (2,441)

300 1.54 (2,349)

500 1.49 (2,273)

800 1.46 (2,227)

significant potential as a MAGLEV propulsion device. It is light and efficient

and has relatively low energy consumption. It is a large gap device and is

thereby quite compatible with the Repulsion MAGLEV concept. It can be driven

by either gas turbines or superccnducing electric motors (with wayside power

pick-up) and is adaptable to the switching concept developed for the baseline

guideway although the wheeled part of the suspension will probably have to be

powered for off-ramp and station operations.

4.4.6 Evaluation of Propulsion Candidates

Table 4-42 summarizes the SO-seat, 134 mls vehicle gross weight, vehicle

cost, additional guideway-related cost (i.e., over the basic guideway), overall

TABLE 4-42. PROPULSiON SYSTEM COMPARiSON ~80 SEAl VEH[CLE)
PADDLE

FAN/GT FAN/REM SLIM LSM WHEEl/GT

o VEHiCLE GROSS WT (KN) 366.5 332.8 347.2 464 365.4

G VEHICLE COST ($103) 2316 2547 2013 2086 2626

o ADD'l GUIDEWAY COST 0 494 901 734 0
($103/KM)

o OVERALL EFFICIENCY 0.209 0.149 0.188 0.196 0.243

() ENERGY iNTENSITY 2.18 2.59 2.19 2.13 1.71
(MJ/SEAT-KM)
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efficiency and baseline route energy intensity for each of the propulsion

systems studied .. Figure 4-88 shows the energy intensity for each propulsion

scheme as a function of intercity distance. Although Section 5 presents a

more complete cost analysis of the various systems, some general conclusions

can be drawn relative to the propulsion systems studied herein.
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FIGURE 4-88. COMPARATIVE ENERGY CONSUMPTION

The most "realistic" system appropriate to the Repulsion MAGLEV concept

is the gas turbine-driven ducted fan. Its development background is extensive

and its reliability is firmly established. It is totally self-contained, and

requires no power pick-up, thereby permitting great flexibility in guideway
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design; it also serves as a single propulsion system for off-line as well as

on-line operation. It is efficient and is definitely the "near-term" solution.
,

-The future chemical fuel situation is difficult to evaluate. However, there is

reason to doubt that the U.S. will ever reach all-electric status, whatever

the basic source of its energy, i.e., nuclear, solar, geothermal, etc. Syn­

the tic fuels would thus appear necessary for energy applications which are not

optimum for electricity. For this reason, a hydrogen-fueled MAGLEV system

could be attractive. The emissions problem would essentially disappear with

this approach, leaving the noise problem as the only negative feature. From

the noise data presented, however, it seems clear that only the noise asso­

ciated with the acceleration phase of vehicle operations (~ 90 dbA) remains

of concern - and there is reason to believe that substantial improvement can

be made in this area, as discussed in Appendix E.

Of the electric systems studied, the SLIM has the most extensive R&D back­

ground and can be considered a feasible system for Repulsion MAGLEV despite the

requirement for operating it as a tug, i.e., with a separate suspension. With

onboard power conditioning, the vehicle is heavy and energy consumption is

adversely affected. Therefore wayside power conditioning is essential, and

although not yet demonstrated, appears feasible. The appropriateness of the

narrow-gap SLIM for a large-gap MAGLEV vehicle, however, is' open to question.

It is our judgement that neither the single- nor the double-sided linear induc­

tion motors will provide a good propulsion system for the Repulsion MAGLEV

concept.

The 1SM needs much more R&D to firmly establish its applicability; from

an engineering viewpoint the LSM is not much more than a collection of mathe­

matical equations at this point in time. Nevertheless, it has much potential

for the future, particularly in view of its compatibility with the Repulsion

MAGLEV concept. A vigorous research effort should be pursued on this scheme.

. The (superconducting2 electric motor-powered due ted fan is posed only as

an alternate to the gas-turbine driven ducted fan in the event that circum­

stances force the U.S. to an all-electric society. The noise levels are lower

(-3 db) but still of concern; this should be solvable however, well within the

development cycle of the superconducting motor. The biggest disadvantage is



the high energy consumption, and this is because the poorest aspects of each

concept are combined, i.e., the fan/duct with the electric generation chain ..
Its biggest advantage is compatibility with the Repulsion MAGLEV concept and

its ability to handle both off-line and on-line operations.

The superconducting paddle wheel must be regard~d as a far-out idea with

long-term potential, paricularly for low energy consumption. It is compatible

with Repulsion MAGLEV and also has the potential for integrated propulsion/

levitation. Further research should be carried out on this concept.

4.5 GUIDEWAY SUBSYSTEM

The guideway subsystem consists of the aluminum levitation/guidance ele­

ments, the supporting guideway (both at-grade and elevated), switches, wayside

power pick-up (if any), wayside communication and control, and right-of-way.

'Each of these items is discussed in the following sections.

4.5.1 Levitation/Guidance Element

A. Requirements. The aluminum elements in the guideway provide the

source of the eddy currents which support the vehicle and provide the neces­

sary guidance forces. The previous Ford work established the theoretical

basis for the computation of the magnetic forces and moments and provided

some preliminary system studies (Ref. 4-22). The tradeoff information pre­

sented in Section 5.3.2 shows typical results for the magnetic performance

of the system. The tradeoff information and the Ford studies show~

o The requirement for guidance forces (i.e., a 90° corner) intro­
duces a significant increase in magnet drag compared to a flat
plate, however, a corner configuration is considered to be the
most practical aluminum shape.

o The use of nearly pure aluminum alloy (1100-H14) offers a
significant decrease in magnetic drag compared to a stronger
alloy such as 606l-T6.

o The magnetic lift-drag ratio increases with increasing aluminum
thickness. The "optimum" thickness (minimum system cost) is a
function of vehicle fuel costs as well as the aluminum costs.
A thickness of 2.54 cm (l in.) is "optimum" if the JP fuel cost
rises to roughly ~20¢/liter (76 ¢/gallon) for the baseline
Ducted Fan/Gas Turbine propulsion system, and has been selected
as the baseline. (However, the optimum thickness of the alumi­
num is between 2 and 3 cm for a very side range of JP fuel cost,
i.e., 5 to 30¢/liter.)

4-200



o Studies at Ford have shown that the width of each aluminum ele­
ment should be approximately twice the magnet coil width, and
the height of the vertical guidance element should be approxi­
mately one-half the width. Thus, the size of a 90° element is
1 x 0.5 m. (These are the inside dimensions, the outside dimen­
sions are 1.03 x 0.53 m.)

o The vertical and horizontal parts of the element must be elec­
trically connected if a combined lift/guidance magnet is used
on the vehicle. However, separate (unconnected) aluminum guid­
ance and lift elements may be used with separate guidance and
lift magnets.

o The presence of iron close to the levitation elements degrades
the performance of the magnets, particularly at low speed. The
approximate limits on the amount of steel reinforcing bars in
the guideway are: have no bars closer than 5.1 cm (2 in.) to
the bottom surface of the aluminum, and the bars at this dis­
tance should not be larger than 1.9 cm (0.75 in.) or be closer
together than 15.3 cm (6 in.) on the average. More steel can
be used if located further away from the aluminum, for example
at approximately 0.3 m (1 ft), a solid-steel structure could
be used, at least for the high-speed portions of the guideway.

o The effect of surface roughness on vehicle dynamics have been
discussed in Section 4.3.2; a nominal roughness index, A, of
1.5 x 10-6 m-rad (5 x 10-6 ft-rad) has been used as the base­
line condition. The achievement of this roughness for prac­
tical guideway construction is discussed in following sections.

o Structual requirements such as maximum length of the sections,
attachments, etc., are discussed in Paragraph E, below.

B. Candidate Configurations and Evaluation. There are a number of pos­

sible shapes for the levitation/guidance elements; typical configurations are

shown in Figure 4-89. The aluminum portion of the guideway is indicated by

the solid dark lines. Note that all the candidates except one - the circular

shape - utilize a horizontal surface to provide lift and a vertical surface to

provide guidance forces. In addition to the five shapes shown in the figure,

others, such as an inverted Vee, were considered and eliminated.

ted Vee guideway results in an unstable vehicle.)

(The inver-

In all cases the aluminum is not structural; it conforms to, and is sup­

ported by, the underlying guideway, therefore the construction tolerances of

the supporting structure becomes important from the standpoint of vehicle ride
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quality. Table 4-43 lists other important factors considered in the evalua~

tion of the various configurations. This table summarizes the advantages and

disadvantags of each. Based upon the current information, the overall rank­

ing is:

Rank

1. (Baseline)

2.

3.

4.

5.

Guideway Configuration

Hat Shape (Wide Inverted Tee)

U Channel

Inverted U Channel

Canted Inverted Tee

Circular

This ranking is based upon the assumption that the propulsion system has no

influence on the guideway design. This is obviously true only with an air

propulsion system, or a narrow superconducting paddle wheel which operates on

horizontal aluminum guideway elements. The U channel, inverted U channel, or

circular guideway are better geometrical shapes for SLIM or LSM propulsion

systems since they can more easily accommodate the propulsion elements down

the center of the track. However, they are not adaptable to the baseline fail­

safe switch concept without using auxiliary propulsion in the switch area.

Actually there is relatively little difference between the ranking of the first

three candidates even for the air propulsion system. Since guideway construc­

tion costs are very important for the overall system economics, an alternate

system such as the inverted U channel may ultimately become the leading con­

tender if the construction costs are the lowest. This proof, however, will

require a detailed site-specific analysis including the amount of elevated vs.

at-grade construction since this type of guideway may be quite economical for

elevated structures, but be at a disadvantage at-grade.

C. Stress Analysis. Problems with the Garrett LIMRV vertical reaction

rail at the test track in Pueblo, Colorado, have shown that care must be taken

in the installation of continuous aluminum elements. The aluminum portion of

the MAGLEV guideway has a considerably different configuration than a LIM

reaction rail; one of the primary differences is the presence of gaps rather

than a continuous guideway. There are some advantages to the vehicle ride and

forces on the magnet by having a continuously welded guideway, but there are
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also several disadvantages and a "gapped" or segmented aluminum guideway has

been selected as the baseline t at least for the portions of the guideway where

normal cruise speeds are reached. The effect of gaps becomes more pronounced

at lower vehicle speeds t and continuous or nearly continuous aluminum'may be

required near switches t in urban regions t and in other low-speed areas. Both

continuous and segmented guideways have been investigated as summarized below.

(1) Introduction. Sketches of possible guideway configurations are

shown in Figure 4-89. The roadway beneath the levitation elements forms the

primary structural support for the vehicle magnetic loads t and the levitation

elements are not relied upon for this purpose. (The 2.5 cm aluminum plate

could support the vehicle loads over spans on the order of about 0.5 meters if

an economical roadway design could be devised to utilize this capability. This

does not appear to be possible.)

The primary structural problem is produced by differential thermal expan­

sion between the roadway and levitation elements. An unrestrained levitation

element will expand on hot days and contract on cold days relative to the road­

way. However t since the levitation element for ~~GLEV must be secured to the

roadwaYt compressive and tensile forces will develop in the aluminum on hot

and cold dayst respectively. The magnitude of the stresses produced by these

forces has been estimated and compared with allowable stresses to establish

the requirements for the levitation element.

(2) Analytical Model. Drily axial stresses and deformation have been

considered for this conceptual design study. Also the stresses and deforma­

tions were assumed to be constant over the cross section t bending was neglected t

and the underlying roadway was conservatively assumed to be inextensible. The

model assumed an axial member restrained by discrete attachments spaced along

both free edges of the levitation element. The axial restraint of the attach­

ments in an actual application will most likely be transmitted by frictional

forces between the attachments and levitation surface. The effects of limited

friction capability would be included in a more detailed analysis. For this

analysis t however t the levitation element is considered to be elastically

restrained from thermal expansion/contraction by evenly spaced t infinite

friction attachments. The axial load distribution in the levitation element
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canl be~ determinedi f,or" tliis: ideaTfzed'~ case·, fIioml the~ sO.lution of the, f.bllowing

eq~uat,.ion:

where: P =: axial. load. at: position X

X =, a·xiaL position, measur:ed. fIiom' the' midpoint of the, element

k = axial. spr:ing', Iiate; of attachment divided', by' the. attachment, spacing

,A =. cr,oss':""sectional. area
I

.E '='modulusiof elasticity

'ex. =, coef:'ficientof' thermal expansion

T ==temge-r.ature·of element

. T = t;emper,ature' of' levitation element, at, installation.
i

The· ot·her impor.tant: par,ame'ter,s: such, as att·achment. loads, axial, s tr.esses, etc.,

can! be·. der.ived fr.omJ. the' solution_ f,or' t·he;; axiaL load, P.

(,)) Gemer,aL Res,uTts:'. Solutions.: of the above: equation have been, de'r,ived

which: demonstra:te~how the" maximum, st.r.ess', at: the:! midpoint. of the levitation

e':rement. incr.eases:; wi'bhi attachment~axiaL strff-ness, and: how" maximum. axial dis­

placement. at the" ends, d'escr:eases' with. increasing axial. stiffnes's; of t·he att·ach­

ments. .The~. dis,tr.ibutiom o'f attachment res,training' for.ces' were also, der.ived.

The·. restr,afnirlg: f;"or.ces~ f,or' re-lativ.e:Iy.- s.tiff, attachments' are concentrated: near

the· end'S, of the~ h~v,itatiome:Iement. SInce high', unmanageable, axial loads, co,u1:'d

theor:etically,"deveiop: i'n the'. atta'chments at- the~ ends> of the· levi't·ation element,

a'. pr,actica:I. attachment', s:cheme.: mus·t. allow' r.elativ,e' motion, at the'se· att,achment

poi"nts·. By:' a:J'lowing' tliis·: relat.i've.: mo:tion',_ axi'al IiestIiaining f,orces~will. be

Iirni·bed-~by' the~ f·rli'cti.iona:I. f;Qr,ce:. that. can. be" r,esisted at each'. attachment. In

the:-. case~ ofF a, long:, continuousTyr we·;rded, or mechanically jo,ined. lev.itation· ele­

ment', s:ufEi:cient::: fer.ictionaI. f,or.ces'- even'IT distributed' near' the ends' w·ill com­

plete:Iy-r.es:train: a. Iacrgec por,tion', of the, lev,itation element lenKth', and the'

the·rrnai. s:tr:ess:.: wi'll. approach: tha:t: im a completely restrained element- (0*

=. EO" (T=-1",)). For' short., segmented' lev.it-a·tioni elements.' with· expansion gaps
1

tohe', fr.iction. f,or.ces:.: will. nO.t. be:: enough to. restrain the. levitation e'l,ement seg-

ments', and', stresses' will. be, signffi-cantiy lower" thanl 0*; however, motion. at
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'the ~end:s "wiIl ·approach ·.that :oI ,an lunres.trained EeJ:.emertt .-The rcori:tiinuous ,,€',le­

men t ·ver'sus ::segmentea ..e:lemen.ts :coIllpar±=son iis rmaae ;:s:chematrc'aillly 'in rEi,'gul"e '4-9.0.

'J4,) SConcep:tuci1l ~Des:±gn ~Examp'le. '~To :;a:ssess~f.he jimpac.t :oI 'Lthe "anal,yt'ical

:so:lutions), :r:ea'l~is.ticwalues ',were :=select:ea Ifor 'the :d:~por.t:antT,p·al"ame:.t:ers"and

calcula.tions were 'made .fo.r ::a ..re,pt'.esent:·at:i:V.e rdes::i,.:gn. :The "V:cHues :.used :for ·thi=s

examp:le care ~summar±'zed"at the.top (of '~TaDle ,'4-'~4.. -:'The ::poss'i"!i]::e fextr,eme rme'tal

tempera.tures 1were ~estimatedto ,.-be '-.'34·.:4 ~'C ·(-:':30·~-F.) :and C60'o(C .(lAO'~F:) .c:for'ins.tal­

lations ,in the '.United States (Ref. ·4-:n5:),. ,·Axial .frictional .res.traint 'will ,be

provided 'by -clamping ·the ,aluminum ~shee.t .to ,the !:concrete roadway :at .one ~me.ter

intervals \using 'bo-Its '-or 'a cl'ip <and '.bo-l.tcarrangement. .Therange ·:.of ..s.ta,ti·c

coeffi·cien.ts ,of friction .for 'various comb'ina.tions ,of :materi·als., Le,., aluminum

on ,aluminum, aluminum :on ,.steel ,and ,s.teel on lconcrete, is. estimated to ,be '.O~ 45

to,OJ9S;basedlonLdata:in.Ref. 4-'36.

As ,an ,example, a :realis.tic .attachmentdesign .mightuse ,a 1. 91 cm (0,.75 in.)

diameterbo,lt :p.reloaded to 172 ~MNtm2 (25.,000 lb'/in
2

) clamping ,force.. As ,out­

lined .in ,Tab'le 4-44, the .le:vi.tation ,elements 'wi:th .lengths greater than ,80 Imeters

woulCi ·.probab'lydevelop thermal .'s.tresses ,equal to '0* (the thermal.s.tress in.a

completely -restrained, element) and thus -could.be ',considered ,equivalent to con­

tinuouselements.. Levitation elements ,less than ,40 rmeters'long "would, develop

lower s.tresses.

Table 4-44 gives the 'minimum"material properties for two aluminum alloys

(Ref. 4-37). The two alloys that were considered demonstrate thetradeoffs

that exist between two widely different materials; a high-strength, weldable

alloy (606l-T6), and one'with ,a.high electrical ~onductivity (1100-H14).

The results in Table 4-44 demonstrate thatllOO-H14 alloy will be inade­

quate to support the thermally-induced stresses of the weld joints of contin­

~ous elements (>80 m long). Therefore, a higher strength material such as

6061-T6 .will be required for long segments . 'Eor the baseline ·(segmented-)·

guideway, the allowable stress levels of the parent material will be realized,

and ,in addition, induced stresses will be lower. Therefore, the baseline .sys­

tem should be constructed from the (electrically) more desirable 1l00-H14 alum­

inumwith expansion joints approximately every 10 to 40 meters. In ,either
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J:~

:cas.e -- ~contjmuous<or .ese.gmen.ted -- 'an <adequate smar:gin "aga'ins.t (compress~iv.e!:buck-

T±t1"g 'wilil ':be rma::i:ntained -[~y,1the '.use :of :.a \one~me.ter ,~p'acing tbe.tween ::at.tachmen.ts..

::Since Lthe rmaximum Eexpec.ted :compress:ive !s,tress :,(8L 4 'MN'tm
2

) jis (oti~:y ~5:0 T,percent

of 'the lC'a:l-clilated (elastic ;'buckHng ;·stress :-<:16-3 lMN'lri?) , 'ampTf'fi"cat,ion cof 5at:lY

ini.tilH"ec·centr,:kcil.t'ies :;in .the'flat "aluminum ~sur'faces ,during :compI'ess;ive Jload-

cillg "will :be Timit~d • Cons idering ·'.the ~ana:lysis {of an .irrit iaTly -'iIIfperfect :c61umn

(e.g. , :Ref.. '4-:38,:p.. S541) .and cons·ider.ing the analytical .andexp·er'imen.tal data

presented in Re-f.• '4-:39 for ·the LIM :reaction ~rail (an .aluminum tp:late :-s~tructurel),

laterialdefrection ldueto initia·l.imperfections is expected to :be limited ·to

-5.0 'percent of the 'ini.tialimperfec.tion _for ·the '.wors.t case ·.ofthermal

compress'ion.

(.':») Conclusions .and Recommenda.tions. Theresul.ts demons.trate that a

properly 'designed ,aluminum levi.tation lelementattached to the :guideway at

discrete points w±th ,axial motion .res.trained :by l'imitedfrictional .forces 1will

survive ,the stresses thermally-induced ·.by an ,extreme temperature ·variation.

Fri'ctional axial restraint is necessary 'since "hard" mounting can .resul.t .in

large 'unmanageable loads at attachment ',po,ints ;near .the ,ends of the relement.

I.thas been found 'that the levitation ,element .should ·.be .installed at a tem­

perature near the lmedian of the expected temperature range.. As ,stated .above,

the .baselinesegmented guideway can ,be cons.tructed ,of nearly -pure lIDO-type

alumnurn alloy, whereas a continuous guideway'will require .a .high~streng.th

material.such as6061-T6. A .segmen.ted ,design 1.wi.th .gaps ,every 10-40 meters is

recommenHed .from ~s.tructural considerations since .itrequires 'no complicated

load~carrying:mechanical Jo'ining 'or 'we,lding 'of the .aluminum levitation .seg-
,

ments ,along the .length ,of the guideway. This ;sys.tem shouldbemoreeconom:i:cal

to 'ins.tall" and· allows the "use ,of 'h'igh .conductivi:ty aluminum which maximizes

the ,magnetic performance. Another advantage.is the'greater availaoility'of
,[

HOD-type rmaterial in .large .production 'quan.ti.tiesdue to the .limLted.heat-

treat .f:ac1lities that are required _'for the .stronger alloys.

D. Effects.of·Gaps.and Joints. The;discussion.in Paragraph C ,demon­

s.trated 'that gaps ;or joints .are .required.be.tween the sections if 1100-Hl.4

al.uminum ,alloy 'is :used.. These gaps ·give.a ,discontinuity 'in the eddy currents

as .the !magnets ;pass .over 'them ~which .results in.a '.momentary loss of lif.t. A
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change. in the. f'orcec in' the. longitudinal. direc tion. is, also) experienced L in the

v;icinityr of the: g!ip. Measurements; have~ been taken. in the" Eord', l.:abo·r.atory· to

estimat.e the, magnitude~of the~ effect, and the, result·s, evaluated. in terms; of

the' vehicle: dynamics. and the~oper:ationlof a typical.Revenue.s~stem. The

discussion' of' vehicle~ dynamic. response to' g?PS, has, been, given: in, Section, 4'..3~.2.

The.initial.estimates.lof the.lossiof lift. gave. roughly a; 4'0% reduction

(-peak'v.alue) of' lift: for a. butt joint. This, was. basedl on: simple: calculations

and. inductance~measurements; on, a. sma11":'"scale, ma'gnet coil. and guideway. The

second. set. of~ measurements~was] made' using a 1abol:iatory' magnet. in' var.ious· pos­

itions1 with. respect to, diff~er;ent types: of jo.ints; a; simple: butt joint, an

"underlay" joint, and, a. lap joint. The, second. set. of inductance, measur:ements

were', perflormed using~ a·. larger' coil (10' x. 25· em), and'. both the' vertical (loss

of lif.t) and: horizontal. f,or.ce·. per.turhations, wer,e, measured. T~pical. resul ts

ar,e, shown. in. Ftgure' 4-9.1. f,or a. butt joint, and, a. lap jo.int. The~ upper' por.tion

of the. f.igure. indicates, a.10ss. of lif.t s.tar.ting, as the, magnet. leading edge

passes the~ g?P, dl:iopping' to. &1 maximum. 2-3%. f,or' t·he.' butt joint· when the~ magnet

center' is: over' the: g?P ,. and'~ r:etur:ning to flu11. value'. when, t·he tr,ailing' edge' of

thee magp.et. leaves t·he, g!i"p. The corresponding: maximum, loss; of' lift for't·he lap

joint. is:; only 1:0%. The. integl:iated loss in. Iif.t aV.er,aged, over' the: magnet'. pas­

sage timec is., appr,oximatel~ 18%. for the, butt joint. and 7.% for' the. lap jo.int.

A. similar- phenomenon. is] pos.t,ulated. to I be.: experienced~' by the gui:dance. f,or.ce'.

The: butt Joint· result:s; shown. in the. figur:e'. were, used' to', evaluate the· effect

of gaps, on the' vehicle:: dy.namics.

The': lower' por.tion, of the. figure. indicates. a". pulse" effect in the. f,ore. and

aft. direction. Fir,st, a: thr,ust-:-like'. pulse, is' produced. as t·h~ for:wa·r\d~portion

of t·he·: magnet· passes.; over,' the~ g!iP., f lol10wed'. by aL dr,ag-:-Itk:e'. pulse. as the, aft

portionl of the~ magnet· pass.esi over' the: g?p. The- gap, bet·ween t·he. aluminuml sheets

act·s. as, a1 magnet "att'r,actor'l t,o' produce' t,his, ef'fect. The- peak' values; of these

pulses, are. approximat·ely- 9.%, of the: nominal. magnetic. lift. for' the butt jo.int

and. 3% for- the. lap joint. Eor comparison, the: nominal dr,ag, f,orce. is. about 3%

of the. lift, f,or.ce, at.I,34· m/,s (.300; mph).

The~ ef'f~ects, of these. for.ce var.iations impose very' brief shock..,.ty·pe. loads

on the: magnets, which, are tr,ansmitted thr:ough t·he· various' inter,na1 suppor.ts' of
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1 KHZ INDUCTANCE MEASUREMENTS

I•
25 CM (10 CM WIDE)~

IX! D<D 7 MM SQUARE, 40 TURNS

X I..... E0.32 CM '!,'5 CM WIDEI

\ ) BUTT JOINT

I
? - - - lAP JOiNT, .~

--+1 1~4.5cM
I

1.0 I
I

- I - -"--I
FL I
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0.8
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0.6
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POSITION OF MAGNET <t ,.., CM FROM JOINT

FIGURE 4-91. EFFECT OF JO INTS ON LABORATORY
MAGNET LIFT AND AXIAL FORCE
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the magnet module and attachment members to the vehicle. Although the overall

vehicle dynamic response to a single gap is small (as shown in Figure 4-43),

the dynamic response of the internal parts of the magnet to these loads is

important and must be considered in the design. Table 4-45 summarizes the

TABLE 4-45. SUMMARY OF BUTT JO INT-INDUCED LOADINGS FOR
BASELINE REVENUE SYSTEM (Based on Laboratory·
Measu rements)

Nominal Magnetic lift (N/magnet) .

lift and Guidance Pulses Due to Gap

.. Pulse Time at 134 m/s (sec)

= Maximum Change in lift Force, (N/magnet)

.. Maximum Change in Guidance Force* (N/magnet)

e Maximum Vehicle Vertical Accel(g's)

• Average Vehicle Vertical Accel (g's)

Thrust/Drag Pulse Due to Gap

• Pulse Time, Each Direction at 134 m/s (sec)

• Maximum Change in Thrust/Drag Force (N/magnet)

• Maximum Vehicle Horizontal Accel (g's)

91,625

0.023

·21,074

-7,165

-0.23

-0.18

0.012

±,8,063

±,0.088

(20,600Ib)

(-4,738 (b)

(-1,611Ib)

(±.1 ,813 Ib)

*Assuming variation in guidance force is the same as the variation in the lift force.

revenue vehicle loading situation based on the worst-case (butt joint) curves

of Figure 4-91 for a typical revenue magnet and a velocity of 134 m/s.

Although the values of the forces and accelerations produced by the butt gap

appear to be large, it should be emphasized that the length of the pulse is

very short (~ 0.02 sec), and the vehicle- with the exception of the magnet

module itself ~ hardly responds to the individual shock loads. Also the

results of the laboratory tests must be examined carefully; the initial results

indicated a peak loss of lift nearly twice as large (40% vs. the current 23%).

This difference is believed to be due to the small scale of the experiment used

for the initial tests. For this reason, there was a question as to the scale

effect of the experiment, and a third set of inductance measurements were made
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:for ca :l'arger iCOii;l ,of .the ~same ::tlimens:ions ,cas ,;·the ~'rask :1'1 ~Tes.t .S~s.tem lcoii'l (25

:x .7.'5 ~cni.),,'These .·EincH ,meas.uremerit·s (confirmed the .resul.ts ~presen.ted :in

',Eigur-e I 4-,9~L

.:Df ,the fsho:ck :loaaii'I'!g ':on.the ::magne.ts loue.to l:sii~ple rbut.t :j'oint-s 'pro:v:esto

be ~e~cess,i:v:e, ~a cd,i'ffel".erit ~type (of Cjoin.t rmay "be :\requi.r.ed.. 'The rmaximum ~10ss (of

'l:if.t 'for :the ':three'ty,pes (of "j:o,ints ·~tes.ted "are ~shown :'in JTaol.e ':4...,46.. ;A ccon­

~siderab'le :iiI!!-pro;vemerit ~is Fseen if.or ·~the ',und'eI"l:ay :and 'lap "j:o'iri·t-s" :but:these

j.ointcs lhav.e ~the~dis'ad:v:arit'~geto'f :being !more lcos.61y .'and "oiiff'fictil.t '.to ccons.truc.t.

Det-ai'l!s ,of "the ~f.or.ce1-Prdfi'le .ifor :a "lap ~j:o;int [are ~shown .:'in ~-Eigure /4";9,;1.
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REEEREN<i:E

MEiXSllJREMENJi- E-XPEC.:nEIJl L.lF.Tn::OHC'E
I2iFcX

ERE11llJ.ENCYi SREED) R'ATl.IO,
FIL I'• I,

(K'H1Z.) RANGE.- FL;AT 3~kHZ Fll.3~ kH-Z: (<t. Eb3;kHl'Z
~ .

013: liow~Med; 0;77 m8: m22'

1:.01 Med~Hig!l; 0199 m89! 0:06'

3~01 \YEm/~'H1igh. 1: OJ96: 0!04,

r,a-tiers; ar,e:: gr,eat·erl- a·t:' low" speed'" thus:, the2 rO)iN speed~ ar,eas;; of.. the~ g~±dewayr may'"

r,eq:pIr,e: s'p'e'cr'aj). j-pfnts, or~ perhaps:, a;. continuous, g~ideway)'of~ ni'g!le·rc s'tr,ength,

a-[uminumr~.

As. mentioned~ aoov.eo, t·ne: ef'f;ec,t:. of" tne~ loads, rnus;t: lie:: fncludedi in, the.

desigm andj testing~ of~ tne~ magnet'~module.. Oper,a;t·fom over! lIiOm.. ty!peO segmentedi

a:IuminuTIn g.uideway.s1 wi-IL suo'ifect: the" magpet_ to~ the'_ sho,ck-=-ld:ke: roads; on', a'i con­

tinuous3 lias'i's" the-r:e,-£,or.e: the. f'.a·ti:gue". res-rstance". of' the· magpet~ s,tr,uc,tur:e:: mus:e.

he:: very;, nrgh.. Each1 mag.net: wilL expe-r,fence". 9.1 pulise'sIs.econci': at_. 13L{ mIlS: f.or·

LS:,,2! m, (:5:0: £[t:)': gpops:., The~ Iar,ge: tot'al~ numher,- ofe puIises3 f,or,:- ac, ty,pi'cal: r,o.ute'. is·

r:eadi'l~/ appar:en t ..

(T)) Iht'mduct'±'om. The: r,esuI[ts; ofE gp±dewaYf s;t.udi"es, f,or,~ a"iirL-cusni,on:.

v,eni:ci"e's; have: shown', t.n'alt·: cdntihuo:usi-\Y.7-r,eihflor,cedt concre,te~ gavement's; (Isucn:. as

used~. f,or.~ ni-:ghwaY.;s:; and-'i a-±·1:'tRor,t':: r,unwaY.;s") cam oe~ cons.tr,uct'ed-! wt'trha;, surf!ace:

suffl'ci'entT;y:v' smoo:t1n1 fiere t'1i.e·~ MA'GI:JE~J,J apJ!.i~i'catrom, The:: g}Ji"deway.:T rlougnness3 fiOr:

the~ Repul1s4:'om MA:GlJEW conceRt: i's3 es:tao-I,i"sHedi 'ely; tne". r,ougli.ness3 ofE tne~ und'erTy:ihg~.

s.ugpor,tihg~ r,o.adb:edi ass·umihg~ t'1i.a;tilt,1i.e:; aoI:uminuID1 e~'ements3 conf,enDl!1. t·o~ the". r,oadlied:



irregularities. Therefore, a smooth concrete roadbed is highly desirable (and

desirable even if ,the aluminum does not exactly conform to the concrete). An

alternate approac~ is to have a rougher roadbed and provide for post-installation

adjustments of the' aluminum relative to the roadbed to achieve the desired

smoothness. Design provisions and procedures for adjusting an "L"-shaped ele­

ment will be complicated and costly; whereas, standard construction methods

for concrete pavements are well developed and relatively low cost. Therefore,

a highway-type continuously-reinforced concrete pavement has been selected as

the baseline roadbed.

(2) Baseline Design. Details of the baseline hat section guideway

supported by a continuously-reinforced concrete pavement are shown in Fig-

ure 4-92 .. Typical roadbed cut and fill cross sections based on standard

practices for slopes and drainage are illustrated in Figure 4-93. The thick­

ness of the concrete pavement shown in Figure 4-92 is based upon the vehicle

loads on the guideway. Vertical loads on the guideway due to levitation forces·

will be well distributed and not critical, and the possible dynamic interac­

tion between the vehicle and at-grade guideways have been shown to be low by

the analyses presented in Refs. 4-40 and 4-41. The controlling design loads

are those. produced by the landing wheels and the guidance forces. Transverse

bending of the pavement slab was assumed to produce the critical stresses.

Bending loads due to guidance forces are induced in the slab through the

median curb that supports the vertical aluminum guidance surfaces.

The required slab thickness has been computed to be only 15.2 em; however,

20.3 cm (8.0 in.) has been used since this is a standard thickness used in

highway construction. More than adequate fatigue life is predicted for the

20.3-cm-thick slab subjected to the transverse bending stresses. The lateral

guidance forces can be as high as 80,000 N (18,000 lb) at both the forward

and aft magnets, add these forces are supported by a simple reinforced­

concrete i'curb." Detailed studies may show a less massive and costly support.

for the l~vitation element may be possible, but the conservative approach has

been used for the baseline design.
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(3) Guideway ~Ro.ughness Character:i:za.fion. r,The .ach"i.'e:vement .ofan

accep.t-abTe .r:i:'de cquaTi.ty "for 'a ·cp·ar.ti·cular '.susp-ension :sys.tem :requi.r-es,that.con­

s.truction techniques "and ,specifica.tionsibe :iden.tiftea rwh":kch ~wirl.produce :a

guideway 'that .l'ies 1with"in <an 'aIlowab'1=e ~surf'ace _irr.f~gU:·lari.ty ·:toilerance.. The

verttcal :de:vrations :forat~.gI'adetguideway.s (can ,be "assumed. tto r.be ~random rand

.to ,be 'characterizeo lby ·the (power cspectI'al ·densi.ty,¢ Cf?L ~of ·,~the ~guidewa:y

e1e:vafion ,where ~n :is,the ~reouc'ea ifrequency ~,re:lated ·.to ·,the o,wa:v:e}engths lof the

surface ~de:v'tations 'hy ,n ;= • 2 i'IT/A.. , 'whe:r-e ;-A :is ·.the'Vwa:v:elength. IEns;tgh,t: into the

roughness (of concrete.p:avemeItts ~was rOb.tained -"by :s.tuq,ying <the rme'asut:ed :rough­

ness lof 'h'ighways ;and ,air.por.t :runway.s,..Galcula,t:ions rof ~.the::pow.er 'S!pec.tral

densit;y "from rrneasur:ed .a-ata .(see !Ref.. ·.4-42 :for ~a ~summar,y)) :show rtha:.t "the lrOl.~gh­

ness ,data (can cappro·ximately !be ~repJ:'esen,t-ed~qy:

'whel:e iA "ana 10 :al:e ',cons.tant-s cob.t,ained ::qy ifi:',t.fing !measured ,dat:a. For Tth'is :s.tuqy"
'"6 r6

'a ~.gui:'deway 'roughness cobij;ect:ive wf .A == ·jL::5~·x :.r6-:· 'm~rad ('SIX JI0""" :h~r'adl)' ,ana

n ,= ;2 ;:hav:e tb:een fselcec.tea,. "Thes,e "values ccorres.pon'd ~to :the ::spec'i"f:kcat-:ion :tfor

.the iDOT ':UTACV (now 5P.TA01)) :gui'd:ewa,y :in }P.ueb'lo.•

:(4') .'Exis.t1ing 5Roughness IDat-a. "The :~fonow'in:g [ai1l:;:.por.n.r.unwB:Y ~roughness

,charac ter.±zafion :su.gges:tea 1:q"y moubOil'.t (Ref.. l4-"4.~3i) :pr.o:v'ilies fa ccoI!;lp:artson w't.fh

:the :roughness ::oq,i:le·c.t:±:v.e':

{for ll]new (Cons.tr.U'ct'iorl" '

I' lneeCJ.:s .:\I'~p·afr I'

:'Ear,ly :.:runway 1ro.\.!ghness (a·a.t'a (Refs.. 1.4-11+4 "ana ~4..!li:M iin'diica.t;'e ttha:.t :the zroughne·ss

'for rmo-s.t :bf ·;.tihe :iI'unw~ys "that vwet:,e rme'asurea ':~p'pr.o:aC±hea ':.the "lneeCJ.:s .:xe.pair" ,con­

,:a:i.t·i:'on" ;.-ana cori:lJy cone rme.t 'tt-he "!n'ew ccons.t:r.uc.tii:ori" .':cond':Lt:i:on. i:Howe:v.er.. , .lrough­

'ne'ss rme'asuremerit·s ~df fa lr-e,l'atiiwely mew lI'.unwa,y --rme-asurea tim J19Bl.rpr:i'or tto

':be',:ing Ip11acea jin fSer;vi:ce -- ~showea :tiha.t ii!.t was ~smoo.1!her ~than it-he' "!new (cons~t.r.U'c-=

't'ionII '~cona:it.t:ioncor tthe colid:ecti:v.e «(:see lRe''f.. 1.4-"L(6, 1RunwB:Y I'B')" nn :lfact.,.thiis

'newer 'r.unwa,y Twas JmeaSUI'ea j7 )y.ear-:s Jl:a:.ter Eand .founa ·~to "rha;v:e te~perltencea ,iJ::i.t:tl:e

change jin :ro.u.ghness..



Another comparison of interest is the roughness measurement of the TACRV

(now TLRV) guideway in Pueblo. Ref. 4-42 shows the TLRV guideway is consider­

ably smoother than the UTACV specification, thus it is smoother than required

for ~ffiqLEV. Roughness measurements have only considered vertical irregularities

with wavelengths! up to about 90 m (~300 ft). For 134 mls systems, wavelengths

to about 300 m (~1000 ft) will 'be important from a ride quality standpoint;

therefore, application of Equation 4-12 infers ,an extrapolation of existing

data to longer wavelengths. Using this extrapolation and the measured rough­

ness data for airport runways and the TLRV guideway, it has been determined

that the MAGLEV roughness objective (A = 1.50 x 10-6 m-rad, n = 2) is achiev­

able with a continuously-reinforced concrete pavement even though all such

existing pavements may not meet this objective.

(5) , Construction Tolerances. The required construction tolerances

have been established by determining the allowable variations in the guideway

profile. In general, the allowable mean square deviations for wavelengths

less than a given AI' can be calculated from

00

J <P (rI) dQ
rl

l
= 27T/A

l

4-13

If the roughness is represented by Equation 4-12, Equation 4-13 gives

a = (~)1/2! Al \ n;l
n-l . 27T I

Houbolt (Ref. 4-43) suggests the maximum deviation, a', is~ (J.

4-14

The allowable deviations in a distance L can be readily estimated for

any given value of A and n by letting Al = 2L in the relationship for a'.

Estimates of tolerances for existing construction methods have been made

using this equation.

A continuously-reinforced concrete guideway will normally be constructed

with a standard wire-guided slip-form machine used for highway or runway

construction. The expected surface irregularities for this type of construc­

tion can b~ derived from the following estimated tolerances.
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• Established grade (survey accuracy): +1.27 cm per 1610 m
(~0.5 in. per mile)

• Guidewire location relative to established grade: +0.4 cm
(~0.157 in.) (including sag between supports)

• Paving machine accuracy: +0.318 cm (~0.125 in.)
. +0 .. 159 cm (~0.063 in;), with heavy grinding

The total expected variation in the surface elevation can be assumed to be

equal to the square root of the sum of the squares of the tolerances given

above (se~ Ref. 4-47 for example).

The expected variations based on construction tolerances and the allow­

able variations derived from,the power spectral density objective are compared

in Figure 4-94. This figure shows that the,roughness objection can bernet for

deviations within lengths of,18 m (60 ft) or greater with heavy grinding, and

within lengths greater than 26 m (85 ft) without grinding. Deviations over

lengths less than the 18 m should not be important for this system.

(6) Highway and Airport Runway Surface Finish Specifications. Since

the study of the capability of standard slip-form construction methods indi­

cates that the roughness objective can.bemet, it is of interest to explore

possible explanations of the higher roughness levels measured for many exist­

ing highways and runways. First, the effects of roughness - especially that

due to long wavelength deviations - are much less important at speeds.consid­

erably'below 134 m/s. Therefore, little attempt is normally made to control

the long wavelength deviations. The control of roughness of new California

highway construction is based on the following specifications (see Ref. 4-48):

(1) "When a straightedge l2-feet long (3.66 m) is laid on the finished pave­

ment in a direction parallel to the centerline~ the surface shall not vary

more than 0.02 ft (0.61 cm) from the lower edge of the straightedge," and

(2} "Equipment that produces a finished surface having a 'Profile Index of

seven inches per mile or less for each profile as required hereinafter shall

be used." The Profile Index is determined using a California-type Profilo­

graph which measures the midchord offset for a 7.6 m (25 ft) chord length. A

probabilistic analysis of the profilograph reported by TRW (Ref. 4-42) demon­

strates that the specification of an index of 7.0 in./mile should lead to a
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smoo.tne·rc g~.d:'d'eway' than'~ tHeo o1:5"j'e'cti:.ve-: f;er~ sho.r,t: wave"l:eng,th, trre-g-y.ra-ri'ties'oo

Howeve·r'" a1 R-inemati'c'; r,e'sp'onse~ ana:rr.~sjcs, 1m the_ TRW repor,t: r,eve:aors; that· the:. pr,o­

f:rlog;-,ap.n, r,esponse'.: is, cons±de·ra:1:lT\Y.;7 attenuatedi. at: wave·l'eng.ths:: g:re·ater·:· t,han: 30) m.

(0VJ rom fet·)':., Eor: tne: Ii2-:-flee·t: W~.B:6) rn~: s:tIia±gpt'edg~, tes t:,. a".. 0;'02~ f:t~ (m.6~ cm7,~

var.i"atibn. f'r,omn. tneo rowecr,~ edge: co,rrespond's~ to) 0' =, 0'.,0r. ft. (1 ..2~ cm): in. Eig;-

ur,e~ 4':-9.'"4'., Ei~gure~ 4'-9.#:. pr,edt'c'ts;a;. li.ifgpway" r·oughness; somewhat: gr,eater than the,

A" == 1'.•5: X~ 1Q:7"6: m,,:-rad;i o1:5:1ective~ HE the'.: s:tra±ghtedg~; test: i:s~ used'l ass t·he~ cont'r:ol..

Ther,ef'o.r:e:,_ li.i'gpwa)T-7 specfficat:i'ons~ wiT'I. no:t:, necessar,i:ly' gj:ve:. the". req.y.ir,ed. smoo.th­

ne'ss:; ove·r" e·i~the·r: shor,t: di's,tances". (tV.. Ii2~ £:t.)\ or,:: rong-, dfs.tances:; wlier,e~ the:: pr,o.­

fiTog·.r;apli'. fs:: irisens:i.tiv,e:.·

The: FAJ:.:". (Re-fc.. 4:-4'9:)) sp:eciTfe's:; the:. f;ol'lowi:ng~ f,or aft,por"t': r,unway/ sur.flaces":

0:); "~er"tic'a:1L dev,i"a't'fom frloID'l es'ta1:5:lJi'slied' gr,ade~ shal'I\ no:t~ exceedi ±.Q:i.O:4'J. fl·oo.t~

(I2~ rom)) at: any':' paIne,,'" andi 0~ir' "Sur-fiace" smoo.thness:; devtati'ons, snal'E no.t exceed;

]"j/14~ inch.. (f{) mmr froml a. 16.:-froo:t. (?I· •.88) m) s:traigntedg.e3 placed". im anyj dirlec.t±on

ihd.ud'ing; R'Iracement: a::Iong~ andi sRann±hg:. any;, p:av,ement: Joi'nt~ orc' edg~:.,'" Compar.i­

sam of: tne, EN:A~ speci'f:rca·ti'on-. w±;tnl the: aI'l'owaoleo de:v;±a't'i'ons;, g·i:Ven~ in", Ei'gur,e~ 4-9.4

iridicatles, thae ev.en: r"unwa·~s; w,ilL no;t: ne'cessa·r.:i51y'; meet: the:. r,ougnness3 ooj~e'ct,i:v.e.

('7:')) T:iine~ Dependent-. EEflec.ts;~ A'. se'cond~ reason'~ that':. eX'Is:t',ihg! concrete

pav,ement: surfiB:ces3 mayeT no:t': mee:t- blne:. TMllW o-o~~ectbl.e': is~ tHa·t·~ overc long; per.ibd's3 of"

t:iine:: tlieo sur!fface~ smoobnneSS3 may,7 degrade, due:; tOJ d·i'f,f,er,entiaT. pavement: motion

caused-i. 1:5y-r fir,o'st":. nea-v.e~ or:- ea'r,thl se't;.tiement:. Ei"g·ure~ 4'.,..~,9j shows: that:: hol·dIng~ to

the:. r,ougl'ines:s:; ol:i:j'ecti:ve~ aol11"'ows, I:r'tt'Ie, deg'Iiadirti"om of': tne~ sur.frace:: wi:th: time"

Itn f'-ac,t·,. wi:rLtually;, nO) dff;fier,entia~r.. cliang~s:; ov,er: d"i'stances:; on~. theo orlder of~ 2:01 m

(tv .. 6'0) t:tJI cam be; acceRted'., Frled'ie,trom of;: time:-dependent_ effrects·; am guideway

r,ougpness, i"S3 s:tr,ong:ii:~;, s,·i,te:-dependemt: andi bey:ond~ the: s:cop'e'~ of" tli±s, s:tudY. How­

e:ve·r.,~ as, no:t'ed~ abov,e;,. the, mea:sur:ements. oE Runway.' B: i"nL Ref:'." 4'7-4'6. (.w.li.idi, is

srooo.t,her: tham tne" A:. =~ It,55 x" 10-:6: m,,:-racrl oo~~ect£v,e0~ pr,oved1 t,hat: t'fme'l had:~ I,t,ttle

efiffecb: am bne= r,o.ug·!1ness; f,or.: tnis~:p:arLt±:CUra:rcca'se:.o Theref,or,e:" p'ost'constr,uctio,n

d:Dfifier,entli~allea:r.thl movement:s; cam ap.par,entl;y/oe:: di's,r,ega,rded~ iTn some: ar.eas;, An

ad'~~us,tal:ii'e: g!J±'dewa:w d'es±'g-m tn-act: a:i'i11ows: p:e:r,i"od:i:'c: ma-int'en'ance~. w·iI1ll I±-k.eiYi be

r,eq,y.i-(r,edi t'O) compensate"- f,ere ear,bhlmo.ti'ons; bn a·re·a:S3 o:f~ poor~ so:i-iJ.l. s:taoiiIity,.



(8) Conclusions. A continuously-reinforced concrete pavement such

as used for highways and airport runways is a desirable and cost-effective

approach for the MAGLEV at-grade guideway. Since highway and runway construc­

tion specifications will not necessarily control the surface roughness to the

degree required for the MAGLEV vehicle (especially over distances greater than

30 m), construction. specifications must be derived which are consistent with

the allowable surface deviations. The development of an adjustable guideway

to meet a considerably lower roughness criterion (e.g., A %1.5 x 10-7 m-rad)

or for use where unstable soil conditions exist, will require design and con­

struction innovations. Much higher construction and maintenance costs are

likely for an adjustable guideway approach. On the other hand, very little

cost reduction will be realized by allowing a rougher guideway (for any con­

ceivable improvement in vehicle suspension system) than that achievable with

current highway and runway paving techniques. A higher allowable roughness

would, however, be desirable to allow for time-dependent degradation from the

as-constructed condition.

B. Elevated Guideways

(1) Introduction. A considerable portion of the TMLV guideway within

cities and densely populated intercity areas will be elevated to maximize

safety and to minimize conflict with existing transportation rights-of-way.

Although a smaller percentage of the guideway in rural areas will be elevated,

it is important even there to have innovative, low-cost elevated guideway

designs. The results of conceptual design analyses for the baseline hat­

shaped or wide inverted tee guideway are presented here.

A typical elevated guideway design is illustrated in Figure 4-95. Simply­

supported prestressed concrete box beam girders are supported by periodic pier

structures. Sliding joints at one end of each girder provide for differential

thermal expansion, and pinned joints at.the other end transmit longitudinal

loads from the girders to the piers. Two L-shaped aluminum levitation elements

are attached to the upper surface of each girder.

The elevated guideway must support the various vehicle and environmentally­

induced loads and also provide a smooth surface to support and guide the vehicle

without producing ~i unacceptable rid~.. Th~. primary excitation of a vehicle
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by' am e:'Deva-bedi g~ideway';r iiS--; per.iod-fc: im natur,e" andl. r,esurts, it,omf) tHe'; de-f,iecti'om

oft tne~ g,irder,s:: oe'tweem t'ne=: sUJ:mor,ting~ piers", Thec: eefif,ec,ts' o-f~ l'andbml g!Jidewa?lJ

i·r,reg}lrar,i:tres:; cam l:ie~ minimiized~b;y.~ bHe', adIus·tmenb:, of: bhee g-;i:r.de-r pos·:etions' om

tHe~ supp.or,tihK'; pfer,s; dur.ing~ ins:t'aTla't'i'on".. Exci'ba'tion:.. fr,eq.uencfes; f,or: a::. v,eHrc-l:e:

trave'1'ihg~ at: 113:4':. !ml/s; r,ang~'.. fil::om} 4'.//: Hz~ to) 8:;.,83 Hz~ f.or~- g~r,der spans, of': I5~.,2Z mr,,,,
(,SO' f±)'1 t,o' 30.~4', mr. (:IOO_~ Ee)\ r,esRectivel'y'~_ A'm ai'Iowao'Iec veHicle,: ver,U'caTl acce1>-,

e'riatiom oE m,os;· g!; rms; has3 beem assumed', flor·: bne~ !{.k:, Hzc to) 8;,83 Hz-; rang~'" and~ t,ne

elevabed', gufdeway/ g;rr,der,s; nav,e:, Deem des·±g,PedJ. such~ tiha,e' the~ Rr:ed1:ctedi s:ta·ti~c

and:;' d~nam±c~ deef,-Iect'Ions; wiTl:'ll~imi,t: tHeo v,elii;c~le= verLticai. r:esponse~ tm Dliiis:: value:.,

Span, l;eng:ths: oE IS; to) 3m meter,s: nave'. beem cons-i:dered. Simfl'ar des,i'g'ps;

coul"di be': used~ f,or: somewhait: rrong~r spans'H DU t: the: ne:g9_ti:at.tonT ofe r,ive-r,s; orc'

o.tner: natura:L barrie-rs, usuaorry:7 req.:uir,es? veq~1 long:: sp:ans:: (greate-r: tn'am {/55 me:ter,s,)

oE unfq::ue: d'es::i:ig'p'., The::. s:tud)y of: long~ spans; i's;; oeyond-J. t·heo scope;: ofE tnIs; eff,or,t:.,

Slmpi'y'/-suppor,tedi g}lIdeway: sRans;; li'ave: Deem assumed:.. for: ~ni's3 aU'a=I~s-i's",

S:tatrc: s:ti.ff.ness;:and'1. s'tr:engt,h) cons-i:'de·raotions; sugg~s:t: that: conti'nuouso' oeamsJ

(be-ams, al'lowing~ 1:5ending~ moment~ trans.f'er.: fivom1 span~to;-span~) wourd~ De~ mO.r:e~ eefif!i-­

cient: t·hani simp:ly;-suRPor,ted'; beams. Hbweve·r:,o t'ne~ dynamic', resp.ons:e"- cha·rac~tier,iis:-

, ti'csc; of; continuous~beams~ cam be' much,. more: severe~ tna-n" tnose:; of: simp1'~-suppor,ted

beams~" and," in'. fact,- can' be~ g):'.e'at' enough:, t'O) o:ve·r,shadbw,' the~ g~l-iU', im s:t'ao~ic; s:tf'ff­

nessoland. s:treng,tl:L Also." fabrication cos,t'S" Ear.: a·. continuous.,..oe'am-, el'ev.a:ted·

guidewaY' will. Ii~ely; be~ liiCgher.' than: flOre" the~ s-imp':I~-sup'por"ted: case". Therle.f,or,e',

no .. cl'ea:r~' advantage- cam be:_ discer,ned':. f(or cont'i'nuous~beams:- that'.: outwei'gh', tohe

added.l ana'ly;srsi comp-rexit~· that: is' r:eq:!-,d:'rled~.

(Z) BrevIo.us,. S:tudies. ManT amdYltrcaT~and'! des-i'gn~ s'tudfes3 ofE el'evat.ed,

guidewa~,sJhave~ beem per.formed" and1, rep.or..ted':. in: tne~ Li,ter,aot;ure:" pr,imar.i·TYl flare

a:ir~cusn:i:'on' v,eli±cTes·- (Ref's:._ 4':-50" thrlough', 4:-6·Q~};., S:ihce' the: r,e:qu±:rement's3 f,or, a"

r,eRulls-iom MA:GBEV.I e1'e:vab.ed'l gpi:'dewayr d'es-i'gn:. ar.e'! qui-:te:: similar to; tho'se; fore- a,ir~'

cuslii'om veli±d:es:;'-' bhe~ v;ehi'c're~ pa·r,ameter,s3 being,:,; t'neo pr,imacry7 d'i:f;'fiE!·r.ence~-- a1

s:tudy/ o:f;: the~ ci'ted-;' r,efle,r,ences3 was; made: im or.de,r' to) utilrize~ aplrll±ocao-r:e~ex·i:is:t:ihg:

analy)ti::calc apP.lioacnes; andi r,esurts~., Many.,' ofE tlie~ exi's:tin~ s:t;udli:es3 a·re~ p.ure"l~l

ana:[yyti:'c-a'lL d:eve"lopments; l'eadlhg~ t'Q) computer,i-ized-t numer.i'cali. soiuti'ons3 o'ff the"

r:esul!ting~eq:uat.ions3 o:fr:: mo.trom (Re£is;., 4:-5.0., tnr,oug!il !l::-o2?))., Se:v:era;llo:f[ tine'! ea·ril~Y:7

s,tudl'eso (oRe.fis,oo 4":-:53:" 4":-5#,~ and) 4":-5S~) cons-ider,ed'! g.}lidewaYi desi::g'pS> based~ up'om
~)



's.tatic :deflection .and .loading 'crLteria. In :some '.cases, viable ,designs ,were

evoLved ':basea, upon the :requiremert.ts .es.tabTi'shed ·,by.the .anal;y.s is,. .A "limi.ted

"amount :0"£ ,oa.tea ~exis.t that f.analy.ti:cally -demons.tra.te ~pr.edi·cted :ride 'qua1·i.ty 'over

:actual ~guidewaycdesigns JRefs.•.4~5.0,4~5I" :andA-52:). Bo.th .Refs,. 4"7'50 [and

'4-'6,1 cshow ·'.that :con.tinuous :spans -.give ,a :de;gr.aded :.ride qual'ity coU)p'ared .to i--a

"simpJ;y-suppDr:tea .:span 0"£ ·:the "same ~cross .section.

:{a') yer.ti'ca1 .:S.t:Hfness ,:Requirements .andVeh"icle ,Dynamic .Load·ing.
'I"

::S.tr.uctura1 ·::reguir.emen.ts ':have:.been (der.ived:to ,allow ~.the ,guideway ,subcontractor

'reardan CCO,.').to 'develqp iguideway ";~p'an (designs.. .A tpred:i'ct'ion of 7worst-:.case

:dynamirc :re~ponse ,has ~been imade ·to ca;110w ;:apreliminary :bend·ing :sti'ffness :.require­

"mert.t~to::bef.e·s:t:abTished" :based .~ponthe:.desired.:v:eh"rcl.e ,ride I qua'l'i,tiY. "The

·wor:s.t-:.case ibenddmg :moment :;is ,also \.comput.ed oSO .that .the .s.tructul"a1 .cap·ab·iTity

(can !:be ~prea.l±cted,. A lqynami:c ",ami1;y.sts [(if ·the :'resulr.ting ::sp'an ldesigns:'has ,demon­

:=s.tl".ated 'J~he cconser;v:atd,sm:of 'these ~p.red·ic.fions,.

JIn'i.t;:i;ali],'YH.the :,res,ults rdfithe .veh'ic'le/gu'ideway ,:aynaIIirc :interaction ,s.tud­

5i:es i-performe'd 'cq,y ~Ch'iu" ~Snii.th, ~ana ~Morni1eY'at\MIT :(Ref.s,. l4-!:'59 :=ana i4-{6'0)) ':wel":e

~consii1ier:e'd ffar "l'!:!!p'liic'ati'on ~to ~.1ihe ~present Esystem. ~Th'i:s ranaJ;yfica1 ,mode'l

ccons:±Cst·s ceff <a :::s:ingl'e-:.degr.ee-::oJ,-{f,.reeaom weht"c'le (col!p'led '.to ,:a c:s:i~p'J;.y-:suppor:ted

Ee!le;v:atea ~gu;iClewC!y :sp'an "d~y :a :paI'cil!le1 -lijmear:~pr:in:gfana ·,vi'scous cd'aIl}per,. ~Eor

·~the wlHii:Cile Ee,xd;.t·atiion jfreguenc:i:e's (eff j±rtt:erest C0>!\,:3 ~Hz ffor;~pans Jless tthan

l4:5 r-me.ter:s1);o :the 1:basel:ine I:M:A:GThEV ccorttrcH ~~y:s.temnn:±riim':tzestthe r-ef,:'fec,t:s ceff ~r:el:a­

Ltii:v:e cQ:8.Il!piillg 'tb.ut mO.t tthe ,effectcs ceff ::B:bso1lute cClaIl}p'ing,. ·jThe.l":efore" '.the l'MI.T

cam~~ys~±Cs --1jw:i1th cori!l\y u,:e'l'atii;v:e ca-&!lp'in:g --,wf)111 ~pro.auce {o;v:er,l;~ (c:onseIwatii;v:e

:r.es.uJ!.t:s ffor tthe lbase'liine ss,y:s,t-em cana 1h::ligher $uioewC!y (Costcs~thanrnecessat;y.

$ince ll::e:v:±Csi±on (eff tthe,i'MI'T canallysi±s 'lto -,ref,];e'ct uihe 'rba'senne ::su~pensii:on

cchaI'actrer;i!:s.t1±:cs ,was lb~y.ona tthe Escqp:e (eff :the ES:tuqys, [a ~s;i~pler"tbutcaile,guat-e

[~P.PI'o'a-ch Ihas 'the'en cd:eM:i:sea. lAs mO:treO tim ~Re"L l4-{6-3 ianO ~e',lsewher-e, cori]"y "a ,we'cik

CCOlUYliillg ~e·xi:s:ts 1:be.twe'en tfhe weh'iCile cana ~guiaew~y :lin tthe (c'ase ',where !a1110wa151e

w:eh1±~le £8'cc'elel"at'ions car.e fSmam «« CO.~05 ~~),. }R:fde (qul:iI'i',tiY ~reg,uir:emert,tcs JHni:il.t

ca'1ll:owaD1l:ew:e1i±:c']:e caccelel"a.tiions lto "about co..c05 ~g Irms,; tthel":efor:e" tthe ffoI':ce cd!

tthe -"veh:±C':le con tthe ;gui:a-ew~y ccan~be cass.ume'd tto ~:be "a (cons.tant '4lf5 ~kN (!rooJooo mOl)
ttra:v:eI'siin,g tthe ~!:!.p'an c:at "a ccons,tartt E~.pe·ea (Eno.te tthe ffiim3J1 tb'asel1ine weni:C'l'e

,<wei:ii'gh.t its con];,y :J'66,.:5'~kNI) • "The lresli1.t'in,·g cd,yn'amirc r~p·an coefi.l::ec,t;ion (Can tbe ,--usea

"as .;:an iiI1:put .tto !the 'vv:ehi.iC:le lIDO.fion "ana1:ys:is' tto cde.term:l:ne ;,r:±ae cfluali':i!.tiY..

·4~.z27



The single-degree-of-freedom heave-motion model illustrated in Figure 4-96

has been used to estimate the allowable dynamic deflection of the span in terms

of the allowable vehicle acceleration. The assumption of a deflected shape of

the guideway allows the maximum guideway deflection to be caiculated from the

vehicle equation of motion. Typical results are also shown in Figure 4-96. An

allowable peak vehicle acceleration of only 0.02 g has been used to compensate

for unconservative features of the simple analytical model. The resulting

allowab]e dynamic deflection has been used to determine the required span bend­

ing stiffness, assuming the front and rear magnets give two constant-pressure

loads traversing the span at a constant speed. Wilson (Ref. 4-6J)has developed

a computer program to solve the moving pressure problem and has shown typical

results of dynamic response calculations. One case is given in Figure 4-97,

where the maximum!dynamic-response-induced deflection and bending moment are

given in terms of the non-dimensional vehicle speed, Dl/Pl. The required bend­

ing stiffness and maximum bending moment responses have been estimated from

the results of Wilson and the allowable dynamic deflection given in Figure 4-96.

Figure 4-97 also outlines the procedure for the above analysis and tabulates

the results.

(4) Guideway Loading. The analysis of elevated guideways must include

the bending moments induced by the vehicle as.well as other types of vehicle

loads. A list of the applicable load factors is given in Table 4-48. The

loads are divided into three groups: (1) normal operating; (2) special con­

ditions, and (3) emergency conditions. In the majority of cases, the "normal

operating" loads will e·xist as the vehicle traverses the elevated guideway at

134 m/s. The "special conditions" loading shown in Table 4-48 will exist

infrequently on the major portion of the guideway, but frequently near switches

and terminals. Special designs may be necessary for these low-speed areas.

Emergency landing loads should occur only at rare intervals. The guideway

should be designed to a higher allowable stress for the less frequent loading

conditions, consistent with good civil engineering practice. Realistic com­

bined loading cases are also tabulated in Table 4-48.

Longitudinal 'loads on the guideway will be imparted by magnetic drag,

braking forces, and some types of propulsive systems. (A fan-powered or air

propulsion vehicle will not impart propulsive forces to the guideway.) The

4-228
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,G~UJDIWAY lOAD JAClORS
H}RA'445;~N ~(rOO,oo.o ,LB)VrEl1JCLE

'DIRECTION

,d,';OADINGCCONDITION ,tONGIl:UDINAL'(X) LAT:ERAL~(YI VERTI.CAL (ZI

'(1) ~NetrProp~lsive/Drag-Forces ,.{);022' IFan,Power)( 1) 0 0

.u~~~Cl;
2at;134~m/s ('300'mph) +O:05~'c'I:IMiPowed(2)

'XID ,VehicletDynamic'.Loads
1

-+"0;05 'l.lto ,2;15(3)<l:~--Z. 0
~"I--_: (Acting ,16:22ma:"el::0~
O;a:;el:' Aft:cif'Veh,;Nose)
Z"w.O

O~_..1 ,@'High:SpeeCI,Banked Curve 0 +.0:348 0
(Acting 116:22m
Aft'ofIVeh'Nose)

@ 'Net ·Propulsive/Drag ·Forces -+0;018 ('Fan'Powed(2) 0 0
at:30-m/s (67, mph) +0;0027 (1:IMLPower)(2)

III
® :Operational.-Acceleration/Z· ±.0:15 (UM Power' Only) 0 0<t2 j Deceleration ,Loads

-'I-
U~_ ®.!Wheels'Down .Landing 0 0- Assume ,1.5W:o
3;.,z

'0 (i) ;26;8'm/s (60'mph) 0 ±.0:18(4) 0
U Crosswind (3) (Aeting.,8,2m

(load'onLVehicle) Aft of. Veh 'Nose)

Emergency'Landing. '{).4,Max 0 Assume-2.0
Wheels: Down (Wheel Brakes)

NormalLOperating
Conditions

On:Straight. Guideway +0:022 (FanPowed ±.0:05 1.1 to,2:75('3)
(1)+ @ +0.054 (LIM'Power) (Acting ,16:22m

Ill, Aft:of,Veh,Nose)
Z"lf.l '0:
Cl_O : el: On'.Curved .Guideway +0.022' (Fan Powed ±,0:398 1:1 to.2.15(3)iii eel: : 0:

(!)+@+ @ +0:054 (LIM Power) (Acting 16:22m.w'.O· ..I,

0..1· 0: Aft ofNehNose)
.WJ
Z,

l:lIl Speciali.Conditions:
~,

:0: On,Straight, Guideway .{);0190 (FanPowed ±,0:23 1.1 to:2:75(3).u;
@.+(.@+.~ i+CV 0:204' (LIM'Powed (Acting,9:94m
CD + @ + @.+ CV Aft· of.Veh,INose)

On' Curved .Guideway .{).0790 (Fan Powed ±,0:518 1.1 to ,2.15(,3)
~ +,@ +.@ ..+(i)+.@ 0:204 (LIM'Power) (Acting :13.7m
1 + @ +. ®. + (1)+. @ Aft·of.Veh'Nose)

NOTES:

. (1) Netrforce,transmitted .tolguideway'toJsustain :vehicle:at:l34'm/s' (300,mph). InchidesI23.9:kN: (5367dbl:otaerodynamic drag
and·.9:7.9:kNI (2200 Ilb):of:magnetic drag.

(2) Net.force:trensmitted to,guideway·to.sustain,vehicle at:30·m/s. (67 mph). Includes 1;2 ,kN' (27.0 'Ib):of aerodynamic.dreg,·and
35.0kN: (7869 !Ib):of magnetic drag.

(3)Vert ical'.g uideway. ,Ioads'are"affected :by 'the. dyna mic'interactions.between.the gu ideway,'and"high 'Speed',vehicle .. A ,load rfactor
of 1:lis·'adequate: for. atllrade: guideways. ·For, elevatedgu ideways..design'bend ing, 'mo ments' have, been· conservatively -pred icted

.and<are'presented"in :previous:figure.

(4) Load 'on ivehicle:due-to.26;8..m/s (60 mph):crosswind., Additionalwin'dJoad directly on the guideway ·must:be. considered for
guideway-structural':analysis..The.guideway ·,must· also .be designed .to 'withstand :a44.7 m/s (1 OO'mph)' crosswind 'without. the
vehicle.



higher longitudinal loads listed in the table for "special conditions" are due

to increased magnetic drag at low speed and acceleration/decelerati.on forces.

It has been assumed that a maximum longitudinal deceleration force of 0.4 g

could be exerted ,on the guideway by wheel braking in an emer&ency landing.

This is conservative since most, if not all, of the emergency braking is planned

to be done with aerodynamic panels and an emergency parachute.

Vehicle guidance forces and crosswinds will produce the primary lateral

loads on the guideway. In addition, loads due to the centrifugal acceleration

of the vehicle must be accounted for on high-speed banked curves, and a maxi­

mum lateral acceleration of 0.05 g has been used. Crosswinds during vehicle

operation were assumed not to exceed 26.8 mls (60 mph). Support of the wind

loads on the elevated guideway and support of the earthquake loads have been

analyzed based on the standards of the American Association of State Highway

Officials.

The vertical loads produced by wheels-down landings must also be consid­

ered. A landing gear design has been assumed that will limit vertical accel­

erations to 1.5 g during normal deceleration and landing, and 2.0 g during

a high-speed emergency landing.

(5) Preliminary Span Designs. Prestressed concrete girder cross

sections have been designed by the Cardan Co., for three span lengths based

on the preliminary span requirements given in Figure 4-97. Two span designs

- a twin-T configuration and a box beam - have been identified as the leading

contenders. Thetwin-T beam is somewhat more economical, but has the disad­

vantages of being more susceptible to creep and having more camber due to the

prestress and oth,er manufacturing processes. Further discussion of these two

designs is given below.

The first st,ep in the analysis was to develop preliminary girder designs.

The midspan dynamic response of the preliminary designs was evaluated using

the computer code developed by Wilson (Ref. 4-61). According to Wilson, the

midspan'response ~s a good approximation of the maximum response along the

span. The calculated midspan response for the complete speed range is plotted

in Figures 4-98 and 4-99. In all cases, the results show that the calculated

response is less than the predicted allowable response defined by Figures 4-96

and 4-97. Figure~ 4-98 and 4-99 also show that dynamic effects for the speed
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r,ange'~ of interest- will. be: greates:t: for the: shorter' spans. Such, a: result. appears

t-OJ be'. due to' bhe. f,act tha:t· the' superposition' effects' of the. front. and rear

levita·tion. forces are. larger' for' short spans. The·, s'ame' effect canl be: seen. in

Figure 4-97' where Wilson's calculations give almost equal dynamic.bendingrmoments

f,or 15 ..2 m. and 22'.9 m!, spans, even tho.ugh .. static: calculations; wouId, show' a, large

dfff,erence.

Wilson! Si dynamic: response- computer' progranr was' modif.ied to, automate the

calcula tion and plo.t ting of gir,der def.lec tions: below the. levit,a tion· coils, as

the' vehicle traverses the: span. Predicted deflections for' the preliminary

design of the 22.8 m (75 it) twin-T girder are. shown. in. Eigure' 4-1001 and 4-101

for'the front and. rear levitation coils, respectively. The' predicted deflec­

tions have somewhat.dffferentshapes bhan'originallyassumed (Figure· 4-96), but

the amplitudes, are considerably lower than the. initial. predicted allowable.

The: results shown. in, Eigures i 4-100., and, 4-101 were used in. Sec:tion' 4.3 ..2·D to

evalua:te the veHicle, response to: periodic guideways.

(6) Einal. Elevated Span', Designs. The. final strucbural design, of the

girders' included the analysis o.f the: effects, of the' venic·le. loads; given, by

Table 4-4'8· and the consideration,. of other envir,onmental eff'ect·s. The. resulting

gir.der designs are: pres.ented_ in, Table" 4-49. These~ designs. should~ be· conserva­

tive,: based on the: preliminary,· dynamic. response'. calculations. Det-ails, of the

22.,8; m (75 it) pr,estressed', concrete] girder,s. are. illustrated, in. Ei'gures, 4-102

and',4-I03 for' the twin~T and~ box: desi'gns, respectively. A, compos.ite: steell

concr,ete: girder- was> also designed to, hav:e. al cost. compar.isom with the: pre­

stres'sed concrete: girders. Tnis girder- is' shown. in. E±gure' 4-104.

Appropriate pier and' f,ooting subs.tr:uctures' were desi-gned. to, suppor,t bhe'

elevated' guideway. A typical. design. is g·iv:en. in. Eigure- 4~I05. Alter,nate

pier,s; hav.e1 pinned. gir,der at.tachments, to s.upport. longitudinaL guideway loads,

The· remaining' piers (shown. in. Eigure· 4~105, by' the~ dashed'. lines) have, a

smaller, rectangular c'ross sectiom and, a sLid.ing, gtr,de-r- attachment. THis; aU,ows

f,or'thermal expansionl hut· provides, no; suppor.t. for long~tudinal.loads. Two

footing' d.esigns, spread and- pile, have. been. inv.estigated· to, determine the

effect. of. soil conditions, on,. constr,uction, cost. The: pile. f,ooting' will, of

course, be. required: in, areas' of' poor' soil conditions.
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(7) Girder Deflections and Ride Quality (Final Designs). The evalua­

tion of the vehicle ride quality of different girder designs requires the con­

sideration of static deflections and camber developed in the prestressed beams

as well as the dynamic deflection. Table 4-50 lists the expected midspan

deflections for the 22.8 m (75 ft) girders given in Table 4-49. Downward

(negative) deflections result from the dead and dynamic loads; whereas, upward

(positive) deflections are produced by the prestressing loads, creep deforma­

tions, and thermal distoration. The thermal distortion prediction of Table 4-50

is based on the assumption that the top surface of the girder is 150 C hotter

than the lower surface. The dynamic deflections for the final 22.8 m girder

design have been determined in the same manner as for the preliminary designs

discussed in the previous paragraph. Figures 4-106 and 4-107 give the complete

deflection histories for the final 22.8 m twin-T design.

Some compensation for girder deflection can be achieved by constructing

the concrete girders with a built-in camber. However, due to analytical limita­

tions in predicting precamber requirements, construction tolerances, and mate­

rial property variations, the desired postconstruction camber can only be

expected to be obtained within some tolerance. As a guideline, the Prestressed

Concrete Manufacturers Association (PCMAC) has suggested the maximum deviation

from the installed mean camber objective should be assumed to be ±0.3l8 cm per

3.05 m of span length (±0.125 in. per 10 ft). This tolerance is believed to be

conservative because less uncertainty should exist after several girders of a

particular design are designed, built and measured.

An example of the expected midspan deflection for the 22.8 m twin-T girder

with a built-in precamber of -1.9 cm (downward) is given in Table 4-51. The

range of possible girder deflections below the front levitation magnet of the

vehicle is shown in Figure 4-108. The results of this figure include all the
I

static and dynamic sources in Table 4-50 for the 22.8 m twin-T design. A pre-

liminary vehicle ride quality calculation assuming only dynamic deflections

resulted in the estimation of the maximum vertical acceleration of a vehicle

of 0.055 g, very close to the objective of 0.05 g. This is based on the 22.8 m

twin-T girder and the total predicted deflections in Figure 4-108.
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TABLE 4-51. TOTAL MIDSPAN DEFLECTIONS FOR 23 M (75 FT) lWIN-T
GIRDER WITH 0 RD INARY PRESTRESS

(-1.9 CM BUILT-IN PRECAMBER)
LOADING CONDITION RANGE OF

MIDSPAN
AGE OF STATIC STATIC AND STATIC, DYNAMIC DEFLECTION
BEAM ONLY DYNAMIC(1) AND THERMAL(2) (cm)

Short Term X -3.1 to 1.9(3)

(-28 Days X -3.7 to 1.3

after Fab) X -3.0 to 2.0

X -1.5 to 3.5

Long Term X -2.1 to 2.9

X -1.4t03.6

(1)Dynamic loads for a vehicle speed of 134 m/s.
(2)Thermal loads based on a top surface 150C hotter than lower surface.

(3) For this condition, the range of deflection is derived as follows: The nominal deflection of -0.6 cm is
obtained by summing the dead load, the built-in camber, the prestress camber, and the short-term
creep. The tolerance of ::2.5 cm is the recommended PCMAC maximum deviation.

It is desirable from a ride quality standpoint to reduce the girder rough­

ness to a minimum, and the following alternatives exist for improving the

guideway roughness:

• The girders can be prestressed more uniformly than normal to
virtually eliminate the uncertain prestress camber and creep
deformations (Ref. 4-53). Uniform prestress requires greater
prestressing loads and could be implemented more efficiently
for the box girder design rather than the more economical twin-T
girder.

• Combine prestress with post-tension. Prestress to about 75%
of the required load, and post-tension at installation so that
the final camber adjustment can be made after some of the creep
deformations have taken place.

• Add a concrete topping to the girders after installation and
after much of the creep deformations have taken place.
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a Provide for post-installation adjustments of the aluminum
levitation/guidance elements relative to the concrete girders.

o Install the aluminum levitation/guidance elements on aged girders;
shim the aluminum relative to the girders to provide a smooth
surface; and pressure grout any resulting voids between the
aluminum and concrete.

The first option appears to be the most practical, and estimates have been made

to show the cost increases involved with uniform prestress.·· The baseline

design that was selected is the box beam with uniform prestress.

(8) Comparison With Other Work. A comparison has been made between

the MAGLEV girder design and those derived for tracked air-cushion vehicles.

This comparison is summarized in Table 4-52. The early Aerog1ide study listed

at the top of the table did not consider vehicle dynamics, and the spans were

designed to highway standards. This resulted in a relatively lightweight,

flexible span. Tracked Hovercraft Ltd., and Grumman derived heavier and less

flexible span designs .when the dynamic interaction of the high-speed vehicle

and the guideway was considered .. The MAGLEV vehicle has a low vehicle natural

frequency in heave (0.6 Hz) and a minimum relative damping which results in a

girder design which is relatively· flexible compared to the Grumman TACRV

(now TLRV) design and the TRW/ABAM des~gn for the TACV.

A further point of interest is shown in the last column of Table 4-52 for

the TRW/ABAM elevated span designs for the UTACV (now.PTACV). Vehicle response

calculations were made for identical girder designs assuming simply-supported

spans in one case and continuous spans in anoth~r case. The ride quality for

a vehicle with a suspension heave- frequency of 2.0 Hz was shown to be degraded

by using a continuous beam design. A small improvement in the ride quality

for a continuous beam design was predicted for a vehicle with a softened sus­

pension (1.0 Hz). The conclusion is that a continuous beam system is not

a priori a better solution to the elevated guideway problem even though TRW

showed a cost advantage (based upon the static deflection considerations in

Reference 4~55). Since continuous-beam elevated guideways have other potential

advantages such as the elimination of gaps at each support pier, a careful

study of continuous beam systems, including the evaluation of dynamic effects,

fabrication methods, and overall construction economics, is recommended for

future work.
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4.5.3 Switching

The requirements and conditions that .have been used in evaluating poten­

tial switching concepts are summarized below:

• The switch must be passive and failsafe, i.e., there should be no
moving parts associated with the guideway.

• The through-traffic should be able to pass the switch at normal
cruising velocity (134 mls in lightly-populated areas).

• The switch should be simple.

• High-speed switching ~ 45 mls or 100 mph) is impractical due to
the turn radii required and other design considerations such as
problems of moving the magnets relative to the vehicle.

The latter restraint has resulted in the selection of a nominal switching speed

of 30 mls (67 mph). Since this is approximately the lift-off speed, wheels can

be employed; therefore the decision has been made to use the loading wheels as

the onboard switching mechanism. A discussion of the design of the landingl

switching wheels is given in Section 4.2.7B.

The baseline switching system meets all of the requirements, and is simply

two inclined ramps outboard of the normal guideway. The wheels onboard the

vehicle are extended out and down until they contact these inclined ramps thus

moving the vehicle up on the elevated switch. Figure 4-109 is an artist's

conception of the switch in a greatly foreshortened view. The ramps have a

gradual grade change so that the vehicles can make the transition to and from

the main guideway without exceeding the ride quality requirements. Once back

on the main guideway the vehicle will be at, or quickly reach, the lift-off

speed, and the wheels will be retracted back into the vehicle.

The baseline switch has no moving parts, and should have maximum safety

since there is no loss of guidance for through-traffic. Failure to extend

the wheels simply means the vehicle safely passes the switch on the through­

guideway with full guidance forces. Another possible failure mode is inad­

vertent extension of the wheels of a high-speed through-vehicle just before

the switch is reached, but this is analogous to an airplane lowering its land­

ing wheels prematurely; i.e., the chances should be very remote that this

will occur. A dynamic pressure-actuated linkage will be provided to prevent

this.
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The baseline switch is ideal for a vehicle propelled by a turbine-driven

ducted fan since the switch will not affect its operation. The use of an

electric motor-driven fan propulsion is complicated by the problem of switch­

ing the power pick-up. This will probably require two pick-ups, one on each

side of the vehicle; one (say, the left) will be used for normal travel

including through-traffic. The auxiliary or right-side pick~up will be

extended and used upon entrance to the switch as the left one is disconnected.

The reverse procedure will be used upon transition from the switching ramp to

the main guideway.

The baseline overhead-type of switch may not be acceptable for S1IM, 1SM,

and paddle wheel driven vehicles because they will suffer a loss of power

during switching as the vehicles move up and away from the guideway. This

could be overcome by providing a secondary low-speed drive system through

the wheels via rotary electric motors, but it may prove to be more desirable

to use an at-grade switch for these types of propulsion systems. A concep­

tual design for an at-grade guideway is shown in Figure 4-110. This alter­

nate approach uses a guide trail type of design similar to that used on

several existing people-movers. All vehicles approaching the switch extend

one of two onboard guide wheels, the left one for straight-through traffic,

or the right guide wheel for switching to the right (see Figure 4-110). The

disadvantages of this type of switch are obvious - first, through-traffic must

extend a guide wheel in order to maintain guidance through the switch since the

vertical aluminum surfaces normally used for lateral guidance are not present.

Failure to do so would mean loss of control and the possibility of impacting

the guideway or other objects. Second, through-traffic will be required to

traverse the switch at reduced speed to assure a smooth transition with the

guide rail, thereby penalizing the block speed. One advantage of the at-grade

switch is that the landing wheels would only be required to extend down (not

laterally), thereby simplifying the landing wheel design. However, the vehicle

design would not be greatly simplified due to the addition of the guide wheels.

The at-grade switching concept in Figure 4-110 is shown with the baseline

hat-shaped guideway. However, it will probably be more advantageous' to use a

V-channel guideway for S1IM and 1SM, and have the SLIM rail or the LSM windings
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down the center of the guideway. This will allow these systems to provide pro­

pulsion power through the at-grade switch, except, perhaps for a very short

region where the roadbed propulsion rails or windings for the switching leg

cross over the aluminum levitation surface.

4.5.4 Wayside Power Pick-up

Electrical power pick-up will be required for the superconducting rotary

electric motor-driven fan or the SLIM propulsion systems. The pick-up can be

of two basic approaches (Ref. 4-1): mechanical contact such as used on the

TLRV or the more advanced contactless system. No studies have been made to

determine which type will be the best for Repulsion MAGLEV, however it appears

that both have a number of fundamental problems that require investigation,

i.e.:

• The problem of switching the pick-up needs study. The approach
discussed in the previous paragraph of having a separate pick-up
for switching adds considerable complications to the system design.
The system developed by Garrett for TLRV cannot be used in its
present form without some means of releasing the captured pick-up
at the same time the auxiliary pick-up is being engaged.

• The problem of arcing and proper power pick-up under all
types of co~ditions and speeds must be solved and a design
demonstrated.

• The problem of excessive wear of a mechanical contact pick-up
must be solved before a practical solution is assured.

• Potential aerodynamic problems need to be investigated further.
The overall force the pick-up exerts on the vehicle must be
determined.

• The noise of the system must be studied to determine its contri-"
but ion to the overall noise level.

• The potential problem of electromagnetic interference (EMI) of
the arc on the onboard and nearby communications systems must be
investigated.

The superconducting electric motor-driven fan propulsion requires DC, and

it is likely that switching DC may be simpler than for AC, primarily due to

one less conductor.

4-255



4.5.5 Communications and Control

A detailed study of the communications and control system for the guide­

way is beyond the scope of this study, however consideration has been given

to the types of equipment needed to assure safety and schedule. Safety assur-
I

ance comprises the functions of: (1) foreign obj ect detection; (2) deleter-

ious weather detection (e.g., excessive crosswinds); (3) detection of unsafe

vehicle location spacing, closure rates and corrective action; and (4) detec­

tion of wayside equipment failures and corrective action.

Schedule control involves the routing, switching, and in-transit monitor­

ing and control of the system traffic. These functions are implemented by a

three-tier hierarchy of equipment. The first level consists of guideway­

mounted equipment. It comprises safety and schedule control sensors and the

requisite cabling and communication facilities to tie into the next level

plus facilities to permit communication with vehicles enroute.

Wayside station equipment comprises the second tier. The elements needed

are, first, communications repeaters with local access to the network. Second,

safety equipment is needed to activate and monitor the guideway-mounted

sensors plus facilities to detect unsafe conditions and initiate corrective

action. Third, schedule control computer facilities are needed to analyze

the route block status based upon inputs from guideway sensors and the vehicles

in the block, and to initiate control instruction to these vehicles.

The central control facilities of the system comprise the third tier of

wayside equipment. The central system computer, display and control consoles

are located at this level. This equipment ties into wayside stations and the

individual vehicles via digital data and voice links built into the guideways.

It also interfaces with the commercial telephone net for access to the outside

world and to provide alternate (back-up) digital and voice communications

channels to the wayside stations. These facilities provide the means to monitor

and control the total system traffic for both safety and scheduling purposes.

Additional communications channels are provided to handle passenger service

information to and from the individual vehicles and the outside world.
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All of the technology to mechanize the wayside complex currently exists

except for an adequate means of foreign object detection. A system capable

of detecting objects with a vertical dimension of greater than 5 to 10 centi­

meters on the horizontal portions of the guideway is needed. Also, it is

desirable to detect any foreign objects on the vertical members of the guide­

way. It is likely that this problem must be handled by a combination of

instrumentation, security fencing, passivation of the wayside environment to

prevent natural generation of foreign objects, and manual observation of the

guideways.

4.5.6 Right-of-Way

A. Width Requirements. The minimum width requirements for the at-grade

guideway is defined by the maximum of either:

Q The distance required for noise requirements or safety, currently
estimated at a minimum of 15.2 m (50 ft) from the centerline
of the guideway, i.e., a total width of· 36.6 m (120 ft) for a
dual guideway.

• Or the distance required by the cuts and fills to make a level
guideway through the terrain.

The latter requirement will be the controlling factor in many cases. Fig­

ure 4-111 is a plot of the distance from the centerline of the right-of-way

versus the depth of the fill or cut for the typical 2:1 slopes used for the

earth embankments or cuts (see Section 4.5.2A). The results show that a fill

greater than 5.6 m (18.4 ft), or a cut greater than 3.2 m (10.5 ft), will

exceed the current minimum sound and safety ROW of 36.6 m.

The edge of the ROW will be fenced for security purposes, and may have

a single-lane road on each side for use by maintenance vehicles.

The right-of-way for elevated portions of the guideway will be determined

primarily by the noise requirements. Safety should not be such an important

factor due to the relative inaccessibility of the guideway. Preliminary esti­

mates indicate the ROW for elevated sections in industrial areas may be as

narrow as 22.9 m (75 ftl increasing to roughly 30.5 to 36.6 m (100 to 120 ft),

or more, in residential areas. The final values will depend on the vehicle

speed, the sound level generated by all sources, and the noise requirements.
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B. Curve Radii and Transition Requirements. The requirements for guide­

way superelevation, vehicle bank limits, and speed are discussed in Sec-

tion 3.2.2F. For any speed, a 24.6° bank angle and the specified 0.08 g

lateral acceleration limit define the minimum radius turn. However, this max­

imum bank angle is impractical for a vehicle that does not have the capability

of rolling the cabin with respect to the undercarriage, and a value of 10°

guideway bank has been selected. The turn radius vs. vehicle speed for the

two bank angles is shown in Figure 4-112. (This curve was originally given in

Ref. 4-64.) The term "coordinated turn" is one with no lateral acceleration.

The minimum turn radius is one which subjects the passengers to 0.08 in

the outward direction, however, some margin must be maintained in case the

vehicle exceeds the design speed. Note from Figure 4-112 that the allowable

variation in vehicle speed for a 10° bank angle is much greater than for 24.6°.

Using 10° as the nominal guideway bank angle, the minimum turn radius for a

speed of 134 mls (300 mph) is approximately 7.6 krn (25,000 ft). Even larger

radii are required for a transition to a grade change (vertical curvature).

These large horizontal and vertical radii will require careful selection of

the roadbed site in order to minimize the right-of-way requirements and the

amount of earthwork required.

Transition to a horizontal or vertical radius of curvature will consist of

a cubic or spiral section so as not to exceed the jerk requirements. These

transition sections will be approximately 670-800 m long (2200-2600 ft) or

greater for cruise conditions (Ref. 4-64). Additional discussion of transition

and grade requirements is given in Section 4.3.2.
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SECTION 5

SYSTEM ANALYSIS

This section summarizes the results of a system analysis conducted as part

of the Task I TMLV effort. The primary objective of this analysis is to estab­

lish a simple economic model for preliminary evaluation of MAGLEV systems

employing the Repulsion principle. Major system parameters are identified and

traded off on the basis of cost and/or performance.

5.1 SYSTEM MODEL

A corridor-type system is selected to facilitate performance analysis.

The route characteristics are derived from those of the Northeast and California

corridors as given in Ref. 5-1. The vehicle and guideway characteristics are

derived from the data presented in preceding sections of this report.

Detailed cost data for the suspension subsystem and guideway construction

are given in Section 6.

Cost data for all vehicle subsystems, including propulsion, are derived on

this program and summarized in this section. United Aircraft Research Labora­

tories contributed cost data in support of this effort. Cost data for the

remaining elements of the system are derived from Refs. 5-1, 5-2, and 5-3.

5.2 ROUTE CHARACTERISTICS

A 750 km (466 mi.) linear, double track system is selected as described in

Section 3. For computation of vehicle performance during intra-city operation,

it is assumed that deceleration, switching, station dwell and acceleration take

place as described in Section 4.4 for the baseline Ducted Fan/Gas Turbine

vehicle. Between the cities, 10% of the route (75 km) is assumed to be at 2%

grade with a headwind of 13.4 m/s(30 mph), with the remainder of the inter­

city distance corresponding to level, no-wind operation at cruise speed.
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5.2.1 Transit Performance

Figure 5-1 shows the influence of the number of equidistant, intermediate

stops (Nt) on average speed and elapsed transit time (T) for the baseline

80-seat vehicle ata cruise speed of 134 m/s (300 mph). Figure 5-2 shows the

transit time as a function of cruise speed, for both Ni = 0 (the express case)

as well as Ni = 5. For all analyses reported in subsequent paragraphs of this

report, the baseline mission profile corresponds to the case where N. = 5. For
~

this profile, the transit time is 120 min. and the average speed is 104 m/s

(233 mph).

5.2.2 System Capacity

The appropriate capacity equations for operation 16 hr/day, on a double­

track at 60% load factor are as follows:

A. Number ofPassenger-km Per Year, NpKY

NpKY 3~154 x 108 N
ST

/6t 5-1

where NST
Nt,Jmber of Seats/Train N

SV
x N

VT

N
SV

Number of Seats/Vehicle

NVT
Number of Vehicles/Train

6t Headway, Min.

B. Number of Passengers Per hour, NpH

5-2

C. Number of Passengers Per Year, Npy

D. Number of Vehicles Required, NV

2 T/6t = 6.341 x 10-
9

(NPKY)NV N
SV

where 'j = Time to Transit 750 km, min.

5-3

5-4

Figure 5-3 shows the influence of headway and train size on passenger

capacity and offers a number of interesting observations. For example, the

headway limit sets the maximum capacity of the system and is determined by

safety considerations. Safety considerations are, in turn, influenced by
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switch operations, deceleration capability, station dwell time and overall

system reaction/communication time. If a high-speed switch is employed, i.e.,

where a vehicle does not slow down to transit off the main line, the minimum

headway limit is essentially determined by the distance required to come to a

stop in order to avoid collision with an obstacle (or another vehicle) on the

track. For 0.15 g deceleration from 134 'm/s, this distance is 6.115 km

(3.8 mi), corresponding to 45.6 sec (0.76 min.) separation between vehicles at

134 m/s and neglecting system reaction time.

If a low-speed switch is employed, i.e., where a vehicle must decelerate

at 0.15 g to engage the switch, the required separation distance for the

trailing vehicle increases to 9.79 km (6.08 mi) corresponding to 73 sec

(1.22 min.) spacing at 134 m/s. The station dwell time, however, is estimated

to be 120 sec (2 min.) to allow for passe~ger loading/unloading. It is thus

unlikely that the headway will be less than two minutes, in which case there

appears to be no advantage of a high-speed switch from the standpoint of capac­

ity. Of course, actual operation will probably entail a mix of express and

local vehicles, requiring a more complex analysis than the simple example given

here. For system analysis purposes, however, it is assumed herein that minimum

headway for 134 m/s operation is two minutes.

At this headway and a load factor of 60%, the system with 80-seat vehicles

can handle 2880 passengers per hour (2-way operation) corresponding to 16.82 x 106

passengers per year and 1.262 x 10
10

passenger-km per year. The system with

l40-seat vehicles comes closest to meeting NEe projections, because it can handle

5040 passengers per hour at 60% load factor, corresponding to 29.43 x 106 pas­

sengers per year and 2.21 x 10
10

passenger-km per year. As shown in subsequent

paragraphs, the larger vehicle offers significant reduction in cost per

passenger-km (as well as reduced energy intensity as shown in Section 4.2).

For headways larger than two minutes, or for peak capacities above 5040

passengers per hour, it will be necessary to couple at least two vehicles

together. As shown in Section 4.4, this results in a more favorable energy

intensity; however the consequences to the dynamic interaction between coaches

are unknown at this time.
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Figure 5-4 shows the influence of passenger handling capacity, headway

and vehicle size on the number of vehicles required in the system. Note that

120 vehicles are required for two minute headway. Figure 5-5 shows the influ­

ence of cruise speed on the number of 80-seat vehicles required. It is obvious

that one significant advantage of a high-speed system is the substantial reduc­

tion in the number of vehicles required. ' Figure 5-6 shows the added capacity

associated with coupling vehicles together.

5.3 VEHICLE/GUIDEWAY CHARACTERISTICS

Baseline vehicle physical characteristics are given in Section 4. In

Section 4.2, a matrix of vehicles is synthesized to determine the influence

of seating arrangement and capacity (from 80 to 140 seats) on energy intensity;

all vehicles have. the Ducted Fan/Gas Turbine propulsion system and operate at

134 m/s cruise speed over the baseline 750 km route. For systems analysis

purposes, only the minimum energy design points from this matrix are considered.

Vehicle physical parameters for these design points are given in Table 5-1.

Table 5-1 also shows the amount of gas turbine (JP). fuel consumed and the

associated energy intensity for the baseline route. Table 5-2 presents a weight

breakout of the major vehicle components for the aforementioned vehicles.

5.3.1 Variable Cruise Speed Vehicles

To ascertain, the influence of cruise speed on system performance and cost,

additional syntheses were carried out for the 80- and 140-seat configurations.

At each cruise speed, the propulsion system was sized to provide approximately

the same rate of acceleration as achieved with the 134 m/s system. Fan diameter

was held constant and the propulsive efficiency calculated and compared with

134 m/s figures •. Propulsive efficiency, gross weight, fuel weight consumed,

and energy intensity are given in Table 5-3 as a function of cruise speed.

Note that more detailed analysis will be required to optimize the propulsion

system at speeds substantially different from 134 m/s. This will undoubtedly

entail varying fan diameter and performing tradeoffs relative to noise genera­

tion, studies beyond the scope of this effort. Nevertheless, the approximate

technique used here is probably representative and certainly more realistic

than analyses based only on steady-state conditions.
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TABLE 5-1. VEHICLE PHYS ICAl PARAMETERS (1)
"-

NO. SEATS!VEHICLE

PARAMETER 80 100 120 140

SEATING ARRANGEMENT 2+2 2+3 2+3 2+3

HEIGHT (M) 3.454 3.454 3.454 3.454

WIDTH(M) 2.94 3.454 3.454 3.454

LENGTH (M) 33.67 33.6 39.1 42.9

FUEL WEIGHT(2) (kN) 29.7 33.4 37.6 39.3

( MJ ) 2.18 1.96 1.84 1.65ENERGY INTENSIT'( SEAT-KM

(1)FOR 134.1 MiS (300 MPH) CRUISE VELOCITY

(2)CONSUMED PER 750 KM, 5 INTERMEDIATE STOP TRANSIT

TABLE 5-2. VECHIClE WEIGHT BREAKOUT(I)
NO. SEATS!VEHICLE

SYSTEM 80 100 120 140

SUSPENSION 66.8 kN 68.2 kN 70.9 kN 73.4 kN

STRUCTURE(2) 53.4 41.8 51.9 59.9

FURNISHINGS 24.5 30.5 36.8 42.4

AUXI L1ARIES 21 26.2 31.5 36.7

PAYLOAD 71 89.9 109.9 129.7

BRAKES 20.2 21.3 23.9 25.9

PROPULSION(3) 80.6 87.1 94.1 100

OTHER(4) 29 29 29 29

GROSS WEIGHT 366.5 kN 394.0 kN 448.0 kN 497.0 kN

(1)FOR134 MiS (300 MPH) CRUISE VELOCITY

(2)STRUCTURE WEIGHT IS LEAST FOR 100 SEAT VEHICLE DUE TO INCREASED STIFFNESS OF
WIDER CROSS SECTION (SEE SECTION 4.2.6)

(3)INCLUDES FUELWEIGHT WITH 15 PERCENT RESERVE

(4)INCLUDES CREW COMPT AT 15.6 kN AND CONTINGENCY AT 13.4 kN
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5.3.2 Magnetic Performance

Levitation and guidance is achieved with at least four* superconducting

magnets at fore and aft stations on the vehicle. At 134 m/s these magnets

suspend the vehicle approximately 0.3 m above the aluminum g~ideway elements

arranged in the baseline hat-shape, as a V-channel, or some other possible

configuration.

The achievable magnetic lift-drag ratio is shown in Figure 5-7 as a func­

tion of speed and the type of aluminum used. The 90 0 corner results are com­

pared with those of the infinite plate, showing that: (1) the requirement for

guidance' introduces significant increase in magnetic drag, and (2) the use of

nearly pure (1100-H14) aluminum offers significant decrease in drag compared

with an alloy (606l-T6). On this basis, it is concluded that the guideway

should be carefully designed to permit the use of pure aluminum, particularly

since it is no more expensive** than the alloy in quantity use. In view of the

thermal stress problems with the pure material, it is necessary that transverse

gaps be provided to permit expansion and contraction of the aluminum plates.

(See Sections 4.3 and 4.5 for detailed discussion of gap effects).

Figures 5-8, ,5-9, and 5-10 present additional performance data on the

effect of magnet dimensions and aluminum plate thickness on lift-drag ratio.

It is clear from these figures that the 0.5 x 3 m magnet configuration offers

good performance, as does the 2.54 cm (1 inch) aluminum plate thickness. Cost

tradeoffs on plate thickness are given in subsequent paragraphs. The resultant

drag/speed curves are given in Section 4.4; the combination of aerodynamic drag

and magnetic drag is unique to the Repulsion Concept and clearly shows that

repulsion is not well suited for low-speed operations, e.g., below ~ 60 m/s

(134 mph). The drag curves also show that for single vehicle operation, aero­

dynamic drag is much larger than magnetic drag despite the presumption of a

*As pointed out in Section 4-3, eight magnets are used, primarily for redun­
dancy; each pair, however, is arranged so that performance is essentially
equal to a single magnet of twice the length.' 8

**According to Kaiser Aluminum, the mass of aluminum required (~3 x 10 kg)
for a 750 km double track system is such that the cold-worked pure material
would be cheaper and more readily available than the heat-treated alloy
because of heat treatment facility limitations.
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fairly "clean" vehicle configuration. Thus, in order to"reduce the overall

energy consumption of the system, major effort should be expended in reducing

aerodynamic dTag.

5.4 COST ANALYSIS

A simplified cost model is devised, based primarily on the approach and

data given in Ref. 5-1 and 5-2. A semi-governm~nt type of corporation is

envisioned to acquire and run the system; this conveniently permits the ques­

tion of taxation to be ignored. As in Ref. 5-1, the eseful life of the guide­

way and facilities is assumed to be 25 years, the vehicle's life to be 14 years,

and capital is assumed acquired at a 10% interest rate. All cost elements are

reduced to cents per passenger-km to facilitate comparative analysis.

5.4.1 Generalized Cost Data

Costs are identified in three broad categories: (1) Investment Costs (IC),

(2) Direct Operating Costs (DOC) and (3) Indirect· Operating Costs (IOC). The

Investment Costs consist of the guideway (including land acquisition, guideway

construction, route preparation, guideway equipment* and electrification, where

appropriate), the vehicles, and facilities (including yards,shops, terminals,

and communications equipment). The DOC consists of fuel, ,crew, and maintenance

(both vehicle and guideway maintenance) costs as well as terminal operations

costs. The IOC are those incurred in providing services but not directly related

to vehicle operation. Refs. 5-1 and 5-3 differ significantly on the magnitude of

these costs, particularly as to the influence of intercity distance; for this

analysis, IOC are assumed constant at ~ 0.5~/passenger-krn. All other system

costs are identified below.

A. Investment Costs (IC)

(1) Guideway-Related

a. Land Acguisition~ Average land acquisition costs for both

the Northeast and California corridors are given in Ref. 5-1. After adjusting

these data for right-of-way width (from 61 m to 47 m) and 1974 dollars, the

appropriate figures are as follows.

*Foreign object detection equipment, communications, trip identification
loop, etc.
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• Northeast. corridor

• California corridor

$58,000/acre

$15,000/acre

An average cost of $30,000/acre is assumed for the baseline route used in this

report.

b. At-Grade Guideway. The basic hat-shape configuration at­

grade guideway cost is broken out in Table 5-4. Total cost with 2.54 em thick

aluminum levitation-guidance elements is estimated at $2,024,000/km

($3,257,000/mi), exclusive of the special equipment and/or electrification

presented below in paragraph f. Detailed back-up of the basic at-grade guide­

way cost is given in Section 6.

c. Elevated Guideway. The basic hat-shape configuration ele­

vated guideway cost is broken out in Table 5-5. Total cost with the 31.5 m

right-of-way is $3,676,000/km ($5,9l6,000/mi) with spread footings and

$3,964,000/km ($6,379,000/mi) with pile footings. The girders are fabricated

of prestressed concrete in the twin-T shape* and the aluminum levitation­

guidance elements are 2.54 em thick. Detailed backup of the basic elevated

guideway cost is given in Section 6.

d. Bridges and Tunnels. Ref. 5-1 is the basis for cost estimates

on bridges and tunnels. With adjustment for 1974 dollars, the figures are:

• Bridges

• Tunnels

$7,840,000/km (double track)

$23,000,000/km (double tube)

Note that the bridge figure includes land acquisition costs.

e. Overall Guideway Mix. The guideway mix is assumed the same

as that for the NEC, as given in Ref. 5-1, consisting of 1% bridges, 4% tunnels,

16% elevated and 79% at-grade. As shown in Table 5-6~ the basic guideway total

cost exclusive of special equipment and/or electrification is $2,409,330,000

for an average cost of $3.21 x 106/km ($5.17 x 106/mile).

f. Other Costs. It is assumed that a foreign object detection

system, communication equipment, a trip identification loop system, and mis­

cellaneous equipment such as anemometers are provided, at a cost of

*If uniform prestress is necessary for camber control, the box beam shape
is preferred.
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TABLE 5-4. ESTIMATED AT-GRADE GUIDEWAY COST
DOUBLE TRACK

$103/KM

LEVITATION-GUIDANCE COMPONENTS

• ALUMINUM

• SHOP FAB

• ATTACH HARDWARE

• FIELD INSTALLATION

ROADBED CONSTRUCTION

41 CONCRETE PAVING

• MEDIAN CONCRETE CURB

• EXP. BOLTS

• STEEL REINF.

• BASE

• SUB-BASE

• ASPHALT

• FILL

SECURITY FENCING

DRAINAGE

962

506.3

101.4

126.6

227.7

348

54.8

141.0

26.2

64.2

8.0

18.0

19.4

16.4

37

87

SUB-TOTAL GUIDEWAY FAB $ 1,434

ROUTE PREPARATION 230

• MAXIMUM DEPTH OF CUT ~ 6 M

• EXCAVATION, ETC ~ $3/YD

LAND ACQUISITION

• 47 M RIGHT-OF-WAY

• 12 ACRES/KM

• $30,OOO/ACRE

TOTAL COST

360

$2,024,OOO/KM

NOTE: GUIDEWAY-INSTALLED EQUIPMENT AND WAYSIDE COMMUNICATION
STATIONS ARE EXCLUDED.
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TABLE 5-5. ESTIMATED ELEVATED GUIDEWAY COST
DOUBLE TRACK

$103/KM

LEVITATION-GUIDANCE COMPONENTS 962

• ALUMINUM

• SHOP FAB

• ATTACH HARDWARE

• FIELD INSTALLATION

506.3

101.4

126.6

227.7

LAND

SUBTOTAL, GUIDEWAY FAB

TOTAL COST (THOUSANDS OF $/KM)

GIRDER AND SUBSTRUCTURE CONSTRUCTION (TWIN "T") 2480-2770

2050

212

217-505

3442-3730

111-234

ALT NO.2

31.5 M

7.8 ACRE/KM

$30K/ACRE

{ALT NO.1 3553-3841

ALT 1\10. 2 3676-3964

ALTNO.1

15 M

3.7 ACRE/KM

$30K/ACRE

• GIRDERS (22.8 M SPAN LENGTH)

• PIER (6.85 M ,COL:UMN HEIGHT)

• FOOTING (SPREAD FOOTING - PILE FOOTING)

• RIGHT-OF-WAY WIDTH

• RIGHT-OF-WAY AREA

• COST ASSUMPTION

TABLE 5-6. COSTS OF BAS IC GU I DEWAY
(750 KM CORRIDOR)

PERCENT OF LENGTH
COMPONENT TOTAL LENGTH (KM) UNIT COST, $103 TOTAL COST, $106

BRIDGES 1 8 7,840 62.72

TUNNELS 4 ·30 23,000 690.00

ELEVATED 8 60 3,676 220.56
(SPREAD FOOTING)

ELEVATED 8 60 3,964 237.84
(PI LE FOOTING)

AT GRADE 79 592 2,024 1,198.21

TOTAL $2,409,330,000
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$140,000/km ($225,300/mi). Total guideway cost, Cg, for the Ducted Fan/Gas

Turbine system is thus $3.35 x 106/km ($5.39 x 106/mi). For electric propul­

sion systems (LIM and REM), the electrification costs from Ref. 5-4 are:

• Power Rail $497,000/km

• Power Station

With Ways ide PCU 93,000

Without Wayside PCU 37,000

• Reaction Rail 311, 000

From Ref. 5-5 the following cost estimates (including installation) are made

for the LSM propulsion concept:

• Conductors and Attach Hardware

• Fixed Equipment

• Variable Equipment

$900,000/km

l80,000/km

234,000/km

The fixed equipment refers to 115 kV and 34.5 kV transmission systems. The

variable equipment includes power distribution stations, PCUs, transformers,

capacitors, circuit breakers, etc.; the quoted figures correspond to 2.5 km

winding length, which Ref. 5-5 states to be the cheapest overall system cost

arrangement.

(2) Facilities. Facilities costs are estimated from Ref. 5-1,

adjusted for 1974 dollars and the 7-city'baseline route assumed for this study.

The figures are as follows:

• Yards and Shops

Storage, Service Shops, 4 @ $13 x 106

Major Overhaul Shop, 1 @ $2.4 x 106

• Terminals

Underground 2 @ $37 x 106

Downtown, 3 @ $15.6 x 106

Suburban, 2 @ $10.8 x 106

• Communications

Central Computer, 1 @ $14 x 106

Wayside Stations, 7 @ $700 x 103

TOTAL FACILITIES, C
fa
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(3) Vehicles. Table 5-7 presents a cost break-out of a set of

vehicles for 80- to l40-seat capacity, all synthesized* for a cruise speed of

134 m/s. Table 5~8 shows the cost break-out for the 80-seat vehicle synthe­

sized* at cruise speeds from 50 mls to 150 m/s. Table 5-9 shows similar data

for the l40-seat vehicle. The ~osts (in $10 3) are determined by the following

equations:

•
•
•
•
•
•

Propulsion 25.8 WpR -29.7 Wf
Suspension 99 + 0.1061 Wg

Structure 2.809 Ws
Furnishings 5.714 WFURN

Auxiliaries 1.19 WAUX
Brakes 20.27 + 0.1935 Wg

The weight parameters in kN, are as follows:

WpR
W

f
W

g
W

s
W

FURN
WAUX

Total propulsion system weight, including fuel

Fuel weight consumed

Vehicle gross weight

Structure weight

Furnishings weight

Auxiliaries weight

The propulsion costs are for the baseline Ducted Fan/Gas Turbine system. For

the other propulsi0n systems considered, the onboard cost estimates (80-seat

vehicle) are as follows:

• Fan/REM $1,450,000

Fan $500,000
REM 950,000

• SLIM 900,000

• L8M 868,000

• Paddle Wheel/GT 1,500,000

Turbines $700,000
Paddle Wheels 800,000

For the REM, LSM, and Paddle Wheel Systems, the added cryogenic subsystem cost

is included with the cryogenic portion of the magnetic suspension system. The

cryogenic part of the magnetic suspension for the SLIM tug is treated similarly.

*Weight and other physical parameters of these vehicles are given in
Section 5-3.
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TABLE 5-7. VEH IClE COST AT 134 MIS

(COST IN $103)

NO. SEATS/VEHICLE

SUBSYSTEM 80 100 120 140

SUSPENSION 138 141 146 152

STRUCTURE 150 117 146 168

FURNISHINGS 140 174 210 242

AUXILIARIES 25 31 37 44

BRAKES 91 96 107 117

PROPULSION(1) 1,200 1,256 1,310 1,357

OTHER(2) 572 572 572 572

TOTAL (THOUSANDS OF $) 2,316 . 2,387 2,528 2,652

(1)DUCTED FAN/GAS TURBINE, EXCLUDING FUEL COST

(2)INCLUDES RIDE CONTROL AT $272, COMMUNICATIONS AT $70, ASSEMBLY AND
CHECK OUT AT $230

TABLE 5-8. 80 SEAT VECHIClE(1) COSTS AT VARIABLE CRUSE SPEED
(COST IN $103)

CRUISE SPEED, M/S

SUBSYSTEM 50 60 80 100 120 134 150

SUSPENSION 135 134 134 135 136 138 140

STRUCTURE 143 141 140 142 146 150 156

BRAKES 86 85 84 85 88 91 95

PROPULSION(2) 849 841 856 934 1,063 1,200 1,399

OTHER(3) 737 737 737 737 737 737 737

TOTAL 1,950 1,938 1,951 2,033 2,170 2,316 2,527
(THOUSANDS OF $)

(1)2+2 SEATING ARRANGEMENT

(2)DUCTED FAN/GAS TURBINE, EXCLUDING FUEL COST

(3)INCLUDES FURNISHINGS AT $140, AUXILIARIES AT $25, RIDE CONTROL AT $272,
COMMUNICATIONS AT $70, ASSEMBLY AND CHECK-OUT AT $230

5-21



TABLE 5-9. 140 SEAT VEH ICLE(l) COST AT VARIABLE CRU ISE SPEED
I

(COST IN $103)

CRUISE SPEED, M/S

SUBSYSTEM 50 60 80 100 120 134 150

SUSPENSION 148 147 147 148 149 152 154

STRUCTURE 160 157 156 158 163 168 175

BRAKES 110 108 108 109 112 117 121

PROPULSION(2) 921 903 926 1,011 1,184 1,357 1,575

OTHER(3) 858 858 858 858 858 858 858

TOTAL 2,197 2,173 2,195 2,284 2,466 2,652 2,883
(THOUSANDS OF $)

(1)2+3 SEATING ARRANGEMENT

(2)DUCTED FAN/GAS TURBINE, EXCLUDING FUEL COST

(3)INCLUDES FURNISHINGSAT $242, AUXILIARIES AT $44, RIDE CONTROL AT $272,
COMMUNICATIONS AT $70, ASSEMBLY AND CHECKOUT AT $230

TABLE 5-10. MAGLEV SYSTEM' NVESTMENT COSTS
(COST IN $106)

NO. OF SEATS!VEHICLE

NSV = 80 NSV = 140

GUIDEWAY 2514.3 2514.3

• BASIC GUIDEWAY 2409.3

• GUIDEWAY EQUIPMENT 105

FACILITIES 215.7 215.7

• YARDS AND SHOPS 54.4

• TERMINALS 142.4

• COMMUNICATIONS 18.9

VEHICLES (138, INCL SPARES) 319.6 366

• 80-SEAT VEHICLES AT 2.316

lD 140-SEAT VEHICLES AT 2.652

TOTAL $3050 X 106 $3096 X 106
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(4) Summary - Investment Costs. Table 5-10 summarizes the invest­

ment costs for the 80- and 140-seat systems with the Ducted Fan/Gas Turbine

propulsion option. The dominant aspects of the guideway are clearly evident.

The annualized investment costs (principal plus interest payment) are as

follows:

N
SV

= 80 N
SV

= 140

• Guideway $277 .1 x 106 $277.1 x 106

• Fac ilities 23.8 23.8

• Vehicles 43.4 49.7

Total $344.3 x 106 $350.6 x 106

B. Direct Operating Costs (OOC). The following direct operating costs

are est imated.

(1) Fuel. JP fuel cost is treated as a variable with minimum

estimated to ,be 5. 3¢/liter (20¢/gal.)

(2) Crew. Two crewmen and one cabin attendant are assumed, at a

burdened rate of $20/hr.

(3) Maintenance. Annual vehicle maintenance is estimated as 10% of

the initial cost of the vehicle. Maintenance of the basic guideway is estimated

at $7000/krn. For the electric propulsion options, annual guideway electrical

maintenance is estimated at $20,000!krn.

(4) Terminal Operatioris. Annual operating cost of each of the seven

terminals is estimated at $500,000.

(5) Summary - DOC. Annual direct operating costs for the 80-seat

and l40-seat configurations with fuel at 5.3¢/liter (20¢/gal) and two minute

headway operation are:

(Cost
N

SV
= 80

in $106 )
N

SV
= 140

• Fuel 69.74 96.74

• Crew 42.05 42.05

• Vehicle Maintenance 27.79 31. 83

• Guideway Maintenance 5.25 5.25

e Terminal Operations 3.50 3.50

Total Annual DOC 148.33 179.37
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It is clear from these figures that fuel costs are the dominant share (~ 50%)

of the direct operat ing costs of the system. It is also apparent that the

l40-seat configuration is significantly better than the 80-seat configuration

(20% increase in DOC for 75% increase in capacity) provided, of course, the

increased passenger capacity can be utilized.

C. Summary - Total System Costs. Total annual system costs are as

follows:

(Cost
NSV = 80

in $106)
N

SV
= 140

• Investment 344.3 350.6

• DOC 148.33 179.37

• lOC (0.5~/passenger-krn) 63.1 110.5

Total 555.73 640.47

These costs are also for fuel at 5.3~/liter (20~/gal) and with two minute head­

way operation. Note that the specific costs, i. e., ~/passenger-krn, for the

two vehicle configurations are:

2.9~/passenger-km

4.4~/passenger-km1.262 x 1010 )

2.21 x 1010 )

• 80-seats (NpKY

• l40-seats (NpKY

If the fuel cost is 10.6~/liter (40~/gal), the annual system cost for the

80-seat configuration would increase to $625.47 x 106 or 4~96~/passenger-krn,

and the cost of the l40-seat configuration system would be $737.21 x 106 or

3.33~/passenger-krn.

The following paragraphs present detailed tradeoffs of various system

parameters, using specific cost as the tradeoff criteria.

5.4.2 Cost/Performance Tradeoffs

The material presented in the following paragraphs constitutes a prelim­

inary cost analysis of the various MAGLEV system elements. The objective is

to permit general comparisons and to make preliminary judgments regarding

certain system design parameters.
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A. Specific Cost Equations. Specific costs, in ¢/passenger-km are:

(1) Guideway

8265 C -5 6.t2.62 x 10 C
Li

g g
5-5g NpKY N

SV
N

VT

where C Guideway cost, $/kmg

(2) Facilities

11.02 Cfa
-8 6t3.494 x 10 Cfa

Li =
N

SV
N

VT
5-6fa NpKY

where Cfa = Facilities cost, $

(3) Vehicles

9.895 x 10- 8 C 'T
v 5-7Q'

NSVv

where C = Vehicle cost, $v

(4) Fue1'i~--
CfWf 5-8Lif = 0.281 -N-

SV

where Cf Fuel cost, ¢/ltr

Wf Fuel weight consumed, kN

(5 ) Crew

= 0.222 'T
5-9Li

C NSV

(6) Vehicle Maintenance

6.341 x 10-8 C 'T
v 5-10Li NSVvm

(7) Guideway Maintenance

75000 C -4 6.t2.378 x 10 C
Li

gm gm 5-11
gm NpKY NSV NVT

where C Guideway maintenance cost, $/kmgm

*For electric propulsion, liE
Intensity, MJ/seat-km.

0.135 ~CE, where CE

5.,.25

¢/ kW-hr and ~ Energy



(8) Terminal Operations

Ci -
TO

83.5 x 10
NpKY

5-12

For IOC = 0.5¢/passenger-km, Cfa = $215.7 x 106 and NVT = 1 (single vehicle

operation), Equations 5-5 through 5-12 are summarized to give:·

O + _1_
.5 N

SV
Ci(TOTAL)

{
6t [2.62 x 10-5C + 2.378 x 10-4c + 8.646J

g gm

+ <[1.623 x 10-
7

C
v

+0.222J + 0.281 CfWf 1 5-13

where I::.t Headway, min.

T Time to transmit 750 krn route

N
SV

= Number of seats per vehicle

B. Baseline Ducted Fan/Gas Turbine Option. For the baseline system,

• G
g

• G
gm

$3.35 x 106/km

$7.0 x 1Q3/ km

and Equation 5-13 reduces to

"'(TOTAL) ~0.5 :'" N~v {98.08 6t + < [1.6236 x 10-
7

Cv + 0.222J + 0.281 CfWf )

5-14

Equation 5-14 is the basis for the cost tradeoffs presented in the following

paragraphs.

(1) System Cost Breakouts. Figure 5-11 shows total system specific

cost for the 80- and l40-seat configurations ~s well as for a train set con­

sisting of three 100-seat vehicles. The influence of vehicle size, train size,

and headway limit is also shown in Figure 5-12.* These figures show clearly

that high passenger capacity is the key to low specific cost. However, for a

fixed level of passenger-km/year,the specific cost is nearly invariant with

vehicle size as shown in Figure 5-12. If there is sufficient demand to run a

MAGLEV HSGT system with headways on the order to two to three minutes, the

-"Minimtunenergy seating is used in this figure.
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l40-seat vehicles would be recommended, with provision for coupling at least

two vehicles together to handle peak loads. Under such circumstances, system

cost would be on the order of 3¢/passenger-km (4.8¢/passenger-mile) even with

fuel on the order of ll¢/liter (4l¢/gal).,
> •

Figures 5-13 and 5-14 show cost breakouts for the 80-seat configuration.

Clearly, investment costs (primarily the guideway) dominate the cost picture,

except at very high system capacity. Note further that the facilities and

terminal operations costs - at the two minute headway limit - are quite small,

i. e., less than O.4¢/passenger-km (0. 64¢/passenger-mile).

(2) Parameter Tradeoffs. A major parameter is the cost of fuel.

Figure 5-15 shows the substantial effect of fuel cost on system cost for both

the 80- and l40-seat configurations operating with two minute headway at

134 m/s cruise speed. However, even for fuel as costly as 30¢/liter ($1.13/gal),

system cost for the l40-seat configuration is below 5¢/passenger-km (8¢/passenger­

mile) with single vehicle operation, and below 4¢/passenger-km (6.4¢/passenger­

mile) for dual vehicle operation.

Figure 5-16 shows the influence of aluminum plate thickness on system cost.

To generate these data, a matrix of vehicles was synthesized and costed for

operation over the aluminum guideway surfaces with plate thicknesses in the

range of 1 to 3.5 cm.* System cost is nearly invariant with plate thickness

except at very high fuel cost (above l6¢/liter). "Optimum" plate thickness

is at or below 2.54 cm (1 inch) for a reasonable range of fuel cost.

Figure 5-17 shows the influence of cruise speed on system cost for both

80- and l40-seat configurations and for a range of fuel cost. "Optimum" o~

minimum cost cruise speed is approximately 110 m/s (246 mph) for fuel costing

5.3¢/liter (20¢/gal), dropping off slightly at higher fuel cost. However,

the cost variatio~ with speed is quite small - about 5% between the optimum

speed and 134 m/s- for fuel costing about l2¢/liter (45¢/gal) or less. In

view of uncertainty in the future cost of energy and its relationship to

other system components, e.g. aluminum, as well as the difficulty of quanti­

fying the benefit of speed, it is difficult at this time to specify a true

*Plate thickness influences drag and propulsion power and weight; the vehicle
must then be redesigned to accommodate the changed propulsion system weight.
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"optimum" cruise speed. From the data at hand, it is our judgement that the

optimum cruise speed would be in excess of 110 m/s (246 mph).

Figure 5-18 shows the influence of the route characteristics on total

system cost. Between the extremes of no intermediate stops (the express case)

and the 5 intermediate stop baseline route, the total cost variation is approx­

imately 6%. The fuel expended for acceleration away from each city is a sig­

nificantpart of the total fuel consumption, particularly for large vehicles

and/or numerous st?ps. However, with relatively cheap fuel the effect on total

system cost is quite small, as shown in Figure 5-18.

C. Alternate System Comparison. Section 4.4 presents data on a number

of propulsion systems applicable to MAGLEV, including the baseline Ducted

Fan/Gas Turbine system. Eighty-seat vehicles are synthesized for each propu1-
I

sion option to facilitate system comparison; comparative weight breakouts are

shown in Table 5-11. The LSM vehicle is clearly the heaviest, due primarily to

the large number of cryogenically-cooled superconducting magnets required for

propulsion. Corresponding costs for these vehicles are shown in Table 5-12.

Vehicle costs vary from approximately $2 x 106 to $2.6 x 106 ; however, some of

the cost elements are very approximate at this time. For example, there is no

yalid base for estimating either the paddle wheel cost or the cost of the super­

conducting motor.

Table 5-13 summarizes the guideway cost for each propulsion concept. All

concepts employ the basic hat-shaped guideway configuration. For the LSM con­

cept, Ref. 5-5 data indicates a cost of $1,280,000/km for the conductors, after

adjustment for 1974 dollars, whereas the $320,000 value listed in the table

results from an increase in the number of vehicle L8M magnets and a corre-

sponding reduction: in the required guideway current. .An optimization of

IBM performance was not attempted.

Total system costs for the various 80-seat configuration are shown in

Table 5-14; costs for the 140-seat configurations are shown for comparison.

Operatiori is assumed at two minute headways for 16 hr/day over the baseline

750 km route with five intermediate stops. Conservative figures for energy

cost are employed, i.e., 10.6¢/liter (40¢/gal) for JP fuel and 3¢/kw-hr for
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electricity. For the 80-seat system, total cost varies about l¢/passenger-km

(~ 20%) for the range of propulsion systems studied; the variation is due pri­

marily to variations in guideway cost. The total cost for the 140-seat system

varies only about 0.4¢/passenger-km (~ 12%) since the increased capacity (from

1.262 x 1010 passenger-km/yr to 2.21 x 1010 passenger-km/yr) reduces the

influence of guideway cost variations.

5
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TABLE 5-12. COMPARATIVE 80-SEAT VEHICLE COST
(VC = 134.1 MIS)

FANI PADDLE
SUBSYSTEM FAN/GT REM SLlM(1) LSM WHEEl/GT

- -

LEV-GUIDE MAGNETS + HARDWARE $102 X 103 98 100(2) 112 101

CRYOGENICS 36 40(6) 40(6) 55(6) 50(6)

RmE CONTROL 272 272 272 272 272
--

STRUCTURE 150 140 149(5) 179 148

IFURNISHINGS(3) 140 140 140 140 140
~

AUXIUARIES(4) 25 25 25 50 25

WHEELS. BRAKES 91 85 87 110 90

PROPULSION 1,200 1,450 9000 868 1,500

COMMUNICATiONS 70 70 70 70 70
--""

-,

ASSEMBLY, CHECKOUT 230 230 230
-

230 230

TOTAL (THOUSANDSOF $) 2,316 2,550 2,013 2,086 2,626
--

(1 )WITH WAYSIDE PCU

(2)INCLUDES LEVITATION-GUIDANCE MAGNETS FOR PROPULSION TUG

(3)INCLUDES CREW COMPARTMENT

(4)INCLUDES AIR CONDITIONING, APU, ETC.

(5)INCLUDES PROPULSION TUG STRUCTURE, THRUST BEARING, STRUTS, ETC.

(6)INCLUDES CRYOGENICS FOR PROPULSION OR SLIM TUG SUPPORT SYSTEM

. --

---
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SECTioN 6

SUSPENSION SUBSYSTEM AND GUIDEWAY CONSTRUCTION COSTS

This section presents detailed cost estimates for the suspension subsys­

tem and the guideway construction. Details of the estimated costs of the

onboard components of a typical linear synchronous motor (LSM) are also

included. Other elements of the system are cos ted in Section 5.4.1.

6.1 SUSPENSIONSUBSYSTEM

The suspension subsystem consists of the levitation components (levita­

tion coil, control coil, shield coil (if any), dewar and associated cryogenic

equipment), and the ride control subsystem (sensors, control and power e1ec~

tronics, power control unit, etc.).

6.1.1 Levitation Components

The cost breakdown for ,the levitation components was made by the Magnetic

Corporation of America (MCA) , and Ford Motor Company's Scientific Research

Laboratory. The magnet configurations shown in Figures 4-16 and 4-18 were

used in preparing the costs summarized in Table 6-1. As shown, the cost of

four levitation modules and refrigeration system for a MAGLEV vehicle in

volume production is approximately $121,000 without shielding coils and

$137,000 with shielding coils. Engineering and development costs have not

been included in these values; approximately a 25% increase in total cost is

required if these are to be added.

Estimates have also been prepared for a low production volume case: for

12 vehicles, the cost of the 1evitation imodu1es approximately doubles, but

the refrigeration system remains unchanged. Therefore, the total cost of the

levitation components per vehicle is $207,000 without a shielding coil and

$240,000 with shielding. In addition, $500,000 of tooling is required. Again,

no development or engineering costs are included in these values.
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TABLE 6-1. lEVITATION MODULE AND REFRIGERATION COSTS (1)

(PER VEHiCLE)
WITHOUT WITH

SHiElDiNG COil SHiElDING COIL

SUPERCONDUCTOR(2) $ 41,400 $ 52,000

MAGNET CANS 770 1,570

PERSISTENT SWITCH 140 140

DEMOUNTABLE lEADS 370 370

OUTER CRYOSTAT 20,000 24,000

STRUTS 500 500

lEVEL DETECTORS 80 80

ELECTRICAL CONNECTIONS 80 80

SUPERINSUlATION 300 400

LIQUID He RESERVOIR 1,200 1,200

lABOR 3,000 3,800

e SUB-TOTAL, LEV/GUIDE MAGNETS $ 67,840 $ 84,140

UNIT ACCEPTANCE TESTING, 2,720 2,720
SUBSYSTEM'CHECKOUT AND TEST

RIDE CONTROL MAGNETS (CONTROL COILS) 14,820 14,820

C SUB-TOTAL, LEVITATION MODULES $ 85,380 $101,680

REFRIGERATION SUBSYSTEM(3),(4) 35,600 35,600

• TOTAL lEVITATION SYSTEM $120,980 $137,280

(1)1974 PRICES ON 250 VEHICLES (1000 MODULES), NO DEVELOPMENT COSTS INCLUDED.

(2)SUPERCONDUCTOR COST IS APPROXIMATElY 1/2 CURRENT VALUES TO ALLOW FOR
QUANTITY PRODUCTION.

(3)ADDITIONAL COMPRESSOR (@$7,500) INCLUDED FOR REDUNDANCY

(4)REFRIGERATION COSTS BASED ON CURRENT PRICE FOR LOW VOLUME PRODUCTION.
NOTE COST CAN BE REDUCED SUBSTANTIALLY BY HAVING A LARGE LIQUID HELIUM
RESERVOIR ON-BOARD WHICH IS FILLED PERIODICALLY FROM WAYSiDE. THIS
REQUIRES AN ON-BOARD HELIUM GAS CONTAINER AND COMPRESSOR SO THAT THE
GAS CAN BE COLLECTED AND RELIQUEFIED BY A STATIONARY REFRIGERATOR.
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6.1.2 Ride Control Subsystem

The cost figures developed for the ride control subsystem are based upon

the following premises:

• 1974 prices for hardware fabrication, unit acceptance test,
installation and subsystem checkout/acceptance test.

• 250 systems.

• High-reliability (screened) parts used throughout with separate
costs for the basic subsystem elements and a failsafe configura­
tion employing dual redundance where the basic configuration
does not have inherent redundancy.

• Temperature and vibration testing included in the unit
acceptance testing.

• No development costs included.

• All costs are engineering estimates based upon a brief analysis
of requirements and available data on costs of current technology
from catalogs and informal.vendor contacts.

The elements in the ride control subsystem are identified in Figure "4-64.

The following discussion is keyed to that figure.

A. Accelerometers. Costs are based upon use of a commercial unit which

is currently in production for commercial instrumentation applications. Eight

units are used in the basic system and 16 in the failsafe configuration. Base

per unit cost of the commercial version of this device is $450. Assuming a

factor of two increase for a high-reliability version and 0.7 or 0.55 quantity

discount factors yields per system costs of:

Basic syste~ cost = $450(8)(2)(0.7) = $5K

Failsafe configuration = $450(16)(2)(0.55) $8K

B. Gap Sensors. A gap sensor applicable to the MAGLEV case remains to

be developed. It is estimated that the per unit cost will be $5,000 in a high

reliability configuration. Total costs using quantity discount factors of

0.8 and 0.55 are:

Basic system cost = $5,000(8)(0.8) = $32K

Failsafe configuration = $5,000(16)(0.55) = $44K

C. Longitudinal Velocity Sensors. A specific candidate for this require­

ment is not presently available, and adaptation of existing technology will be
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required. The cost is estimated to be $3,000 per unit in a high reliability

configuration. Total costs using a quantity discount factor of 0.8 are:

Basic system cost = $3,000(1)(0.8) = $2,400

Failsafe configuration = $3,000(2)(0.8) = $4,800

D. Control Electronics. As pointed out in Section 4.3.4B, the control

electronics will benefit from the trend ~ deve1opm~nt in LSI. However, care
't!t:f.. .~ .. :' J t

must be taken in making assumptions about the effect of LSI on cost since

operating speed tends to suffer as large ~ca1e integration (LSI) circuit

complexity increases. For example, the execution time of the MPLY instruction

in the prototype PM 11 computer made by Toshiba is 40 microseconds. This

computer employs standard American bi-po1ar small and medium scale chips.

The LSI version of.the PM 11 in P-MOS has an execution time of 120 microseconds

for the MPLY instruction. A rough evaluation of the LSI speed problem indi­

cates that they can be up to 1/5 as fast as current mini computers using

bi-poiar transistor-transistor logic (TTL).

It is possible to increase the effective speed of current micro processor

chip sets by paralleling central processor units (CPU's) and/or complete com­

puters .. This approach tends to reduce the potential size and cost savings,

however.

A second important point is. the fact that mini computer and micro

processor costs are frequently advertised·for the basic memory and CPU with­

out considering the cost of the options and I/O hardware necessary to make a

useful system element. For this case, a multiplying factor of 3 to 5 over

the basic CPU and memory hardware appears to be appropriate.

Using th~ above considerations, the control electronic costs are esti­

mated as follows. The single-unit cost of present mini computers with I/O

hardware applicable to the MAGLEV requirements ranges from approximately $13K

for commercial versions (i.e., Computer Automation Alpha/LSI - 2/2OG) to $40K

for ruggedized military versions (i.e., ROLM Rugged Nova 1602). Taking the

lower number, allowing a factor of 2 for high-reliability components and

packaging, and taking a quantity discount factor of 0.8 and a net technology

improvement factor of 0.5 yields a basic control electronics cost of

$13,000(1)(2)(0.8)(0.5) = $10K. For the failsafe case, it is simply assumed
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that the control electronics will increase by a factor of 2.5 to provide

redundancy for the control electronics, and fault isolation and low-power

sWitching control facilities for the total ride control subsystem.

E. Power Control Unit. The PCU hardware will be composed of relays and

solid-state power conversion equipment. The cost, based upon past experience

with this type of hardware, is $15,000 for the basic system and $24,000 for

the failsafe configuration.

F. Control Magnet Power Amplifiers. The PA cost is estimated by taking

a value of $125 per kilowatt of peak power as the base cost. This value is

representative of costs for commercial SCR power amplifiers used for industrial

motor control in the applicable power range. The peak power requirement of the

system configuration with gap sensors is used for baseline costing purposes.

Using a factor of two for a high-reliability unit and a quantity discount

factor of 0.55 yields a total cost of

$(125)(22)(8)(2)(0.55) $24.2K

It is assumed that adequate redundance is provided in the basic magnet PA con­

figuration and no additional costs are incurred here for the failsafe

configuration.

G. Backup Power Supply. A combination of batteries and a separate APU

is used in the backup power supply. Batteries are used to power the low-level

control and sWitching circuitry and to provide starting power for the APU.

The APU provides the control magnet driver power which constitutes the main

subsystem load. Two 24-vo1t aircraft type lead-acid batteries are needed.

The cost of these items is $200.

The major cost element of the backup power supply is the APU and its

associ?~etl generator. The base cost of a Garrett GPI-36 series APU adequate

to handle the full load of the baseline system with gap sensor is $35K. The

quantity discount factor is included in this figure. The unit is designed for

commercial aircraft use, thus no further addition is made for reliability
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improveme~t. The approximate cost of the generator is estimated at $25K.

Total costs are then

Batteries

APU

Generator

TOTAL

$0.02K

35K

25K--_.
$60.2K

These costs are quite large and are based on a first cut at the mechani­

zation. This area is obviously worthy of additional cost comparison of

alternatives.

H. Subsystem State Instrumentation. The subsystem state instrumentation

includes a central signal conditioner and pick-off devices distributed through­

out the subsystem ~lements. Costs are estimated on the baSis of past experience

with similar equipment. These costs are $lOK for the basic system and $12K

for the failsafe configuration~

I. Subsystem .Cabling. The cabling costs are estimated at $5K for the

basic system and $8K for the failsafe configuration, based upon past

experience.

J. Acceptance Testing, Installation and Checkout. The breakdown of

these costs is as follows:

Basic System

~ Unit acceptance test of the subsystem elements, including
temperature and vibration exposures, 24 hrs. @ $25/hr plus
$250 facilities average each for 14 equivalent items of
equipment in the basic subsystem (Le., one set each of
accelerometers, gap sensors, 1 control electronics, instru-_
mentation, PCU, backup power supply; and 8 PAIs) $12K

. ,

e Installation 80 hrs @ $25/hr 2K

o Installation materials, facilities, spares and rework
at 1010 of base equipment cost 16K

a Subsystem check out and acceptance testing 160 hrs @ $25/hr
plus 2K facilities 6K

G Contingency @ 10% of total installation/test costs 4K

o Basic Subsystem Totals $40K
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Failsafe Configuration

s Unit acceptance testing. Assume 5 additional items for a
total of 19 @ $850 each

o Installation 120 hrs @ $25/hr

o Installation materials, facilities, spares, and rework

@ Subsystem check out and acceptance testing
320 hrs @ $25/hr plus 4K facilities

o Contingency @ 25% of total installation/test costs

o Failsafe Subsystem Totals

$16K

3K

2lK

12K

14K

$66K

These estimates are based on past experience with similar equipment.

K. Summary Costs. Table 6-2 contains the cost data summary.

6.1.3 Linear Synchronous Motor (LSM)

Although the LSM is actually a propulsion system rather than a suspension

system, the costs have been included for completeness. The cost estimates

were provided by MCA for a typical .LSM system. consisting of five separate LSM

modules along the underside of the vehicle. The cost breakdown for the

modules is given in Table 6-3 for the case without shielding coils. If shield­

ing is required, the cost for the five modules increases by a factor of 1.8

to $868,500 per vehicle.

The refrigeration system for the combined LSM and levitation/guidance

magnets is estimated to cost $55,000. This includes an additional compressor

for redundancy, but only one large refrigerator.

6.2 GUIDEWAY CONSTRUCTION COSTS

The guideway construction cost estimates were made by the guideway sub­

contractor, The Cardan Company, Inc. of Beverly Hills, Ca. The at-grade and

elevated guideways were' carried to the level of design sufficient to cost all

the major construction items, This included, for example, the amount, shape,

and location of the reinforcement bars in the concrete to withstand the various

loading criterion specified by Philco-Ford. The costs have been kept in the

standard English units used in the construction industry (cubic yards, pounds,

etc.). As stated in the introduction to Section 6, other elements of the

gUideway costs, such as right-of-way, terminals, etc., have been given in

Sec t i on 5. 4 . 1.
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TABLE 6-2. RIDE CONTROL SUBSYSTEMS COSTS (PER VEHICLE)
BASIC FAILSAFE

SYSTEM CONFIGURATION

ACCELEROMETERS (8) $ 5,000 $ 8,000

GAP SENSORS (8) 32,000 44,000
----

LONGITUDINAL VELOCITY SENSOR (1) 2,400 4,800

CONTROL ELECTRONICS (1 SET) 10,000 25,000
,

POWER CONTROL UNIT (1) 15,000 24,000

CONTROL MAGNET POWER AMPLIFIERS (8) 24,200 24,200

BACKUP POWER SUPPLY 60,200 60,200

CONTROL SYSTEM STATE 10,000 12,000
INSTRUMENTATION (1 SET)

SIGNAL AND POWER CABLING (1 SET) 5,000 8,000

• SUBTOTAL, EQUIPMENT $163,800 $210,200

UNIT ACCEPTANCE TESTING, INSTALLATION 38,000 62,000
AND SUBSYSTEM CHECKOUT AND
ACCEPTANCE TEST ---

• TOTAL RIDE CONTROL SUBSYSTEM $201,800 $272,200

6.2.1 At-Grade Costs

Construction cost data generated by the Cardan Co. ,for the baseline

at-grade gUideway configuration are itemized in Tables 6-4, 6-5, and 6-6.

The costs of the roadbed shown in Table 6-4 - including concrete pavement,

median curb, sub-base, and base - were calculated assuming the use of standard
I

construction techniques used for highways and runways. The aluminum costs in

Table 6~5 - including fabrication and installation expenses - were estimated

from data contained in construction bids for the Task 2 test guideway and from

DOT-supplied data for the cost of the PTACV LIM reaction rail.
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TABLE 6-3. LSM COSTS (PER VEHICLE(l))

€I lSM MODULES

SUPE RCONDUCTOR
(NO SHIELDING COilS)

MAGNET CANS

PERSISTENT SWITCHES

DEMOUNTABLE LEADS

OUTSIDE CONTAINER

SUPPORTS

LEVEl DETECTORS

ElECTRICAL CONNECTORS

SUPERINSULATION

ENVIRONMENTAL TESTING

LIQUID He RESERVOIRS

LABOR

$307,500

22,500

880

230

104,000

715

200

200

3,000

20,000

12,000

19,000

TOTAL MODULE COST $490,225(2)

• REFRIGERATION SUBSYSTEM(31 $55,000

TOTAL SYSTEM COST $545,225IVEHIClE(4)

(1)FIVE MODULES PER VEHICLE, 250 VEHICLES. NO DEVELOPMENT COSTS INCLUDED.

(2)$868,472/MODULE WlTH SHIELDING COILS

(3)REFRIGERATION FOR BOTH THE LSM AND THE LEVITATION/GUIDANCE MODULES
(ONE REFRIGERATOR AND TWO COMPRESSORS)

(41$923,472IVEHICLE WITH SHIELDING COILS
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TABLE 6-5. COST ESTIMATE.,. LEVITATION AND GUIDANCE
ELEMENTS (PER ELEMENT)

COST PER

ITEM QUANTITY UNIT PRICE RUNNING FOOT
.$/FOOT

ALUMINUM ELEMENTS 68.9 LB/FT $0.56/LB 38.60

SHOP FABRICATION ASSUME 20%
7.70

(FORM "L" SHAPE)
- THE COST OF

Al ELEMENTS

ATTACHMENT
ASSUME 25%

9.66THE COST OF
HARDWARE - \

AL ELEMENTS

ASSUME 45%
FIELD INSTALLATION - THE COST OF 17.40

AL ELEMENTS

TOTAL
73.40/FT

($388,OOO/MILE)

TAB LE 6-6. COST ESTIMATE - SITE PREPARATION (EARTHWORK)
TWO-WAY TRACK

DEPTH Of
CUT,H,
FT

5
10
20
30
40

COST PER
RUNNING FOOT
$/FOOT

14
30
70

120
180
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Site preparation costs (i.e., earthwork required to prepare for roadbed

construction) are highly dependent on the route under consideration; therefore,

only very preliminary cost estimations couLd be made relating to possible

hypothetical terrain conditions and the attendant earthwork requirements.

The amount of earth that would be moved for several required cut depths has

been estimated to demonstrate the possible earthwork costs associated with

providing .a level surface through rough terrain. The typical cross sections

shown in Figure 4-93 demonstrate that the cut must be smaller than the fill

to balance the earth. The following assumptions were used to obtain the esti­

mated earthwork costs given by Table 6-6: (1) the cut-fill earth balance is

maintained; (2) an average cost for earth excavating, moving, filling and

recompacting is $3.92/m
3

($3.00/cu. yd.); and (3) elevation variation along

the -direction of tr~vel can be approximated by a curve with a simple periodic

waveform.

All guideway costs are summarized in Table 6-7, including an allowance

for drainage. The estimated construction costs are shown to range from

$1,450,000 per km ($2,330,000 per mile) for a two-way track in relatively

smooth terrain (elevation deviations of about 3 m), to $1,990,000 per km

($3,200,000 per mile) for more severe terrain (elevation deviations of about

25 m). Cost es~imat~s were not. made for terrain having rock.

Cost Comparisons - Table 6-4 shows that a large part of the roadbed

construction costs is associated with the median curb that supports the guid­

ance surfaces. The high cost of this curb is due to the assumption that the

curb is cast in place. A precast factory-made curb or the development of a

slip-form type of machine to automate the curb construction should lead to a

lower cost. Possible savings in curb construction has been estimated based

on an assumption that an automatic process can be developed that will reduce

the concrete cost per unit volume to that achieved with a slip-form paving

machine. Based on this, a savings of $23,800 per km ($38,300 per mile) or

about 14% of the roadbed construction cost should be possible.

A railroad tie roadbed such as suggested in Ref. 6-1 can be considered

as an alternate guideway design. From the current cost of $9.97 each for

ordinary railroad ties (Reference 6-2.), the 3.65 m-long (~12 ft.) ties
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required for the MAGLEV guideway are estimated at least $13.30 each.~< For

ties spaced at 0.6 ~ (~2 ft), the cost of $13.30 ties would be $22,000 per km

($35,000 per mile), one way. From Table 6-4, the .cost of finished concrete

pavement including ~ein[orcement steel is $51,500 per km ($83,000 per mile),

one way. The ·railroad tie approach would then result in a potential savings

if alignment of the awkward aluminum levitation/guidance elements relative to

the ties can be accomplished for less than $29,000 per km ($48,000 per mile).

It is doubtful if railroad ties will be less expensive when all the cost

factors are considered, i.e., the cost of the installed ties, the cost of

alignment and attachment of the aluminum to the ties, and the increased main­

tenance cost of ties. Also, ties will resul t in a rougher roadbed.

No clear advantage of any of the alternate gUideway configurations over

the baseline hat-sha~e is indicated from ~ gUideway design or cost standpoint.

The canted-inverted ."T" involves the construction of a more complicated road­

bed requiring the development of new machinery to automate construction. The

"D" channel requires two separate curbs to support the gUidance surfaces and

would therefore be more expensive. A circular guideway may offer a cost

advantage (due to the minimal amount of aluminum) if an innovative construc­

tion technique could be developed. The inverted "D" channel requires an

increased amount of concrete for at-grade guideways unless a hollow beam is

used. This design has the advantage of using separate aluminum plates for the

horizontal and vertical (guidance) elements and would therefore eliminate the

relatively expensive procedure of bending the aluminum. This necessitates

having separate lift and guidance magnets on the vehicle, but having more

expensive vehicles is generally cost effective if this results in a less

expensive gUideway.

6.2.2 Elevated Guideway Costs

Cost data were developed for the elevated guideway designs presented in

Paragraph ~.5.2B. These data were generated by Cardan Co. as a function of

the height of the pier, the span length, the type of footing (spread or pile),

and whether ordinary prestress or uniform prestress is used in the beams. The

unit price of the materials used to obtain the costs is tabulated'in Table 6-8.

~"Currently, the installed tie costs for some railroads (Penn-Central) are run­
ning at approximately $20 each; according to newspaper articles.
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TABLE 6-8. UNIT MATERIAL COSTS FOR ELEVATED GUIDEWAYS

GUiDEWAY
COMPONENT MATERIAL/OPERATiON UNIT COST

Piers Concrete, Forms, etc. $105/cu yd

Reinforcement Steel $O.35/lb

Footings Excavation $S.OO/cu yd

Concrete, forms, etc. $85/cu yd

Reinforcement Steel $0.35/lb

Backfill and Compaction $9.00/cu yd

Piles (if used) $500/each

Girders Fabricated Prestressed Girders (Concrete, Reinforcement, etc.) Variable* From
$400/cu yd to
$800/cu yd

Fabricated Center Curb (Concrete, Reinforcement, etc.) $150/cu yd

Erection Costs Variable From
$1200 (50 ft span)
to $4100 (100 ft span)

*Cost depends on girder length, type of section and amount of prestress. The cost for a 75 foot uniform
prestress box beam is $650/cu yd.

Figure 6-1 summarizes the substructure (piers and footings) and girder

costs as a function of the length of the span. The girder costs predominate,

especially for the long spans. The substructure costs decrease gradually

with increasing span length since fewer, but larger, footings and piers are

required. The twin-T girders with ordinary prestress have the lowest cost,

but ordinary prestress beams have an undesirable amount of camber and creep

(see Section 4.5.2B). A uniform prestress approach largely eliminates this

problem. It is difficult and expensive to apply uniform prestress to a twin-T

girder because of the shape of the section, but it is relatively easy to do
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for a box beam. Therefore, the box beam with uniform prestress has been

selected as the baseline elevated guideway. Note that a composite steel/

concrete girder costs considerably more than all-prestressed concrete.

Figure 6-2 summarizes the cost of the complete structure for an elevated

guideway except for the aluminum levitation elements on the top surface

(aluminum costs are given in the previous section). The following conclusions

can be drawn from the results:

o Span lengths on the order of 18 m (60 ft.) result in the lowest
cost elevated guideway.

o Pile footings for poor soil conditions cost about 15% more than
spread footings in terms of overall cost.

o Doubling the pier height from 4.5 m (15 ft.) to 9 m (30 ft.)
increases the total cost by less than 15%.

• Total guideway costs using a uniformly prestressed box girder
increase by less than 16% compared to the lowest-cost girder,
i.e., a twin-T design with ordinary prestress.

Again, some cost savings can be obtained by prefabricating the center

curb in a factory and simply bolting the sections to the guideway. The unit

cost of $150/cu yd given in the table is for construction in the field. A

cost savings of perhaps 5% in the girder cost (not guideway cost) may be

possible with a prefabricated curb.

6.3 RE'FERENCES

6-1. Dyson, P., "Preliminary Estimates of Cons truction Costs fo"r MAGLEV

System Test Guideways," Mitre Corp., Report No. MTR-6622, March 1974.

6-2. "The World of Industry," Nation''s Business, Vol. 62, No. 10, p. 442,

October 1974.

6-17



--
~~

700

30'

15'

600 30'

30'

15'

>- 500
«
$:
LLJ
2
o

i
en 400
a:
« -...; ~ - .""."...J =- __
...J
o
o-
~8 300
LL

0:
LLJ
Q. PILE FOOTING
I-
~ ..... e:-D - SPREAD FOOTING

u 200

100

OL..-----------....I.-------------'
50 75 100

SPAN LENGTH (FTl

FiGURE 6-2. TOTAL GiRDER AND SUBSTRUCTURE
COST - ELEVATED GU IDEWAY

6-18



SECTION 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 GENERAL STUDY RESULTS

The major study conclusions of this effort pertain to the technology

aspects of a passenger-carrying TMLV, e.g., the vehicle suspension, the

guideway, propulsion, and overall vehicle. design/performance. Additional

conclusions pertain to the general systems aspects, e.g., passenger capacity,

total cost, and parameter optimization. The pertinent conclusions in each

category are summarized below.

7.1.1 Vehicle Suspension

The passenger-carrying TMLV Revenue System conceptual design studies

show that the repulsion-type of suspension for MAGLEV can be employed in a

high-speed ground vehicle and.meet all specified ride quality requirements

at 134 m/s (300 mph) without the necessity for a super-smooth guideway or a

secondary suspension. The ride quality requirements are achievable for a

guideway with a statistical roughness coefficient, A 1.5 x 10-6 m, without

excessive vehicle excursion (maximum stroke ~ 5 cm) or power consumption

(30 to 50 kW) in all dynamic modes and in turns and transitions to a 2% grade

as well as in straight and level transit. Several active ride control tech­

niques were studied, i.e., those incorporating position feedback, accelera­

tion feedback or heavy absolute damping, and all were found to have accept­

able performance; quantitative comparison, however, is highly route-specific

(primarily due to differing grade transition lengths) and no "optimum"

control technique can be identified at this time. Total production cost of

the baseline position feedback control system is estimated at $272,000 per

vehicle.

The proposed design for the suspension system, i.e., the superconducting

levitation/guidance magnets and associated refrigeration system, represents a

very modest extension of state-of-the-art systems to produce a high-performance
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design (lift-weight ratio ~16.8 with shielding; 20.8 W heat leak per vehicle).

All aspects of the proposed design (namely, high-current-density niobium­

titanium multi-filament wire, low-conductivity epoxy-fiberglass struts to

transmit mechanical forces, etc.) are currently available, but the combina­

tion embodied in the proposed design must go through a development test

program to ensure proper performance in the high-speed, vibratory field

environment. Eight suspension magnets are used in the design, combined in

pairs to make four suspension modules. Each module thus consists of two

redundant suspens::ion magnets (each magnet encapsulated in a separate dewar),

thereby greatly i~creasing the reliability of the suspension system. Each

dewar contains a l6-liter liquid helium storage container to maintain its

cryogenic tempera,ture in the event of failure of the refrigeration system.

Active shielding of the levitation/guidance magnets is accomplished with

bucking coils without introducing severe weight penalty. The average magnetic

field in the passenger compartment is quite low (5 to 10 gauss); the maximum

magnetic field at seat level (about 70 gauss) is directly over the magnets.*

The production cost of the suspension system is estimated at $138,000/vehicle.

7.1.2 Guideway

Although several guideway configurations are feasible, the hat-shaped

(or wide inverted Tee) configuration is preferred. It provides for stable.

vehicle operation, is equally applicable to either elevated or at-grade use

and can1be fabricated quite easily with conventional highway and airport

construction techniques and equipment. At the wavelengths of interest for a

vehicle at 134 mis, the estimated guideway vertical roughness level achieved

with these conventional construction methods is actually less than that used

for the vehicle ride quality analyses. The lateral roughness level of the

central "spine" of the guideway is expected to be even lower. There is the

potential therefore, for further improvements in ride quality without resort

to expensive or exotic construction techniques. The hat-shaped guideway is

judged to be the most economical configuration; exclusive of land acquisition,

*In the baseline design, no passenger seats are actually located over the
magnets due to the placement of the magnets near the ends of the vehicle.
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route preparation or electrical power, the double-track cost estimates are

$1.4 x 106/km for at-grade-construction and $3.6 x 106 /km elevated. These

costs include the L-shaped levitation elements, which are fabricated from

high-conductivity aluminum (1100-H14) to achieve high magnetic lift/drag

ratio (rv 46) •

7.1.3 Vehicle Design/Performance

The baseline, 80-seat vehicle with Ducted Fan/Gas Turbine propulsion

exhibits minimum energy consumption per passenger with the 2 + 2 seating

arrangement. The 140-seat vehicle, however, shows 24% less energy consumption

per passenger and the optimum seating arrangement is 2 + 3. The aerodynamic

drag of the baseline vehicle is approximately 2.5 times the magnetic drag at

level cruise conditions, despite the assumption of a relatively "clean" con­

figuration. Great care must be exercised in design, therefore, to assure

conformity with aircraft practice regarding surface smoothness, the fit of

joints, windows, doors, etc. Acceleration to cruise conditions and operation

on an upgrade increases the importance of vehicle weight, and a lightweight

design approach is highly desirable.

The vehicle sponsons (the lower vehicle sections required to straddle

the hat-shaped guideway) are advantageous in that they provide a high section

modulus with a relatively short vehicle (by encapsulating magnets, wheels,

fuel, etc.), thus permitting a light-weight, low power vehicle design. The

whee1e'd suspension system is eas ily packaged wi thin the sponsons ,_ and supports

the vehicle during normal operation below lift-off speed (rv 30 m/s). The

wheels also engage the switching ramps and provide the support for emergency

landing. Vehicle-generated noise (exclusive of propulsion) is a major design

factor since it bears on cruise speed selection, propulsion system performance,

etc. The preliminary vehicle noise estimate is 92 dbA at 15 m for a vehicle

traveling at 134 m/s; the DOT operating goal of 73 dbA is not reached until

speed drops to 80 m/s (179 mph).

7.1.4 Propulsion

The propulsion system is a major factor in overall system design; it is

the largest vehicle weight and cost element and directly influences the guide­

way and switch mode selection. The noise-suppressp-d Ducted Fan/Gas Turbine
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system is clearly: the leading candidate for a Repulsion MAGLEV vehicle for

the near future. Its advantages relate to its development status, relia­

bility, light weight, reasonable cost, performance, and its ability to provide

propulsion for sWitching and off-line operation as well as on-line operations.

An additional adv~ntage is that it results in the cheapest guideway, e.g.,

when compared with electric propulsion systems. Noise and exhaust emission

problems appear readily solvable within realistic requirement bounds.

In the event that chemical fuels (fossil or synthetic) are not available,

recourse can be made to electric propulsion. All of the electric propuLsion

systems considered appear to be feasible, but there are a number of unresolved

problems which prevent precise quantitative comparison. The linear induction

motor (LIM) has the best development status of the electric systems, but it

is excessively heavy unless wayside power conditioning is employed; although

not yet demonstrated, wayside conditioning is probably feasible. The LIM

requires power pickup and is difficult to switch safely, even in the single­

sided version. The biggest difficulty, however, is the dynamic incompati­

bility between the narrow-gap motor and the large gap vehicle suspension; the

motor cannot be suspended from the vehicle without adversely affecting ride

quality and/or stroke. This problem is resolvable, in principle, by operating

the motor as a tug, i.e., with its own separate suspension system. Neverthe­

less, it is our judgement that the linear induction motor will not be a good

propulsion system for a Repulsion MAGLEV vehicle.

The linear synchronous motor has substantial potential for Repulsion

MAGLEVapplicatiops. It is a large gap device, does not require a power

pick-up and is efficient. Curr.ent indications are, however, that it is

difficult to switch and is relatively heavy (with somewhat higher energy con-

sumption). Nevertheless, with sufficient development the IBM could become

the future MAGLEV propulsion system.

The noise-suppressed ducted fans can also be driven by rotary electric

motors, 'preferably of the superconducting type for reduced size and weight.

Despite ,the light weight of this propulsion arrangement, the overall energy

consumption per passenger is the highest of all systems studied. Compared to
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other electrically-powered systems, switching is easier because of the

system's ability to provide propulsion for both on-line and off-line opera­

tions, and the additional guideway cost (above that for the gas-turbine

driven fan) is only due to power rail and power distribution, not a reaction

rail. The system will benefit from current military efforts to develop

superconducting motors for ships.

The superconducting paddle wheel is a concept with long-term potential,

including the possibility of integrating propulsion with levitation. It has

high efficiency and, when driven by onboard gas turbines, has the lowest

energy consumption of all systems studied. However, this concept has essenti­

ally zero development status and much more work is necessary to determine its

characteristics.

7.1.5 Systems Analysis

The l40-seat vehicles can handle approximately 5000 passengers per hour,

corresponding to ~ 30 x 106 passengers per year or ~ 2 x 10 10 passenger-km per

year for the sample 750 km route. These results are based on 16 hour/day

operation at 60% load factor and 2-minute headway between vehicles. For

larger headways or for peak capacities of greater than SOOO-passengers per

hour, two or more vehicles must be coupled together. This results in a more

favorable energy intensity « 1 MJ/seat-km), but the vehicle dynamics aspects

of coupled vehicles are unknown at this time.

Train sets composed of three l40-seat coaches operating at 134 m/s with

Ducted Fan/Gas Turbine propulsion have a total operating cost of ~ 1.7¢/

passenger-km for JP fuel at 5.3¢/liter (20¢/gal) and ~ 2,1¢/passenger-km for

fuel at 10,6¢/liter (40¢/gal). Again, 60% load factor is used,

The optimum thickness of the aluminum guideway elements is between 2 and

3 cm for a very wide range of JP fuel cost, Cruise speed for minimum energy

cost is between 80 m/s (179 mph) and 95 m/s (212 mph); cruise speed for

minimum total system cost is between 90 m/s (201 mph) and 110 (246 mph),

although total cost is not very sensitive to cruise speed in the range of

current fuel costs.
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Total double track guideway cost, assuming the Northeast Corridor compo­

nent mix* and with land a~ $30,000 per acre, ranges from~ $3.3 x 10
6

/km for

the Ducted Fan/Gas Turbine propelled system to ~ 4.1 x lOb/km for the LSM­

propelled system.

For a single 80-seat vehicle operation with 2-minute headway, there is

approximately a 15% difference in cost/passenger-km between the Fan/GT syst€m

and the highest cost electric system with JP fuel at 10.6¢/liter (40¢/ga1)

and electricity at 3¢/kW hr, respectively. For a single 140-seat vehicle,

the difference is only 10%, reflecting the diminished importance of the guide­

way cost under high capacity operation.

7.2 RECOMMENDATIONS

The Phi1co-Ford-deve1oped 5-DOF vehicle dynamics computer program should

be employed for in-depth parametric evaluation of various active control

schemes. Cruise speeds above and below 134 m/s should be considered and

emphasis should be placed on those control schemes which do not require a gap

sensor. This work should interface with route-specific analyses to derive

optimal turn and grade transition profiles and vehicle acceleration/speed

profiles.

Much more work based on either wind tunnel testing or free flight model

testing is necessary to obtain reliable aerodynamic data. This includes

cross-wind flow conditions with rea1isti~ guideway/vehicle simulation. A

similar recommendation is appropriate to the problem of vehicle-g~nerated

noise. This is necessary to establish realistic noise requirements, partic­

ularly as they affect the propulsion system selection, operation near popu­

lated areas, etc.

More detailed analyses of various propulsion options should be carried

out, with possible subsca1e experimentation, and with careful attention to

overall systems aspects. Further consideration should be given to the problem

of vehicle switching. (Switching permits off-line loading and unloading, a

requirement for a high capacity, limited headway system.)

*1% bridges, 4% tunnels, 16% elevated, 79% at grade.
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A field experimentation program, preferably with a subscale test vehicle,

is necessary to ascertain performance of the superconducting magnets and

associated equipment in a realistic environment. Measurement of vehicle ride

quality, switch functioning, aerodynamic noise, and other system parameters

is also desirable. Development should continue on the magnet to obtain a

shielded, low weight, high lift, intrinsically stabilized design.

A gap sensor should be developed which will function in an all-weather

environment and meet the requirements listed in Section 4.3.4A. Other

instrumentation which should be developed is a device to detect objects on

the track; ones large enough td interfere with passage of the vehicle.
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