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PRELIMINARY DESIGN FOR A
MAGLEV DEVELOPMENT FACILITY

by

H.T. Coffey, J.L. He, S.L. Chang, J.X. Bouillard,
S.S. Chen, Y. Cai, L.O. Hoppie, S.A. Lottes,
D.M. Rote, Z.Y. Zhang, G. Myers,

A. Cvercko, and J.R. Williams

ABSTRACT

A preliminary design was made of a national user facility for
evaluating magnetic-levitation (maglev) technologies in sizes intermediate
between laboratory experiments and full-scale systems. A technical
advisory committee was established and a conference wus held to obtain
advice on the potential requirements of operational systems and how the
facility might best be configured to test these requirements. The effort
included studies of multiple concepts for levitating, guiding, and propelling
maglev vehicles, as well as the controls, communications, and data-
acquisition and -reduction equipment that would be required in operating
the facility. Preliminary designs for versatile, dual 2-MVA power supplies
capable of powering attractive or repulsive systems were developed. Facility
site requirements were identified. Test vehicles would be about 7.4 m
(25 ft) long, would weigh from 3 to 7 metric tons, and would operate at
speeds up to 67 m/s (150 mph) on a 3.3-km (2.05-mi) elevated guideway.
The facility would utilize modular vehicles and guideways, permitting the
substitution of levitation, propulsion, and guideway components of different
designs and materials for evaluation. The vehicle woul provide a test cell
in which individual suspension or propulsion compone' s or subsystems
could be tested under realistic conditions. The system would allow
economical evaluation of integrated systems under varying weather
conditions and in realistic geometries.

1 INTRODUCTION

The objective of the Illinois magnetic-levitation (maglev) program was to design and
establish a national user facility for the development of high-speed maglev technologies for
the ground transportation of passengers and time-sensitive freight. The facility must be
versatile enough that many different maglev concepts can be evaluated, if the construction
of multiple developmental facilities at different sites is to be avoided. This report describes
the design study undertaken to assess the characteristics such a facility might have. Actual



construction of the facility depends on the acceptance of the concept by the National Maglev
Initiative, the Administration, and the Congress.

Maglev development began more than two decades ago in the United States,
Germany, Japan, Canada, and England. By 1974, Ford Motor Company was developing a
300-mph test sled for the evaluation of one maglev technology. In 1975, however, recognizing
the capabilities of the (then) new wide-body jet aircraft and facing conflicting demands for
federal funding to improve the railway system, the United States government withdrew
funding for these studies. Efforts continued in Japan and Germany.

Today, Germany is in the final stages of evaluating the safety of one type of maglev
system, a 13.5-mi (21.6-km) demonstration of which will be operational in Orlando, Florida,
by 1994. Japan is testing another type of system and expects to demonstrate it in Sapporo,
Japan, around the same time. Each country has invested over $1 billion in its respective
technology. Although these systems are in the advanced deve.opment stage, cther means of
magnetic levitation that have not yet been fully investigated are possible. The first system
to be installed will have a significant advantage in terms of winning public support, so it is
important that alternative systems be evaluated and the best system be installed from the
outset.

The stakes are bigh. A $5.2-billion bid has been submitted to install a German-
developed system between Las Vegas, Nevada, and Anaheim, California, at a cost of more
than $19 million per mile. Assuming a 2,000-mi (3,200-km) network of maglev lines in the
United States, the cost would be approximately $38 billion if this technology were used. A
20,000-mi network throughout the United States is conceivable, at a cost of $380 billion, in
the 21st century. The export market will also be significant. The Congress has taken note
of these developments, and several maglev-related bills have been introduced. Twelve million
dollars was appropriated for maglev studies in fiscal year (FY) 1991, and the budget for this
purpose was approximately doubled in FY 1992, The Administration listed maglev in its FY
1991 budget as one of the top 10 projects "enhancing research and development.”

A National Maglev Initiative (NMI), led by the Federal Railroad Administration and
codirected by the U.S. Department of Energy (DOE) and the U.S. Army Corps of Engineers
(COE), has been formed to assess maglev technologies and recommend a course of action for
the United States. The following options have been identified:

1. Install the German system,

2. Modify and codevelop either the German or Japanese system, or

3. Develop a new system.

Exercising the third option would require that new technologies for magnetic
levitation be conceived and analyzed. A major part of this effort would be the development

of analytical or computer models to predict the performance of new systems. These madels
must be validated by comparing their predictions with experimental data. It is desirable to
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obtain these data from experiments with small, economical systems before committing to the
construction and testing of full-scale prototypes. Although the experimental systems must
be capable of testing the appropriate analytical predictions, it is not necessary that the tests
be performed on scrle models of operational systems. These verifications will be unusually
important in the development of passenger-carrying maglev systems. Ultimately, it will be
necessary to evaluate full-scale prototype systems to ensure the manufacturability, reliability,
operation, safety, and economy of maglev systems in revenue service.

Laboratory facilities for the proof-of-concept efforts can be constructed relatively
quickly, but facilities for the development of larger, more advanced systems require
considerable advance planning. In this program, we sought to identify the requirements for
operational systems and use that information to identify the requirements for a development -
facility. From this exercise, we have developed the preliminary design of an intermediate-size
development facility, The facility could be used not only to develop new maglev systems for
the United States, if that option is chosen, but also to continue evolutionary development of
maglev systems based on foreign designs, if one of these is selected. A modular component
approach was taken in designing the facility, allowing users to replace entire sections of the
guideway and the complete suspension and propulsion systems (or any of their component,
parts) on the vehicle for experimentation with alternative concepts.

It is intended that this design be reviewed by industrial participants in the
development of magnetic-levitation systems and that their suggestions for modifying it be
incorporated to make the facility as universally useful as possible. Industrial collaboration
in this design through a series of workshops was planned for this program, but a request for
proposals for maglev system concept definitions, issued by the National Maglev Initiative
during the time planned for the workshops, precluded industrial participation.

This study began with a review of existing and proposed systems, followed by & twc-
day conference with industrial and governmental persennel who defined, broadly, the
characteristics expected of operational maglev systems., Subsequently, considerable effort was
devoted to reviewing maglev technologies. These studies and the output of the conference
were used to define the range of parameters the experimental facility would be called upon
to evaluate,

Parallel with these efforts, the development of a computer program was begun to
assess the dynamic motions of vehicles levitated and propelled with any form of magnetic
suspension and propulsion over guideways having arbitrary perturbations, surface
roughnesses, flexibilities, and curvatures.

1.1 SYSTEM DESCRIPTION

The development facility would require a triangular-shaped site 2.2 mi (3.5 km) long
and 1.2 mi (1.9 km) wide. Other uses of parts of the site could be permitted, reducing the
requirements for land acquisition., The facility would include elevated test guideways; one
or more fully instrumented test vehicles; data-acquisition, transmission, and reduction



facilities; power and power-conditioning equipment; operational controls; a control and office
building: and a maintenance garage. The location of the site is currently unspecified, but it
would have to be located in a region with varied climatic conditions to test the all-weather
operational capabilities of items or systemg under development.

The main guideway would be 2.05 mi (3.3 km) long, straight, and level; provisions
would be made for the addition of a curved, banked, and graded guideway with fixed or
functional switches, as required by the users. The main guideway is designed in three
sections, the first and last of which would be used for accelerating and stopping the vehicle,
These sections would be constructed of reinforced concrete piers and spans, with modular
attachments for testing different maglev systems. The basic guideway would be a two-meter-
wide, pier-supported, flat concrete structure onto which sidewalls or other structures and a
variety of propulsion systems could be mounted. Most experiments would be performed on
the central 1-km (0.6-mi) portion of the guideway, which is designed to be altered to mect the
requirements of specific tests. This section can be modified and instrumented in any way the
user desires for evaluating the performance of the guideway while interacting with passing
vehicles. Alternative structures or materials of construction would be evaluated in this
section. To facilitate the rapid evaluation of different concepts, it has been suggested that
two parallel guideways be constructed, one being modified for testing while the second is in
experimental use. This approach would permit the basic site, power, power-conditioning,
control, instrumentation, and data-acquisition, -transmission, and -reduction equipment to
be used for both guideways, at a 15 to 20% increase in cost, and would more fully utilize the
overall facility,

The proposed vehicle is designed to be a test bed for different maglev suspension,
guidance, and propulsion technologies. The vehicle comprises two parts. The upper part has
an aerodynamically shaped body with a flat chassis on which batteries, power-conditioning
equipment, diagnostic and operational instrumentation, and controls and communications
equipment would be mounted. The bottom part is designed to permit installation and
removal of any magnetic levitation, guidance, or propulsion systems the user might wish to
evaluate. Since wheels must be provided for electrodynamic levitation systems, the vehicle
can be used for routine transportation of equipment on the guideway by using these wheels
when no maglev system is installed. A test cell, or bay, is also provided in the vehicle for
evaluating single levitation or propulsion systems, active or passive damping systems, ctc.
while the vehicle is operated at realistic speeds and under realistic conditions by using either
the wheels or a levitation system. Use of ihe test cell would permit the development of these
elements while avoiding the unnecessary risks entailed in levitating the vehicle with new and
untested systems. Vehicles having total levitated weights of three to seven metric tons could
be tested at speeds up to 150 mph (67 m/s). An artist’s concept of the test vehicle and
guideway is shown in Figure 1.1.

At the propused speeds, aerodynamic forces would be small compared with those on
revenue vehicles, so the dominant power requirement would be that required for accelerating
the vehicle to 150 mph. Two variable-voltage, variable-frequency 2-MVA power supplies are
adequate for this purpose. The two supplies would power successive blocks of the motor in



FIGURE 1.1 Partial View of the Proposed Test Guideway and Test Vehicle, Electrodynamic
Suspension System with Sidewall-Mounted Coils and a Linear Synchronous Motor

the guideway, and power and phase synchronization equipment would be provided for this
purpose. Since the pole pitch of linear synchronous motors used in electromagnetic
suspension systems is shorter than that of those used in electrodynamic suspension systems,
a higher frequency is required for the electromagnetic systems to achieve the same speed.
The power supplies would provide adequate frequency ranges for either application. Controls
for the power supplies will be programmable for testing of different systems or strategies.
If a linear induction motor is proposed for evaluation, a catenary for high-speed power pickup
can be installed beneath or above the guideway.

Communication with the vehicle is expected to be either by a telemetry system or
by a "leaky coax" extending the length of the guideway. The telemetry system is more direct,
but the leaky coax (or a modification of it) is useful in areas obscured from the transmitter
by hills or tunuels. Since operational systems will be controlled from a central facility,
continuous, reliable communications with the vehicle are critical and will likely be a subject
of developmental testing. Data from the vehicle and guideway sensors would be transmitted
to a central control and data-collection/processing facility. Moderate data-processing
facilities, such as personal microcomputers and a workstation minicomputer, would be
installed in the control-communication building, This facility would also contain offices for
on-site personnel.



A maintenance garage would be provided for maintaining the vehicles, installing and
removing test items, and storing equipment and supplies.

1.2 OPERATION AND USES

The facility would be operated as a national user facility, available to all U.S.
governmental, industrial, and academic developers of maglev systems. Use of the facility in
the "public interest" would be permitted at no cost. Developers evaluating proprietary
systems would be charged the full-recovery cost of operating the facility. Use of the facility
would be scheduled by a users’ committee established for this purpose by the agencies
funding the design, construction, and operation of the facility.

Devices or systems brought to the facility for evaluation would have undergone
preliminary evaluation by the developers of the equipment, who would provide a schedule of
experiments in advance. Such preparations should assist in detecting variations from
expected performance and should expedite testing after the experiments begin. Routine
modifications of the equipment for developmental purposes would be made as part of the
ordinary operation and testing plan. If excessive delays were incurred, a second test vehicle
might be required, although much of the same diagnostic and communication equipment
might be transferable. The levitation systems could also be removed from the test vehicle
and the wheels installed for testing individual components or subsystems by other developers
while awaiting modification of the primary test item. Modifications of the vehicle for
different maglev configurations should require no more than one to three weeks. Removal
and replacement of parts of the modular guideway should proceed quite rapidly with the use
of one or more cranes, with extra shifts being used if required to perform these tasks
expeditiously. Linear motors are expected to be constructed in modular form for installation
and removal from the guideway. This might be the most time-consuming task in a
reconfiguration effort, depending on the complexity of the motor and the sensors required to
operate it. Overall, reconfiguration of the facility for testing a different maglev configuration
should be accomplished in about four to six weeks.

At the highest speeds, the vehicle would transit the entire guideway in less than
1.5 min. Returning the vehicle to the starting point (on its wheels or levitated) should
require no more than 10 min. Consequently, data output from the facility will occur at a very
high rate. A given developer should be able to complete a detailed series of tests in 8 to
10 weeks,
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2 BACKGROUND

 The development of magnetically levitated vehicles has proceeded along two paths,
one using attractive magnetic forces and the other using repulsive forces, These approaches
are commonly referred to as the electromagnetic suspension (EMS) and the electrodynamic
sugpension (EDS) systems, respectively, The basic principles of levitating and guiding
vehicles by using both technologies have heen recognized for decades, but the absence of the
requisite technologies precluded their practical application until about 25 years ago, The
IEMS (attractive) system, which requires rapid control of substantial amounts of power, had
to await the development of high-power solid-state devices capable of controlling this power.
Permanent magnets can be used in EDS (repulsive) systems to levitate vehicles, but the
levitation height is quite small, Therefore, most studies have concentrated on EDS systems
that rely on very-high-current-density magnets carried aboard the vehicles — current
densities that can only be supplied by superconducting magnets.

By the mid-1960s, it was recognized that then-current technologies provided the
possibility of implementing these systems in practical transportation applications, and
development begén in several countries. In the United States, the impetus for much of this
work derived from the High-Speed Ground Transportation Act of 1965, which sought to
davelop new methods of surface transportation to supplement the growing demand for air
travel and to revitalize the railway system (which was falling into disuse in terms of passen-
gar travel). These developments have been reviewed elsewhere;! they are briefly summarized
here to indicate the evolutionary development of these technologies.

2.1 DEVELOPMENT OF ELECTRODYNAMIC SYSTEMS

J.R. Powell and G.T. Danby (Brookhaven National Laboratory) published the seminal
paper® on the EDS system in 1967, they also patented their concept.® In this system,
superconducting magnets carried aboard the vehicle induce currents in passive coils in the
guideway as the vehicle magnets pass overhead, producing levitation and guidance forces.
Powell and Danby later invented the null-flux system, which has formed the basis of
Japanese efforts in maglev development,? and incorporated linear synchronous motors (LSMs)
into their guideway.

In 1967-68, SRI International® and Atomics International® evaluated the feagibility
of using Powell and Danby’s concept for the suspension and guidance of a Mach 10 rocket
sled, Power being of little concern in this application, S.L. Wipf (Atomics International)
proposed using continuous sheets of aluminum in place of guideway coils, a concept that was
extended to high-speed ground transportation systems by H.T, Coffey and F.M. Chilton at
SRLT I 1970, SRI constructed a 1756-m-long maglev guideway, on which a 4.3-m-long,
H00-kg maglev test sled using this concept was evaluated with funding from the Federal
Ruilroad Administration (FRA).? Reitz, Davis, and Borcherts of Ford Motor Company began
maglov studies in 1969, and in 1971, under contract with the FRA, they analyzed and
evalunted continuous-sheet maglev systems using a rotating aluminum cylinder to simulate



a moving guidewﬁy, Their work culminated in a baseline revenue-producing vehicle design.”
In 1974, they were awarded a contract to develop a 300-mph (500-km/h) magnetically
levitated test sled; after all federal funding for maglev studies was withdrawn in 1970,
however, construction of the sled was canceled.

In 1970, H.H. Kolm and R.D. Thornton (Massachusetts Institute of Technology)
conceived a novel form of maglev, in which saddle-shaped superconducting magnets were
placed along the bottom of the vehicle and levitated over a semicircular guideway containing
both a continuous sheet for suspension and a three-phase meander winding coil for
plopulsiom10 This system, called the "MAGNEPLANE," provided levitation, guidance, and
propulsion and had the unique capability of rotating about its longitudinal axis in a curve to
provide coordinated turns, as in an airplane. A small-scale model was constructed and
levitated to demonstrate the concept.

J.K. Dukowicz, L.O. Hoppie, and T.C. Wang (General Motors) invented and patented
amaglev configuration called "MAGPAC" that combined levitation, propulsion, and guidance
of a vehicle over a guideway consisting of metallic loops excited by direct current and
individually controlled by silicon-controlled rectifiers (SCRs).!! This system, which does not
require three-phase excitation, would avoid the magnetic drag force.

Several Canadian universities began studies of maglev in the early 1970s, analyzing
gystems using superconducting magnets with continuous sheets or null-flux configurations
in conjunction with continuous sheets. The Canadian investigators also included LSMs in
their designs. Atherten, Eastham, and Hayes have been prominent in these efforts.

AEG, Brown-Boveri & Cie, and Siemens, in Germany, began similar efforts in 1972,
In 1974, they levitated a 17-metric-ton, 12-m-long vehicle with four superconducting magnets
on a circular guideway having a continuous aluminum sheet.

The most sustained efforts in developing the EDS system have been made in Japan.
Under the leadership of Y. Kyotani and 11, Tanaka, a series of test and developmental
vehicles has been constructed, first under the sponsorship of Japanese National Railroads
(JNR) and later with that of the Railway Technical Research Institute (RTRJ). A test sled
(levitated with superconducting magnets and propelled by a linear motor) and a larger vehicle
called the ML-100 were first tested in 1972. The latest vehicle, the MLU-002, is 22 m long,
weighs 17 metric tons, and carries 44 passengers, A 47-km-long test site for evaluating full-
sized vehicles is now under construction.

2.2 DEVELOPMENT OF ELECTROMAGNETIC SYSTEMS

The development of electromagnetic suspension systems can be traced back at least
to 1969, when Krauss-Maffei (KM) and Messerschmitt-Boelkow-Blohm (MBB) began
development of two systems, MBB’s using separate levitation and guidance magnets and
KM’s using a combined levitation/guidance system. Krauss-Maffei’s first test sled, including
a single-sided, short-stator, iron-cored linear induction motor (LIM), was levitated in 1969,



This was followed in 1971 by a 10.7-metric-ton vehicle with eight seats, propelled by a
double-sided short-stator LIM, In the same year, MBB levitated a 5.8-metric-ton vehicle by
using the same type of propulsion system. In 1974, Transrapid EMS was formed to combine
these efforts in developing EMS maglev systems.

In the United States, the Rohr Corporation began developing its ROMAG system in
1970 und constructed both a top-suspended vehicle for six passengers and a bottom-supported
system for 20 passrngers, Both vehicles used short-stator LIMs for propulsion, In 1978, the
Boeing Company acquired the rights to the ROMAG technology and continued development
of the propulsion system. Boeing’s technology was licensed to Carnegie-Mellon University
in 1986. '

Transrapid (TR) has now developed seven test vehicles. The latest of these, n
prototype revenue vehicle, is 50 m long, weighs 92 metric tons, and scats 198 passengors in
two coupled cars. It is being developed on a 31.5-km-long elevated guideway in Emsland,
Germany,

2.3 STATE OF THE ART OF MAGLEV SYSTEMS

The two most highly developed maglev systems at this time are the Transrapid EMS
system in Germany and the MLU-002 EDS system in Japan. The two systems differ
radically, but both are, or will be, capable of transporting passengers at speeds of 500 km/h
(300 mph).

The Transrapid system is levitated, guided, and propelled by magnetic fields
generated in iron-cored magnets and LSMs, as shown in Figures 2.1 and 2.2. The main
fentures of the system are summarized in Table 2.1. The levitation magnets, arranged along
the length of the vehicle, lift it toward the iron (steel) in the long-stator armature windings.
In order to achieve good ride quality and to minimize dynamic energy losses, each magnet
is mounted to a bogie with a spring-shock absorber. The cabin is supported on the bogies by
pneumittic springs and shock absorbers. The control of the system is fully automated.

With constant currents in the levitation magnets, the veliicle is unstable; either the
magnets are attracted to the steel guideway and clamp onto it, or else they fall away from
the guideway. Stabilization is achieved by continuously monitoring the distance between the
cuideway and the magnets and decreasing or iucreasing the currents in them as the vehicle
moves toward or away from the guideway. The power for these magnets is supplied by an
on-board bank of batteries and by a linear generator, which picks up power from the
guideway while in transit. In the event of a failure of the stabilizing system, the vehicle
descends onto the slide rail (shown in Figure 2.1) and skids to a stop. The guidance system
i analogous to the levitation system and maintains the vehicle in a central position,

Propulsion and primary braking are achieved by means of an L.SM installed in the
guideway, The three-phase armature (stator) windings of this motor, comprising laminated
iron cores with slots for the electrical windings, generate a traveling magnetic wave along the
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FIGURE 2.2 Side View, German Transrapid Maglev System

length of the guideway. This wave interacts with the vehicle-mounted magnets to propel or
brake the vehicle synchronously with the moving maguetic wave. Secondary braking is
achieved by means of eddy currents induced in the guidance rail of the guideway. The power
for the motor is supplied by a variable-voltage, variable-frequency (VVVF), pulse-width-
modulated power supply at the side of the guideway. To increase the power utilization and
efficiency of the system, the long-stator armature windings on the guideway are divided into
separate motor sections that vary in length from 300 to 2,000 m.

Since the magnetic field in the air gap between the iron poles of an electromagnetic
system decreases rapidly as the gap is lengthened, the power required to maintain the
magnetic fields of the on-hoard magnets increases rapidly as the magnets move away from
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TABLE 2.1 Main Features of Transrapid TR-07 Maglev System

Component, Item Value/Explanation
Vehicle Length/car (m)® 26.5
Width (m) 3.7
Height (m) 3,96
Welght/car, loaded 63
(metric tons)
Passengers/car 100
Design speed (km/h) 500
Acceleration (g’sh) 0.087 max., 0.060 mean (TR-06)
On-board power (kW)° 400
(ruideway Type 5-11 m, elevated, piers and beams
Materials
Piers Cast-in-place concrete
Beams Prestressed concrete/steel
Width (m) 2.8
Bank angle, max, (degrees) 12
Radii, 500 km/h
Horizontal (m) 6,630
Vertical (km) + 38.58, - 19.29
Gradient (%) 10 (max.)

Suspension

Propulsion

Power System

Switching

Type

Primary

Secondary
Weight (metric tons)
Power (kW/metric ton)
Gap (mm)

Levitation

Guidance

Type

Force (kN)

Motor length (m)d
Pole pitch ()
Current/phase (A)
Voltage/phage (V)

Type
Converters
Frequency (Hz)

By bending steel guideway

Electromagnetic (7 Hz)
Pnsumatic (0.8 Hz)

32

1.6

8
10

Long-stator, iron-cored LSM
100

300-2,000

0.268

1,200

4,250

Variable voltage, variable frequency
Gate-turnoff (GTO) thyristors
0-216

" Pwo cars,

b Acceleration due to gravity, g, equals 9.8 m/s? (32 ft/s?).

“ Batteries and induced power from LSM,

4 peor block.
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the armature. For this reason, the air gap is regulated to remain within about 8-10 mm

(0.33-0.40 in.).

The elevated guideway used at the Emsland test site (TVE) for the evaluation of this
system was constructed of reinforced-concrete and steel piers and beams. The beams are
typically 26 m long, with concrete beams as long as 37 m being used in special cases. The
guideways are premanufactured to assure the close tolerances required to avoid contact
between the electrical structures mounted on them and the vehicle magnets. The guideway
is also quite stiff, so that it will not undergo flexing as the vehicle passes; such flexing could
also result in contact of the vehicle magnets with the guideway structure. The maximum
cant (bank angle) of the guideway was selected to be 12°. Switching of vehicles is
accomplished by bending a 150-m-long steel section of the guideway by using electro-
mechanical actuators.

The EDS system in Japan uses superconducting magnets on the vehicle, which react
against conventional coils in the guideway to achieve levitation, guidance, and propulsion.
In early tests, the superconducting magnets were placed in a horizontal position and reacted
against horizontal coils on the bottom of the guideway. The superconducting magnets were
later redesigned in the MLU-002 vehicle and located vertically, reacting with horizontal coils
on the guideway for levitation and vertical coils located on the sidewalls of the guideway for
guidance. The guidance coils are connected in a null-flux configuration to reduce the
electromagnetic drag. Linear synchronous propulsion coils are also located on the sidewalls,
but since they are symmetrically located with respect to the null-flux coils, they do not
interact with them (see Figures 2.3 and 2.4). The magnets are provided with passive,
mechanical secondary suspensions to achieve greater ride comfort as they pass over the
discrete coils in the guideway (see Chapter 8), and passive damping plates are used for
additional damping and electromagnetic shielding of the magnets (see Chapter 10). The
MLU-002 was tested on the test guideway at Miyazaki at 380 km/h in December 1988. Major
characteristics of the MLU-002 system are given in Table 2.2.

Currently, plans are being made to construct a 43-km-long test facility in the
Yamanashi Prefecture of Japan that will become a part of a revenue-producing system
operating between Tokyo and Osaka. The revenue vehicle will have superconducting
magnets located on bogies with secondary suspensions at the juncticns between cars in the
train. This configuration will keep the magnets at a greater distance from the passengers
and reduce their exposure to magnetic fields; however, it will also make it necessary to
strengthen the vehicle, since the magnetic support will not be distributed along the body of
the vehicle. Another significant innovation in this system is the removal of the horizontal
coils from the bottom of the guideway. Levitation will be achieved by interaction with coils
located on the sidewalls of the guideway.
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TABLE 2.2 Main Features of Railway Technical Research Institute

Maglev System MLU-002

Value/Explanation

Component Item

Vehicle ~ Length (m) 22
Width (m) 3.0
Height (m) 3.7
Weight (metric tons) 17
Passengers 44
Design speed (km/h) 500

On-board power

Guideway Type
Materials
Piers
Beams

Suspension  Type
Primary

Secondary
Effective gap (cm)
Magnets
Ampere-turns per

magnet (kA turns)
Magnet length (m)

Guidance Type
Force (kN)®
Gap (cm)

Propulsion Type
Force (kN)
Pole pitch (m)
Current/phase (A)
Voltage/phase (V)
Frequency (Hz)

Power Type
System Converters

Frequency (Hz)

Brakes Types

Inverter, 3-phase, 200 VAC, DC/DC
converter, 24-V battery bank

Elevated, piers and beams

Cast-in-place concrete
Concrete, low magnetic rebars

Electrodynamic
Mechanical

11

3 per bogie, two bogies
700

1.7

Null-flux
83.3
156

Long-stator, air-cored LSM
79.4

2.1

900

5,800

0-28

Variable voltage, variable frequency
Cycloconverter,

60-120 Hz motor-generator

0-28

Aerodynamic, electrical, mechanical

8 5-cm displacement,
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3 APPROACH

3.1 INTRODUCTION

A facility for evaluating maglev systems and components must be capable of testing
the range of characteristics that operational systems might encounter. To assess the uses
to which revenue-producing maglev systems will be applied, more than 40 experts in
transportation and maglev technologies discussed their views of the utilization of maglev sys-
tems at the two-day Illinois Maglev Conference held at Argonne National Laboratory (ANL)
in November 1990. This conference built on a previous set of system specifications developed
by the U.S. Army Corps of Engineers in an earlier conference at ANL. A summary of the
discussions from the Illinois Maglev Conference is given in the appendix. Some of the
implications of the discussions (and other information available in the literature) related to
operational systems are presented here. In Section 3.2, the known capabilities of maglev
systems and some of their implications for transportation systems are discussed. Following
that is a discussion of some of the requirements that will be placed on maglev systems if they
are to be incorporated into our transportation infrastructure. The requirements placed on
the test facility by these considerations are discussed in the next chapter.

3.2 TRANSPORTATION CAPABILITIES AND IMPLICATIONS OF
MAGLEV SYSTEMS

Operational speeds of 250-300 mph (417-500 km/h) are realistically achievable with
either EDS or EMS vehicles or trains, providing travel times that are competitive with those
of aircraft over distances up to 600 mi (1,000 km). Some investigators believe these systems
will be advantageous at speeds under 150 mph (250 km/h), even though trains operating at
these speeds are now available.

Aerodynamic noise from air flowing around the vehicles will be the primary source
of noise from maglev systems. This noise will be low while approaching or leaving populated
metropolitan areas at reduced speeds, thus permitting unobtrusive operation in these areas.
Maglev transportation will be possible in weather conditions that would halt airport
operations and slow or stop most other modes of travel. EDS systems are expected to offer
greater advantages than EMS systems in this respect.

Maglev vehicles can be operated at 300 mph with headways* of about 1 min and
156s. (In the appendix, an unnecessarily restrictive warning time of 15 s is used in
emergencies. A five-second warning is assumed here.) With 150 passengers per vehicle, the
throughput will be 7,200 passengers per hour, the equivalent of about 18 fully loaded Boeing
747s per hour in each direction. By operating the system at lower speeds, the safe headways
can be reduced and the throughput can be increased. At 150 mph (250 km/h), the capacity
of the system increases to 13,800 passengers per hour. Operating at this speed near major

* - 0 1 . 0
Time intervals between vehicles or trains.
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metropolitan areas and at 300 mph (500 km/h) elsewhere would allow 6,600 commuter
passengers to board separate vehicles on the same guideway. Connecting two vehicles
together will double the capacity, and the introduction of trains will expand the capacity
beyond that which will probably be utilizable for the foreseeable future. Such high-speed,
high-capacity operations will permit airports to be interconnected to alleviate delays
associated with weather conditions or to cope with temporary demands for additional
capacity.

Maglev systems have a significant capacity to transport high-value, time-sensitive
freight, either concurrently with passenger transportation or during off-peak periods. This
capacity could provide a significant new capability for the U.S, transportation system, with
implications that have not been thoroughly explored.

Land use for maglev systems is minimal compared with some forms of
transportation, A 100-ft-wide (30-m-wide) right-of-way (the nominal minimum necessary)
would require only 12 acres (4.9 x 10* m?) of land per mile of two-way guideway. The
guideway would be elevated to avoid grade crossings and to avoid the collection of debris.
'I'he land under or near elevated guideways could be used for other purposes. Existing rights-
of-wiy might be usable in some cases. Land costs, while they are a major consideration in
highly populated areas, are not significant in rural areas.

The fnaglev systems will be automated. An electrically powered linear synchronous
motor offers the potential for precise control of vehicle speeds and locations, permitting
operations with relatively short headways and frequent departures. Adequate electrical
power is available in regions of the country where the first systems are expected to be
installed. Effects on the existing power grid are expected to be minimal.

The energy required per passenger mile is about one-third that of a commercial jet
airplane and can be produced by any electrical encrgy source, thereby reducing our reliance
on petroleum, Powering the system electrically assures that pollutants will be generated only
by the power-generating plants, where they can be well controlled.

Capital costs of maglev systems are expected to be high, but operational and mainte-
nance costs are expected to be low because the energy usage is low, few operating personnel
will be required, and the vehicles make no contact with the guideway. EDS systems are
expected to use guideways that are less rigid and have looser dimensional tolerances than
EMS gystems. Since the major cost of either system will be the gu'deway, the development
of vehicles that can be operated on less expensive guideways is a high priority.

3.3 TRANSPORTATION REQUIREMENTS FOR MAGLEV SYSTEMS
Maglev systems offer unique characteristics that can be useful in our transportation

infrastructure. The existing infrastructure is complex, however, and moditying it to include
maglev transportation will be difficult. Perhaps the greatest problem facing the designer of
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a maglev system is to determine the function it is to perform in the context of existing
systems.

To be accepted, a maglev system must provide capabilities in transportation that do
not currently exist and that cannot be achieved by other means at a lower cost. It will be
necessary to determine how many passengers will be transported, when, where, and how fast,
and what fare they will pay for this transportation. None of these questions has been
answered at this time; at best, the answers will be estimated by future studies, some of which
are under way at this time." The technology to be used need not be specified in order to
answer these questions. The answers do, however, affect the technical design of the
equipment to be used. Some of these topics were addressed in the November 1990 conference
(see appendix) and provide a basis for proceeding. Other factors, such as safety, are not
subject to debate, The facters judged to be most important in such a system are discussed
below,

The question of safety of ground transportation systems operating at speeds of
150-300 mph must be addressed in each component of the system -— that is, the vehicle,
motor, control system, braking, guideway, terminals, and amenities. If headways were short
to achieve the maximum utilization of the system (which might be an economic necessity),
passengers might be required to wear seat belts to avoid falls during acceleration and
deceleration. Access to the vehicle at terminals must provide for handicapped persons, and
it must be safe to enter and exit in the time allowed. The vehicle must be designed to suffer
no damage from (or be protected from) objects on the guideway and from airborne objects in
its path, including birds. All failure modes must be assessed and provisions made to assure
safety in the event of the particular failure. These modes include failures of components,
magnets, motors, power supplies, controls, brakes, and guideway switches, as well as damage
to the guideway. The effects of unexpected wind gusts must be considered. The gravity of
a failure of any of these components or systems must be assessed and the design of the
system altered appropriately.

To provide a realistic improvement in the existing transportation system, and to
justify the expense of installing and operating maglev systems, the vehicles must operate at
speeds that are unusual for ground travel, Currently, the minimum speed recommended is

150 mph (250 km/h), and the most frequently mentioned maximum speed is 300 mph
(600 km/h).

The capacity of the maglev system must be sufficient to provide a significant
improvement in the transportation system in the United States. As already mentioned, the
capacity is expected to exceed requirements. Maglev systems should supplement the airlines,
afford planners additional planning options, and alleviate some of the pressure on the
highway system. Maglev, however, should not be thought of strictly in terms of these present
modes, since it provides transportation capabilities generally associated with air travel. A

* .
Studies have been made of the use of maglev systems between Las Vegas, Nevada, and Anaheim,
California,
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maglev system operating at 300 mph with 150-passenger vehicles and two-minute headways
hiag a capacity of 4,600 passengers per hour, but it provides 1,360,000 passenger-miles of
transportation in an hour. In comparison, a single highway lane designed for 70-mph
(112-km/h) travel and having traffic moving at 60 mph (97 km/h) or greater accommodates
700 cars per hour,»* with a capacity of about 2,800 passengers per hour, but it provides only
168,000 passenger-miles of transportation in an hour. Maglev systems are primarily
passenger-oriented, but they will undoubtediy carry high-valued and time-gensitive freight;
vehicles and terminals must include provisions for thig likely option. The required capacity
of the system is undetermined at this time, butl it appears to boe satisfied by individual
vehicles.

The ride quality of the system must be adequate to attract the patronage of the
riding public. Essentially any desired quality of ride can be achieved with a maglev system,
but the vosts increase with the ride-quality requirements, and overemphasizing this factor
could have the effect of making the system too costly for pasgengoers Lo afford, Ride quality
i n subjective function of many variables, including not only the accelerations felt by the
passengoers, but also the duration of the trip, the temperature and humidity in the vehicles,
the noise level, and the amenities provided, All these latter factors can be controlled
relatively easily and at much less expense than can the roughness or routing of the guideway,
which are major sources of accelerations on the passengers. The dosign of the vehicle's
suspension and damping systems can algo provide a smoother ride over rougher guideways.
The quality of the ride is increased by banking the guideway to provide coordinated turns,
in which the forces on the passenger are felt as n normal force only, rather than a lateral
force. At high speeds, and in sharp turns, the bank angle can become significant, but
relatively sharp turns are desired to allow routing the guideway arouad obstacles or
structures and to avoid tunneling. This is an important but imperfectly understood area of
concern that must be resolved to provide an economical design for the system,

A major factor in the design and acceptability of a system is its cost, The guideway
and the motor incorporated into it is the most expensive part of the system, It is necessary
to develop a maglev system with good ride quality that uses low-cost and easily installed
suideway sections, possibly along existing rights-of-way. These designs must be economical
cnough for operation in a competitive transportation environment, The issue of how the
system will be financed remains to be resolved, Indepeudent of the means of financing,
however, the system should be designed to be as cost-effective as is consistent with safety and
the intended uses of the system.

The maglev system must effectively interface with existing and future modes of
transportation, Since it will serve as an intercity transportation system, passengers can be
expected to have luggage that must be moved between modes in a convenient and timely
manner. The location of terminals is expected to result in redistributions of businesses and
populations, us has occurred upon the introduction of other transportation systems, with
significant economic implications,

"Phis capacity increases to 2,000 cars per hour at 30 mph (48 km/h),
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If service is to be provided by separate vehicles, arrivals and departures can be
expoctod to be frequent. Therefore, faw passengers will accumulate at terminals, and the
torminals can be smaller than they would be if there wore long queues. Also, with more
froquent operations, more intermediate destinations can be served; however, more switching
operations will be needed for these destinations, and the control system must be designed to
handle this capacity,

- If trains are used, switching will be less frequent than with single vehicles, but the
guideway will be subjected to different loads and induced vibrations, and more instulled
power will be required, In the absence of possible requirements for emergency stopping,
passengors would be permitted to sit without seat belts and to wander about the train during
operation, Off-peak loads would entail removing some of the cars from the train, operating
a complete train with a reduced load of passengers, or operating with a full load on a still loss
frequent achedule. If commuter as well as intercity service is to be provided, the control of
the system will differ, and additional switches and terminals will be required. The guideways
might be designed for two levels of vehicles, one over and one under the guideway, with
transfers occurring at the terminals,

Finally, the system must be relatively benign in terms of its environmental impacts.
] . Al ¢ . .
This tends to bo a strong point of maglev syts'tems,z but it must not be overlooked in the
design process, ’
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4 RESEARCH OPPORTUNITIES, TEST REQUIREMENTS, AND
PROPOSED FACILITY CHARACTERISTICS

4.1 INTRODUCTION

Opportunities for research and development exist in every feature of a maglev
system, (rom the operation of the system to the component parts of subgystems. Once
innovations ave identified, it will be necessary to reduce them to practice. In this chapter,
major arcas in which innovations might be expected are discussed and related to the
sapahilitios required of the proposed experimental facility,

The facilities required at each level of research and development differ and are
identified. No attempt is made to prejudge or prejudice any design concept, The objective
is to entertain as many options as reasonably feasible for testing using the facility. Some
systems might be found that cannot be evaluated and would require soparate facilities if they
prove to be meritorious in smaller-scale tests.

The test facility is not intended to evaluate full-scale systems, but to test integrated
and discrete systems and components in sufficient sizes and under sufficiently realistic
conditions that they can be extrapolated to operational configurations and speeds by using
analytical models, The development and validation of these models are priority tasks. To
achiove these goals, the test system must be capable of evaluating the predictions of these
analytical models.

In order to recognize research and development opportunities in a new maglev
system, a thorough understanding is required of the system’s intended uses. Some of these
consicderations were discussed in the previous chapter and in the appendix; they will be
montioned here only to maintain a focus on the objectives.

Many important features have been incorporated into the Japanese and German
maglov systems, giving them an advantage in developing a commercial system. This
advantage, however, can be uveremphasized. A new design can capitalize on their expericence
and mistakes, Unique technologies developed by them might be used under licenses from
them. If their systems prove to be the "best" systems for their applications, they would not
nocessarily be the best systems in the United States, Discussions on this topic frequently
highlight the differences in distances between cities in the United States and in Japan and
Kurope. The system requirements will differ in these settings. The Transrapid system, for
example, has only a small clearance between the motor and the guideway, requiring that the
ruideway be very rigid and installed and maintained to close tolerances. Will it operate in
icing conditions in the northern parts of the United States? And the Japanese, who have
relitively expensive electrical power, have invested a great deal in reducing the power
dissipation in the guideway, although this power represents only 20% or less of the total
power al 300-mph operating speeds, The balance is unavoidably required to overcome the
acrodynamic deag, How much should be invested in the guideway to reduce this
cloctromagnetic drag? The maximum energy savings depend on the ope wtional speed profile
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of the system, and these savings can be determined only after the operational requiroments
are established, Of course, this information will be needed to establish the operational
requirements, so practical options should be determined at an early date.

The natural reluctance to redesign a system that works ulso favors a new design.
For example, high-definition television is clearly superior to existing technologies, but to
implement it might require extensive and costly revisions to the system in which so much has
been invested. Transrapid, and to a lesser extent the Japanese developers, will be faced with
this problem if a better approach is found, while the United States would begin with & new
design.

4.2 SYSTEM OPPORTUNITIES

A maglev system comprises many parts that must function interactively to provide
a safe, comfortable, and economical system. The major components are the vehicle, guideway,
motor, power supply, and the control and communications system. The size of the vehicle or
train is determined mainly by its operational requirements, as well as by technical
limitations imposed by its suspension and propulsion systems, the dynamic requirements
placed on it by safety and ride comfort, and aerodynamic factors. The guideway, in turn, is
required to support the vehicle and motor with the same restrictions. In addition, it must
be fabricated, installed, and maintained as economically as possible within the limitations
of safety and ride comfort and ecological considerations, It must be aesthetically acceptable,
and it might be required to be installed on existing interstate highway structures or to
operate in railroad rights-of-way. In most current concepts, the motor is installed on the
guideway and powered by facilities at the wayside. It is an expensive component affecting
the structure of the guideway and the ride quality of the vehicle. The control systems control
the operation of all electromechanical parts of the system, Each of these component parts
of a maglev system differs in different designs, and each presents opportunities for developing
a new maglev system,

4.2,1 Vehicle/Train Opportunities and Test Requirements

The speed and capacity of a vehicle or train for use in a4 maglev system are not yet
specified, but they can be assumed to be about 300 mph (500 km/h) maximum and 100-150
passengers per vehicle, or car of a train. The propulsion and suspension systems, and the
motor and controls used in conjunction with these vehicles, will differ depending on the
system used. The vehicle will interact with the guideway, responding to its curvature,
irregularities, and flexibility to provide varying degrees of ride quality, and it will interact
with the propulsion system, which will also induce vibrations in the vehicle.

It will be necessary to quantify the motion-dependent magnetic forces caused by the
motion of the vehicle and the oscillations of the guideway. With these forces quantified, the
dynamic stability of the vehicle, including vehicle/guideway interactions, can be analyzed, and
the results can be compared with results from the test facility. It will also be necessary to



develop, modify, or improve computer codes for the dynamic simulations of the vehicle-
guideway interaction, Tdeally, these codes should be capable of accommodating multiple
vehicles and vehicle elasticities, secondary suspensions, guideway dynamics, aerodynamic
forces, magnetic forces, guideway irregularities, and feedback control,

It 18 important that the vehicle incorporate all available technologies to allow it to
operate with less expensive guideways and motors, since these components are so expensive
and extensive. The size, weight, and aerodynamic shape of the vehicle are the major
determinants of the power requiremeuvs (and thus the size of the motor) at high operational
speeds, In addition, the aerodynamic forces can be destabilizing and affect the safety of the
vehicle. The aerodynamics of high-speed vehicles operating in tunnels is a relatively new
topic (or investigation, Buffeting and noise in and around the vehicle and between passing
vehicles will be of considerable interest. The dynamic flexure of the vehicle will affect the
ride quality of the vehicle, This consideration, though important, is expected to be primavily
the responsibility of system developers who will build on the results obtained through the use
of the test facility, Ultimately, all these factors must be evaluated in full-scale prototype
vehicles, Some of the identifiable vehicle testing capabilities desived in the test facility are
discussed below,

The facility must be capable of evaluating single and coupled tost vehicles at realistic
speeds. While it might be necessary to understand the dynamic motions of multiple vehicles,
it will be necessary to understand the motions of single vehicles before coupled vehicles can
be analyzed. Some believe that this understanding will be sufficient to permit a preliminary
analysis of the behavior of coupled vehicles with a high degree of confidence. The preliminary
facility design permits both single and coupled vehicles to be tested, but onlv «ingle vehicles
are proposed Lo be tested initially.

The vehicles must be of such size and tested at such speeds that the results can be
reasonably extrepolated to operational sizes and speeds. The proposed maximum test speed
is 67 m/s (150 mph), which provides an aerodynumic force approximately 26% as great as
that of the same vehicle operating at 134 m/s (300 mph), This is believed to be sufficient to
permit o preliminary assessment of the aerodynamic interaction of the vehicle with differing
puidewiy structures, Crosswinds will add to this force and will be evaluated, The vehicle
is designed for a minimum weight of 8 to 4 metric tons and a maximum weight of 6 to
7 metric tons, so the aerodynamic forces are b to 10% of the vehicle weight. These forces arc
unavoidable in the test vehicle and must be characterized to separate serodynamic effects
from the performance data on the other components of the system. In particular, the
performunce of the levitation and guidance systems when the vehicle is subjected to wind
gusts will be of considerable interest,

Mechanical vibrations induced by guideway imperfections affect the suspension
avulerns and thereby the ride quality of the vehicle, Since the maximum test speed will be
one-half that of a full-scale system, the frequencies of these vibrutions will be one-half the
frequency of isystem operating at 300 mph (500 km/h). The guideway will be constructed
to provide periodic perturbations from piers at time intervals comparable with those of an
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operational system. Ride quality assessments made with this facility and doscribed by
analytic models of the ride quality can be extrapolated realistically to thowe of full-scale
vehicles. The vehicle will be accelerated at 0.2 g’s,* the approximate acceleration of u full-
scale system, thereby providing realistic assessments of the propulsion, power, and control
systems,

Evaluating the dynamics and ride quality of the vehicle over guideways of varying
construction, irregularilies, curvatures, and flexibilitles will be a high-priority task, The
vehicle and guideway will be fully instrumented to measure the accelerations and
displacements of the vehicle in all degrees of freedom with any suspension, propulsion, or
damping system used, By using a common test bed, the comparative merits of alternntive
aystems can be assessed directly, A computer program to analyze the motions of the vehicle
(assumed to be a rigid body) is in advanced development.

The vehicle must be capable of assessing the performance of a wide variety of
primary and secondary suspension systems and active or passive damping systems used with
them. The upper portion of the test vehicle will contain diagnostic instrumentation, control
and communication, and power facilities common to all systems testeéd. The underside of the
vehicle is designed as a flat surface to which any suspension system can be atlached
interchangeably. Up to 45 kW of on-board DC power will be made available for EMS
systems. The test facility provides for the storage and handling of cryogens, as well as the
use of crvogens in the vehicle.

It would be an unnecessary risk to levitate an expensive tost vehicle with a collection
of untried suspension systems. The vehicle is designed to use noninflated, high-speed wheels
for support and guidance of the vehicle during takeoff and landing with EDS suspension
systems. This configuration provides the opportunity to significantly expand the utility of
the vehicle and the test fucility, A test bay approximately 1.0 m wide and 1.5 m long is
provided in the center of the vehicle for evaluating a wide range of subsystems and
components while operating the vehicle at relatively high speeds with these wheels. Single
suspension, guidance, propulsion, power pickup, braking, or other systems of new designs can
be safely tested against the appropriate reaction component in the guideway while varying
the suspension height, lateral position, guideway characteristics, vehicle speed, etc.
Similarly, active or passive damping systems or secondary suspensions can be evaluated
realistically and economically at very low risk with the test vehicle. Ample on-board data-
acquisition, recording, and telemetry instrumentation will be provided for the evaluution of
test items,

The exposure of passengers to magnetic fields is of concern. The test vehicle body
is expected to be constructed of aluminum, both to minimize its weight and to avoid masking
the diagnostic measurement of magnetic fields from the propulsion and suspension system,
A fiber-reinforced polymer body could also be used for this purpose,

*Acceleration due to gravity, g, equals 9.8 m/s? (32 ft/s%),
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4.2.2 (Guideway Opportunities and Test Requirements

The guideway is singled out for special attention because it presents unusual
opportunities for cost savings. The Transrapid spans are designed and constructed to have
a maximum deflection of about 1 part in 4,000 of the span length, and EDS systems are
expected to tolerate considerably larger deflections, This rigidity requirement can be a major
factor in the cost of the guideway spans, and the spans can dominate the capital cost of the
guidoway.

The propulsion motor, mounted on the guideway, moves with the guideway and
auses interactions with the vohicle (in addition to those caused by the motion of the reactive
portions of the sugpension and guidance systom). These complex nonlinear interactions of
the vehicle, guideway, and motor will require congiderable analysis in the development of
new maglev systems,  There is a possibility that the motor might be controlled or
independently suspended to smooth the ride of the vehicle, as sugpested by others previously
and discussed below under "controls” and in Chapter 11.

Intentional camber of the guideway beams can improve ride comfort under specific
conditions, Further study is needed to determine its effectiveness under various operating
conditions, and practical methods of controlling the magnitude of camber need to be
developed.

Independent and cooperative control methods using feedback control to suppress rigid
body motions and structural vibrations need to be studied with the objective of relaxing the
tolerances and reducing the cost of the guideway. An optimized design incorporating the best
features of guideway dynamics and control techniques might result in a more economical
system,

Existing ride-quality criteria need to be reviewed and new criteria developed.
Vertical and lateral acceleration levels have frequently been used as criteria for ride comfort,
The influence of guideway surface roughness and alignment, as well as the parameters of the
vehicle suspension, should be analyzed in detail to relate all the system parameters to ride
comlort, New or modified criteria for ride comfort might be needad for high-gpeed systems.

The test facility in general, and the guideway in particular, must be capable of
evaluating alternative maglev systems, For this purpose, the guideway is designed to have
a flat surface with two, integrated "I" beams underneath. This structure alone is capable of
supporting the maximum vehicle weight anticipated with a deflection of less than 1 part in
1,000 of the span, EMS gystems can be tested in the Transrapid configuration by mounting
the LSM to the underside of the guideway. Penetrations through the guideway ave provided
at b0-em intervals for 2.5-cm (1-in,) diameter bolts for mounting this or other structures. For
the DS configuration, parapet walls are provided for forming a "U" channel, These walls
are mounted with the same bolts and bolt spacings and increase the rigidity of the structure
considerably, as discussed in Chapter 10, Other conligurations would be mounted on the flat
surficce of the guideway. The gpans are 13.5 m long and the wall sepments are 4.5 m long,
cach having eye bolts for ease of installation and removal using @ crane. The wally, like the



guideway, are provided with many penetrations for mounting bolts. Power cables will be
rung beneath the guideway between the "I" beams. Large penetrations are made at each
end of each span to permit the power cables to be connected to motor sections.

As noted in the vehicle discussion above, the vehicle and guideway will be usable for
evaluating discrete maglev subsystems and components by mounting the appropriate
components on the guideway.

The guideway must be sufficiently long to permit the performance of veliicle tests at
speeds up to 67 m/s (150 mph). The proposed guideway is approximately 3.3 km (2.05 mi)
long, which, with accelerations and decelerations of 0.2 g’s, provides a 15-s period (1-km
distance) for experimental «:_ts at full speed, and longer periods at lower speeds. The central
1-km section of the guideway would be used for most experiments. Provisions are made for
stopping the vehicle, nondestructively, if all braking measures fail.

The guideway must be suitable for evaluating ride comfort. The initial and final
1.15-km-long sections of the guideway will have static deflections of 1 part in 1,000 of the
span length or less. EMS vehicles are expected to traverse these relatively flexible sections
with reduced ride quality. In the experimental section, however, provisions will be made to
remove and replace guideway sections with other experimental sections having different
rigidities, structural designs, structural tolerances, or materials. These sections will be
instrumented, as required by the user, to determine their response to single or coupled
vehicles, wind, temperature excursions, or other variables. Provisions are made for jacking
the spans at each pier Lo introduce vertical or lateral offsets, such as those that would occur
because of settling of the footings or earthquakes. Such offsets provide an excellent means
for assessing the response of the vehicle when different suspension and damping systems are
used.

Various means of obstacle detection will be capable of evaluation with the test
system. Initially, TV monitoring of the entire guideway will be used. Pattern recognition
techniques can be employed at a later date to detect changes if desirable. Individual users
of the system are expected to devise other, additional schemes for accomplishing this task.

The initial guideway is proposed to be linear and level. Provisions are made in the
site design to incorporate a spiral into a curve and inclined sections of the guideway at a later
date. A switch or a fixed curve can be incorporated in the guideway at that time if desired.
It has been suggested that two parallel guideways be installed to expedite the evaluation of
different concepts. Each guideway would use the common power, control, communication,
data-acquisition, and data-processing facilities available at the site.

4.2.3 Propulsion System Opportunities, Requirements, and Characteristics

The propulsion system is another expensive component of 2 maglev system. Current
systems employ linear synchronous motors for propulsion, thereby avoiding the
environmental liabilities of fossil-fueled propulsion systems. 'T'he Japanese system uses an
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air-cored LSM with a relatively long pole pitch and large air gap, while Transrapid uses an
iron-cored LSM having a relatively short pole pitch and small air gap. The larger air gap in
EDS systems appears to be a significant advantage, but these systems require super-
conducting magnets with high magnetic fields from which the passengers must be shielded.
The superconducting magnets also require the use of cryogenics aboard the vehicle.
Alternative designs should be explored.

The weighf of the iron-cored LSM in the EMS guideway is considerable; means of
reducing this weight should be investigated. ‘

Weathering effects on the propulsion systems should be explored. The pl oposed
facility is ideal for these evaluations.

The motors of both systems are expected to generate harmonics of their fundamental
operating frequencies, and these induce vibrations in the suspension systems. Means of
avoiding, reducing, or attenuating these vibrations need to be explored.

The length of the motor sections is closely related to the design of the motor if the
efficiency and power factor of the electrical system are to be maintained within reasonable
limits. With shorter motor sections, more power facilities will be required at the side of the
guideway, increasing the cost. These factors can be explored in detail with the test facility.

Propulsion systems will operate at frequencies comparable with their full-scale
counterparts, since the pole pitches of the systems evaluated will be comparable with or
about one-half that of full-scalz systems. The test facility is ideal for the evaluation of these
systems.

With the test facility, innovative strategies for controlling the propulsion system can
be ovaluated directly, under conditions in which both the vehicle-guideway dynamics and
wind gusts affect and interact with the motor.

The preliminary design of the guideway provides for the replacement of the
propulsion system in part (for the evaluation of variations in particular motor designs) or in
its entirety (for the evaluation of alternative maglev systems). In conjunction with the
modifiable design of the vehicle, a wide range of propulsion concepts can be developed with
the test facility. The power supply and control systems, discussed below, provide great
experimental flexibility in motor development.

4.2.4 Control System Opportunities and Requirements

Control systems are used in many parts of the system, from the suspension and
active damping controls to the control and synchronization of the propulsion power applied
to scquential sections of the motor.

Suspension control systems will be aboard some types of maglev vehicles and will
play 2 major role in providing ride comfort to the passengers when traversing guideway
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sections that are irregular or when the vehicle is operating in gusty winds., These controls
can assist the suspension system in achieving a high-quality ride over less-expensive
guideways.

Propulsion controls are required to reliably regulate the acceleration, speed, spacing
and braking of the vehicles. The propulsion system moves with the guideway and interacts
with the suspension system, resulting in the complex effect on the ride quality of the vchicle
mentioned above. It might be possible to incorporate some aspects of controlling the ride
comfort into the proyulsion system. Most guideway disturbances will occur at fixed locations
and will not change with time. Thus, the potential exists for the suspension’s control system
to "learn" about such disturbances and anticipate them to improve ride comfort.

The operations control system monitors and directs all other components of the
system, It is responsible for interacting with all elements of the system to assure that
vehicles are in their assigned positions in the system and operating at their proper speeds.
The design of a successful control system depends largely on the model that is adopted. A
good mathematical model is determined not only by how closely it corresponds to the real
system, but also by its use of practical rather than ideal control strategies. A reasonable yet
simple model might lead to « powerful, economically feasible control system.

The LSM and vehicle models are essentially nonlinear and time-varying, with
unpredictable factors due to the effects of variations in the payload, guideway deflections,
electromagnetic parameters, and aerodynamic drag. Linear and nonlinear control models of
the LSM and vehicle need to be explored that use time-varying parameters, which may be
either deterministic or stochastic.

Analyses of suspension dynamics are complicated in the EMS system because of its
nonlinear electromagnetic properties. An exact solution would enable a feedback control
system to be designed with the maximum stability margin. The large air gap in EDS systems
suggests that an active suspension-control system might be possible in which the air-gap
measurement is used by the propulsion system to decrease the fluctuation error in the air
gap.

Since the dominant excitation force to the suspension system results from guideway
irregularities, which can be represented by a stationary stochastic signal, a stochastic sta-

hility analysis and control design could be beneficial, perhaps permitting the application of

a Kalman filter to the suspension control to improve the ride quality over a rough guideway.

Numerous control methodologies could be exploited, but efforts should be made to
develop an adaptive control design that detects changes in the parameters and self-ndjusts
the parameters of the controller. Although the effects of small changes on the dynamic
characteristics are attenuated in a feedback control system, if changes in the system
parameters and environment are unpredictable and significant, a satisfactory system must
have the ability to adapt. Although such adaptive controls are desirable, the algorithms

required might be too slow for processing the inputs. These algorithms will be a subject of

gtudy,
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Unquestionably, a new maglev design will stress the use of digital technology in the
control and communication gystems. A sampled system behaves like a continuous-time
system if the sampling period is sufficiently small, However, the discrete time intervals
would change important system properties, such as the stability region, controllability, and
observability. Discrete sampling time designs present engineering and theoretical problems,
and research is needed in modeling these controls as input-output models, difference models,
or state-space models. The application of digital control strategies, such as dead-beat control
and self-turning controls, needs to be explored with the development of discrete algorithms
for sampling, holding, and control policy. The test facility will be useful for evaluating each
of these.

A control system in which all measurements are ground-based would result in
increased reliability and would permit hard-wire data transmission, which would reduce the
potential for errors and reduce the equipment aboard the vehicle. The key to the solution is
to develop a set of formulas that describe the interactive relations between the motor sections
and the vehicle via a time-varying air gap and to develop a set of on-line estimation
algorithms. Because of the flexible expansion capability and the tremendous speed of digital
technology, the future of this approach is very promising.

Computer simulation is an indispensable tool for the research and development of
control systems. The simulation of dynamic control systems is conventional for vehicle
design, but the simulation of the operation control system is a new topic. The facility can he
used to develop an expert system and a database for accumulating test results.

Vehicle position and levitation air-gap signals are vitally important to the propulsion
and suspensioen control systems. In the Transrapid TR-06 system, three different measuring
systems for position detection were installed and none of them were completely satisfactory.
On the other hand, the levitation sensors are the most troublesome devices, according to
reported operation experiences, and a redundant design has been used to improve the
reliability of the sensors. The development of new air-gap and position measuring systems
could directly increase the reliability of the system and the control stability.

Control and communications response times in the test facility will vary depending
on the particular control considered, but they will not be less than one-half those of
operational systems.

4.2.5 Power Supply Opportunities and Requirements

Power supplies for maglev systems regulate substantial amounts of power. The
svstems used in the Transrapid and Japanese systems have substantially different frequency
requirements as a result of the difference in the pole pitches of their motors. Cycloconverters
and motor-generator sets have been used to convert frequencies. The most direct approach
appears to be the use of gate-turn-off thyristors (GTOs) for controlling the power. The GTOs
required must have power ratings that might not be available in the United States and might
provide a manufacturing opportunity for U.S. industries. The test facility will use these
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devices to convert power to the wide range of frequencies required for the EMS and EDS
system for which test provisions are being made. Novel systems would be expected to have
frequency and power requirements within the range provided by the test facility.

4.2.6 All-Weather Research Opportunities

Maglev systems are expected to be the superior method of transportation in adverse
weather conditions. This expectation arises from the fact that the vehicle does not
necessarily rely on frictional contact with the guideway for propulsion and braking, but floats
at some height above (or below) the physical surface of the guideway. The development
facility will be capable of full operation in adverse weather, permitting users to evaluate the
safety, ride quality, standard and emergency braking, ingress and egress, cold-weather effects
on controls, communications and instrumentation, and hazard detection and warning systems
under conditions of heavy winds, snow and ice accumulations, fog, and heavy rain. The
facility will be located in a seasonally cold climate to evaluate the effects of these elements
and temperatures. Artificial snow- and ice-making capabilities will be added if necessary to
permit more reliable winter-testing capabilities.

The facility will permit the evaluation of snowdrift patterns around guideways and
piers, as well as the snow and rain collection and ice accretion characteristics of alternative
guideway geometries, either on the operational guideway or on a separate test section,
Mitigation measures, such as snow and ice removal methods, low-adhesion coatings, wind
breaks, etc., can be tested. A meteorological station, including instruments for measuring
wind speed and direction, air temperature, humidity, rain and snow flux, and solar radiation,
will be installed to facilitate these evaluations, and a clear fetch will be provided along the
direction of the prevailing wind to permit realistic analyses of wind and snowdrifting effects.

4.3 SUBSYSTEM AND COMPONENT DEVELOPMENT

Not all parts of a development program require the use of the test facility. The
practicality and applicability of new ideas to maglev systems must be evaluated in many
ways, beginning with thorough analyses, or computer simulations, and followed by
breadboard-type experimentation to establish that no major factor has been overlooked. If
these tests prove successful, then the subsystem or component can be constructed in a larger
size and evaluated individually or with other components or subsystems if possible. Some
tests of this type can be performed economically in the laboratory or in facilities smaller than
the one proposed here. Ultimately, however, these packages must be integrated as functional
parts of more complex systems to evaluate their potential for full-scale development, a role
assumed by the test facility. As noted, the test vehicle and guideway provide for the testing
of systems and components that are larger than laboratory-scale in a realistic setting. In
considering site requirements, we have included space for a possible 300-m-long test facility
for similar testing purposes.

INETIRENIL
|
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As indicated in Table 4.1, testing of new concepts will begin with experiments on
rotaling wheels simulating the guideway, or other laboratory-scale facilities, and culminate
in testing of full-scale prototype systems. As test itoms and their accompanying analyses are
proven in these sizes, they will be subjected to testing either on small linear test tracks or
in the test bay of the proposed vehicle to determine their performance in a linear system.
Since each of these components or subsystems must inevitably be used cooperatively with
other systems, it will be necessary to determine that other systems combined with them
perform as expected; otherwise, the subsystems must be modified and developed further. For
example, the suspension, guidance, and propulsion systems, in conjunction with their
respective controls and communications, must function together on a guideway with some
degree of flexibility to provide the desired ride quality. These interactions can only be
obsorved in a test facility large enough to incorporate each of these systems in realistic sizes.
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TABLE 4.1 Test Matrix: Progression of Test Facilities from
Laboratory Scale to Full Scale®

System Components Rotating  Other Lab  300-m 3,000-m Fuli-Seale
and Characteristics Wheel Tosts Track Track Track
New Concepts X X X X X
Vehicles
Suspensions
Superconducting — X X X X
Conventional X e X X X
Secondary — — — X X
Damping — X — X X
Dynamics Ride — — —_— X X
Aerodynamics — —_ — X X
Guideways
Dynamic — — — X X
Materials _ — X — X X
Switching - — — X X
Propulsion
LSM ? — X X X
LIM ? — X X X
Regeneralion — —_ — X X
Control
Suspension — — X X X
Propulsion e — — X X
Operations — — e X X
Vehicle/Guideway/Propulsion/
tontrol Interactions — e — X X
Acrodynamics — X e X X
Braking — _— — X X
Safety —_— — —- X X
Adverse Weather —_ X — X X

" An "X" indicates that the component/characteristic is tested at the scale shown; a "—"
indicates that the component/characteristic is not tested at that scale, while a "?" indicates
uncertainty.
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5 AERODYNAMIC CONSIDERATIONS

A maglev vehicle operating at 67 to 134 m/s (150 to 300 mph) will be significantly
affected by aerodynamic forces.. At high speeds, these forces are the major source of drag on
(and therefore the major requirement for propulsion power for) the vehicle, and at high and
low speeds, they can affect its stability, ride quality, and noise levels, The forces generated
depend on the configuration of the vehicle and guideway, whether the vehicle is traveling in
open air or in a tunnel, and whether a side wind is incident on the vehicle. These forces
must be thoroughly understood in the final design of a maglev system. They will have
similar but reduced effects in the development facility.

5.1 AERODYNAMIC DRAG

The aerodynamic drag arises from two sources, the form drag, determined by the
shape of the nose and tail and independent of the length of the vehicle, and the skin friction,
which 1s proportional to the surface area.

The aerodynamic drag, Fy, acting on a vehicle traveling at a speed V in open air is
given by:l’z

F, =05 pCpAV? + 0.5 pPLC, V? (5.1)
° 0

where p is the density of the air, A is the cross-sectional area of the vehicle, Cp, is the
pressure drag coefficient, P is the vehicle perimeter, L is the vehicle length, and Cy, 1s the

skin friction coefficient. The terms of this expression can be combined as follows:

F, = 0.5 pACpV* (5.2)

If the vehicle moves at a horizontal angle, ¥, to the wind (yaw angle), the drag is given by:

F, =05 pACLV*(1 + k¥) (5.3)

where k is the yaw correction factor.

The force acting on a vehicle body due to the air flow is the surface integral of all
normal and shearing stresses acting on it. The component of the resulting force parallel to
the undisturbed initial velocity is referred to as the drag, D. If the dynamic head, ,‘DV2/2, is
sclected for reference, the dimensionless coefficient for drag becomes:

2D
pV?A

Cy =
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in which p is the fluid density, V is the vehicle velocity, and A is the frontal area exposoed to
the flow direction by the body. A dimensional analysis shows that for geometrically similur
vehicles, the dimensionless drag coefficient is a function of one variable only, namely, the
Reynolds number. The Reynolds number, which is a dimensionless combinution of
characteristic velocity, V (vehicle), characteristic length, L (mean vehicle width), and

kinematic viscosity of the fluid, v, is defined as:

Re = VL (5.5)
Y

Drag coefficients can be theoretically derived for some bodies with simple geometries,
for more complex cases, drag coefficients can be numerically computed or experimentally
obtained. For laminar flow, the drag coefficient decreases with increasing Reynolds number
(e.g., the drag coefficient of a sphere is about 30 for Re = 1 and 0.5 for Re = 10%). The drag
coefficient is generally much larger for turbulent flow than for laminar flow (e.g., at
Re = 2 x 10°, the laminar drag coefficient for a flat plate is 0.0015 and the turbulent
coefficient is 0.005). At a speed of 240 km/h, the air flow around the maglev vehicle is cloarly
turbulent, because the Reynolds number becomes 9 x 108, which is larger than the critical
Reynolds number for a plate (3.5 x 109),

Drag coefficients for objects having a complex geometry (such as vehicles) are
commonly determined by conducting wind tunnel experiments. The drag coefficient of an
automobile ranges from 0.6 for a flat-nosed car to 0.2 for a streamlined car. On the basis of
houndary layer theory, the thickness of the boundary layer in which the velocity gradient is
high greatly affects shearing stresses acting on the vehicle. In addition, flow separation
thickens the wake and increases the pressure drag contribution to total drag. The incidence
of separation is often rather sensitive to small changes in the shape of the solid budy,
especially when the pressure distribution is strongly affected by this change in shape. The
drag coefficient depends strongly on vehicle shape, size, and velocity and can be significantly
improved if the vehicle shape copes well with the flow field.

The turbulent boundary layer thickness, 8, is also correlated with the Reynolds
number;

= 0.37 (Re)™®? (5.6)

~lor

Without flow separation, the boundary layer thickness near the rear of the test maglev
vehicle moving at 240 km/h would be about 0.1 m.

In the case of compressible fluids, when elastic forces are important comparcd with
the inertial and friction forces, the dimensional Mach number M = V/c (¢ is the speed of
sound) needs to be included, Up to M = 0.3 (or a velocity of less than 100 m/s in standard
air), the influence of the Mach number is negligible. Therefore, the compressibility effect of
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air on the tost maglev vehiclé is not important, but will need to be considered for a full-scale
maglov vehicle when the vehicle velocity exceeds 100 m/s (or 360 km/h).

The skin friction drag of a smooth, {lat plate with a boundary layer turbulent from
the leading edge is given by the Prandtl-Schlichting relation:

C, = 0.455/(log,oRe)°** | (5.7)

The ubove equation underestimates the skin friction drag of scaled trains, according to
{
Brockie and Baker,? who used the following similar expression:

C, = a,/(log,Re)"” (5.8)

where g is 0.128 and oy is 1,814, based on data for the 1/76th- and 1/40th-scale models of
British Rail high-speed trains (HSTs).

The drag coefficients (including Cp, CD“, and Cr ) ave normally measured by using
scale models in wind tunnels. Some of the data are given in Table 5.1, An aerodynamic drag
farce of 20 kN was predicted at 300 km/h for TR-06, based on a 1/10th-scale model in a wind
tunnel® In 1984, a total drag of 28 kN was observed at top speed.

The drag coefficient Cpy can be as low as 0.2 for slender vehicles designed to carry
about 100 passengers. However, the doors, windows, and varicus minor protuberances make
it very unlikely that a drag coefficient of less than 0.3 could be achieved in practice for
maglev.* For example, the drag coefficient for the proposed designs for streamlined vehicles
by Philco-Ford Corporation varies from 0,188 to 0.303, depending on the seat arrangement
and passenger capacity.5

TABLE 5.1 Wind-Tunnel Data

Drag Coefficients

Authors Re Cp Cy Cp, Model Type
Brockie and Baker 2,54 x 106 1.85 1.1 0.0044 1/76th-scale model
7 x 108 1.84 — 0.0039 1/40th-scale model
e 1.41-1.66 e 0.002-0.004 British Rail, HST
Matsunuma et al, — —_— 0.15 0.004 Shinkansen

Series 100 N
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In a tunnel, the interaction of the air stream with the tunnel must be considered,
The drag force in this case can be represented by:!

7Y ! _ _ o
F, =05 p ACp, + B - V) i P_cho Ru - RV)|u - RVY| . PLC,(u - V) 5.9)
(1- R (- R? 1- R
where:
W= VR - ['V(l;R)R(b1 ~b2)]
(1 - Rb, + R* + [bb, + PILC, /|b, - b,[/A)*
b, = [P'C, (L - D|A’ + GJ(1 - By
(5,10)

b, = [(1 - R(Cp, + B + PLC, |A]/R

R=A4l|A

In these expressions, U is the velocity of the air flow induced by the train running
in the tunnel. The parameters associated with the tunnel are A, the cross-sectional area;
L/, the length: P/, the perimeter; Cf” ! the skin friction coefficient; and Cy, the pressure-

loss coefficient at the entrance and exit of the tunnel.

The determination of drag coefficients presents the following difficulties: (1) the skin
friction drag depends on the Reynolds numbers, which must be established; (2) the vehicle
boundary layer is generally strongly three-dimensional; and (3) the vehicle may operate close
to a fixed ground plane, which imposes certain conditions on aerodynamics.

The aerodynamics for maglev vehicles are generally understood. The acrodynamic
forces for a specific maglev system can be measured by wind tunnel tests, but because of tho
difficulty of simulating practical conditions, measurements on full-scale models are needed.

The dominant aerodynamic factor in high-speed trains and maglev systems is the
aerodynamic drag. Since the major source of drag is skin friction, which is proportional to
the vehicle surface, it is advantageous to make larger vehicles and tunnels ingtead of longer
vehicles. However, for a single maglev vehicle, long, slender shapes are preferred for a fixed
payload volume.®? The aerodynamics problems for maglev have some unique features,
Although a basic understanding of these problems is available, precise predictions of the
aerodynamic effects remain difficult because of the lack of extensive aerodynamic data for
these systems.
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5.2 CROSSWIND EFFECTS

Because maglev vehicles are lightweight, they might be subject to wind-induced
accidonts. Therefore, aerodynamic forces and moments acting on vehicles in crosswinds need
to be understood. In general, a model of a vohicle positioned statically on a ground board in
a wind tunnel is used in measuring the asrodynamic forces and moments, In this case, the
relative motion between the ground and the vehicle is not considered. Robinson and Baker
have attempted to use a model vehicle propelled across a wind tunnel® It is difficult,
however, to simulate an atmospheric boundary layer in a wind tunnel, because the
aerodynamic forces and moments are strongly affected by the length scale and intensity of
the turbulence.

The aerodynamic side and lift force coefficients (C, and C}) and yawing and pitching
moment coelficients (Cy and Cp) are calculated as follows:

. F, o . T
Y 0.5pv4A L ospva
(6.11)
F F
CY = ...._____}_'....._... CP = ___._...L_._
0.5pVAh 0.5p V2Ah

where I, ¥, , F'y, and Fp are the side force, lift force, yawing moment, nind pitching moment,
respectively; A is 2 veference side area; and A is the referonce height of the vehicle,

The variation of these force coefficients with yaw angle for different turbulence
conditions was obtained by Robinson and Baker® The forces were found to be either
reasonably constant or to be linear functions of pitch and yaw for small angles, typically less
than 0.2 rad yaw. Since 0.2 rad corresponds to a crosswind of 27 m/s when the vehicle speed
is 135 m/s, it will only be reached, in practice, during exceptionally stormy conditions.*

Assuming a side wind velocity of 10 m/s, a vehicle velocity of 67 m/s, a drag
coofficient of 0.3, and an air density of 1.2 kg/m%, the drag on the vehicle described in
Chapter 6 is 3.1 kN. A power of 0.21 MW is required to overcome this drag force under these
conditions, and it is linearly dependent on the drag coefficient.

5.3 MICROPRESSURE WAVE

When a high-speed vehicle enters a tunnel, a compression wave is generated in front
of the vehicle, a pressure decrease occurs behind it, and some of the air flows around the
vehicle. When the compression wave exits at the end of the tunnel, a boom caused by the
relense of the pressure pulse can be heard. In the low-frequency range, the magnitude of the
boom is proportional to the pressure gradient of the compression wave arriving at the tunnel
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oxit.! "The severity of the effect depends on the portion of the tunnol cross-sectional nrea that
is blocked by the vehicle.”

To reduce the pressure gradient of the compression wave, which is proportional Lo
the third power of the vehicle speed, either a hood with openings can be provided at the
entrance of the tunnel or the nose of the vehicle can be streamlinod. A hood with openings
#lso reduces the aerodynamic force acting on the vehicle when it enters a tunnel, Inside a
tunnel, bypasses or side branches can be used to decrease the pressure gradient,
Furtherm e, sound-absorbing materials can be used on the tunnel walls, Some of thesc
methodis have been applied on the Sanyo-Shinkansen, as well as on the maglev systems in
Japan.

54 AERODYNAMIC NOISE

Aerodynamic noise due to the turbulent boundary layer over a high-speed vehicle can
be very significant; the noise level is approximately proportional to the sixth power of the
vehicle’s speed. In some cases, however, the dominant sources of noise are associated with
the gaps between vehicles and with specific regions, such as the vehicle nose. It is important
to recognize and correct the sources of noise in maglev systems at an early stage in their
development.

In Japan, a method and a program called ACOUSI‘; have been developed on the
hasis of a series of assumptions to predict the sound field.! A remarkable noise reduction
was accomplished by smoothing the uneven gurfaces of the ground coils for the MLUJ-001 and
MLU-002 vehicles. Furthermore, the front profile of the vehicle, one of the possible noise
sources, was streamlined for MLU-002, resulting in a reduction of aerodynamic noise
compared with MLU-001. Thus, when uneven surfaces of the car body and the guideway are
smoothed and soundproof walls are effectively set up, noise can be reduced considerably,”

In Germany, the acoustic noise was measured by using a microphone array in
conjunction with flow visualization during wind-tunnel tests, and the results of these
measurements were used to optimize the vehicle design to reduce aerodynamic noise.” Ono
of the general requirements for TR-06 is that the external noise be less than 84 dB peak
value at 2b m to the side of the track.

In the United States, the FRA specified the total vehicle noise limit to he 73 dB at
16 m from the vehicle centerline. This level was set as a goal, but the noise lovel was
expocted to be much higher.” The aerodynamic noise may be reduced by using sound-
absorbing materials on the lower surface of the vehicle and/or the guideway, as well as by
muaking the vehicle's surface smooth.,
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5.5 AERODYNAMIC BRAKES

The cruising speed of maglev vehicles is oxpected to be higher than the landing spoed

of modorn jets. At these speeds, aerodynamic drag can be used as a brake, In general,
aerodynamic brakes will be used as a backup. For safety, the maximum deceleration should
be limited to -0.2 g's, Several considerations apply to the design of an aerodynamic brake:

*  The asrodynamic brake should be tested in a wind tunnel to select the
appropriate parameters,

» The vehicle’s response should be checked on a full-seale model cr by
computer simulations,

¢ The vehicle should not be allowed to displace more than un acceptable
amount of air in both the lateral and vertical directions,

A 1/25th-gcale model was tested in a wind tunnel, and a {ull-scale model was used

by dapan in testing the MLU-001,1°
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6 MAGLEV VEHICLE DESIGN

Many different EMS and EDS suspension and motor designs can be tested in the test
vehicle at speeds up to 67 m/s (150 mph). To reduce costs and achieve this speed in a short
distance, the vehicle must be small and light. An aluminum alloy is used for the vehicle
structure to reduce weight, and a streamlined vehicle body is used to minimize the
aerodynamic drag. The use of the aluminum alloy also minimizes the interference with the
magnetic fields of the propulsion and levitation systems. Figure 6.1 shows an artist’s
conception of the vehicle on the guideway. The vehicle is divided into two compartments:
a lower propulsion and suspension compartment and an upper test equipment and passenger
compartment. For EDS applications, the major components in the vehicle include
superconducting magnets, cryogenic systems, auxiliary supporting wheels and their
suspension, auxiliary guiding wheels, a control panel, test equipment, and a passenger seat.
Some of the major components of the vehicle are shown in Figures 6.2 and 6.3. Figure 6.2
shows the seat and control panel. Figure 6.3, a transparent view of a test vehicle, shows the
general locations of motors, supporting wheels, and the floor separating the two
compartments. Current plans do not include the carrying of passengers during levitated
operation, although provision is made for possible passenger use in the future.

General design concepts of the vehicle are discussed in this chapter. The chapter is
organized into five main sections: vehicle configuration, structure and components, wheel
and brake systems, accessories and instrumentation, and vehicle specifications and testing.

6.1 VEHICLE CONFIGURATION, SHAPE, AND DIMENSIONS

The vehicle’s dimensions are determined by the size of the guideway, the size of
major components, and the ability of the vehicle to accommodate a variety of experimental
components. Aerodynamic drag and acoustic noise are primarily dependent on the vehicle
shape, size, and velocity. An understanding and analytical description of these effects are
especially important for comparing the test results with the analytical models of the system.

The overall configuration of the test vehicle is shown in Figure 6.4, The 7.4-m-long,
1.8-m-wide, and 1.8-m-high vehicle has a streamlined shape to minimize aerodynamic drag
and noise. The body is divided longitudinally into three sections: a 1.75-m nose section, a
3.90-m midsection, and a 1.75-m tail section. As shown in Figure 6.4a, the curves in both the
nose and tail sections are smooth. The nose and tail streamlines consist of circular arcs and
inclined straight lines. The circular arc starts from the bottom of the vehicle, where the slope
of the arc is vertical to the vehicle half-height point (H; = 0.9 m), at which the slope of the
arc matches that of a line inclined at 35 degrees with respect to the horizontal line. A small
circular arc connecting the inclined line and the top horizontal line smooths the tratsition.
The front view of the vehicle (as shown in Figure 6.4c) has a semicircular top portion (0.9 m
in radius) and a rectangular bottom portion (0.9 m in height and 1.8 m in width), To

ORI
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FIGURE 6.2 Major CComponents of the Maglev Test Vehicle
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Magnets

Wind Fairing

FIGURE 6.3 Cutaway View of the Front End of the
Maglev Test Vehicle

facilitate testing of different vehicle designs, the vehicle is divided vertically into two
compartments: a test compartment (top) and a propulsion and suspension compartment
(bottom). The test compartment (1.1 m in height) is common for all test vehicles and consists
of windows, a door, a passenger seat, a control pauel, test equipment, and batteries. The
propulsion and suspension compartment (0.7 m in height), which can be different for different
motor designs, contains levitation and propulsion magnet systems, cryogenic devices,
auxiliary supporting and guiding wheels, and secondary suspension systems. Space in the
midsection of the propulsion and suspension compartment can be used for testing various
secondary suspension or propulsion systems. The spaceis 1.5 m in length, 1 m in width, and
0.7 m in height. The primary dimensions of the vehicle are summarized in Table 6.1.

The surface areas of the vehicle that are needed to determine the vehicle weight,
aerodynamic drag, and structural strength are computed as follows. The projected areas of
the vehicle computed from Figures 6.4a, 6.4b, and 6.4c are 10.56 m? for the side area,
13.14 m? for the top (or bottom) area, and 2.89 m? for the frontal area. The exterior surface
area, excluding the bottom area (or top view projected area), is about 35 m?, The floor area

between the test and motor compartments is 12.31 m?.

6.2 STRUCTURE AND COMPONENTS

6.2.1 Layout of Components

The test compartment of the vehicle contains windows, a sliding door, a passenger
seat, a vehicle control panel, test equipment, and an on-board power supply. Curved safety
glass is used in all the windows. Inside the door (which is attached to the body frame) is a
seat, which faces the vehicle control panel. Test equipment or test equipment
instrumentation and controls are installed next to the seat, and on-board power is installed
behind the seat.
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The propulsion and suspension TABLE 6.1 Major Vehicle
compartment contains the levitation and Dimensions
propulsion system, cryogenic devices, auxiliary
supporting and guiding wheels, and a

! , ' Parameter Value

secondary suspension system. The magnetic
suspension system is installed along the two Dimensions (m)
sides of the vehicle in the midsection. Two Length 7.40
pairs  of auxiliary supporting wheels are W‘flth 1.80
. , . . . , Height 1.80
installed, one pair of wheels in the nose
section and the other pair in the tail section. Nose Incline Angle (degrees) 35
Two pairs of auxiliary guiding wheels are Areas (m?)
installed above the supporting wheels. The Exterior Surface 35
cryogenic devices are placed between the b11do Surface 3(’,
magnets in the midsection. The midsection Front 2.8

ARnets Co pect Bottom 13.14

ilgo contains a test equipment compartment, Floor , 12.51
approximately 1.0 m in width and 1.5 m in
length, which can be used for evaluating
individual primary and secondary suspensions, propulsion systems, and components.

6.2.2 Materials for Vehicle Body

A 3008 aluminum-manganese alloy will be used for the vehicle body to minimize
weight and avoid interference with the magnetic fields of the propulsion and levitation
svstems. This alloy has a high tensile strength and is capable of accepting a considerable
amount of cold working. Pre- and posttreatments are not required for welding and brazing.
Inert gas-shiclded arc welding gives the best results. This alloy is about three times lighter
thuan steel and has about one third the strength of steel.

6.2.3 Weight and Strength of Vehicle Body and Frame Structure

A frame constructed with 25.4-mm-square, 3.18-mm-thick aluminum tubes clad in
two-layer, 1.6-mm-thick aluminum panels will be used for the body of the vehicle. Fiber glass
or styrofoam, having a specific weight of 4.4 kg/m?2, will be installed between the pancls. The
two-layer panels will weigh 308 kg, The cross-sectional area of the square-tube body frame
is 282 mm?, resulting in a specific weight of 0.77 kg/m. The frame tubes will be spaced 0.5 m
apart, resulting in a total tubing length of 120 m and a frame weight of 92 kg, The allowable
stress of the body frame will be 67 MPa, with a safety factor of two. The body frame can
arry a load of more than two metric tons.

The {loor plate and chassis aluminum frame are constructed with 50.8-mm-square,
6.35-mm-thick tubes clad in a layer of 2,3-mm-thick aluminum panels. The specific weight
of the panel is 6.28 kg/m?. The floor and bottom areas are 12.31 and 13.14 m?, respectively,
anweigh o total of 160 kg, The cross-sectional area of the square tube used for the lower
compartment frame is 1,129 mm? and has a specific weight of 3.08 kg/m. Trusses, formed
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from framing material, are proposed for each side of the lower compartment {rame and
provide the strength to support the magnets, motor compartment equipment, and the vehicle
floor, without the bulk and weight of beams of equivalent strength. With frame cross
members spaced at 0.5 m, the total length of the lower compartment framing tube is about
150 m, and the frame weighs 460 kg. The floor frame can carry a load of more than eight
metric tons, The total weight of the panels and frame is approximately 1,020 kg.

Accessories and test equipment in the upper or test compartment, including the seat,
control panel, accessory batteries, and test equipment, are estimated to weigh 0.5 metric tons,
The magnets are estimated to weigh less than 1.5 metric tons, and auxiliary equipment for
the magnets, such as the cryogenic system, is estimated to weigh 0.5 metric tons. The total
estimated mass of the EDS vehicle, with magnets, accessories, and test equipment, is
3.5 metric tons or less.

The center of mass of the vehicle must be low enough to ensure that the vehicle will
be stable, especially under the emergency condition of loss of power to the magnets during
high-speed operation. Under these conditions, the auxiliary dolly wheels keep the vehicle
from contacting the guideway sidewalls. For stable operation under these conditions, at a
minimum, the dolly wheels must be located above the vertical center of mass. The vehicle
is assumed to be approximately symmetrical from side to side, and therefore, the horizontal
mass center is assumed to be located at approximately the vehicle centerline.

On the basis of mass per unit length and the vertical position of the body and frame
elements, excluding the nose and tail sections, the weight of the body and frame is about
108 kg/m, and the vertical position of the center of mass of the body and frame is at 0.52 m,
Assuming the equipment weight to be 7h kg/m with a vertical mass center at 1.0 m and
magnets at 260 kg/m with vertical mass center at 0.30 m, a vertical center of mass can bhe
calculated to be about 0.48 m. This position is close to but below the position of the dolly
wheels (0.60 m). Additional weight in the lower or motor compartment would improve (lower)
the vertical center of mass. Additional weight in the upper compartment, above the
estimates made here, would raise the vertical mass center and require checking to ensure
that the vehicle remains stable.

The maximum deflection for a simple beam with a uniform load is:

8 = 9Lt (6.1)
384 EI

where 8 is the maximum deflection, q is the load per unit length, L is the support spacing,
E is the elasticity modulus, and I is the moment of inertia of the beam, For a square tube
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FFor a floor frame tube having outside and inside widths of 50.8 mm and 38,1 mm,
respoctively, the moment of inertia is 3.8 x 10" m*, If the load of the magnet on the frame
does not exceed 0.5 metric ton/m and the frame spacing is 0.5 m, the maximum deflection of
the floor frame between posts will be less than 0,156 mm,

6.3 WHEEL AND BRAKE SYSTEMS

Supporting and guiding wheels are required in an EDS maglev vehicle, The
supporting wheel system consists of tires, brakes, and suspension. Mechanical brakes offer
an alternative for stopping the vehicle when regenerative braking by the magnet system fails.
During emergency stopping, the wheel suspension absorbs the impact of the vehicle when the
tives contact the guideway.

6.3.1 Supporting Wheels and Brakes

Figure 6.5 shows the preliminary design of a supporting wheel and its suspension
system,  Either airless or pneumatic tires can be used in this design. Airless tires run
smoothly without the risk of deflating, a critical factor in a maglev vehicle because the
clearance between the vehicle and guideway is small. These tires are new, however, and
their availability in the required size is still uncertain. They consist of metal wheels bonded
to rubber treads by an elastomer cast in a polyurethane web-and-spoke design. A cross-
sectional view of a solid tire wheel and brake is shown is Figure 6.6. Goodyear pneumatic

FIGURE 6.5 Supporting Wheel and Suspension
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aircraft 18 x 5.75-8 tires cun be used if airless
tires are not available, These tires are 45 cm
in diameter and 14.6 em wide and have
maximum speed and load ratings of 300 km/h
and 1.4 metric tons, respectively.

The suspension is attached to both the
floor plate and the chassis to prevent the
vehicle from hitting the guideway during
emergency braking,  Carbon brakes are
recommended, because they will have little
effect on the magnetic field and carbon dust
from the brake pads will not cause shorting
problems in the coils on the guideway. These
brakes, as shown in Figure 6.7, would be able
to stop a 4-metric-ton vehicle moving at
240 km/h in less than 1 km. Carbon brakes
would be modified for use with solid tires if
that option were chosen. Four supporting
wheels will be used, as shown in Figure 6.8, to
adjust the height of the wheels in relation to
the vehicle frame. Two wheels will be in the
nose section, and the other two will be in the
tail section. An EMS vehicle will have skids
instead of supporting wheels. Skids having a
coefficient of friction of 0.3 or more will stop a
9-metric-ton vehicle traveling at 67 m/s in lesy
than 1 km,

6.3.2 Guiding Wheels

P

D o

|
|
|
|
|
1
|

FIGURE 6.6 Wheel with Solid Tire
and Brake

Four dolly wheels (Figure 6.9) will be used to guide the vehicle when magnetic
guidance 18 not available. One pair will be in the nose section and another pair will be in the
tail section, They will be installed about 60 ¢m from the bottom of the vehicle to avoid
damage to wiring in the guideway sidewalls. An aerodynamic fairing will be used with cach
wheel to reduce noise and aerodynamic drag, Each wheel will be 10 em in diameter and will
be installed at a 45-degree angle with respect to the vertical line,

6.3.3 Emergency Stopping System

To prevent an EDS vehicle from running off the end of the guideway, a safety net
and other emergency stopping devices will be installed before ithe end of the guideway, For
a worst-case sceuario, the vehicle (4 metric tons and 67 m/s) has to be stopped in 25 m by the
salety net. The rate of deceleration is about 90 m/s?, and 36 metric tons of stopping force are
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required, Assuming a safety factor of b, eight
cables are required for connecting the net,
Fach 2-em-diameter steel wire cable provides
o gtrength of 22,6 metric tons, The same
system can be used for a 9-metric-ton EMS
vehicle with a safety factor of 2, or additional
cables can be added to inerecase the load factor
back to b,

6.4 ACCESSORIES AND
INSTRUMENTATION

e TR TR RN IR e R

6.4.1 On-Board Power

Porty-tive kilowatts of on-board power ==y e s oo oo |-
will be provided by standard lead-acid 12-V
batteries for powering the magnets, test .
cquipment, and accessories of an EMS system, s ,
The apecifications  for o typical 70-Ah \»—--\ .
automobile battery are given in Table 6.2,
This battery can supply 3.5 A for 20 h with a
steady voltage.  The efficiency, however,
depends strongly on the discharge rate and
temperature. At a discharge rate of 150 A and a temperature of 80°F, the battery can
maintiin a steady 9.3 V for 16 min, At a temperature of 0°F, however, the operating time
decreases to 10 min,  More than 32 100-Ah batteries, weighing 0.7 metric tons, will be
required. A separate ventilation system is necessary for this number of batteries, Since test
runs will be of short duration, and the vehicle can be heated in the garage prior to a test, the
temperature factor will be only a minor inconvenience,

FIGURE 6.7 Ci.rbon Brake

6.4,.2 Accessories

Since testing of the vehicle is anticipated in all weather conditions, some accessory
cquipment is required, both for the workers and for the equipment aboard the vehicle. An
clectricully heated windshield of triplex safety glass will be used and will be supplied with
windshicld wipers. Safety glass will be used for other windows, A flow-through ventilation
svstem will permit air to flow through the vehicle interior, entering in the standard way from
the front of the vehicle and exhausting through vents in the tail. A separate ventilation
system will be used for the area containing the batteries. A propane heater with a 20-1b
(9-kg) tank will be installed that can heat the vehicle for several days in cold weather.
Towing cyes will be provided at the front and rear of the vehicle, and lifting sockets will be
installed on the vehicle, Headlamps will be provided in the front and rear of the vehicle.
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6.6 VEHICLE INSPECTION AND
TESTING )

mont and control procedures will be developed B
and implemented during the construction of TN
the vehicle and its component parts. After
construction, it will be necessary to inspect ’
and test the vehicle in detail prior to operating
it for i intended purposes. Detailed W j to Prossuns
acceptance-test procedures will be developed to sl
ensure that all parts of the vehicle have been kL b
constructed as designed and that the designis . A

in fact adequate for the vehicle. r

Quality and configuration manage- l
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Checklists similar to those used in
atreraft operations will be developed and used
to ensure that the vehicle is in operational
condition prior to daily exporiments and ‘
during the day if functional parts of the ]
vehicle have been modified during the day. (T

‘- ‘.-:], . ,"’ .7:' 7

FIGURE 6.8 Wheel Suspension and
Hydraulic Control System



TABLE 6.2 Specifications for a

Typical Battery

Parameter Value
Nominal voltage (V) 12
Dimensions

Longth (mm) 260

Width (mm) 173

Hoight (mm) 220
Volume (L) 10.1
Weight (kg) 21.6
20-h rating capacity (Ah) 70
0" discharge timo (min) 6.0
Voltage at b s at 160 A (V) 9.3
Ah/L at 20-h rate 6.9
Ah/L at 0°F at 160 A 1.48
Charge current (A) 6,26

FIGURE 6.9 Guiding (Dolly)
Wheel and Aerodynamic
Fairing



7 PROPULSION SYSTEMS

Jurrently, both the Japanese and German maglov dosigng incorporate linenr
synchronous motors for propulsion, In thiy chapter, preliminary analyses are made of such
motors {or use with a varviety of EDS and EMS systems, Thoese designs are usoed in later
chapters to determine the power and control requirements for the experimental facility, Tho
designs are general enough that they should be representative of propulsion systems that
usars of the development facility might propose to study, More detailed analyses will be
required befure construction,

71 LONG-STATOR AIR-CORED LINEAR SYNCHRONOUS MOTOR

Air-cored linear synchronous motors (LSMs) have become very popular in magley
applications becausoe they have many advantages over iron-cored LSMs, The unique features
of air-cored LSMs include the following: (1) they can propel 1 maglev vehicle at n large
clearance, because alr-cored LSMs are oxcited by high-current superconducting magnots
(SCMs) aboard the vehicle, (2) the guideway is less costly, because the laminated iron coro
on the guideway is eliminated (see the power supply chapter for the cost); and (3) bacause
the required on-board power is reduced substantially and the iron-cored on-board magnots
are eliminated, the vehicle bacomes much lighter in weight and the systom can have a high
payload efficiency.

The preliminary design of long-stator air-cored LSMs can be made on the basis of a
current-sheet model that has been widely used in the design of conventional electrical
machines. The design and analysis of linear machines using this approach have bheon
discussed pl‘(‘avi(Jusly.]'? In this chapter, wo review the current-shect model and dovelop u
group of simplified closed-form formulas for the long-stator air-cored LSM. These simplified
formulus relate motor performance directly to system parametors, such as the required SCM
currents, the energized motor section length, and other system dimensions, Several KDS tost
options are evaluated on the basis of tho model.

7.1.1 Current-Sheet Model

The current-sheet model represents the field currents aboard the vehicle and the
armature currents in the guideway by two current sheets, Because both the stator windings
and the SCMs consist of either stranded conductors or many series-connectod turnsg, the
current distributions in the coils may be considered uniform, The actual current distributions
in the superconducting coils and in the stator windings may be roduced to surface-current
sheots by letting the thicknoess of the conductor vanish while letting the current donsity,
J(A/m?), po to infinity. If it is assumed that both current shoots arve in a traveling-wave
form, the propulsion force of the LSM is produced from the interaction betwoon the two
waves,  Higure 7.1 shows a conceptual view of the linear synchronous motor, In tho



63

Phase Shift

Excitation Fleld

Armature Field

FIGURE 7.1 Conceptual View of the Long-Stator Linear Synchronous Motor

long-stator propulsion system, it is particularly important to consider the maglev performance
ander o situation in which the energized stator length (or motor-section length), L, 18 much
longer than that of the ou-board magnet system, L. One arrives at the model shown in
Figure 7.2, in which the vehicle magnet current sheet, K, and stator winding current sheet,
K,, are separated by an equivalent air gap, z,. The y-directed current sheets in phasor
notation are;

R =K, (7.1
R’;’ = Kye.m' (7«2)

where ¢ is the angle between the two currents.

7.1.2 Forces and Efficiency

It can be shown that the magnetic vector potential, A, generated by both K, an(lKv
satisfies the equation:

L2

i p’l,i‘ =0 (7.3)
Z
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FIGURE 7.2 Current-Sheet Model for Long-Stator Air-Cored Linear
Synchronous Motor ‘

where B = n/t is tne wave number, and tis the pole pitch. By solving Equation 7.3, the flux

densities, B, and B_, produced by the stator current at z = z; are found to be:

L Ro. -
B, = jpA = j'Ke0 & (7.4)
Ex = BA’ = .E;_OKse Py 817 (7.5)

The forces per unit surface (N/m?) acting on the vehicle magnet system located at z = z, are

then:

F, = %R,{K:ﬁz} - %pOK,Kve % Sing (7.6)
and

F, = %Re{K:ﬁx} = %p'OKxKve P2 cosg (7.7)

If W and p, = L/21 are the width and the number of pole-pairs of the magnet system,
respectively, the total propulsion and levitation forces can be obtained by multiplying
Equations 7.6 and 7.7 by the area cf the magnet system, 2tp W. If the vehicle runs at a
synchronous speed v, the total converted power is then:

P = VE2DTW (7.8)

cony
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The total power dissipated in the L, = 2pt long-stator windings is:

KZ
Pus = ou P57V (9

s

where a, and o are the equi\?alent thickness and conductivity of the stator conductors,

respectively. From Equations 7.8 and 7.9, we obtain the efficiency of a long-stator LSM:

Pconv _ € P Si.ﬂ(p

n = =
P, +P,, e ging + L K (7.10)
L, K,

v

< |

where v = 2/(p o0a,) may be defined as a characteristic speed, depending on the thickness and
material properties of the stator conductors. It is seen from Equation 7.10 that the efficiency
of a long-stator LSM depends on the product of ratios L /L, K/K,, and v /v for a given pole
pitch 1, levitation gap z,, and current angle ¢. A long block length, or motor section, may be
achicved by either increasing the on-board magnet current or the vehicle speed, because high
speed and large excitation current can compensate the inductive reaction power in the
remainder of the guideway. For given K, and K, it seems necessary to have a short block
length at low speeds and a longer block length at high speeds. For example, if the following
values are assumed:

Z, = 025m,
T = 1m,
o = 120
L, = 2000 m,
L, = 20m,

K/K, = 0.01, and
v/v = 0.1,

then the efficiency is about 79%. The efficiency considered in Equation 7.10 represents an
ideal case. In practice, side-bar conductors reduce the system efficiency, as discussed in
Section 7.1.3.
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By introducing a nondimensional parameter, €

Q = L_, fﬁ _ Equivalen: ampere turns of stator windings (711
L, K, Equivalent ampere turns of field windings

one obtains from Equation 7.10:

_ e Po sing
T v (7.12)
e "0 sing + Q-5
y

where  is an important design parameter that relates the surface current densities, the
length of the magnet system, and the length of the motor section directly to the motor

efficiency.

Figure 7.3 shows the dependence of the LSM efficiency on current angle ¢, with €2
as a parameter. It is seen from Figure 7.3 that Q should be kept smaller than unity in order
to have a relatively high efficiency, and the efficiency does not change significantly as the
current angle changes from 45° to 135°,

{2 1 ] ] 1 1
;- Q=02 L
> 0.8 "
> P
g /— ""*"—\_.
= 0.6
w
0.4
0.2 -
0 T T T T T 1
0 30 60 g0 120 150 180

Current angle (degree)

FIGURE 7.3 Efficiency as a Function of Current Angle, with
Ratio () as a Parameter (Z, = 0.25 m, T = 1.0 m, v, = 5.3 m/s, and
v = 67 m/s)
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7.1.3 Voltage, Current, and Power Factor

The voltage of the stator windings consists of two parts: the voltage corresponding
to the magnet system and the voltage corresponding to the remaining motor section.
Assuming that the stator windings are connected in series in each phase, the terminal

voltage per phase is obtained by adding the two voltages. The electric field associated with
the magnet system is:

— - \4 - ‘
E =B, =] 5.29. ke + K™ (7.13)

and the electric field associated with the remaining motor sections is:

E =j J‘;_” Kl (7.14)

By letting N, be the effective number of turns per coil per pole-pair in the stator windings,
the phase voltage across the p, pole-pair series-connected stator windings is:

ZWN, WN .
Vph = "“\/‘i—{ {PVEV + (P, - P,)Ei} =jﬁ91:/—§-——3 {vave P, p,KJef"’} (7.15)

By introducing the relation between the phase current, Iph’ and the sheet current, K,

g o WELRN, TN, (7.16)
5 27 T

a terminal impedance per phase is obtained:

2 B . .
Z, = Vo _ 3“0"WN~*LJJ6 "osing |, i), € pz"m_OPS—‘#?—] (7.17)
P fph 22 | @ 0

The relations p, = L/21, p, = LJ/2t, and Equation 7.11 have been used to obtain
Equation 7.17. The power factor of the LSM from Equation 7.17 is written as follows:

PF = 1
n (7.18)
14|59 o e %o
sing sing
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For ¢ = 90°, at which the propulsion force is maximum, the power factor is:

1
PF = e (7.19)

/v g™

Equations 7.18 and 7.19 relate the power factor directly to the dimensions of the motor, such
as the pole pitch 7, the air gap z,, the length of motor section L, and the length of the
on-board magnet system L, as well as the ratio of the surface current densities K/K,. For
a power factor greater than 70%, the following relationship should hold:

Q <e ™ (7.20)
For the previous example, T = 1m, z, = 0.25 m, and €2 < 0.456; then,

L K
— < 0456 —* (7.21)
L K

v s

Equation 7.21 shows a simple relation between the length ratio and the surface
current density ratio. If the length of a vehicle magnet system is 20 m, and the surface
current density ratio is 100, the length of the energized motor section should be shorter than
912 m in order to have a power factor greater than 70%. Figure 7.4 shows the dependence
of the power factor on the current angle, with £ as a parameter. It can be seen from
Figure 7.4 that the power factor peaks as the current angle varies from 0° to 180° and
decreases as 2 increases. Again, 2 should be smaller than unity in order to have a
reasonable power factor.

So far, the analysis has been based on the ideal current-sheet model without
consideration of the leakage inductance of the side-bar conductor. To complete the
preliminary design formulas, the side-bar inductance can be added in the following manner:?

LR TAA (7.22)
D D

and the phase resistance of the stator windings can be rewritten as follows:

Ko 2
L, = 3;‘:- NIL,n

_ALNWT + 1)

ntD?

R

L4

(7.23)

where D is the diameter of the armature conductor. The equivalent circuit can then be
formed from Equations 7.17, 7.22, and 7.23 to determine the major parameters of the long-
stator air-cored I.SM.
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FIGURE 7.4 Power Factor of the Long-Stator Linear
Synchronous Motor as a Function of Current Angle, with Q
as a Parameter (z, = 0.256 m and © =1 m)

7.2 LONG-STATOR IRON-CORED LINEAR SYNCHRONOUS MOTOR

An approach similar to that used in the air-cored LSM design is now used for the
preliminary design of the long-stator iron-cored LSM. A current-sheet model for the long-
stator iron-cored LSM is shown in Figure 7.5, in which the iron-cored LSM is approximated
by two surface-current sheets backed by laminated iron. The length of the energized motor
section is L, the length of the DC magnet system aboard the vehicle is L, and K, and K,
are the current sheets given by Equations 7.1 and 7.2. The air gap is 2,

The flux density in the air gap can be determined from Ampere’s law:>7

=Y & k) (7.24)
2

Thus, the thrust produced per unit surface of the air gap is:

RRB) = 2 KK sing (7.25)
n,
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FIGURE 7.5 Current-Sheet Model of the Long-Stator Iron-Cored Linear
Synchronous Motor

Similarly, the lift force acting on a magnet system per unit surface can be obtained from the
following equation:4’7

Fo- 1‘“9{,__1__“[1(3 + 2K Kosp + K7 - Kf} (7.26)

© 4 (B

The total propulsion and lift force acting on the magnet system can be obtained by

multiplying Equations 7.25 and 7.26 by L,W or 2tp,W. The power disgipated in the stator

windings, Py o and in the excitation windings, P v is given by:
58, R

= LW (7.27)

PdSS,.T

and

2
K w (7.28)

14

P diss,v

where a, and a, stand for the equivalent thicknesses of the stator winding conductors and
field windings conductor, respectively. The efficiency, 0, of a long-stator iron-cored LSM is
then:

n o+ con - s sing
cony + Pdis.\',! + Pd!s.w S]ﬂ(p . %1}5 Q J_‘_’ (7.29)
2v J,
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where J, = K/a, and J, = K/a, are the —_
current densities of the field winding and

stator winding, respectively. In most cases,

J, is approximately equal to dJy, and

Aquation 7.29 becomes:

sig )

nE (7.30)

-t +1
sing + 2v[ +1]

- O O
In Equation 7.30, z, for an iron-cored LSM is S o
typically about 10 to 20 mm. Thus, the
parameter range of Q for an iron-cored LSM

differs from that for an air-cored LSM.

7.3 ANALYSIS OF A CYLINDRICAL FIGURE 7.6 Front View of the
MAGLEV SYSTEM Cylindrical Maglev Systemn

Figure 7.6 shows the basic configuration

of a cylindrical type of maglev system proposed by H. Coffey. The guideway of the system
consists of two arrays of solenoid coils energized by a three-phase pewer source, generating
traveling waves along both sides of the guideway. Two arrays of superconducting magnets
aboard the vehicle interact with the traveling waves to produce propulsion, levitation, and
puidance forces. Since the configuration is similar to that of the electromagnetic launcher
discussed in the literature,® a cylindrical current-sheet model used for the analysis and
design of the electromagnetic launcher is applied to the cylindrical type of maglev system.

Because the superconducting coils aboard the vehicle have constant and uniformly
distributed currents, we can represent these currents by a cylindrical current sheet K,
located at an average radius ry, as shown in Figure 7.7. Similarly, we may represent the
currents either in the stator windings or in the aluminum tube by a cylindrical current sheet
K, located at an equivalent radius r, Both K, and K, are the azimuthal components
(raveling in the z direction and have the same phasor notation as given in Equations 7.1 and
7.2.

In the following analysis, the aluminum tubes are ignored, and the vehicle and stator
windings are assumed to be concentric and to have the same pole pitch. The azimuthal
component of the vector potential A satisfies the following equation:

4 +12A_-[p2+_{),@=o (7.31)

o ror r?
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Cylindrical Current-

Three-Phase Winding — Aluminum Tube SCMs aboard -
Sheet Model

for Propulsion for Levitation the Vehicle

CURAAn R AR AR NG

FIGURE 7.7 Side View of the Integrated Propulsion, Levitation, and Guidance
System for the Cylindrical Maglev System (transition to current-sheet model)

with ‘the following boundary conditions:

gy - H) = K,

ﬁr(’T) _ Er("t—) (7.32)
A(=) = 0 and A(0) is finite
where subscript i stands for either v or s, H = B/p, and B =V x A,
The solution of Equation 7.31 for a current source, K, is:
A' - llo{(}l‘sll(ﬂrs) Kl(ﬁr) rs S r<ow (7‘33)
woK s K (Br) 1,(Br) O<rcsr,

where I, and K, are modified Bessel functions. Similarly, one can also obtain the magnetic
vector potential, A, due to the SCMs aboard the vehicle by using the following:

A = PRSABr KBD - rysr < (7.34)
WK, r K (Br) I,(Br) Osrsr,

The axial component of the flux density produced by K, at r = r, is:
Bl = 3 v__!lr = rv = “OK_srspKl(pr.\‘)ID(prV) (7.85)

and the radial component is:

B, = jBA, = juPrK K (Br)l,(Pr) (7.36)
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The propulsion force per unit surface of an SCM can be determined by using the following:

F = JRUGB) = 2 uoBrK KK Brol(Brsing (787

The total propulsion force is then obtained by multiplying Equation 7.37 by the total magnet
surface, 2nr, L, where L, is the length of the magnet system,

The radial force per unit surface can be calculated from:
1 1 ‘
F, = ERamB) = - 5“Opr.sl(vK.v](l(pr&”D(ﬁrv)cow (7.38)

This expression gives the compressive stress on the vehicle magnets, which should not be
confused with the net lift [orce on the magnets, If the two sets of windings are concentric,
there is no net lift force. A lift force is achieved when the magnets move away from the
concentric position.

For large fir, the Bessel functions can be simplified as;

| "
K\(Br) = ky(pr) = Al -2-%; e? and  L(PH) = I(Pr) = J;ﬁ? (7.39)

Thus, Equations 7.37 and 7.38 can be simplified as:

r, .
and
4 r,

Equations 7.40 and 7.41 are similar to Equations 7.6 and 7.7, because at large Pr, the
curvature of the conductors can be neglected so that the cylindrical current sheets hecome
planar sheets, As before, this should not be interpreted as the net lift force. The effects of
the aluminum tubes with respect to the lift and drag forces produced can be analyzed in a
similar manner, Additional studies need to be performed to determine the efficacy of this
approach,
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74 PROPULSION OPTIONS FOR TEST
FACILITY

7.4.1 EDS Tost Options

Four differont typos of DS test
options, shown in  VFigures 7.6-7.10, wore
studiod, The eylindrical configuration shown in
Figures 7.6 and 7.7 was discussed in
Section 7.8, In igure 7.8, the propulsion
windings are horizontally arranged above the
SCMs on hoth sides of the vehicle, and the
vehicle is levituted above the angle-shapad
aluminum sheet.  lts levitation schomea is
discussed in the next chapter. One of tho
advantages of the schome is that the magnetic
field in tho cabin cun be roduced. Figure 7.9
shows an EDS option, in which the vohicle is
lovitated above the loop-shaped coil guideway

TN

N

FIGURE 7.8 EDS Test Vohicle,
Option #1: Continuous-Sheet
Suspension

and propolled by the LSMs arranged vertically in both sides of the vehicle. The null-flux
figure-eight-shaped coil suspension shown in Figure 7.10 has both propulgion windings and
figurc-eight coils mounted vertically on hoth sides of the guideway. Detailed discussiong on

suspensions are given in the next chapter.

The EDS test vehicle weighs about
four metric tong (geo vehicle design for detailed

dimensions).  Assuming an acceleration of

0.2 ¢'s, we obtain the total propulsion force and
power requiremoent, as shown in Figure 7,11,
The air-cored LSM is designed to generate a
total thrust of 11 kN. This force should be
sufficient  to  overcome acrodynamic and
magnotic drags and to propel a 4-metric-ton
vehicle at 67 m/s with 0.2 ¢g’'s,  However, it
should be noted that 11 kKN is not enough to
overcome thu peak electromagnetic drag at
about 3 to b m/s,  Hydraulically actuated
wheels ure nocessary to lift the vohicle at low
gpeed to avoid this peak.  The detailed
preliminary designs of LSMs for two KDS test
options, a six-magnet vehicle and o four-
magnet vehicle, are listed in Tables 7.1 and
7.2. In both casges, tho longth of the energized
motor section is 320 m, and the 3.2-km-long
guideway ig divided into 10 blocks.

| outtons W

FIGURE 7.9 EDS Test Vehicle,
Option #2: Loop-Shaped Coil
Suspension
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742 EMS Test Options -

The Argonne tost facility also providos
MY test options that are similar to those for thoe
Tranarapid maglev system (Flgure 7.12), in which
the propulsion windings mountod undornoath tho
guidowny interact with on-board DC magnets to
produce propulsion and levitation forces, The

ruidunco force 18 produced by additional DC
magnate mounted vertically on both sides of the

guidoway, Since the attractive levitation and

guidance forces are inherently unstable, active

on-board control systems (see Chapter 11) are
nocossary,  Praliminary studies show that the
minimum weight of the EMS test vehicle is about,

goven metric tons,  About 2 MW of power per

motor section is needed to propel the vehicle upto  FIGURE 7.10 EDS Test Vehiclo,

67 m/s on the 8.2-km-long guideway with 0.2 g's  Option #3: Null-Flux Figuro-
Eight-Shaped Coil Suspension

acceloration, Detalled preliminary design param-
etors for the EMS test option are given in
Table 7.9,
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FIGURE 7,11 Normalized Force and Power for EDS Toest Options
as a f'unction of Speed (Maximum foree = 17,6 kN and maximum

mechanical power = 0.8 MW; see Chapter 9 for the required
clectrical powor)
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TABLE 7.1 DS Test Vehicle, Option #1 (six-magnot vehicle)

Itom Parametor Valuo or Explanation
Yonoral Maximum spomd (m/s) 66.7
information Gtuldoway longth (m) 4,200

Number of motor sections 10
Lonyith of motor soction (m) 320
Tott.l pronulsion force (kN) 0-11
Paoln piteh (m) 1
Opuration frequency (Hz) 0-84
Iiquivalent air gap (¢cm) 20
Magnet systoms  Number of magnots 6 (in two rows)
Magnet current (kA-turn) 360
Width of magnet (m) 0.4
Length of magnet (m) i
Stator windings  Material Aluminum coils
Number of phases 3
Coil width (m) 0.4
Coil Tongth (m) 0.83 (/6 pola pitch)
Number of coils/phase 6,400
Number of turng/coll 10
Diamoter of conductor (mm) 8,17
Operation angle (dogrees 110

Porformanco

boetweonn SCMs and stator
currents)
Sonnechion

Curront/phaso (A)
Voltago/phase (V)

Total input powor/section (MVA)
Power factor (%)

Efficiency (%)

2 motors connected in
gorlos In each section

121
4,430
11"
0.74
0,73

o g =2 x 10% A/n?,

b 8,22 MVA for Lwo-section operation.
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TABLE 7.2 EDS Test Vehicle, Option #2 (four-mhgnet vehicle)

Item Paramoter Value or Kxplanation
General Maximum speed (m/s) 66.7
information Guideway length (m) 3,200

Number of motor sections 10

Length of motor section (m) 320

Total propulsion force (kN) 11

Pole pitch (m) 1

Operation frequency (Hz) 0-34
Rquivalent air gap (cm) 20

Mugnet systems  Number of magnets 4 (in two rows)

Magnet current (kA-turn) 400

Width of magnet (m) 0.6

Length of magnet (m) 1.26

Stator windings

Performance

Material

Number of phases

Coil width (m)

coil length (m)

Number of coils/phase

Number of turns/coil

Diameter of conductor (mm)®

Operation angle (degrees
between SCMs and stator
currents)

Connection

Current/phase (A)

Voltage/phase (V)

Total inL)ut power/section
(MVA)

Power factor (%)

Efficiency (%)

Aluminum coils

3

0.6

0.83 (6/6 pole pitch)
5,120

10

9.44

110

2 motors connected in
series in each section

140
4,132
1,74

0.73
0.63

% g =2 x 108 A/m?

h 3 48 MVA for two-section operation,
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FIGURE 7.12 Sketch of the EMS
Test Vehicle

7.4.3 Linear li:duction Motor Test Option

Current designs for maglev systems use LSMs. Earlier designs, however, considered
linear induction motors (LIM) with high-speed power pick-up from the wayride and with a
catenary and pantograph. Such designs greatly simplify the design of the guideway’s
installed equipment. Since the motor is aboard the vehicle, however, the vehicle weight
increases. Also, the wear on the catenary and pantograph at high speeds is a technical
matter that has not been solved. If such a system were to be built, a catenary could be
installed either on the underside of the guideway or on an overhead structure (the latter
would require additional construction).

7.5 REFERENCES FOR CHAPTER 7

. 1. Nasar, S.A., and 1. Boldea, Linear Electric Motors: Theory, Design, and Practical
Applications, Prentice-Hall, Inc., Englewood Cliffs, N.J. (1987).
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New York (1984).

4. Laithwaite, E.R., Transport without Wheels, Eleek Science, London, UK. (1977).

5. Laithwaite, E.R., A Historv of Linear Electric Motors, Macmillan Education Ltd., London,
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Development, MITRE Corp., Alexandria, Va. (Sept. 1975).
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TABLE 7.3 EMS Test Option

Item Parameter Value or Explanation
General Guideway length (m) 3,200
information Length of motor section (m) 320

Number of motor sections 10
Total required power (MVA) 4
Thrust (kN) 0-16
Maximum speed (mph) 150
Frequency (Hz) 0-133
Propulsion and Length of magnet system/side (m) 5)
levitation magnets  Number of magnets/side 5
Number of poles/ma_net. 4
Pole pitch (m) 0.25
Current density of inagnet 130
system (kA/m)
Ampere-turn/magnet 8,125
Width of magnet system (m) 0.3
Height of magnet (in) 0.21
Stator windings Length of motor section (m) 320
Winding material Aluminum
Number of phases 3
Width of coil (m) 0.3

On-board power

LSM performance

Weight of the EMS
vehicle

Length of coil (m)

No. turns/coil per pole pair
Conductor cross section (cm?)®
Connection

Propulsion and levitation (kW)
Guidance (kW)

Overload capability and other
(kW)

Voltage/phase (V)
Jurrent/phase (A)
Power factor (%)
Efficiency (%)

Vehicle and measurement devices
(kg)

Propulsion and levitation magnets
(kg)

Guidance magnets (kg)

Battery, 5 min at 100 A (kg)

Total (kg)

0.21 (5/6 pole pitch)
4

0.76

2 motors connected in
series in each section

14
14
12

3,000
230
67

76

2,000 (see vehicle design)
2,644
1,128

800
6,572

Niilai o1 g 08k ki

8 g =3 x 10% A/m?.
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Levi, E., Linear Synchronous Motors for High-Speed Ground Transportation, Institute
of Electrical and Electronics Engineers Transactions on Magnetics, (Mag-9)3:242-248
(Sept. 1973).

He, J.L., et al., Analysis of Induction Coilgun Performance based on Cylindrical
Current-Sheet Model, Institute of Electrical and Electronics Engineers Transactions on
Magnetics, 27(1):579-584 (Jan. 1991).
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8 SUSPENSION SYSTEMS

The two most commonly used magnetic suspension systems for high-speed ground
transportation are the electromagnetic suspension (EMS) and the electrodynamic suspension
(EDS) systems. The EMS maglev system, which uses ferromagnetic material to produce both
attractive levitation and guidance forces, is inherently unstable and requires an active control
system. The suspension air-gap for the EMS system is typically about 1 to 2 cm. The
repulsive suspension force in the EDS maglev system is produced by the interaction between
eddy currents induced in the guideway conductors and superconducting magnets aboard the
vehicle. The EDS system is inherently stable and does not need a complicated
feedback-control system. Because of its stability, the EDS system can provide a much larger
levitation air-gap, typically 5 to 10 cm. Among the existing maglev systems, the (German
Transrapid and M-Bahn, Japanese HSST, and British Birmingham are of the EMS type,
while the Japanese MLU and Canadian maglev (conceptual design) are of the EDS type.

The Argonr ~» maglev test facility will provide a wide range of capabilities for testing
various suspension systems. Several types of EDS guideways (discussed below) are expected
to be evaluated with the test facility.

8.1 CONTINUOQOUS-SHEET SUSPENSION

The continuous-sheet guideway (see Figures 8.1 and 8.2) employs one of the basic
levitation methods for EDS maglev systems. The repulsive levitation (suspension) force is
generated by the interaction between the superconducting magnets (SCMs) aboard the vehicle
and the eddy currents induced in the conducting sheet. The computation of lift and drag
forces for the continuous sheet guideway is discussed in the literature.!™* In particular, the
combining of the Fourier transformation method with a numerical approach seems to be a
powerful method. A computer code called MAGFORCE, written on the basis of the Fourier
transform method,??® appears very useful for computing sheet guideway forces. The
program’s reliability was verified by experiments performed at Argonne.

Simple, approximately analytical expressions of lift F| and drag F4 forces are given
by Equations 8.1 and 8.2.4

(8.1)

F, = Ye F (8.2)
v
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Conducting Sheet

FIGURE 8.1 Angle-Shaped Continuous-Sheet
Guideway

Conducting Sheet

FIGURE 8.2 Split-Sheet Guideway

where v is the speed of the vehicle; v, = 2/(opgh) is the critical speed at which the magnetic
drag is a maximum; ¢ and h are the conductivity and the thickness of the conducting sheet,
respectively; n varies from 0.2 to 0.3, depending on the magnet coil geometry; and F, is the
image force at the high speed limit:

(8.3)

In Equation 8.3, I is the total ampere-turns of the SCM, and M is the mutual inductance
between the vehicle coil and image coil. The absolute value of dM/dz as a function of the
suspension height z (using the magnet length as a parameter) is indicated in Figure 8.3. One
can determine the lift and drag forces of the continuous-sheet guideway on the basis of
Equations 8.1-8.3 and the data in Figure 8.3. For example, consider an aluminum sheet
guideway with the following measurements: thickness, 1.5 cm; levitation height, 25 cm; and
magnet size, 0.5 m by 1 m. Assuming that 6 = 8 x 10/mW, n = 0.3, v = 67 m/s (150 mph),
and I, = 300 kAT, we calculate that v, = 3.54 m/s, the image force is about 39 kN/magnet,
the lift force is about 32 kN/magnet, and the magnetic drag is about 1.7 kN/magnet. Good
agreement between the analytical model (Equations 8.1-8.3) and a calculation using the
MAGFORCE program is shown in Figure 8.4.
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FIGURE 8.3 Variation in dM/dz per Turn as a Function of
Levitation Height, with Magnet Length as a Parameter (magnet
width is assumed to he 0.5 m)
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In the EDS test option shown in Figure 7.8, the SCMs are sandwiched between the
propulsion windings on the top and the aluminum sheet underneath. Two vertical aluminum
sheets provide the guidance force. In this arrangement, the interaction between the
propulsion and suspension systems is very important., As mentioned in Chapter 7, the best
power factor and efficiency of the LSM can be achieved for a given motor-section length when
a high current is used in the superconducting magnets., However, these high currents are
not required to achieve the desired suspension forces. Thus, the width of the aluminum sheet
can be reduced to about one-third to one-half of the magnet width. This guideway
configuration is called an angle-shaped narrow-sheet guideway. The narrow-sheet guideway
is similar to the split-sheet guideway shown in Figure 8.2, but the former provides additional
guidance force. Preliminary studies show that the guidance force due only to the vertical
aluminum sheet is about 4.6 kN/magnet. A significant improvement in the guidance forces
could be attained with this guideway.

If it is assumed that the guideway shown in Figure 8.1 has a thickness of 1.5 ¢m, a
width of 20 em, and a height of 30 cm, 129.6 metric tons of aluminum sheet will be needed
for a 8.2-km-long guideway. If the price of aluminum sheet is $3.30/kg, the aluminum will

cost $428,000.

8.2 LOOP-SHAPED COIL SUSPENSION

Considerable attention has been given to suspension schemes in which the SCMs are
levitated above loop-shaped coil guideways, as shown in Figure 8.5. The Japanese MLU

system uses a coil guideway for levitation. It has been suggested that the coil guideway is

superior to the sheet guideway because of the former’s relatively low magnetic drag force,
The loop-shaped coil guideway, however, produces force pulsations that do not arise in the
continuous-sheet guideway. The amplitude of these force pulsations depends on the
dimensions of the SCMs and the loop coils. A good steady-state analysis of coil guideways
was performed by Hoppie et al.,’> who employed the Fourier transiorm method in combination
with steady-state circuit analysis.

An alternative approach for the analysis of the loop-shaped coil guideway is to use
dynamic circuit theory. Let I, and i i be the currents in the SCM and the Jth loop coil,
respectively, and let L be the mutual inductance between the SCM and the j*" loop coil.
We obtain the time-dependent lift force acting on a single SCM due to n corresponding loop
coils .

~h
1

= (8.4)
ZI: ” dz

and the drag force:

nipe . o
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FIGURE 8.5 Loop-Shaped Coil Guideway

where x is in the direction of motion and z is in the vertical direction. In general, only those
loop coils covered by the SCM need to be considered. If &, is the length of the SCM, a is the
length of the loop coil, and b is the gap between the loop coils, then the number of loop coils
covered by the SCM is n = ¢ /(a + b). Equations 8.4 and 8.5 are general expressions for both
transient and steady-state analysis. The drag force in Equation 8.5 includes two parts: the
drag due to dissipated energy and the drag due to stored magnetic energy.

In Equatious 8.4 and 8.5, the loop currents ij (j = 1, n) are the unknowns, which can
be solved by using circuit analysis. When the space harmonics of the SCM are neglected (i.e.,
assuming a sine-wave distribution of the SCM field, which travels at speed v with pole
pitch 0), simple approximate expressions of the lift and drag forces for the coil guideway can
be obtained based only on the steady-state circuit analysis. The lift and drag forces for the
ladder loop guideway are derived in Reference 4. The difference between the ladder loop
guideway and the individual loop-shaped coil guideway lies in the definition of their
respective circuit constants. Following Reference 4, we obtain the lift force for the coil
guideway:

F,s—— F, (8.6)
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and the drag force:

Foa_tM YV g
A Ty

(8.7)

where the image force Y| is approximately given by Equation 8.3; M and dM/dz are the
mutual inductance and its derivative between the SCM and its image, respectively; and the
critical speed v, is: |

(8.8)

In Equation 8.8, R is the resistance of the individual loop coil, while L, is the equivalent
inductance of the loop coil. L, equals its self-inductance for n = 2.

Finally, the ratio of lift and drag forces for the coil guideway is as follows:

Fy _ t|dMpdz| v (8.9)

Fd nM Y

[

8.3 DESIGN AND COMPUTER SIMULATION OF NULL-FLUX
COIL SUSPENSION

The use of flat and folded figure-eight-shaped null-flux suspension and guidance coils
(see Figure 8.6), invented by J. Powell and G. Danby in the late 1960s, has become a very
important maglev concept that is widely recognized in the maglev community. In particular,
the Japanese have succeeded in designing and testing several versions of EDS maglev
systems based on the null-flux concept. Consequently, it is necessary that the Argonne
maglev test facility provide a null-flux suspension test option (see Figure 7.10). In this test
option, two arrays of null-flux ground coils are mounted vertically on both guideway
sidewalls. Both vertical suspension and horizontal guidance forces are generated by the
interaction between the on-board SCMs and the null-flux ground coils.

The design and analysis of null-flux coil suspension in this section are based on the
dynamic circuit model.®” The model calls for the transient solution of the coupled circuit
equations in matrix form. Thus, forcus in three dimensions — the vertical suspension, the
horizontal guidance, and the magnetic drag — are determined from the model. The basic
matrix equation is as follows:

R + -&4; wm =0 (8.10)
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FIGURE 8.6 Figure-Eight-Shaped Coil Guideway

where [I] is a column matrix composed of n individual null-flux coil currents and m
superconducting coil currents, respectively; [R]is a diagonal matrix composed of n individual
null-flux coil resigtances and m diagonal zero elements for superconducting coils; and [L] is
a square (m + n) x (m + n) matrix, each element of which represents either a mutual
inductance between any two individual coils or the self-inductance of any null-flux coils. One
can show that the three-dimensional forces acting on m superconducting coils due to n
null-flux coils are:

nom oMy My (8.11)
F. = 1 - Y '
* :2;: j}; fy ox ox |
non lomt oMl
F=% % 1|2 - = (8.12)
il A )Y dy |
nom .aMu aMU (8.13)
F, = -2 - =
: £ ?;1 ,; Y 8z oz |

where M, and M, are the mutual inductances between the i null-flux coil and j'
superconducting coil, and superscripts u and ¢ stand for the upper and lower loops of the ith
null-flux coil. A computer rode, developed in the collaborative program funded by the
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National Maglev Initintive and directed by D.M, Rote, was wrifton on the basis of this model,
The code calculatos both transient and steady-state performances of the null-flux coil
guapension system,

The specifications and dimensions for the proposed null-flux test option for the tost
fucility (IMgure 7.10) are given in Table 8,1, Studies show that four magnets of stronpth
560 kAT, two on each side, can lift an DS test vehicle woighing 4 Lo b metric tons at 67 m/s
with an air gap of 20 ¢cm and a vertical offset of 10 cm. The lift, magnetic drag, und
horizontal guidance forces per magnet, as a function of vertical displacement, are shown in
igure 8.7. It can be seen from this figure that, as expected, all forces disappear at the
null-flux equilibrium point, and forces are symmetric about the axis y = 0. Figure 8.8 shows
the forces as a function of vehicle speed, from which one can see that the lift-to-drag ratio
is about 20 at high speed, and a drag peak appears at 20 m/s, This implies that the
resistance of the null-flux coil should be further reduced. Two optlions may be considered for
the reduction of coil resistance; one is to increase the cross section of the aluminum coils,
and the other is to use a copper conductor for the null-flux coil guideway.

Force fluctuations associated with the null-flux coil guideway are shown in
Figure 8.9, which shows that all forces fluctuate around their average values, Typical
fluctuations for the lift and the horizontal guidance forces are about 5%. The frequency of
the fluctuations seems to be determined by the vehicle speed divided by the average length
of the ground coil. Thus, for v = 67 m/s and a coil length of 0.5 + 0.06 m, the frequency is
122 Hz.
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TABLE 8,1 Null-Flux Suspension Test Option .

Item Value/
Explanation

Test. speed (m/s) 67
Null-flux lift per magnet" (kN) 13.6
Horizontal guidance (kN) 12,6
Average air gap (m) 0.2
Number of SCMs for 4- to 6-metric-ton vehicle 4
Maximum magnetic drag per magnet (kN) 1.6
Magnetic drag per magnet at 67 m/s (kN) 1
Superconducting coily

Length (m) 1.6

Width (mn) 0.6’

Strength (kAT 560
Null-flux coils

Length (m) 0.5

Height per loop (m) 0.36

Gap between loops (m) 0,06

Gap between null-flux coils (m) 0.06

Cross section (cm?) 9

Material Aluminum
' Weight per coil (kg) 8.3

Number of null-flux coils” 11,636

Material cost ($10°) 317

% 11-cm vertical offset,

b 96 metric tons for 3.2-km length.
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9 POWER SUPPLY AND DISTRIBUTION SYSTEM

9.1 POWER REQUIREMENT

The power requirement of the Argonne maglev test facility is determined according
to the broadest test objectives likely to be established for the facility. Several important
parameters determine the maximum power requirement. These parameters include
maximum vehicle speed, acceleration, vehicle weight, length of the energized motor section,
and the power factor, as well as the efficiency of the linear synchronous motor (LSM), etc.

The required mechanical power, or the power output from the motor (P,,;), can be
determined by the following equation:

2v,v? | _
P, =—% F +ma~+t cg A pr? (9.1)
2 m 2
v, + v

where v is the vehicle speed, v, the critical speed at which the magnetic drag is maximum,
F,, the maximum magnetic drag, m the mass of the vehicle, a the acceleration, A the
cross-sectional area, p the density of air, and c; the coefficient of aerodynamic drag (typically,
¢g = 0.3). In Equation 9.1, the first term represents the power required to overcome the
magnetic drag of the EDS system. The magnetic drag of the EMS maglev system is expected
to be smaller than that of the EDS system. The second term is the acceleration power, and
the last term is the power required to overcome aerodynamic drag (see also Chapter 5.1 1t
should be noted that in most commercial systems, aerodynamic drag is the dominant term.
In the test facility, however, the acceleration power (second term) will play the most
important role because of the required constant acceleration and the limited length of the
guideway.

The input electrical power of the LSM (P;,) depends on the power factor (PF) and the
efficiency (n) of the motor:

p, = o (9.2)

As was discussed in a previous chapter, the power factor and efficiency of an LSM
can vary within a large range, depending on the type of maglev system and its dimensions.
For a commercial maglev system, both the power factor and the efficiency may be expected
to exceed 80%. The test facility, however, must be able to satisfy the broadest range of test
objectives. Thus, a minimum power factor and an efficiency of about 70 to 75% are selected
for the test facility.

The dependence of the required electrical power on vehicle speed, with vehicle weight
as a parameter, is shown in Figure 9.1. According to the analysis in earlier sections, the

2o



5 PSS U SN TUNE VA NSNS W VY VRN NN SN U AN T WO SR T | ek
—_ Vehicle Welight (tons) 7 |
g L o
~ J [ i
c 4 - 5
s ] >
s q e
§ ¢ |
[ 3 7 N
O -
5 b
$ '
5 5 - !
z 2] 5
3 b
o, b P
3 ] :
=g - -
= e 9
U- -

b L
(s s o d
0 v T - ™ —r—r T v - r

0 20 40 60 80 100 120

Vehicle Speed (m/s)

FIGURE 9.1 Required Electrical Power per Motor Section as
a Function of Vehicle Speed (vehicle weight used as parameter;
assume v, = 5.3 m/s, F,, = 25% of the vehicle’s weight, ¢yq = 0.3,
p = 1.2 kg/m®, a = 0.2 g's)

weight of test vehicles may vary from four to seven metric tons, depending on whether they
are EDS or EMS vehicles. According to the figure, the required electrical power is about
1.5 MW per section for a four-metric-ton vehicle, and 2.3 MW per section for a seven-metric-
ton vehicle, at a speed of 67 m/s (150 mph). Although the guideway is energized
section-by-section, two sections must be powered during the transition time in order to avoid
any power interruption. Thus, the test facility is required to provide a total power of about
4 MVA to accommodate the wide range of test objectives.

The length of the guideway (Lg) is determined by the required acceleration a,
maximum speed v, and the time T required to perform a constant-speed test:

2
L8 = ,Y._ + vT (9.3)
a

where the vehicle’s acceleration and deceleration are assumed to be the same. For
v =67 m/s and a = 0.2 g’s (g is the acceleration due to gravity), the length of the guideway
is 3295 m for T = 15 s. For a given vehicle speed, we may obtain the required electrical
power per motor section as a function of guideway length from Equations 9.1 and 9.3.
Figure 9.2 shows that a guideway length of 3,200 m (2 mi) should bhe sufficient to test a
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four- to five-metric-ton vehicie at 67 m/s (150 mph) with two 2-MVA power supplies. The
3.2-km-long guideway with two 2-MVA power supplies is also sufficient to test a vehicle
weighing six to seven metric tons at a maximum speed of 63 m/s (142 mph).

9.2 POWER SUPPLY AND DISTRIBUTION

There are many options for the variable-voltage, variable-frequency (VVVF) power
supply. One of the choices is the cycloconverter, which has been used by the Japanese for
EDS maglev. The cycloconverter is a static frequency converter for transforming a higher
frequency to a lower frequency without a direct-current (DC) link. Thirty-six thyristors are
needed to build a three-phase system to generate a 30-Hz output frequency from a 60-Hz
input frequency. The cycloconverter is well suited for most EDS maglev applications, since
EDS maglev uses a long pole pitch (1 to 2 m or longer), corresponding to a low frequency.
However, it is not appropriate to use a cycloconverter in the test facility, since a
high-frequency option is needed for other maglev concepts. In particular, the pole pitch of
the EMS system is expected to be about 0.2 to 0.5 m, which would require a maximum
frequency of about 200 Hz for a speed of 67 m/s. To satisfy both the EDS and EMS test
requirements, rectifier inverters are required for the test facility. The output frequencier
of the power supplies should be from 0 to 200 Hz. Gate-turn-off (GTO) thyristors may oe
used to build these power supplies. High-voltage (up to 4,500 V) and high-current (up to
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3,000 A) GTO thyristors are available in the commercial market. A control system is
required to keep the power supplics in synchronized-phase operation (see Chapter 11).

The studies reported in previous chapters have indicated that a two-mile-long
guideway divided into 10 motor sections would be suitable for both EDS and EMS test
options. Thus, the length of each motor section is 320 m. "Switching and position-detector
systems will be installed along the guideway to detect the vehicle’s position and to switch
power from one section to another. A 10-motor-section guideway needs 10 three-phase power
switches, with their corresponding protection circuits and triggering circuits.

A substation with a total capacity of 4 MVA is required for the test facility. The
substation will transform power from high voltage (115-138 kV) to the level of a few kilovolts
and also will house two VVVF power supplies. The substation will need one high-voltage
transformer to step down the voltage from the standard power transmission line, two
low-voltage input transformers, and two output transformers for the power supplies. The
output transformer will also serve for isolation and step-up purposes. Figure 9.3 shows a
sketch of the power distribution system in which the power switches along the guideway,
motor section, and position-detector system are also included. The major specifications for
the power supply and distribution system are listed in Table 9.1.

Public Power Transmission Line

Circuit Breaker

j\n HY Step-Down Transformer

VVVE
Voltage Power
Regulator S\;%)ply

\-"J"U Output Transformers

l
] 4
m*g\/\ |
SR R
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Power

Supply
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Y
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FIGURE 9.3 Sketch of Power Supply and Distribution System for Maglev Test Facility
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Major substation components will also ~ TABLE 9.1 Summary of the Power
include: Supply and Distribution System
Specifications

° One high-voltage trans-
former (step down from

Ttem Value
138 or 115 kV).

Substation capacity (MVA) 4

e Several low-voltage Number of VVVF units 9

transformers (several- Capacity per VVVF unit (MVA) 2
kilovolt level). Frequency range (Hz) 0-200
Maximum voltage (V) 4,500

Motor-section switches® 10

e (Control and protection

subsystems. % Three phases.

9.3 COST OF MAJOR ELECTRICAL

COMPONENTS TABLE 9.2 Cost of
Electrical Components

The costs of major electrical
components are estimated on the basis of the

Means Electrical Cost Data.2® A historical lom o
cost index of 2.2 has been used to convert
some information in Reference 4. The cost LSM stator
comprises several parts, such as power Air-cored 0.58
supplies, substation components, LSM stator, ITO};“CO"Ed . ?g
and distribution (see Table 9.2). The two ' power supphies '

. ) Aluminum sheet 0.5
2-MVA VVVF power supplies are estimated to Distribution and 1.8
cost about $1.2 million, assuming a rate of substation
$300/kW. The air-cored stator windings are Total
estimated to cost $180,000/km, or $577,000 for EDS option 4.08

EMS option 6.2

a 3,200-m-long guideway. For the EMS test
option, the iron-cored stator will have a mass
of 500 kg/m.

The cost of the laminated steel sheet is about $1.50/kg without machining. Assuming
$2.00/kg for the laminated core with slots and teeth, one obtains a cost of $3.2 million for a
3,200-m-long guideway. The power substation and distribution system is estimated to cost
$600,000/km, or $1.8 million for the 3,200-m guideway. In addition, the 3,200-m-long
continuous aluminum sheet for levitation and guidance in the EDS option is estimated to cost
$500,000.

In conclusion, the electrical components for the 3,200-m-long test facility are expected
to cost $4.08 million for the EDS test option and $6.2 million for the EMS test option. This
shows that the cost of the iron-cored LSM is about 50% higher than that of the air-cored
LSM.
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10 GUIDEWAY STRUCTURES

10,1 INTRODUCTION

The guideway is the single most costly element of a maglev system. Associated with
it are the power distribution, propulsion, and control and communication systems. It must
provide for safe, comfortable support and propulsion of the vehicle and for safe egress from
the vehicle in the event of an emergency; in addition, it should be aesthetically pleasing to
the eye and nonintrusive with respect to the environment. As the most costly element, the
guideway offers the greatest potential for cost savings in a new design. The many factors to
be weighed in designing such a structure must be considered in conjunction with the other
elements of the system. Evaluating these factors will be a major task for the development
facility. These factors are discussed, and a preliminary design is presented, in this chapter.

10.1.1 General Requirements

The clearance between the guideway and the vehicle in EDS systems is substantially
greater than that in EMS systems. This greater clearance permits EDS vehicles to pass over
larger irregularities in the guideway structure, or larger objects on the guideway (without
making contact with them), than can be tolerated with EMS vehicles: an EDS vehicle can
pass over a 2-cm vertical discontinuity without interference, while a similar discontinuity
could have very bad effects on an EMS system. Similarly, deflections of the guideway as the
vehicle passes over will have less effect on an EDS vehicle than on an EMS vehicle. Looser
construction tolerances, greater safety from collision with debris, and reduced requirements
to correct for settling appear to favor the EDS system.,

These assumptions, however, are based primarily on the static loads placed on the
guideway by vehicles passing over at their equilibrium suspension heights. Even if' a
suspension can be designed that will permit vehicles to pass over local depressions in the
guideway while maintaining their equilibrium suspension heights (which is desired to avoid
vertical accelerations on the passengers), the effoct of the depression on the propulsion
system must also be considered. In general, the propulsion force decreases as the spacing
between the vehicle magnets and the stator increases. A momentary deceleration caused by
passing over such a depression might be as uncomfortable to passengers as the vertical
acceleration the suspension system is designed to avoid.

Substantial loads can be placed on the guideway by the vehicle as it passes by,
inducing oscillations in the guideway that will interact back on the vehicle. If trains are
used, the modes stimulated in the guideway are expected to be different, and the dynamics
of the individual cars in the train must be considered. Aerodynamic and seismic loads on the
guideway must also be considered.
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With expected operating speeds of 300 mph, grade crossings cannot be allowed, and
the guideway is expected to be elevated except at terminals. The guideway can comprise
either continuous or discrete beams supported on piers; prefabrication of the support columns
and guideway spans should be considered to make construction faster and less expensive.
In electromagnetic maglev systems, any of the common construction materials can be used.
(Both steel and concrete girders were used in the Emsland track.) Steel must be used
judiciously in electrodynamic systems, since magnetic attraction and drag forces can be
generated by the presence of this material.

Since maglev vehicles make no direct contact with the guideway, and the localized
pressure is low compared with steel-wheel-on-steel-rail technology, the maintenance costs are
expected to be minimal, and nonconventional structural materials might be usable in this
long-lifetime structure. Active components of the guideway must be aligned with high
tolerance in the EMS system, but they can be mounted and adjusted to the required
tolerances on a basic guideway structure that is not subject to the same tolerances.

The limiting factor in determining the geometry of the guideway is the ride comfort
achievuble with a particular design. Because high-speed maglev vehicles do not depend on
friction for propulsion, they can climb steep gradients. Gradients as steep as 10% have been
suggested. The controllability of the guidance forces and the relatively low center of mass
of these vehicles enable them to use more highly banked (and thus, relatively sharp) curves.

The design of the guideway is related to questions of passenger comfort, the
construction. tolerances, settling, and stiffness of the guideway, and the installation of
functional components on it. It is generally expected that it will be most cost-effective to
design a vehicle incorporating technological improvements in the suspension that will allow
it to travel safely and comfortably over a guideway that is more flexible, has more
irregularities in its construction, and requires less maintenance.

The curvatures of the guideway in both the lateral and vertical directions are
important factors in its design. Allowing relatively sharp turns would permit the vehicle to
avoid difficult terrain or costly structures, but this would result in accelerations on the
yehicle and its passengers, and on the guideway, that must be considered. Figure 10.1
illustrates these considerations. For any vehicle velocity, there is a lateral curvature of the
guideway and an angle at which the guideway can be banked to result in a coordinated turn
(a turn in which the forces appear to the vehicle and its passengers to be only in the normal
direction). Figure 10.1a shows the r.ecessary bank angle for coordinated turns as a function
of velocity and radius of curvature. Although quite steep coordinated turns can be made,
concern has been expressed about the visual sensations associated with rolling into
excessively steep turns.

Another consideration is the acceleration experienced by the passengers.
Accelerations up to 1.1 times the force of gravity (1.1 g’s) are thought to be acceptable to
passengers if imposed without excessive jerk (the rate of change of acceleration). This
consideration limits the radius of curvature to 4,000 m at 300 mph (134 m/s); see
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Figure 10.1b. Another concern is the effect of passing through such turns at velocities that
are cither above or below those that result in coordinated turns. This effect is illustrated in
Figure 10.1c, which shows the lateral acceleration caused by traversing a turn that is coordi-
nated at 400 km/h at greater or lesser speeds.

Although speeds above the coordinated-turn speed can easily be avoided, a propulsion
failure could cause the vehicle to go through the turn at reduced speed or even to stop in mid-
turn. Lateral accelerations are less comfortable than vertical accelerations and are frequently
regarded as uncomfortable even when they amount to less than 0.1 g’s. A 9° to 12° angle of
bank would permit operations at speeds that differ from the coordinated-turn speed by
100 km/h. If the vehicle were to stop in the turn, however, the lateral accelerations could be
considerable; in the worst case, they would probably prevent many people who are not
ordinarily considered disabled from being able to exit the vehicle. After exiting, moreover,
they might not be able to walk on the banked guideway to reach an exit to ground level.
Special "level” walkways in the center of the guideway might be provided for this purpose.
Transrapid elected to limit the angle of bank to 12°. This angle, in the absence of special
considerations or mitigating measures, appears prudent.

The radial load placed on the guideway by the vehicle is shown in Figure 10,1d. This
load is independent of the angle of bank and can be substantial. A 100-metric-ton vehicle
traveling at 500 km/h would place a lateral load of 32 metric tons on the guideway if the
radius of curvature were 6,000 m.

In the following sections, the state of the art relative to maglev guideway designs is
discussed, engineering requirements for a guideway design for the experimental facility are
considered, and research needs are identified.

10.1.2 Guideway Structures

Substructure

The guideway substructure supports the guideway spans and distributes the loads
on them. The relatively light weights of maglev vehicles and the large horizontal loadings
at high speeds may lead to unusual behavior of the piers and footings due to the high
overturning moments. Consequently, depending on the characteristics of the soil, the
foundations for the piers might require pilings. The structure chosen by Transrapid uses four
concrete piles, which are inclined to reduce the bending of the piles.

To minimize the cost of construction, a slender guideway with a large support
spacing is desirable, but a large guideway with a small support spacing would be better able
to provide acceptable ride-comfort levels and/or accommodate constraints imposed by
puideway stresses. In general, to meet the ride-comfort specifications, guideway stiffness
becomes the controlling factor. The guideway flexibility and the degree of irregularity that
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can be tolerated in maglev systems depend on the dynamics of the coupled vehicle/guideway
system,

- Superstructure

The guideway superstructure includes the equipment used to support, guide, propel,
and control the vehicles, The spans of aerial structures can represent as much as 40% of the
initial cost.! Because the vertical loadings are relatively small, significant torsional stiffness
is required for stability. A closed box girder was selected by Transrapid for their concrete
spans and a triangular structure was used in the steel spans, as can be seen in Figure 2.2.
In the Emsland test track, manufactured steel girders and precast, prestressed, posttensioned
and reinforced concrete girders were used. These spans were relatively stiff (1/4000th of the
span) to keep the vertical deflection small.

10.1.3 Static Loads

Static loads on the guideway arise from several sources: the weight of the vehicle,
centrifugal forces, aerodynamic forces on the guideway and vehicle, electrodynamic drag,
propulsion and guidance forces, and impact forces during landing.

The weight per seat for maglev vehicles of either the EDS or the EMS type is lighter
than that for their modern high-speed-train couater parts. The French TGV and the German
Intercity Express (ICE) trains weigh 1.0 and 1.2 metric tons per seat, respectively, while the
TR-07 weighs 0.45 metric tons empty (0.53 metric tons loaded) per seat and EDS vehicles
weigh 0.21 to 0.45 metric tons per seat. The pressure exerted on the track by a maglev
vehicle is about 0.1 to 0.01% of that exerted by a steel wheel on a steel rail.

The propulsive force exerted by th- ' 106 vehicle is 85 kN, to which there is a
corresponding reaction by the guideway ... .e longitudinal direction. The TR-07 is expccted
to exert a 100-kN propulsive force, Provisions must also be made for emergency braking of
the vehicle. This requirement places a longitudinal load of 300 kN on the guideway. The
TR-07 vehicle weighs 106 metric tons loaded, resulting in a vertical force of 944 kN or a
pressure of 37 kN/m on the guideway; the lateral force is 10 kN/m.

The Miyazaki test set consists of multiple cars, each weighing 10 metric tons and
exerting a vertical force of 98 kN (total) or a pressure of 10.2 kN/m on the guideway. This
weight per meter is approximately half that for the TR-07 vehicle. The propulsive force,
51 kN/car, and the lateral force, 49 kN/car, exert forces of 5.3 and 5.1 kN/m in the
longitudinal and lateral directions, respectively.

Side winds will increase the lateral loads on the vehicle, as discussed in Chapter 5,
and large impact loads may be generated when a maglev vehicle lands or when it runs over
joints, misalignments, or irregularities in the guideway.
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10.1.4 Dynamic Vehicle/Guideway Interaction

Figure 10.2 shows the essential elements of an interaction model for vehicles and
guideways. As the vehicle moves, it is acted upon by external forces, as well as by
suspension, guidance, and control system forces. The vehicle will flex and the suspension
control systems will respond to the motions of the vehicle and to the induced dynamic
motions of the guideway, resulting in extremely complicated interactions.

In a simplified model only the vertical motions of a maglev vehicle are considered,
on the assumption that this is the dominant motion and that other motions can be ignored.
This model is applicable in a system in which passenger-compartment accelerations are
limited to less than 0.05 g’s and the vehicle’s unsprung mass inertia forces are small
compared with the vehicle weight.?

Analytical methods of calculating dynamic vehicle/guideway interactions can be
divided into three groups: lumped mass, direct numerical, and modal analysis methods. The
lumped mass method is simple and can be used to account for nonuniform properties, while
the direct numerical method is accurate but requires more computer time. The modal
analysis method represents an efficient compromise between the lumped mass and direct
numerical methods.

When the unsprung mass is less than about 5% of the vehicle mass and the
acceleration of the vehicle is less than 0.05 g’s, a weak coupling exists between the vehicle
and the guideway.? In this case, the guideway deflection profile is computed assuming that
the suspension forces are constant at their static values and move along the guideway at the
speed of the vehicle. The deflection is then used as a known displacement input into the
suspension, and the vehicle’s dynamic motions are determined by standard transfer function
analysis,

When the unsprung mass is larger than 25% of the vehicle mass, as in an EMS
vehicle, or when the vehicle accelerations are larger than 0.1 g’s, the guideway deflection may
be significantly affected by the dynamic suspension forces; in such cases, a fully coupled
analysis of vehicle/guidervay interactions is needed. In the attractive (EMS) system, the large
accelerations of the primary suspension system mass that occur due to the roughness of the
puideway cause significant excursions in the magnet reaction force, and the vehicle/guideway
equations should not be decoupled.’

In order to evaluate a wide range of vehicle and guideway designs for a broad range
of operating conditions, computer models are required to describe the response of the various
parts of the system. Various computer codes have been developed to provide the necessary
dynamic simulations.

MOTION was developed to study the dynamics of maglev systems.*® The program,
which solves for a general rigid body undergoing large displacements in six degrees of
freedom, was applied to the SRI maglev vehicle.
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ADAM was written for the purpose of analyzing mechanical systems undergoing
large displacements; kinematic, static, quasistatic, and dynamic analyses are included.”
Systems are modeled at the basic level as groups of rigid mass parts connected by joints and
forces that correspond directly to physical components. An extensive internal function library
is available to permit the user to model complex mechanical phenomena for user-defined
differential equations and forces.

MAGDYN is used to simulate vehicle and guideway dynamic responses for EDS
systems.? The model includes effects of the elastic deformation of the vehicle and guideway,
vehicle suspension, multiple guideway spans, and aerodynamic loading:

* Rigid and flexible body vehicle motions are included.

e TFour suspension and two propulsion forces are used for each vehicle.
* The guideway motion includes twisting and bending in two directions.
*» Complete aerodynamic forces are modeled.

Nagai and Iguchi developed a program to analyze the vibration characteristics of a
long train of EMS vehicles running over flexible guideways.? Each vehicle is modeled as a
four-degree-of-frecdom system, and the coupling between the vehicles and guideways is
through distributed suspension forces. Some characteristics and limitations of the program
are as follows:

e Only motions in the vertical plare are considered. Each vehicle is
modeled with four degrees of freedom, heave and pitch of the vehicle and
heave of two trucks.

* Multiple vehicles are analyzed, but the constraint in the vertical
direction between adjacent vehicle bodies is neglected.

* The guideway is assumed to have single-span beams simply supported
at both ends.

* An active feedback control loop is used to stabilize the levitation force.

Light guideways, especially steel ones, may be susceptible to dynamic instabilities
and unacceptable vibrations, so a dynamic evaluation must be included in the structural
analysis. Different dynamic responses of coupled vehicle/guideway systems may be observed;
these include periodic oscillations, random vibrations, dynamic instabilities, chaotic motions,
parametric resonances, combination resonances, and transient responses.

When the lift force varies sinusoidally with the guideway roughness, a maglev
vehicle may experience both heaving and pitching oscillations. Analytical and experimental
studies have been performed to understand this excitation mechanism.!°
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Parametric resonances of the guideway may occur if any external excitation causes
large- amplitude oscillations. These external excitations include magnetic forces, wind forces,
vehicle motion, and other sources. For example, in the Miyazaki Test Track, guideway
oscillations at 300 km/h are attributed to the coil pitch of the vehicle.'!

Evenly spaced vehicles moving on a guideway at high speeds can cause the guideway
to resonate with the passing of the vehicles. A simply supported beam has been considered.
At a specific speed, large oscillations occurred, and methods were recommended to avoid
resonances in such situations.

Guideway designs must be evaluated to ascertain their susceptibility to resonances,
their coupling to the vehicle, and means of correcting them if they occur.

10.1.5 Stabilization of Maglev Vehicles

To assure a high level of ride comfort, a secondary suspension is used in EMS
vehicles, and damping control or a secoundary suspension is used in EDS vehicles. The
suspension system should provide good guideway tracking and acceptable ride comfort. Good
tracking in general demands small levitation clearances and stiffness of the support, while
good ride comfort requires weak coupling between the passenger cabin and the guideway.
Active or passive control of the suspension system can be developed to provide the required
stiffness for vehicle support and the softness required for the passenger cabin.

The characteristics of the motion of a levitated vehicle when it is perturbed from
steady motion have been analyzed by Wilkie.!® The magnetic forces for steady motion of a
magnet over a conducting plane can be used to determine the perturbed motion.'* The
motion resulting from a vertical perturbation is an essentially undamped vertical oscillation
with a frequency of the order of 1 Hz, and an exponentially growing motion results from a
perturbation in the direction of motion if air drag is not included in the analysis. The small
damping in the vertical motion can be either positive or negative, depending on the magnet
geometry. The response to perturbations may be unacceptable in a passenger-carrying
vehicle unless means of feedback control of the motion are used to obtain stability and
suitable ride characteristics.

Several options can be used to stabilize a maglev system: passive electrodynamic
primary suspension damping, active electrodynamic primary suspension damping, passive
mechanical secondary suspension, and active mechanical secondary suspension. In Canada,
an active secondary suspension system was recommended for the vertical suspension system
to achieve an acceptable ride quality without compromising the primary suspension system.l"’
It was found to be possible to achieve a suitable lateral dynamic response using both passive
primary and secondary suspension systems. However, controlling the vehicle dynamics by
the use of passive vertical suspension systems offers a higher degree of reliability, analogous
to conventional automobile and railway suspension system designs.
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10.2 PROPOSED GUIDEWAY

10.2.1 Objectives

One of the principal goals of this program is to develop a preliminary guideway
design for an experimental facility for less-than-full-scale maglev systems, The design must
be compatible with the various constraints imposed by site, vehicle, and functional consider-
ations. Since the functional and site constraints are unknown, an optimized design is
impossible at this time, The guideway must provide for modifications to permit the
evaluation of both EDS and EMS systems. Some of the objectives are as follows:

* Evaluate different maglev system concepts.
* Evaluate various maglev system components and parameters,

* Obtain experimental data for verification of computer codes for maglev
systems.

10.2.2 Approach

As discussed in Chapter 3, the guideway for a commercial system is assumed to be
elevated to avoid grade crossings, as well as for safety and other reasons, so the experimental
guidewiay must be designed to evaluate parameters appropriate to this type of construction,
These factors were considered in Chapter 4. It must be capable of having installed on it
various types of propulsion, and possibly power pick-up, equipment. To meet these
requirements, the guideway is designed to be constructed of beams and piers. The beams will
be constructed of precast, prestressed, posttensioned, and reinforced concrete girders.

To realistically simulate operational systems, the potential for evaluating vehicles
at speeds up to 67 m/s (150 mph) was assumed to be necessary. At this speed, the
aerodynamic forces are approximately one-fourth as gie. t as those experienced by an
operational vehicle, The length of the guideway was established on the basis of an assumed
vehicle acceleration of 0.2 g's, approximately that of commercial jet aircraft when taking off
or landing.  This assumption leads to guideway lengths of 1,146 m for acceleration and
deceleration of the vehicle, or a total of 2,290 m. A period of 15 s is allowed for testing of the
vehicle at this peak speed, necessitating an additional guideway segment of 1,005 m, for a
total length of 3,295 m (2.05 mi). The 15-s period will provide realistic acceleration power
spectral density measurements to be made at frequencies of less than 0.1 Hz. Frequencies
approximating 0.5 Hz can cause motion sickness and are, therefore, of significance in
doetermining the ride quality of passenger carrying systems. Although the developmental
vehicle will not necessarily be required to meet the ride quality specifications of a revenue-
producing vehicle, the vehicle will probably be used to evaluate controls in this frequency
range.
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To minimize the restructuring of the guideway needed for various experimental
configurations, the central 1,005-m section will be regarded as the primary experimental
portion of the system. Piers and spans in this section will be removable to alter the physical
and dynamic characteristics of the guideway. Permanent recesses will be installed on the
pier caps for the placement of hydraulic jacks to be used for adjusting spans and for
alignment of the spans for testing. In this way, spans with different flexibilities, structures,
surface tolerances, materials, etc. can be introduced at minimal cost for evaluation of the
effects of these changes on the performance of the system. Mounting holes and penetrations
through the guideway are liberally provided for attaching various propulsion, test, and power
distribution equipment. ‘

The acceleration and deceleration sections of the guideway will serve the purpose of
achieving test speeds and stopping the vehicles. They will be constructed as inexpensively
as possible, since they will not serve the primary function of system evaluation.

Operational systems will travel at peak speeds up to 134 m/s. Piers for the proposed
operational systems are spaced on centers of about 26 m or greater, leading to periodic
disturbances every 0.19 s. For the experimental facility, with vehicles travelling at one-half
the operational speed, a 18.5-m pier-to-pier-spacing was chosen, resulting in periodic
disturbances along the guideway every 0.20 s. The proposed vehicle is approximately one-
half the length of the spans, but its effective length depends on the actual location of the
magnets on the vehicle, This chuice results in spans with realistic experimental capabilities
and reasonable sizes and weights; shorter or longer spans can be inserted in the experimental
section of the guideway.

The static deflection of the spans in the Emsland test track for the EMS system is
about 1:4,000; for EDS systems, the deflections are thought to be about 1:1,000. The latter
value was tentatively selected, but it depends on the weight of the vehicle tested. The final
decision awaits the judgment of industry as to its requirements. In the EDS configuration,
to be discussed later, the actual rigidity of the guideway will, in fact, be closer to 1:3,000,
while in the EMS configuration (the least 1igid configuration) it will be about 1:1,000.
Changing the rigidity from the values chosen here can be accomplished within reasonable
limits by using somewhat larger prestressing strands in the direction of the guideway. The
effects of steel bars or strands on the drag of the vehicle is a topic for evaluation. The use
of these materials in the initial and final sections of the guideway might result in additional
drag in these sections, but it need not affect operations in the experimental portion of the
facility. Epoxy-coated reinforcing bars will be used to ensure that no closed electrical loops
(which would result in the generation of undesirable forces) occur.

The initial guideway is proposed to be straight and level. Provisions have been made
in the site design to accommodate a second, curved segment of guideway with a rise for
evaluating the performance of systems under more realistic conditions. This curved guideway
would branch from the main guideway about 510 m from the start, at which point the speed
could be as great as 45 m/s (100 mph), and additional acceleration could occur in the curved
portion of the facility (see Chapter 12). A guideway switch can be used for this purpose, or
a static structure can be employed. Such switches would be specific to the vehicle design and
are not considered at this time, but they will be important topics for development.

T
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Evaluations of prototype maglev systems will, of course, be performed on other guideways
elsewhere, at speeds that impose more demanding conditions.

Once a site is selected, the seismic status, local geological stability, and soil
conditions will be determined to establish the requirements for the foundation and its
stabilization. The foundations might require piles (such as four inclined concrete piles with
a ground slab on the top) if the soil is soft, since the overturning moments on piers and
footings may be large due to the horizontal loadings. For slender columns, A-frame-type piers
might be used. The incline of the piers from the vertical on the tangent line might be from
12:1 to 4:1, while the underground piles could be inclined to about 1:4.

The route selected for the guideway will affect the vehicle dynamics, as well as the
capital expenditures and operating costs. It will be necessary to establish the general
geological profile along the project route and to identify lowland, upland, and wetlands and
stormwater and drainage requirements, as discussed in the next chapter.

The basic guideway cross sections shown in Figure 10.3 can be constructed of
prestressed concrete, with protrusions minimized to reduce the cantilever bending moments
due to the live load (these moments progressively increase with length, leading to a need for
heavy structural members). The positions of the "‘eams must be precisely determined to
ensure the accuracy of the three-dimensional curve and the transitions between the
functional components on the beam joints. A computer-aided surveying technique can be
used for this purpose. The beams would be roughly positioned and their positions recorded
using a coordinate system; the necessary relative positioning of the beams in all degrees of
freedom would then be determined by computer analysis.

10.2.3 Detailed Design

The basic tee beams shown in Figure 10.4 will be reinforced with epoxy-coated
reinforcing bars, except in the case of the primary longitudinal reinforcement, which may be
either epoxy-coated bars or prestressing strands. To minimize deflections, the concrete will
have an ultimate strength of 34.5 MPa (5,000 psi) at 28 days. Holes will be cast in the beam
for the attachment of hardware and for the installation of cables. The beams will be
supported on the piers by elastomeric bearing pads, and the elevation will be adjusted with
steel plate shims. Materials and properties are shown in Table 10.1.

FIGURE 10.3 Two Possible Guideway Ciuss Sections
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TABLE 10.1 Guideway Materials and Properties

Item

Material/Property

Value/Explanation

Tee Beam and
Parapet Walls

Piers

Precast concrete

Strength

Modulus of elasticity, E,

Reinforcing bars
fy
1S

Prestressing strands
fy

Cast-in-place concrete
Strength

Assumed soil pressure
allowable

Piles
Size
Maximum load

Elastomeric bearing

Allowable pressure
Maximum
Minimum

34.5 MPa (5,000 psi) at 28 days
28,960 MPa (4,200,000 psi)

ASTM A615, epoxy-coated

414 MPa (60,000 psi)

200,000 MPa (29,000,000 psi)
ASTM A416

1,860 MPa (270,000 psi)

927.6 MPa (4,000 psi) at 28 days
0.2 MPa (4,000 psf)

ASTM A36

HP 8 x 36 (20-cm wide, 5 kg/m)
534 kN (55 metric tons)
AASHTO M251

6.9 MPa (1,000 psi)
1.4 MPa (200 psi)

As shown i Figure

n the propulsion

10.4, the basic tee section can be modified to form a channel
The precast concrete parapet walls shown in Figure 10.5 are capable of supporting
bolir horizontal (lateral) and vertical forces fror

and levitation systems. The

parapet walls will be connected to the basic tee beam with 2.54-cm (1-in.)-diameter bolts
spaced at intervals of 0.5 m on center. The walls will be 4.5 m long to facilitate erection.
he parapet walls will also have holes and recesses cast into them as required for the
attachment of the hardware.

Depending upon the soil conditions at the site and the elevation of the test facility
above the ground line, the piers may be supported on spread footings or steel piles. Asshown
in Figures 10.6 and 10.7, the geometry of the piers will be adapted to fit the site conditions.

The structure will be designed in accordance with the current requirements of the
American Conerete Institute (ACI) and/or Standard Specifications for Highway Bridges
adopted by the American Association of State Highway and Transportation Officials
(AASHTO).  Neither these criteria, nor those of the American Railway Engineering
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Association, specify equivalent static loading ceriteria to account for the dynamic effects of the
maglev vehicle on the guideway structure. Consequently, conservative design values — an
impact factor of 50% and a longitudinal force of 20% of the test car load — will be used, The
assumed design loads of the three configurations studied are shown in Figure 10.8. The
span/deflection ratio under live load plus impact will not be less than 1,000,

Deflections

Deflections of concrete structures depend upon many factors; the major ones ure
creep and shrinkage. Table 10.2 indicates the deflections based on the assumption that the
tee benms will be approximately one year old before being loaded.  After all hardware has
heen placed and adjusted, the structure will continue to creep (defleet). On the assumption
that the hardware for the first test will remain in place one year, the ereep over that period
was estimated, The elastic deflection under full live load plug HO% impact was caleulated.

Although the contribution of the parapet walls to the load-carrying capacity was
disregarded in determining the strength of the tee beam, the walls will act compositely with
the toe beam to reduce deflection. The shear connecting capacity of the 2.54-em (1-in.)-
dinmoter bolta connecting the walls to the tee beam was investigated and found to be quite
adequate. Therefore, the deflections due to live load and to ereep of the parapet-wall dead
load were computed using the compogite moment of inertia,

As shown, the live load deflections are well within the eriteria, as is the live load
plus creep for Configurations 1 and 2 (see Figure 10.8). The live load plus creep for
Configuration 3is just bavely within the criteria, and the normal £ 20% variation would place
it outside the limit (89.... However, if Configuration 1 or 2 is tested firet, the creep deflection
under the second and later tests will be significantly reduced. In such a case, the live load
plus creep for Configuration 3, even with a possible 209% increase, would be 0.97 em (0,38 in.)
or a span/deflection ratio of 1,360,

The horizontal deflection of the parapet wall under the lateral thrust of 10 kN is
0.0064 ecm (0.0025 in.). The vertical deflection of the elastomeric bearings under doad load
is 0.076 em (0,03 in.); under live load plus impact of the J-metrie-ton car, it is 0,05 em
(0.02 in.),

Stresses at Critical Points

The members are designed using the load factor method and factors adopted by
AASHTO to ensure an adequate safety factor, Stresses in the concrete and reinforcement
under service loads at three critical sections are indicated in Tables 10,2 and 10.3.

The lack of adequate reference data to specifly the requirements for the structural
desipgn of the support and guidew:ty of a maglev system can lead to an overly conservative
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TABLE 10.2 Deflection Table

Jase Item Value
1, Iither Configuration 1 or 2 is Tosted First,

Tee Boam - Flastic ~ 0,68 em (0,23 in,)
Creep for One Year 0.76 ¢m (0,30 in,)
Add Parapet Walls - Elastic 0.33 ¢m (0,13 in)
Creep for One Year (during test) 0.26 ¢m (0.10 in,)
Total Dead Load 1.93 ¢m (0.76 in.)
Live Load (4 metric tons) plus Impact - Elagtic 0.2 ¢m (0,08 in.)
Live Load plus Creep after Adjustment 0.46 em (0,18 in,)
Span/Deflection 3,260 (dimensionless)

2, Configuration 3 is Tested First

Tee Boam - Elastic

Creep for One Year

Add Hardware (110 kg/m; 800 Ih/ft) - Elastic
Creep for One Year (during test)

" iTotal Dear} Load

Live Load (9 metric tons) plus Impact - Elastic
Live Load plus Creep & ‘ter Adjustment,
Span/Deflection

Configuration 3 is Tested Second or Third

Additional Creep due to Dead Load
Tee Beam for One Year

83 kg (600 Ib) Load for One Year"

28 kg (200 1b) for One Year"

Total Creep (during test)

Livé:Load plus Impact - Elastic

Live Load plus Creep after Adjustment,

Span/Deflection

0.58 em (0,23 in,)
0.30 e¢m (0,30 in,)
(.43 em (0.17 in)
0.71 ¢em (0,28 in,)
2,49 ¢m (0,98 in,)
0.61 ¢m (0.20 in,)
1.22 em (0.48 in))

1,080 (dimensionless)

0.109 cm (0.043 in,)
0.068 ¢cm (0,023 in.)
0.187 em (0.064 in,)
0.304 ¢m (0.120 in,)
0.508 ¢m (0.200 in.,)
0.813 em (0.320 in.)
1,620 (dimensionless)

% Hardware for Configuration 3 weighs 1,190 kg/m (800 1b/ft), while parapets
weigh 890 kg/m (600 1/ft). Creep for the 890-kg/m (600-1b/fL) portion will be

at. a lesser rate than for the 300-kg/m (200-1b/11) portion,
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TABLE 10.3 Stresses and Creep at Various Locations

Location Configurations 1 and 2 Configuration 3

At Center of Span

Flexure
Reinforcing 164.0 MPa (23.80 ksi) 216.5 MPa (31.40 ksi)
Concrete 6.8 MPa (0.99 ksi) 9.0 MPa (1.31 ksi)

At Piers

Shear
Concrete 0.68 MPa (99 psi) 0.94 MPa (136 pst)
Allowable 2.1 MPa (305 psi) 2.1 MPa (305 psi)
{stirrups)

At Cantilever

Flexure
Concrete 4.6 MPa (0.66 ksi) 3.2 MPa (0.47 ksi)
Reinforcing 114.5 MPa (16.6 ksi) 82.7 MPa (12.0 ksi)
Shear
Concrete 0.12 MPa (17.4 psi) 0.32 MPa (46.5 psi)
Allowable 0.83 MPa (120 psi) 0.83 MPa (120 psi)

(no stirrups)

and uneconomical structural system. The present testing program will provide an ideal
opportunity to improve our understanding of the behavior of this type of system. Therefore,
it is recommended that instrumentation be installed on several of the elements of the
structural system in order to make it possible to assess the magnitudes of the forces induced
by the movement of a high-speed vehicle.

The necessary measurements can be accomplished by means of electronic strain
gauges that are applied to the reinforcing bars within the superstruciure units and also to
the pier systems. A possible arrangement of the gauges within the superstructure unit is
shown in Figure 10.9. The gauges for the pier units would be applied in a vertical orientation
at the tops and bottoms of the pier shafts.

Strain data can be recorded during any or all of the test configurations. These data
can then be utilized to evaluate the range and magnitude of the maximum forces induced into
the structural system. This will form the basis for estimating a realistic minimum loading
criterion that will be appropriate for use in designing the structural support system for a
maglev installation.

h]i |\!I L
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Cost Estimate

A material take-off was made for the structure, and unit prices were selected from
Means Construction Cost Data.l® The structure is an unusual one, and many assumptions
have been made about the cost of the substructure that may be incorrect. Table 10.4
presents our best estimate of the construction cost.

10.3 RIDE QUALITY

Numerous attempts have been made to quantify the ride quality of vehicles to
provide a basis for designing transportation systems. Without an understanding of this
feature, the system can be overdesigned at great and needless expense. A rigorous analysis,
however, is very difficult, since it depends on subjective physiological and environmental
factors. The major response of the body is in the 0.5 to 20 Hz frequency range in which
organs resonate. Ride quality criteria are frequently extended to 50 or even 80 Hz, but a
definitive range is not possible for all people. Comfort is also affected by other factors, suck
as noise, dust, humidity, and temperature, as well as by accelerations.

Two approaches have been taken to quantifying ride quality. The first is the fatigue
time, which measures the time a passenger will willingly tolerate accelerations in different
dircetions and at different but discrete frequencies. This approach fails to take into account
the interactions between accelerations in different directions. These criteria have been
discussed by Sinha 17 and Garg and Dukkipati. 1A
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TABLE 10.4 Estimated Costs for
Construction of Guideway

Item Value ($)

238 Tee Beams @ $4,400 1,047,200

6 x 238 Parapet Walls @ $600 856,800

49 Tall Piers @ $4,200 205,800
190 Short Piers @ $2,500 475,000
” 2,584,800
Contingencies, 20% 517,000
Subtotal 3,101,800
Demolitior: Remove and 466,300

dispose of piers and beams

Total 3,668,100

The second approach is a ride index criterion, which attempts to combine various
accelerations and other environmental factors. Currently, the second approach is favored.
Peplar et al.1® have defined the following composite index, which incorporates features
associated with buses, trains, and airplanes:

W =10 + 05 v, + 0.1[dB(B) - 65] + 17a, + 17a, (10.1)

where w, is the rms roll rate, a, is the rms transverse acceleration, and dB(B) is the ambient
noise level. An index of 1 is regarded as very comfortable, and an index of 7 is regarded as
very uncomfortable. Other indices have been proposed by Lee and Pradko and by Butkunas
(sce Reference 20), as well as by Sperling (see Reference 18).

10.4 CONCLUSIONS

On the basis of the state of the art of maglev guideway technology, it is possible to
identify critical areas for future research. The proposed development facility would be
instrumental in clarifying the following issues:

° The motion-dependent magnetic force components resulting from the
motion of the vehicle and the oscillations of the guideway must be
quantified. Knowing these force components, the dynamic stability of
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the vehicle, including vehicle/guideway interactions, can be analyzed and
the results compared with those from the National Maglev User Facility.

*  Computer codes for dynamic simulations of vehicle/guideway
interactions need to be developed or further modified to predict the
performance of maglev systems, considering the coupled
vehicle/guideway system. The code should include the capabilitie to
accommodate multiple vehicles and vehicle elasticity, secondary
suspension, guideway dynamics, aerodynamic forces, magnetic forces,
guideway irregularities, and feedback control. Such codes can be
validated with experimental data from the test facility.

o An analytical/lexperimental study of guideway dynamics nceds to be
performed with the objective of improving guideway designs,  For
example, intentional camber of the guideway beams can improve ride
comfort under specific conditions; further study is needed to determine
its effectiveness under various operating conditions and practical
methods to control the magnitude of camber, Other structural designs,
materials, and methods of construction can be realistically evaluated
with the facility.

» TIndependent and cooperative control methods must be developed to
suppress rigid body motions and structural vibrations. Using feedback
control, the tolerances required for the guideway may be relaxed and the
cost of the guideway reduced.

» Existing criteria for ride comfort need to be assessed and improved,
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11 CONTROL AND COMMUNICATIONS

11.1 INTRODUCTION

The proposed test facility will be the first such facilily to provide a means of
intensively testing and cvaluating both KMS and EDS maglev systems, To meet this goal,
the control systems will be required to have unusual capabilities. In addition, the high-gpeed
and contactiess characteristics require that the control systems play a much more important
role than those for conventional train systems.

In general, the control systems to be designed for the test facility encompass three
parts:  the propulsion control system, the suspension control system, and the operation
control system, Each part may be divided into several subsystems. A hierarchical diagram
is shown in Figure 11.1.

The propulsion control system provides the drive control for the vehicle (position,
speed, acceleration) according to a preset running pattern issued by the control center, The
suspension control maintains the vehicle in a stable levitation and guidance attitude against
various disturbances and perturbations, Meanwhile, the operations control system performs
the commands sent from the control center, protection control, data transmission and
management, peripherals, and operation supervision in the test facility.

Of all the design requirements of the control systems, safety, reliability, and ride
comfort are of primary importance. To meet these requirements, the features described below
will need to be implemented.

11.1.1 Control Response Time

Since the vehicles will run at high speeds, the motor current and synchronization
controls must respond quickly to ensure smooth vehicle propulsion. The suspension control
for an KMS system must also respond quickly to small airgap errors. A sampling interval
of ubout 1 ms is needed to fulfill most of the drive control tasks,! but the suspension control
for an KMS system requires a sampling time of about 0.5 ms to overcome the effects of
high-frequency perturbations.

11.1.2 Control Accuracy

In order to mect ride-quality specifications, the levitation gap, vehicle speed, and
acceleration will have to be controlled within narrow limits,  This requires that the
suspension contlrol system be able to provide very fine adjustments, even under severely
disturbed riding environments.  In the propulsion control system, the synchronous speed
control will require that the sensors function with high accuracy to avoid strong jerks or
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ascillations. 2 To ensure the requisite accuracy, digital control technology should be applied,
and high-performance sensors should be used in the levitation, position, and acceleration
control systems.

11.1.3 Adaptive Control

The vehicle will be subject to undesired offects {rom the variation of electromagnetic
parameters, payload, guideway roughness, and acrodyn amic drag. Therefore, the parameters
of the LSM model and of the vehicle model vary with time. With adaptive control, real-time
cstimations of the time-varying parameters arc obtained in terms of measurable input and
output information of the plant. The parameters of the controller are updated using these
estimates, Figure 11.2 shows the basic principle of an adaptive propulsion-control system as
compared with a conventional control system.,

11.1.4 Fully Automatic Functions

Functions performed by the control systems include not only vehicle spoud and
snspension control, but also take-off control, brake control, self-inspection, fail-safety,
protection, data transmission, and supervision. These functions are interactive, and a
hierarchical decision scheme is needed to coordinate them 10
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11.1.5 Optimization

Optimization technology will be widely applied in the control systems of the test
fucility. In the propulsion and suspension controls, the use of optimization criteria might
improve the control processes Lo save time and minimize energy losses to achieve ride comfort
and safety requirements, The use of optimization technology will assist in determining the
length of the motor sections and will also be employed in the operation system design (e.g.,
in the routing design and protection control system design).

11.1.6 Decentralized Control and Data Prodessing

Since the propulsion and operation control facilities are distributed along the
guideway, control signals and data transmission are needed between the control center, the
power controller, motor sections, peripherals, and the vehicle. Therefore, decentralized
controls and data processing, using microprocessor network technologies, are used for
switching control, vehicle control, and motor section changeover control, and for supervision
of the system.
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11.1.7 Redundant Control Strategy

To ensure the acceptance of a high-speed maglev system, the control system must
be failure-tolerant. Consequently, system components like switches, contactors, and sensors
must have high mean-times-between-failures (MTBF), and critical civeuits and components
must be made sufficiently redundant to ensure their reliability. One highly reliable
redundant scheme, a 2 vs. 3 voting decision unit based on microprocessors, huas heen
developed and is discussed later, !4

11.2 PROPULSION-CONTROL SYSTEMS

11.2.1 Foreign Propulsion-Control Systems

Since Germany and Japan now lead in maglev technologies, the designs of their
near-commercial prototypes, the TR06-07 and MLU-002, will be reviewed prior to the
discussion of the system proposed for the test facility.

Transrapid TR-06 and TR-07

The Transrapid (TR-06) is driven by an iron-cored, long-stator, linear synchronous
motor that has been used to propel a 108-metric ton vehicle to a speed of 412.6 km/h (sce
References 3 and 6). The design of the drive controls (Figure 11.3) is based on the
operational speed profile, the kinematic characteristics of the vehicle, and the requirements
for dynamic behavior and passenger comfort (acceleration <1.5 m/s? and jerk <0.5 m/s™).?

Two current controllers issue control signals to the two assigned variable-voltage-
variable-frequency (VVVE) inverter groups. The propulsion control circuits are partly analog
and partly digital. The position and speed signals arve both analog. The microcomputers have
a slow cvele time of 60-100 ms.

The superimposed computer controls ind monitors the subsystems and performs test
routines, The speed controller calculates the setpoints for the control of the stator current
on the basis of the speed setpoint received from the supervisory control level,

Vehicle position detectors determine the relative position of the exciter with respect
to the stator; for better accuracy, three different measuring systems, which are partially
redundant, are uged: two on the ground and one on the vehicle. The coordinating computer
and track systems controls perform the motor section changeover fuoction.

In the newer TR-07, the propulsion control system was fully digitized. Sampling
times as low as 1 ms are used for most of the contrel tasks, The high motor frequencies of
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270 Hz necessitate shorter sampling times of 100 us for TRANSVEKTORY control. Other
improvements are:

e The modular design, particularly for the power and control equipment,
offers casy maintenance and dingnostics capability.

o An optical-fiber cable is used for all data links,

Japanese ML-500 to MLU-002 Vohicles

The Japanese Miyazaki Maglev Test Track uses air-cored linear synchronous motors
to drive their EDS series of vehieles from model ML-600 to MLU-002 (sec Reference 2), the
latter reaching a maximum speed of 420 km/h. A cycloconverter is used in the power supply.
The LSM propulsion-control equipment is shown in Figure 11.4.

'The major features of the LSM propulsion-control system are:

o Position signals are obtained from inductive transposed wires and from
the deteetion of the levitation coil reaction flux,

e The propulsion coil current is controlled by the synchronized position
signal and thrust cadeulations, depending on the actual and preset
speads.

A phase-locked loop is cmployed to keep a smooth sine-wave pattern,
even if the position signad is disturbed.
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+  Flectromotive force feedback and compensation are used to improve ride
quality.

e The propulgion control circuits are analog,

According to published reports, these propulsion control gystems have performed
aatialfmetorily,
11.2.2 Test Facility Propulsion-Control Design

The LSM propulsion-control-system  design is presented in this section (see
References 2 and 8), The principal data are listed in Table 11.1, and the eonfiguration and
specifications are indicated in Figure 11.5 and Table 11.2.

The propulsion control system consists of the following main components;

o A control center, which sends the presct running pattern and other
propulsion comne inds to the propulsion controller in the power station,

e A propulsion controller containing o speed controller, o phase-
svnchronization controller, acspeed pattern controller, and an adaptive
controller,
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TABLE 11.1 Specifications of the Lincar
Synchronous Motor

Hoam Specification
Length of motor seetion (m) 320
Number u‘f' motor seetiong 10
Total power required (MVA) q
Thrust (kN) 16
Maximum speed (kmv/h) 240
Froquoncy (Hz) 0-138
Number of phases 3

Pole pitch (m)

EMS ‘ 0.26
EDS 1.0
Voltage/phaso (V) 3,000
Current/phase (A) 230

° A pair of power inverters that alternately feed the VVVE power to motor
sections, depending on the vehicle position and phase information.,

¢ Section changeover control, performed by the distributed switch
controllers CR, which control all contactors SG and switches SW,

e Braking resistors for emergencies,

11.2.3 Speed Control

The major feature of the speed-control system designed for the test facility is ils
adaptive capability, as disgrammed in Figure 11,6, An adaptive controller will perform a
real-time estimation of the time-varying plant model (in a dashed block) based on the
following measurable information: the actual vehicle speed V, the motor section current 1,
and the electromotive force £ sent from the vehicle. The parameters of the speed controller
are updated by the estimation. Thus, the magnitude of the control signal will precisely
match the need of the time-varying plant (air gap and vehicle).
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The speed controller  provides « TABLE 11.2 Specifications of the
sinusgoidal control signal I, sinfmt + 8) for the Propulsion-Control System
desivell VVVE power supply. Its 'a-lmp’litudellJ
is the output of the speed controller, and its Parameter Specifieation
phase is provided by the phase synchroniza- " )
tion controller (PSC). Speed (k/h) 240

: 2

The PSC (Figure 11.7) caleulates the Aceeloration (mf) 2.0
phase value from the position signal L, then Maximum jork (m/s?) 0.9
produces a unit gine wave through a phase-
locked loop. The unit sine wave, modulated by Tovitation air grap (mm)
1,,, is sent to the power inverters for the I?M‘Lf 102 1.0

1D 100 + 10

desired VVVE, The actual vehicle speed Vs -
alsn ealeulated by the PSC Sampling time (ms) |

Digitization

8-16 bit

e
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For consideration of the limits of jerk, acceleration, deceleration, and speed, the
speed pattern received from the control center is reproduced by a speed pattern generator,
shown schematically in Figure 11.8.

11.2.4 Position Detection

Two position detection systems are proposed for propulsion control. One is the
inductive transposed position system, which employs a medium frequency transmitter on the
vehicle and a cross coil measuring winding on the guideway. The pole position of the motor
is derived independently of transmission cquipment external to the drive. The other system
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performs position detection by on-board calculation of the levitation coil reaction fluxes. A
. . R . . D¢
leaky coaxinl cable is emploved for the data transmission.

11.2.5 Motor-Section Control

Motor section changeover control controls the motor sections in two blocks, depending
on the vehicle’s position and phase signals. When the vehicle passes over the junction of two
sections, it will be propelled by two different motor sections for a short period, and both
motors will operate for a preset time of about 2 s (Figure 11.9). The phase signal ensures &
smooth propulsion wave produced by the adjacent sections.?

The other control functions provided by the propulsion control system are standstill
control, landing drive contrcl, and brake control for emergencies. They are operated by
programming open loops.

11.3 OPERATIONS CONTROL SYSTEM

The operations control system covers all the functions and technical installations that
sorve the safety, control, and supervision of the vehicle operations and their intercommuni-
cations. It is important that the facility be highly automatic, effective, cconomic, and fully
functioning if a new design is to be realized.™!"

11.3.1 System Description

The functions of the operations control can be subdivided into several functional
complexes (see References 4 and 11):

¢«  Protection

- Vehicle safety (position and speed detection, monitoring, distance
assurance, and automatic brake application)
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Route protection (route locking, proving and releasing function)
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¢ Data transmission

Between vehicle and central installations (power station and control
center)

Between trackside units along the guideway

Between trackside units and central installations

On-board data transmission
* Peripheral systems (connection with adjacent systems)
- Substation control and propulsion regulation
- On-board control systems
Power supply
- Communication systems

- Station/halt equipment

11.3.2 Protection Control Design

In the design of the operations control system for the test facility, one must consider
the specific tasks that the system will be required to perform and the equipment that will be
installed. !

The design of the protection control system emphasizes the following aspects:
* It is based on a microprocessor network technology.

e It is completely independent from other control systems and the signal
transmission system.

* It is a multilevel decision system, ensuring high reliability and
intelligence. For example, the primary level performs self-inspection
and auto-repair functions. The scecondary level exccutes emergency
procedures. On both levels, the information will first be sent to the
control center for privilege decisions made by the operation staff.

e The redundancy design of the OCS provides high reliability and the fail-
safc property. The protection system is composed of three parts: wayside
protection, on-board protection, and central control protection.
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Wayside Protection

In the proposed facility, 10 three-phase motor sections (WD 11-WID52) are installed
along the 3.2-km guideway (sce Figure 11.10). The odd-numbered motor sections are fed by
power invertor 1, while the even-numbered motor sections are fed by power invertor 2. ISuch
motor section is operated by a switchgear SW and a switch controller CRij embedded in a
microprocessor, The wayside distributed protection control consists of a set of electronic logic
circuits that receive and process the signals from the switch controllers. The multilevel
protection decisions are then sent to the vehicle controllers, the control center, or to the brake
devices in accordance with safety criteria.

The functions performed by the protection controller might be:
¢ Power supply protection

*  Motor section protection

*  Switch malfunction prntectioh

e Speed and position protection

¢  Wayside brake protection

Protection Aboard the Vehicle

The protection system aboard the vehicle is shown in Figure 11.11. The EMS vehicle
evaluated in this design has 5x2 suspension magnets mounted bencath it and 2x2 guidance
magnets mounted on the sides. Sensors L1-L20 measure the levitation gap, and sensors
G1-G8 measure the lateral gap. A1-A6 are six accelerometers for three-dimensional measure-
ment. The protection controller can detect any malfunctioning sensors and make the appro-
priate protection decisions. Two levels of protection decision are made according to the
number and position of abnormal sensors. If the vital safety standard is not exceeded, the
protection decision is to deploy the landing gear. The vehicle continues to the next stop. If
the vital safety standard has been exceeded, the protection decision is to actuate the braking
devices and the other emergency procedures. The protection criteria will be explored through
the analysis of the trial resulis.

Other protection functions included are:

o Actual routing calculation and protection

*  Vehicle position, speed, and acceleration protection
[ : . .\ o

¢ Supporting wheels protection

e Standstill protection
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¢ Bad weather and disaster protection
¢  Guideway obstacles protection

e Brake devices (brake shoes, slides) protection

Central Control Protection

The control center is the operation headquarters for handiing all test programs and
line information. The protection functions are to be partially carried out by the operating
staff in a manual mode. There are several emergency or normal protection procedures
predotermined and stored in the central protection controller. The operator can manually
choose the best measure in compliance with the particular situation, If possible, the emer-
gency brake should be avoided.

11.3.3 Fault-Tolerant Design

Fault-Tolerant Configuration

A reliable arrangement for the fault-tolerant function is shown in Figure 11.12.4
Redundant units 1-3 can be sensors or accelerometers. The C's are comparators, the output
of which is 1 if two inputs are the same, or 0 if the difference exceeds a certain preset limit.
A two-of-three vote makes the protection decision, This voling function is implemented by
a microprocessor. The practical voling protocols for levitation and guidance sensors will be
much more complex than illustrated and will be embedded in the soltware.

Hardware Implementation

The microprocessors are the main components in the operations control system.
Most of those associated with the sensors, switches, or braking devices will be 8-bit processors
with 1-b kilobytes of memory. The software for these devices will be written in assembly
language., The processor in the control center will require 16-bit or 32-bit processors and
20 MB of memory. The software for the control center will be written in C or PASCAL so it
‘an be more easily read and modified by system operators. The microprocessors related to
the sensors and the emergency procedures will be redundant to ensure reliability.

11.4 SUSPENSION-SYSTEM CONTROL OPTIONS

11.4.1 Introduction

As discussed o Chapter 10, a smooth, rigid guideway could be constructed and
maintained to such a degree that an acceptable ride quality would result with a simple and
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inexpensive means of controlling the forces exerted on the vehicle, but the initial and
. N . e . ‘)
maintenance costs of such a guideway would be prohibitively (‘sxp(\,nmvu.]“

It should be possible, on the other hand, to employ a relatively less-expensive
puideway (neither as smooth nor as rigid) in conjunction with a relatively more-expensive
method of controlling the forces such that an acceptable ride quality can be achieved at a
reduced overall system cost. The options available for controlling the forces are enumerated,
and justifications for the recommended course of action are made in this section.

11.4.2 Electromagnetic System

The electromagnetic system is inherently unstable, so a force control system is ¢
necessity. It has been shown that ride quality considerations can readily be taken into
account when designing such a control system, so the only apparent option is whether or not
a secondary suspension is employed. This decision is dictated by the ride quality specification
to be met in conjunction with the design speed of the vehicle and the roughness of the
puideway. Experience has shown that a secondary suspension is not required for low-speed,
intracity vehicles, hut will probably be required for high-speed, intercity vehicles.

11.4.3 FElectrodynamic System

The electrodynamic system is inherently stable though highly under-damped, so the
primary reason for controlling the forces is for ride quality. Before this issue is addressed,
however, mention should be made of a unique aspect of superconducting magnets that has
an impact on the discussion to follow. Specifically, alternating currents should be avoided
since ACY currents produce Joule losses in superconducting materials,  As mentioned in
Chapter 10, these losses put an additional demand on the refrigeration system and could
muke the system impractical if they are not kept at a low value, For this reason, it is
common in the EDS system to use short-circuited metallic loops or plates to shield the
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superconducting muagnet from the fluctuating currents in the guideway, which would
otherwise induce alternating current in the superconducting magnet, These shields produce
some damping of mechanical vibrations, but not enough to solve the ride-quality problem.
Several options are available for this systom, and, as indicated in Table 11.3, they can bo
ategorized as follows:

Primary suspension only:  each superconducting magnet and any other
magnetic force componentry are vigidly attachod to the vehicle,

Primary and secondary suspension: cach superconducting magnet can
exhibit limited motion relative to the vehicle, Conventional mechanical
springs would be used to transfer the nominal load from the magnet to the
vehicle. Auxiliary componentry would be rigidly attached to the vehicle or
to the magnet, or would be attached between the vehicle and the magnet,

Option 1 can be rejectod because of the unacceptable ride quality that would result.
Option 4 18 not practical because a power supply with a very large power rating would be
required, an excessive amount of heat would be transported into the cryogenic environment,
and AC losses would oceur in tho magnet. Option 2 can probably be rejected when compared
with option 3, since a passive coil cannot provide a sufficient amount of damping unless the
coil itself is cooled to cryogenic temperatures: this puts a burden on the refrigerator, which
can be avoided by employing option 3. Similarly, options 6 and 7 can probably be rejected
when compared with options 8 and 9,

The remaining options are viable, but a tradeoff analysis and final selection cannot
be made until the ride quality, design speed, and guideway roughness are specified. IFor the
worst-case scenario (i.e,, high-speed operation and very stringent ride quality specifications),
consideration should also be given to the following:

e The vehicle will experience motion in all six of its degrees of freedom,
and the frequencies of these oscillations can be significantly different.
For example, vertical oscillations will occur at about 1 Hz, whereas
lateral oscillations will most likely he at several hertz, Consequently,
a single force-controlling system optimized for one of the motions would
not be optimal for the others.  Similarly, a system designed to
accommodate all degrees of freedom would somewhat compromise the
optimal design for cach degree of frecdom,

e The force controlling system would ideally be able to control any one of
the oscillations without inducing any of the others. This suggests that
at least three force-controlling devices must be designed (one each for
vertical, Iateral, and longitudinal motions) in such a way as to be
decoupled from one another. It is impossible to decouple a force
controlling system based on "controlled coils” unless the lift, guidance,
and propulsion forces are derived from independent magnets reacting
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TABLE 11.8 Options for Controlling Forces in the Electrodynamic

System
Suspension Option Jontrol
Primary 1 None
2 Passive coil
3 Jontrolled coil
4 Controlled magnet current
Primary and ) Dashpot connected betweon magnet and vehicle
secondary
6 Passive coil rigidly attached to supereconducting

magnet and interacting with guideway currents

7 Passive coil rigidly attached to vehicle and
interacting with magnet. current,

8 Controlled coil rigidly attached {0 superconducting
magnet and interacting guideway currents

0 Jontrolled coil rigidly attached to vehicle and
interacting with magnet current,

10 Controlled forcing device (such as a pnoumatic or
hydraulic cylinder) between magnet and vehicle

with independent guideway surfaces. As most practical maglev designs
integrate the functions of the magnots and the reaction surfaces, it
would appear that options 3, 8, and 9 may need to be rgjected,
depending on how stringent the ride-quality specification is,

IFor high-speed and stringent ride-quality specifications, we may thug be left with
only two options (5 and 10) for achieving an acceptable ride quality with & low-cost guideway.
Both would have the magnets attached to the vehicle via mechanical springs in such a way
that vertical, lateral, and longitudinal motions would be decoupled.  The springs would
provide the nominal forces, and a conventional dashpot would be associated with cach spring
(option H) or an independent controlled forcer (option 10), Clearly, option 5 would be less
expensive to implement and maintain, and as shown below, this option may be capable of
providing an acceptable ride quality.
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11.4.4 Analysis of a Systemn with a Dashpot

In this section, a simplified analysis of o system based on option b i8 presonted, the

purpose being to oblain some preliminary insight into the viability of this option,

“simplicity, the analysis is based on a small signal approximation, so all equations have heen
linearized aboutl an assumed operating point, A complete nonlinenr analysis would need to
he carried out before a final decision could be made as to whether or not option b is viable,

PFigure 11.13 shows a simplified model of a vehicle with a dashpot expericncing

vertical motions, The linearized equations can be written as:

where!

mm =

Zgz

The following

my&, + "g) v ke, - z,) v al, - ¢,) =0 (1L.1)
M, + 4 - kfz, =~ z,) - @, - £,) + kz, =0 {(11.2)

mass of the vehicle,

mass of the magnet,

spring constant of the mechanicul spring,
apparent spring constant of the magnet,
damping parameter of the dashpot,

deviation of the vehicle from its equilibrium position relative to the
guideway surface,

deviation of the magnet from itg equilibrium position relative to the
guideway surface, and

deviation of the guideway surface from an inertial reference plane,

quantities are introduced {or incorporation in Kquations 11,1 and 11.2;

m, , :
A the vehicle-to-magnet mass ratio;

5 the vehicle-to-magnet spring constant ratio;
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Equllibrium Posltion of:
Vehicle

Magnet

Guldeway

Inertial
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FIGURE 11,18 Simplified Model of Vehicle with Dashpot

w? = —M™ _ the natural frequency of total mass with mignotic

n . .
vUm gpring; and

o = —% . the damping frequency.
mv+mm
This leads to:
M N re y. ' \ )
W LA KoXz, z) ' QG - 2, =0 (11.3)
T (£, + &) - Kuoglz, 2,0 Q@ 4 w:z, =0 (11.4)

Figure 11,14 shows the results of a computer simulation used to predict the power
spectral density of vertical aceelerations experienced by o vehicle traveling over a guideway

with an assumed power spectral density of vertical perturbations given by:
P (w) - (11.5)
2ty w?
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To obtain these curves, tho damping frequercy was vuried while the remaining
parametars were assumed to havo the following values:

A = 1.5x10¢ m (5x10 © f1),,
v = 134 m/s (300 mi/h),,

M = 0.666,

K = 0.1, and

w, = 2n rad/s.

The value of A above is the value typically used by researchers in assessing
predicted ride quality, and the vehicle-to-magnet mass vatio is the specified value for the
MLU-001,

Also shown for comparison in Figure 11,14 is the UTACV ride-comfort specification
for random vertical vibrations, and it would appear that a simple dashpot with a damping
frequency €2 of 0.5, 1.0, or 1.5 would provide an acceptable rvide. Figure 11,15 a-d shows the
response due to a guideway step, and these curves suggest that a damping frequency of 1.6
would he superior, It would appear, therefore, that a simple dashpot is sufficient for vertical
vibrations for the parameters assumed.
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Similar theoretical results have shown, however, that the UTACV specification
cannot be satisfied for all assumed values of the vehicle-to-magnet mass ratio. Furthermore,
lateral vibrations are more difficult to compensate for than are vertical vibrations, This is
because (1) the UTACV specification is more demanding for lateral vibrations and (2) the
lateral vibrations are expected to have a higher natural frequency. Active control of a forcing
device, such as a hydraulic or pneumatic cylinder, may thus be required for lateral and
longitudinal vibrations.

11.5 COMMUNICATIONS

A data-acquisition system (DAS) will be required to monitor and record the outputs
of on-board transducers of a maglev vehicle, as well as to serve as a component of the control
systems. The DAS will forward information to a radio transmission link, which will provide
data transport to a control station receiver/decoder. A survey of available systems was made
to determine the availability of commercial data acquisition and radio communications
equipment relevant to the maglev program. A suitable system was found that provides input-
output cards to a computer bus, permitting acquisition and storage of sensor data aboard the
vehicle. The same data can be transmitted by a radio link in analog form, or in digital form
after A/D conversion.

The transducers deliver outputs to interface/conditioning models that proviae signals
to a hybrid analog/data-channel multiplexer (MUX). The analog and the digitally encoded
signals are managed under program control to meet the system requirements of data/signal
throughput rates and accuracy required for real-time control and system functional data
storage.

The DAS will properly select those channels (analog or data encoded) necessary for
system real-time control. These signals will be processed, according o assigned priorities,
through algorithms derived to comply with system operational specifications. The transducer
channels can be properly conditioned and subsequently output to the radio link or stored as
required. Those transducer outputs at priority levels lower than system real-time control can
either be stored in a variety of data storage media and/or be processed at lower-priority levels
on a time-sharing basis.

It might be necessary to use multiple DAS units (as well as multiple radio links),
depending on the required data transfer rates, the number of data channels, and the nature
of the data. The number of FM channels required will depend on the available radio signal
rates and bandwidths.

11.5.1 Data-Acquisition Technology
The data-acquisition system identified can process muitiple channels of mixed analog

and digitally encoded data under program control, with the capability of managing various
types of analog, digital, and mere comulex tvpes of transducer outputs (such as that from
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bridge transducers). The control system can output the data as analog or digitally encoded
data through standardized analog, digital, or hybrid interface input-output. (I/0) modules.

The maximum multiple channel sampling rate is five nanoseconds per sample,
providing a sampling rate of 2 kHz for 100 channels, with a capacity of 112 channels/unit.
The maximum sampling rate for a single channel burst is 625,000/s,

The serial data (RS232C) outlput capability of the system is 57 kBaud per DAS unit,
The use of 12-bit A/D converter (0.025% accuracy) modules would allow a data output rate
of about 2,850 samples per second.

The serial-mode data link will serve primarily as a supervisory communication link
to the main control system. Although sample data can be sent over this link, the
transmission rate is about a factor of 20 slower than for direct analog data throughput for
the equivalent number of samples. Critical real-time data can be directly transmitted
through the I/0 modules under program control.

The chief advantages of serial data transmission include reduced bandwidth
requirements, ease of data handling/storage, and error checking/validation capability.
However, there is a reduction in data transmission rates, compared with FM transmission,
on separate or multiplexed channels.

The data management and sampling algorithm program resides in the DAS. This
program can be interfaced with and supervised by the remote-control console via the RS232
link, The remote console will pass parameters, such as signals to start/stop, and actuate
emergency condition responses. The on-board program will provide the bulk of the detailed
data collection and management functions.

'The system, under resident program control, can accomplish the following:
* Change sample rates.

e Set/arm trigger events.

* Scan channel groups.

* Analyze or throughput data.

*  Communicate supervisory signals to the main control.

The resident program can be controlled by supervisory commands from the main control
console,

The radio link will require a custom design, because the technology needed is
available in components, but not as an off-the-shelf integrated system.

ey W)



i IMH Ul

139

For a leaky-coax (coaxial cable) approach, the frequency must be below 1 GHz, since
higher frequency systems suffer unacceptable losses. Because of the number of channels
required, the maglev data-communication system must have a bandwidth greater than 100
kHz. This bandwidth would accommodate 50-100 analog transducer channels, each with
signal bandwidths of 1 kllz, without resorting to a complex channel-separation scheme.

Using serial RS232 data transmission, the bandwidth relates to the baud rate, which
is roughly equivalent to 1 bit/s. Radios are available using frequencies between 1 and 5 GHz
and having bandwidths up to 4 MHz. Most commercial units, however, operate in the
400-900 MHz range and have bandwidths of 5-10 kHz.

11.5.2 Cost

The overall cost of the entire data collection and transmission system is estimated
to be hetween $175,000 and $225,000, the major cost being the radio portion of the system.
Because of the necessity of a custom-designed system and the number of unknown factors,
a more definitive cost figure cannot be determined at this time.

11.6 RESEARCH AND DEVELOPMENT OPPORTUNITIES

The propused test facility provides many challenging research opportunities for
control system designers. On the basis of an examination of the existing maglev systems, the
following research topics are suggested for study in order to develop the most advanced
control systems for the test facility.

11.6.1 Modeling Study

The design of a successful control system depends largely on the plant model that
is adopted. A good mathematical model is determined not only by how closely it corresponds
to the real system, but also by its use of practical rather than ideal control strategies. A
reasonable yet simple model might lead to a powerful, ecconomically feasible control system.

The LSM and vehicle models are two major plant models to be employed in the
control system design. They are essentially nonlinear and time-varying, with unpredictable
factors due to the effects of variations in the payload, guideway deflections, electromagnetic
parameters, and aerodynamic drag. So far, the current control system design has been
applied to the linear motor and vehicle models. The following aspects will be examined for
new LSM and vehicle models:

* Linear model (and its order) or nonlinear model.

*  Constant parameters or time-varying paramcters.
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¢ Deterministic or stochastic.
e  Time-continuous or time-discrete.

If the model is time-discrete, then it is an input-output model, a difference model,
or a state-space model. The control strategy, system specifications and implementation
depend on the model selected. ‘

11.6.2 Suspension Stability Study

An exact analysis of the suspension stability has not been made for the EMS system
because of its nonlinear electromagnetic properties. If an exact solution could be found, it
would be possible to design a feedback control with the maximum stable margin,

For the EDS system, it has been suggested that the air gap can vary by as much as
20% of the desired value. This suggests that it would be interesting to conduct a design
study of an active suspension-control system in which the air gap measurement is used by
the propulsion system to decrease the fluctuation error in the air-gap, This new idea requires
an in-depth stability study.

Since the excitation force to the suspension system is a two-dimensional stationary
stochastic signal, a stochastic stability analysis and control design could be beneficial. For
example, the application of a Kalman filter to a suspension control might provide acceptable
ride quality over a rough guideway.

11.6.3 Adaptive Control Algorithms

Numerous control methodologies could be exploited, but all efforts should be based
on developing an adaptive control design, as discussed briefly in Chapter 4. Although the
effects of small changes on the dynamic characteristics are attenuated in a feedback control
svstem, if changes in the system parameters and environment are significant, a satisfactory
svstem must have the ability to adapt. Adaptation implies the ability to self-adjust or self-
modify in accordance with unpredictable changes in conditions of the environment or
structure. The control system that detects changes in the plant parameters and itself adjusts
the parameters of the controller is called an adaptive control system.

In the propulsion-control design, the parameters of the LSM are considered as
functions of the levitution gap, which, in turn, varies with the load force and the guideway
roughness. Usually the load force and the guideway roughness are affected by unknown time-
varying variables, which are also encountered in the suspension control system. Therefore,
the deviations of the vehicle speed and the levitation air gap from the preset values will
change with these factors. The adaptive control scheme will be desigred to estimate the
time-varying parameters in terms of measurable information. This will allow the controller
to provide precise signals to minimize these deviations and hence to reduce sudden changes

nem
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in velocity and acceleration. The major research work might emphasize the development of
real-time adaptive algorithms with more rapid convergence rates.

11.6.4 Study of Discrete Control Systems

Unquestionably, an American maglev design will stress the use of digital technology
in the designs of control and communication systems. It is clear thalt a sampled system
behaves like a continuous-time system if the sampling period is sufficiently small. This is
true under very reasonable assumptions. However, the discretization would change impor-
tant system properties (such as the stability region, controllability, observability, etc.).
Discrete system designs present engineering and theoretical problems. The following are
some of the urgent research needs in this area:

» Discrete modeling: input-output model, difference model, state-space
model.

¢ Sampling rate and quantitization error analysis.

*  Application of digital control strategies: dead-beat control, self-turning
control, etc.

e Discrete algorithms for sampling, holding, and control policy.
*  Evaluation of various market DSP (Digital Signal Processor) and DACA
(Data Acquisition and Control Adapter) devices.

11.6.5 All-Ground Propulsion-Control Design

Another possibility to be considered is that of a propulsion-control system operated
by all-ground-based-measurements, without any need for on-board measurements, The
advantages of this system are:

e Increased reliability.

* Notime delay for data transmission, permitting a higher sampling rate,

*  Reduction of the measurement error (usually on-board measurement
errors are large).

*  On-board equipment cost savings.

The key to the solution is to develop a set of formulas that describe the interactive
relations between the motor sections and the vehicle via a time-varying air gap and to devel-
op a set of on-line estimation algorithms, Because of the flexible expansion capability and
the tremendous speed of digital technology, the future of this research topic is promising,
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11.6.6 Simulation of the Control Systems

Computer simulation is an indispensable tool for the research and development of
the test facility control systems, The simulation of dynamic control systems is conventional
for vehicle design, but the simulation of the operation control system is a new topic. In this
study, the development of an expert system and a data base for accumulating test rosults
would be a reasonable goal.

11.6.7 Development of New Measuring Systems

Vehicle position and levitation air-gap signals are vitally important to the propulsion
control system as well as to the suspension control system. The Transrapid TR-06 installed
three different measuring systems for position detection. None of the systems is completely
satisfactory. On the other hand, the levitation sensors are the most troublesome devices,
according to reported operation experiences, and a redundant design has been used to take
this situation into account. However, the development of new air-gap sensors and position
measuring systems could directly increase reliability and control stability.
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12 TEST SITE DEFINITION

12,1 OBJECTIVES AND REQUIREMENTS

The ultimate goal of the maglev design program is to promote the development of
new, siufe, cost-effective techniques of mugnetically lovitating high-speed ground vehicles.
The maglov test facility design presented here is intended to be used to (1) verify
experimentally the predicted performance of maglev vehicles propelled, suspended, and
guided by means of different maglev technologics; (2) determine the dynamic interactions of
these vehicles with guideways constructed using different materials, designs, and consgtruc-
tion techniques; and (3) validate control and communication strategies and equipment, The
oxperimental results will bo used to validate computer programs simulating larger-scale
vehicles and so assist American industry in developing future prototype and revenue-
producing maglev systems, 'To meet this goul, it is necessary to perform the tests at a scale
that can be reasonably extrapolated to full-sized vehicles, We believe the facility proposed
here meets those requirements. ‘

The program will not test all aspects of full-scale vehicles, Ultimately, the size,
configuration, amenities, and ride quality of maglev vehicles will be the responsibility of
industry,  Industrial designers will determine these characteristics, together with the
performance of systems at higher speeds, where aerodynamic considerations in the
incompressible-fluid regime become critical, in their larger-scale vehicle-development
programs.  Safety, however, 18 a public concern and will be addressed throughout this
program. The ultimate responsibility for safety of these vehicles lies with the Federal
Raibroad Administration, which will judge the efficacy of these and other tests in assuving
the safety of these systems.

To meet these objectives, the intermediate-scale experimental facility will allow
maglev vehicles weighing up to 7 metric tons Lo operate at speeds up to 67 m/s (150 nmiph)
(one-half the nominal operating speed of 134 m/s {300 mph]). To attain this speed with
accelerations comparable with those expected for operational vehicles (0.2 g's) and to allow
a reasonable time (15 9) for making experimental measurements while at top speed, a
straight guideway of about 3.3 km (two miles) in length is necessary (see Figure 12.1), In
later phases of this program, a second guideway section could offer the capability of testing
vehicles on curved and graded sections of guideway. This second guideway section would
allow maglev systems of proven conceptual design to be tested under more realistic
conditions. The initial site must provide space for the later installation of this second section.
Tha site also must accommodate a smaller, 300-m (1,000-11) straight guideway to the major
guideway. This smaller guideway has not been evaluated in detail, but it would be userd to
validate concepts al a scale between that of laboratory tests and the intermediate-sized
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FIGURE 12.1 Speed Profile

systom discussed here. In addition to the vehicles and these guideways, the test facility will
also comprise the following:

e A contral station for directing operations and monitoring safely,

e A garage to maintain and house the vehicle(s) between tests and to store
supplies,

s A power station to provide electricity to the facility buildings and to
condition and power the linear synchronous motor on the guideway.

» A potable-water supply for the facility buildings and for extinguishing
firc .

e Operations and office rooms for personnel and vigitors,

Yuch a site is presented conceptually in Figure 12.2, which illustrates the difforent
i frastructures required Lo operate the test facility. To help define the size requirements of
the site, cach individual structure of the gite is first defined and its size ovaluated, Then, o
cost estimate of the site facility is assessed hased on the cost of ench individual sbructure,
Pinally, important site characeteristics and considerntions for tho selection of i test site aro
dincussed, together with further actions to be taken,
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12,2 FACILITY STRUCTURE

The most axpensive fcility structuros ure the guideways, A 3.8-km-long straight
guideway and (later) a carved guideway are propoesed for the experimental fueility, On the
curved guideway, the vehicle would start at the garage and aceelorate to a voloeity of 45 m/u
(ubout 100 mph) befors negotiating the curve, The vehiclo would be able to aceelerato
further, i desired, belore decolerating, As shown in Figure 10,10, the guideway should bo
hanked at about 68° for a coordinated turn at this speed, If the vehicle is to accolornto Lo
67 m/s (150 mph), the curve should spiral into a bank angle of about 12 to achievoe
coordination, |

In this assessment, we are only interested in the extent to which the radius of
curvature affocts the site dimensions. The greatest lateral dimonsion is nocessary with the
129 angle of bank and operation at 67 m/s, as illustrated in Figures 12.3 and 12,4 for tilt
angles of 12° and 6°, respoectively. The site length of about 3.6 km (2.2 mi) is ample for the
3.8-km (2,0 mi) guideway, and spuce is available for the maintenance garage, sofety
extensions at the ends of the guideways (in case the vehicle experiences a complete failure
of braking), and safety nets at the ends of the guideways. The lateral distance necessary to
accommodate the two guidewnys is about 0.16 km (0.1 mi) at the beginning of the guideway,
AL the 0.5-km point on the straight guideway, the site must widon to accommodate the
curved guideway, reaching a maximum width of 1.9 km (1.2 mi). Since the 12° bank-anglo
caso iy tho most stringent, we will consider its dimensional requirements as a basis in the
following discussion, The size of the site is a determining factor for the cost assessment of
land rental or purchase, site fencing, and road construction,

1.2mi 1.2 mi

A
Y

2.2 mi

FIGURE 12.3 Size Requirements for the Experimental Tost
Facility with Bank Angle ¢ = 12° (straight guideway, ---; curved
guideway, —)
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The dimensions stated above provide enough space for trees at the periphory of the
gite, for safety in case the vehicle goes beyond the guideway, for windbreaks and limiting of
snowdrifts (except in the experimental area), and for noise abatemont, On the basis of the
estimated $3.67 million cost of a single guideway (Section 10.6.6), the two guideways would
cost about twico this amount (noglecting superstructures), The second structure will be
somewhat more complex due to ity curves, but it will also be about 480 m shorter.

12.2.1 Maintenance Garage

A heated and air-conditioned maintenance garage will bo necessary to house the
maglov vehicle(s), A schematic represontation of the garage s given in Pigure 12,6, The
parage is 12 m long, 12 m widoe, and 6 m high, It can house two vehicles and has room for
two offices, heating, ventilating, and air-conditioning (HVAC) systems, restrooms, and some
storage, A small platform (1.5-m wide) will support liquid nitrogon and helium ports and
electric pancls that will be used to rechargo the batterios of the KMS vehicle(s), Liquid
nitrogen and liquid helium will be supplied from 260-L and 500-L storage tanks, respectively,
located outside with adequate protection from the elements, Llectricity and water will be
provided from the clectric-powor supply and water-supply stations, respectively,  lectric
cranes will he ingtalled to move and olevate vehicles in the garage and o place them on the
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FIGURE 12.6 Cutaway View of Maglev Vehicle Maintenance Garage

puideway, As shown in Iigure 12,5, the guideway oxtonds through the garage at {loor

lovel, If more space is noeded, the garage can be extended in either direetion at velatively
: e . . oom, .

muodest cost. The maintenance garage specificalions are summarized in Table 12,1,

The maximum clectrical power required to operate the garage is not expocted to
exceed 100 kW, including the power for the crane, machining and welding tools, electrical
utilities, HVAC systems, etc,

12.2.2 ILlectrical Power Station

A 4-MW eloctrical substation will provide power to the guideway and buildings of the
facility (sce Figure 12.2). Tt will comprise high-voltage transformers, two igolation trans-
formers, two input transformers, the propulsion control unit, and high-voltage cireoil
hreakors,

Alarm and safety devices, such as fire protection, automatic COy fire extinguishers,
amolke detectors, and fire alarms, should bo installed in the station. Sheds may be necessary
(0 house the switeh panels and control units, 1t i estimated that a fencod space of about
90 m % 20 m will be required to accommodate the different unitg of the atation, An itemized

o a . P " (] o f X
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TABLE 12.1 Specifications for Maintenance

Garage”
Item Specification

Size (m)

Width 12

Length 12

Height 6
Nitrogen/helium storage (L) 260/500
Offices 2
Restrooms 1-2
Septic treatment if required at site
Electrical service (kW) < 100
Estimated price ($10%) 200

4 Includes 20-ton crane.

breakdown of the electrical power supply costs (see Table 12.2) yields a total of about
492 9 million. Costs associated with supplying electrical power from the nearest electrical
supplier to the site are not included.

12.2.3 Control Station

A two-floor control station will be provided for observation of the vehicle during
operation. This station will be located at the midpoint of the guideway but at a safe distance
from it, as indicated in Figure 12.2. The station will be heated and air-conditioned for
operation year-round. A preliminary layout of the control station is shown in Figure 12.6;
its approximate size (width, length, and height) will be 8 m x 12 m x 6 m. Four offices and
one conference room are planned on the first floor. The system will be controlled and
monitored from the operations room on the second floor. Remote television observation of the
guideway and site will be provided for recording the operations and to ensure that the
guideway is clear and that no personnel are in danger. Electrical power required is expected
to be 50 kW. Office trailers can be used for additional office space or for minimizing costs
for decommissioning, demolition, and land reclamation when the program is completed. The
main features of the control station for which costs remain to be estimated are sanitary
facilities, HVAC equipment, safety sprinklers, alarms, and observation equipment. The total
cost is estimated to be $170,000.
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TABLE 12.2 Electrical Power Supply
Station Costs

Ttem Jost ($107)
(Guideway switches 700
Three-phase cables | 750
Power supply (4 MW) 900
High-voltage transformer (1) 360
Isolation transformers (2) 50
Input transformers (2) 50
Alarms and safety equipment, 30
Control TBD"
Sheds 10
Fencing (1.8 m)b 5
Total estimated cost 2,200

" To be determined.

b Space required is 20 m x 20 m,

12.2.4 Water Supply

Potahle water is required on site by the Occupational Safety and Health
Administration (OSHA). Since the site is not yet known, it is assumed that community water
supplies will be unavailable and that well water will be used. If water is unavailable, a
water storage tank can be used as an alternative. U.S. Department of Energy (DOE) order
5680.7 (fire protection, revised 1981) requires that facilities operated by DOE or its
contractors have water lines that are at least 8 in. (20 cm) in diameter and that a minimum
of two hours of fire-protection water be stored if municipal supplies having this capacity are
not available. Distribution of this water must be provided to the appropriate sites to be
protected. Although this order does not explicitly require automatic sprinklers for structures
of less than 5,000 ft (465 m?2) in size, sprinklers might be required if the maximum pussible
five: loss (MPFL) exceeded $1,000,000. This loss estimate is based on the assumption that
hoth the fire-suppression system and municipal fire-fighting efforts fail. The loss of the
maglev vehicle and structures would exceed the $1,000,000 limit, so it 1s assumed that water
lines, sprinklers, and fire hydrants will be required. A preliminary estimate of these costs
is given in Table 12.3.
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TABLE 12.3 Water-Supply System Costs
Item Sost ($10%)
Elevated water tank (250,000 gal for two hours of storage) 310
Water treatment 10
Jarage and control station distribution (8#-in. lines) 120

Total estimated cost 440
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12.2.5 Waste Treatment

Waste-treatment services (solid and liquid wastes, sewage systems) are required by
OSHA and are expected to be supplied by community waste-disposal services. Solid wastes
will be generated by the maintenance facility and control tower/station. Liquid wastes can
he treated with septic tanks if the properties of the soil are adequate.

12.2.6 Fences

Fencing of the facility, at least in the vicinity of the guideway, will be required to
prevent access by vehicles, animals, vandals, ete. Entrance gates will be necessary to permit
access and to comply with site emergency plans, A 6-ft (1.8-m) fence is expected, at a cost
of about $670,000. Manned security sheds or other means of limiting access to the site will
he required at each entrance. Fences will be placed far enough from the guideway that they
will not interfere with weather measurements and effects in the vicinity of the experimental
section of the guideway.

12.2,7 Roads/Parking Lots

Gravel roads will be necessary for access by vehicles used in constructing and
maintaining the guideway and for emergencies. Access roads to the main buildings will be
required, as will parking facilities at these locations. Bituminous road paving is not
recommended, because its use would increase not only the construction costs, but also the
cost of land reclamation at some future time, Maintenance of these roads, as well as possible
road extensions (e.g., snow and ice removal), is expected to be available {rom ncarby
communities when needed. The cost for grave’ roads and parking lots is estimated at
$200,000.

12.3 ORGANIZATION AND ADMINISTRATION OF THE SITE

Potential users of the facility will be requested to submit their proposals to the Users
Committee for evaluation and scheduling of experiments. The committee is expected to
consist of reviewers from industrial, academic, and governmental institutions. A conceptual
organizational structure is presented in Figure 12.7. A site manager will supervise the safety
and health (S&H) office, the site maintenance personnel, the financial offices, security, and
some technical support personnel. These offices can be either on site or off site. The site
manager might be required to reside on site during off hours, and a 24-hour security service
might be required to maintain the safety and security of the site.  Other maintenance
personnel will be required only on a part-time hasis and will not requive full-time offices,
Finaneial and technical support offices will be off site. An S&IH organizational structure is
required by DOE. For example, such items as fire-protection precedures, the emergency plan,
a site-cvacuation plan, S&H training, emergency coordination and communication, ete. must
he developed and approved in the site phase by the appropriate authorities,
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12.4 SITE SELECTION CONSIDERATIONS

Once the site and its infrastructure components are defined, the geographical
location of the site can be selected. The parameters affecting the site selection are discussed
in this section,

12.4.1 Climate

Climatic data are important for infrastructure construction. Average medium and
minimum temperatures, water and snow precipitation, and wind data throughout the year
are critical to the design and construction of infrastructures (roads, buildings, etc.). Rains
and melting snows secp slowly through the soil, causing physical and chemical changes.
Uncoated steel or concrete can be subject to corrosion by the soil, depending on the sulfate
content, texture, and acidity of the soil. Frost can damage the pavements and other
structures by frost heaving, and soil strength may be low after thawing. Texiure, moisture
content, porosity, permeability, and organic-matter content are the most important soil
properties that affect this phenomenon. Climate changes may produce severe flooding,
rendering the land difficult to use for infrastructure construction. Meteorological instruments
should be provided to monitor the conditions under which the experiments are performed and
to determine the effects of the weather on the coudition of the equipment and structures.

Occurrences of tornadoes in a particular region would require that tornado shelters
be provided. If noeded, these shelters could be constructed near the facility buildings.
Building evacuation procedures in the site plan will have to deal with these particular
dangers. Anemometers should be provided to observe the wind velocity on and near the
guideway before and during operations.
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12.4.2 Soil Physical and Engineering Propertics/Soil Limitations

Soil properties are critical parameters affecting the final design and cost of the
facility, Soil characteristics may include grain size distribution, liquid limit, plasticity, soil
reaction, depth to bedrock, soil wetness, depth to seasonable high-water table, slope,
likelihood of flooding, natural soil structure or aggregation, and soil density. Other soil
properties that would guide the choice of a particular site geographical location are
erodibility, permeability, corrosivity, shrink-swell potential, available water capacity, shear

strength, and compressibility. Some soil types impose severe imitations on the construction

and maintenance of roads, pipelines, foundations for small buildings, drainage systems, and
sewage and refuse disposal systems. The soil properties listed above can have a great
influence upon the design of the guideway and other infrastructures. For example, the
puideway structures have been designed for a soil pressure of about 4,000 psf (sce
Table 10.1). If the soil cannot safely handle this pressure throughout the year, then
supplemental structural design would be required, with attendant higher costs.

12.4.3 Vegetation and Wildlife

Vegetation can help to abate the noise level, serve as a windbreak, reduce the
amount of precipitation (rain and snow), beautify the site, and foster wildlife. The amount
of wildlife depends largely on the vegetation that is available as food and cover and on how
much surface water is available. The construction of infrastructures, such as guideways, may
aiter wildlife habitat and the behavioral patterns of both animals and vegetation. In order
to limit the impact of infrastructures on vegetation and wildlife, an environmental impact
assessment will have to be performed once a site has been selected (see Section 12.5),

12.4.4 Availability of Natural Resources, Water, and Electrical Power

In planning the construction of infrastructure on a site, one may take advantage of
the site’s natural resources, such as stone, gravel, clay, and sand; these are commonly
available on site as a result of grading. The use of these natural resources can only he
obtained with the permission of the owner of the land and if it does not have environmental
impacts upon the site,

Availability of electrical power is also a critical parameter that affects the selection
of o particutar geographical location. The closer the site is to an electrical grid node, the
more cconomical it will be to supply electrical power to the site. Another important resource
is water, An cconomic analysis will he necessary to assess whether the use of commercial
water or ground water is more appropriate.  Such decisions can only be made when the
physical location of the site has been determined.
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12.4.5 Topological Requirements

To limit construction costs, the site terrain grade should be as small as possible. For
example, the Japanese Miyazaki test track, which extends over four miles, has a total terrain
grade of less than 0.5%. For the Argonne test facility, an average guideway height of 8 m is
being considered, which permits an average guideway grade of less than 1%, Such a limit
may prevent substantial inereases in guideway costs over those estimated in Chapter 10, For
the curved/uphill guideway, a grade of approximately 4% would be acceptable to reduce
guideway costs, *

12.4.6 Restoration and Decommissioning

The facility has been designed to keep restoration and decommissioning costs and
delnys to @ minimum so the land can be quickly reclaimed for other uses. Only as many
reinforced-conerete structures as are needed will be constructed, in order to reduce demolition
costs. The removal and disposal of the guideway piers and beams would cost about $500,000
for each guideway. A breakdown estimate of the demolition costs is shown in Table 12.4.
Note that demolition and disposal of the guideway is the most expensive restoration task.

12.5 REMARKS TABLE 124 Cost Estimate for Infra-
structure Demolition

Since the geographic location of the
site is unknown, we have assumed the
availability of electrical power and water

Item Demolished/Removed  Cost ($107)

supply in the process of site definition.  \w,ier system 85
Therefore, the estimated costs in this chapter
are only indicative; more representative cost Maintenance garage 6.0
estimates can be derived once the geographic
location of the site is known. Site-dependent Control station 6.0
analyses, such as health and safety analyses, Fences 31

still have to be performed to ascertain that the
site structures comply with local community  Fire hydrants 2.6
standards and with the requirements of

institutions (DOKE and others) involved in the Guideways (2) 1,000

program. Roads/parking 50
Electrical power station 5.0
Total estimated cost 1,109
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13 SIMULATION OF MAGLEV MOTION

13.1 INTRODUCTION

The safety and ride-quality agpects of a high-speed, ground-trangportation system
based on magnetically levitated vehicles were digcussed in Chupter 10, and the various
magnetic levitation, guidance, and propulsion subgystems that arce currently being evaluated
or considered for maglev vehicles have been discussed elsewhere,  The development of
dynamic models is needed to predict the dynamic behavior of such a wide range of vehicle
and guideway designg for a broad range of operating conditions, hut existing computer
simulations have been written only for very specific designs.

The objective of the effort described in this chapter was to develop a general
computer code that could simulate the dynamic behavior of virtually any vehicle and
guideway design under virtually any operating conditions. The following general concepts
are hehind the development of the program:

* A userriendly input package based on computer screens that permit
the display/change of all necessary input data pertaining to the vehicle,
magnets, and initinl conditions of the system. Time-dependent output
variables are written to an output file, where they can he accessed by
the user,

*  The program is based on the fourth-order Runge-Kutta method of
integrating the twelve differential equations that characterize the
dynamics of the vehicle, Large digplacements of a rigid body in all six
degrees of freedom are permitted.

* The main program passes the task of calculating the instantaneous
magnetic forces to external subroutines, some of which are written by
the user for his or her particular method of generating propulsion,
levitation, guidance, and drag forces. Similarly, time-dependent magnet
currents, the dynamics of time-dependent secondary suspensions, and
the dynamic effects of wheels used for low-speed or emergency conditions
are handled by other user-supplied external subroutines,

*  The guideway can be assumed to contain, for example, curves, hills,
surface irregularities, and a bank angle, which varies with location along
the guideway, depending on a user-supplied input file, This file is used
by certain subroutines to determine distances between the magnets and
the guideway surfaces go that the magnetice forces can be determined,

This program originated with the program MOTION, which was developed at SRI
International in the early 19708 for analyzing a maglev test sled levitated over a
continuous-sheet aluminum guideway by means of superconducting magnets, The present
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program was initiated with the intent of modifying that program, but the changes bocime
extonsive enough that it is an essentinlly new program with much broader applicability to
maglev system analyses,

13.2 GOVERNING EQUATIONS

Ifor a translating and rotating body, it is necegsary to distinguish belween a
coordinate system aligned with the axes of the body and one aligned with an inertial frame,
The Euler angles y, 0, and ¢, which are the angles of heading, attack, and roll, respectively,
are convenient for linking these two coordinate systems, In terms of the Euler angles, the
translational and rotational equations of motion for a rigid bolly can be expressed as;

dv

- s 1, . -, " .
_(i_t. =G + vV x Q ¢ ;‘_'I(Fm + Fa n Fw) (13.])
A‘g?. ST ISR (18.2)
4

where the elements of G and @? are defined by:

~-sinf
G - g{cosd sind (13.3)

2080 cosd

W2 = 1‘—;—1'50 Q5 (13.4)

In the above, M is the mass of the vehicle; V and Q are the translational and rotational
velocities measured along the axes of the body; F., F,, and ﬁw are the magnetic,

acrodynamic, und wheel forces; 1 is the diagonalized moment of inertia tensor; and F“m, F_,
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and ff"w are the magnetic, norodynamic, and whoel momonts ncting on the vehicle, Tho time
derivatives of the anglos y, 0, and ¢ are related to the rotational volocitios hy:

R, = ) R‘m (13.6)
(gf = secB(Q,cosdp + Q sind) (13.6)
‘(’1‘: - Qosh - Qsing | (13.7)

A vector ﬁlmy on the body is related to a vector anm in the inertial reference by the

transformation:

@ .5 tanf(Q cosd + Q sind) (13.8)
dt g o y

with the transformation matrix given by:

Ao sinjeosd sinyuing

cosBeosy reosPsindsing 1 cosysinBeosd
aQd(

= COSI}ICOSQ) “COSlPSind) } (13.9)

LY = Veoss
g cosBsiny +sinysin@sing  +sinysinBeosd

-sin@ cosOsing cosOcosd

This transformation is required to convert forces from one coordinate to the other,
hocause the applied forces depend on the distances between the vehicle and the guideway
surfaces, hut all components of the forces and moments in the equations of motion are to he
expressed along the axes of the vehicle,

The variablos V,, Vi Vi Ly, Ly, 0, and ¢, as well as the location of the conter of
mass relative to an inertial reference point, are taken as the state variables, and these twoelvo
quantities (together with their derivatives) nree evaluated and stored in a data file by the
]')].'U}_’,'l'«'lrﬂ.

13,3 PROGRAM SEQUENCE

All caleulations are carried out in various subroutines, The main program containg
the Togic to call the subroutines, which, in turn, input and output data, caleulate dynamic
forees, and integrate the twelve differential equations, The advantage of this coneept is that
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tho user can implomont changes concorning the spocific origin of foreed by making chunges
only to tho appropriate subrouting,

The program sequence is shown in Figure 18,1, INPUT and PARAM are first enllod
Lo input all datacand Lo caleulate and storo fixod parametors, The program then itorites over
Lime, ealeulnting forces and moments, intograting the difforontial equations, and storing the
results inoan oulput filo,

Bocnuse the caleulation of magnotic forces and moments i go important and
complicatod, a specific ¢aleulating sequence is introduced in the subroutine MAGH, 'The
details of this soquence are shown in Figure 13.2, Pirst, MAGEF initializes all forces and
~moments to zero, and it thon iteratos over the number of magnets (up to 40 magnoets are
permitted), During cach iteration, MAGE calls CURRENT(N) if the current of the Nth
magnet changea with time; if there is o gecondary suspension associated with the Nth
magnet, MAGI' calls the subroutine SECONDE(N) to genorate the secondary susponsion
force, Next, MAGE calls subroutines MAGIAN), MAGIAN), MAGG(N), and MAGD(N), il the
Nth magnet generates a propulsion, levitation, guidance, or drag force. These forees are
sadeulated in o coordinate system aligned with the guideway, the distancos botween the
magnets and guideway having boen provided by the subroutine TRACK for each time step,
Finally, MAGHK transforms the individual magnet forces from guideway to vehicle coordinates
to obtain the total magnetic foreos and moments acting on the vehicle.

13.4 SAMPLE SIMULATIONS

To verify the program, a number of runs have been carried out for certain track
profiles and vehicle data, Results for a shaped guideway and a guideway with a step are
described in thig section,

13.4,1 Shaped Guideway

To test the program over a realistic guideway, one with a curve and a hill was
assumed (see Figure 13.3). The curve begins at x = 76 m, where x is the distance along the
track from an initial reference point and extonds 1 m (the y dimension) before roturning to
zero, Note that the hill is assumed to begin at x = 160 m and reaches an elevation of 1 m
(the 7 dimension) at x = 300 m.

Typical results of the simulation for ahypothetical vehicle are shown in Figures 13.4
and 13.0. Figure 13.4 shows that the vertical (heave) motion of vehicle smoothly follows the
guideway profile going up the hill. Figure 13.5 shows the lateral (slip) motion of the vehicle,
and from this curve, it is apparent that an insufficient amount of lateral damping was
assumed,
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Slan Subroutine MAGF,

1

nlialize all forcus and
momenty to zuro.

.

lerate tor N magnots.

|
| o

It VI8 TRUE, call Subroutine CURRENT(N)
to gonerale currents changoed with time.

T

If 8C Is TRUE, call Subroutine SECONDF(N)
lo gendrate secondaty suspolision forces,

1

It HP is TRUE, call Subroutine MAGP(N)
lo genarate propulsion force,

|

i HL s TRUE, call Subroutine MAGL(N)
lo ganorate levitation force.

I

HHG s THUE, call Subrouling MAGG(N)
to genorale guldance lorce.

e

It HD is TRUE, call Subroutine MAGD(N)
to gonerate drag force.

l

Calcutata vector foreus of individual
magnets in guldeway coordinates.

I
-

Transform the individual magnet forces from
guideway to vehicle coordinates.

Obtain tho lotal magnelic moments
In vehicly coordinatos.

[

Obtain the total magnetic forces in vehicle
coordinales, whilo corracting the 2 component
ol force provided by any secondary suspensions.

r

Return to the main program.

FIGURE 13,2 Block Diagram of Subroutine
MAGKH
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FIGURE 18,3 Curved Guideway

1342 Guideway with a Step

A test case was investigated to compare Lhe thooretical results of this program with
the actual test results (as well us with the theoreticnl results obtained with MOTION, a
similar program developed and vorified by Stanford Research Institute). The comparison wag
based on test run #34 of SRI’g magnetically levitated vehicle, which incorporated an active
damping system, Halfway down the teack, 1.9-cm-thick aluminum plates were placod on top
of the standard aluminum sheot guideway to produce a vortical symmetrical step in the
puideway,  The actual profile of the loft and right sides of tho guideway are shown in
Figure 13.6.

The results of the test case are shown in Figuros 137 and 135 Simuolation resulls

of the vertieal acceleration of the center are shown for the now program and for MOTTON in
Figures 18,70 aned 13,70, respectively, The vesults are in good agroement, Figure 13,8 shows
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FIGURE 13.6 Vertical Profile of the Test Guideway

the rosults of heave motion; the test data ar. shown in Figure 13.8¢. The effects of the

symmetrical step can clearly be observed in both simulations and in the experimental data.
The new program appears to correlate better with the test data than does MOTION.
Nonetheless, a high degree of correlation is lacking. The lack of a high degree of correlation
is attributable to inaccurate information on the initial conditions of the vehicle or inaccurate
equations for calculating the magnetic forces near a vertical step in the guidevray.

13.5 CONCLUSIONS

A computer code has been developed to provide a simulation of the nonlinear
dynamics of a magnetically levitated vehicle following a realistic guideway. Examples of
simulations show that the program works well and can be used to simulate a wide range of
conditions. However, certain operating conditions (such as time-dependent currents and
secondary suspensions) have yet to be validated, and further work is nceded to accurately
predict magnetic forces associated with various maglev designs.
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APPENDIX:

SUMMARY OF ILLINOIS MAGLEV DESIGN CONFERENCE,
HELD AT ARGONNE NATIONAL LABORATORY,
NOVEMBER 28-29, 1990

A.1 BACKGROUND

A.1.1 Tllinois Program

This program was undertaken to design and establisl @ national user facility for the
development of magnetic-levitation technologics. It is funded as a "Challenge Grant" by the
Hinois Department of Commerce and Community Affairs, Office of Technology Advancement
and Development. The program complements other efforts on magnetic levitation that are
in progress at Argonne National Laboratory and funded by other sources, The total program
spans activities from basic research on the interaction forces of moving magnets over
conducting surfaces to the proposal for an experimental test facility.

Although there is little current effort on magnetic levitation in the United States,
offorts have been under way for two decades in Germany where the Transrapid system,
which uses the attractive force between magnets, is being developed, and in Japan where the
electrodynamic system, which uses the repulsive forces between magnets, is being developed.
These systems are discussed elsewhere in the body of this report. It is noted that a National
Muglev Initiative has been formed cooperatively between the Departments of Transportation
and Energy and the U.S, Army Corps of Engincers to evaluate these technologies and to
recommend a national maglev strategy. One possible recommendation woul(} be that the
United States undertake the development of an entirely new maglev system. 1f that option
is selected, test facilities for developing the technology will be required.

The proposed facility is intended to be a national user facility available to
governmental, industrial and academic institutions seeking to develop magnetically levitated
high-speed ground transportation systems in the United States. The facility will be available
on a nonproprietary basis at no cost to the user, provided that the results obtained are made
available to the public. The facilities can be used for proprietary research and development
if the user pays the "full recovery cost” of the facility. Schedules for the use of typical user
facilities at ANL are determined by a user committee.

The availability of a test facility is expected to promote the evaluation of maglev
coneepts by investigators who, faced with the expense of such a facility to test their coneepts,
would not otherwise participate. The facility will provide the opportunity to small businesses
to participate in the development of maglev systems or components,

The facility’s only purpose is to develop technologies for the magnetically levitated
high-speed greand transportation of passengers and time-sensitive freight, Consequently,
it was felt that the first step in designing the facifily was to establish the broad
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characteristics of the operational system as envisioned by potential builders and users of the
system. These characteristics would be used us o guide to the experiments that must bo
performed with the fucility and those in turn would govern the design of the facility, 1t was
for this purpose that about forty expertd in transportation and maglev technologies assembled
for this conference, The participants included members of the National Muglev Initiative,
The "strawman" design included here was presented to participunts to stimulate discussion,
This design should not be construed as o design approved by consensus, Many of the
specifications in the strawman design were discussed (and eliminated) in the conference;
other topics were not addressed,

The conference was loogely structured, functioning as a kind of "brainstorming”
gession, The pace was fast, The summary given here was assembled from comments on
particular topics that were made over the two-day period. We are deeply appreciative of the
time and effort the conferces devoted to this program, A list of participants is included
herein.

A.1.2 Systems under Development

As stated above, there is little technical maglev work under way in the United
States, but studies of the systems now under development have been included in the
transportation planning and analysis of several states and entitics, Among these are the
Las Vegas-Anaheim study, the Texas High-Speed Rail study, a study by the Florida High-
Speed Rail Commission, a New York State study, and the Tri-State High-Speed Rail study.
Contributors to the latter two studics participated in this conference.

Words that are shown in italics in the text refer to related sections of the design
report that can be consulted for information on these topics,

A.2 SYSTEM CONSIDERATIONS

A.2.1 Aerodynamics —— Power and Noise

The aerodynamic design of a maglev system is important, since at sufficiently high
speeds aerodynamic drag is the primary source of drag and therefore of electrical power
requirements. This drag is a function of the shape and frontal area of the vehicle, the vehicle
length, and the proximity of the vehicle to the guideway.

Aerodynamic loads occur both in the direction of motion of the vehicle and on the
vehicle’s sides, The latter loads ean be significant, since the side of a long vehicle has a much
larger area presented to the wind and is less streamlined. The side wind loads from this
source might be greater than centrifugal forces in turns, These forces must be compensated
by the guidance forces of the suspension system, Unlike the case for airplanes, compensation
cannot be achieved by pointing the vehicle into the wind. The importance of these side wind
loads can be reduced by using shorter but wider vehicles, Using wider vehicles, however,

g
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requires that tunnels through which the vehicles puss be wider. This could preclude using
many existing tunnels, Aerodynamic loads are also caused by pusging vehicles,

Aerodynamic noise from the vehicle will be the mujor source of noise, sincoe these
vehicles have no moving parts and will not touch the puideway. In judging the severity of
these limitations, it is important to note that the vehicles will travel at high speads only
outside the cities. In or near cities, their spoeads will be reduced (for stowing them to a stop
or accelerating them to reenter the system), and the aerodynamic noise from the body of the
vehirle will be less,

The aerodynamic drag is also a consideration in designing the guideway, since
structures congtructed to protect the guideway from debris will increase tho acrodyntimic
drag. The need for such structures can be reduced by clevating the guideway. Since some
parts of the guidsway will be elevated to significant heights, the effects of aerodynamic loads
on the guideway structure must be evaluated. This consideration appears to be capable of
evaluation by standard engineering practices, but questions of passenger comfort might
remain. [t might be necessary tu evaluate these factors experimentally.

Tunnels present a unique acrodynamic problem at maglev operational speeds. The
major portion of the new test facility in the Yamanashi Prefecture of Japan will be in
tunnels. It was noted that a simulation might be possible with the test facility by using o
culvert or clamshell type of structure that surrounded the guideway. No analysis of the
adequacy of such an approach has been made,

A.2.2 Accelerations

Accelerations are usually considered in the sense of operational accelerations
affecting the speed of the vehicle and the comfort of the passengers, In the strawman design,
these normal, operational accelerations were taken to be 0.15 to 0,20 g's. Lateral and vertical
accelerations of 0.08 g's were suggested. Commercial aireraft accelerate ut 0.20 to 0.26 g's,
STOL aircraft accelerate at up to 0.40 g’s. It was suggested that for economy of the right-of-
way, some curves might have to be taken at higher than ordinary accelerations and that at
these times, which could be anticipated and announced in advance, Hassengers would be
seatod and belted,  Emergency stopping was recognized as o problem that probably will
require the design acceleration to be higher. With lower accelerations, it was recognized that
turnouts would have to be longer at station stops and that the ficadway between vehicles
would inerease. It was noted that if the stops are infrequent, the question of passengers
stand g to prepare to depart the vehicle is of little coneorn, since the time they require witl
he bhut a small increment of the overall trip. The same number of passengers can be
tranported in a single train having a long headway or in several diserete vehicles traveling
with shorter headways, Trains might increase the comfort of the passengers on board, while
the use of discrete vehicles would provide more froquent service.  (One problem is that
vehicles and traing must stop short of any accidents occurring ahead of them, whereas
airplianes can maneuaver to avoid accidents.) Unanticipated changes in acceleration (jerk) are
recognized as bothersome to passengers; a limit. of 0.08 g's/s was suggested,  Other
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accolorations in tho roll, pitely, and yaw directions alfeel passongor comfort (seo hiunan
fuctors) and  pogsibly  cquipment (ege,  liguid  helium  in the  eryostats  containing
superconducting nmagnets),

A.2.3 Air Travel

In oviduating the potentinl demand for maglev corridors on the basis of air-travel
ity it is important to note that o mujor part of the traffic between two terminulg can bo for
through passengers, rather than for passengoers with their origing and destinations in these
terminalg, 1t was pointed out that in the Chicago-Detroit corridor thore are three times as
many pussengers passing through as there are passengers having these citios as their origing
or destinations. It is important to look not at the traftic between two cities, butl rather ut the
traffic betwaeen all city paivs using this leg of the trip, In large metropolitan areas, several
airports might be located in the vicinity of the origin or destination airport, and much of this
travel might be diverted to a single maglev line,

A.2.4 Automobile Traffic

Tho enormity of automobile traffic compared with airline traffic was noted, but it was
concluded that it would be very difficult to capture a significant portion of this traftic for
maglev, since people ignore the sunk capital cost of their automobile and consider only the
variable costs in evaluating the expense of travel, Businesses do recognize the true cost of
operating an automobile.  Although divertod automobile traffic might provide incremontal
revenue at low additions! costs, it was not rogarded as a major market for the magley
industry.

A.2.5 Baggage

Baggage must be expected for intercity passengers, Loading and unloading will not
be a problem if the platform is elevated to the height of the vehicle floor. It was felt that
usual baggage can be handled with the recommended one-minute station stops,

A.2.6 Belts

Seat belts will be required if the planned maximum deceleration is such that the
safety of the passengers would be compromised during an emergency stop. For theso belts
to be effective, an attendant will be required on board, TGV, which accelerates slowly, does
not have seat belts, permits standing at all times, and {8 composed of multiple cars departing
at relatively long intervals,  Transrapid was said not to require scat belts at speeds of
220-230 mph. Belts are used in the dapanese experimental system,
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A2.7 Capacity/Demand — Qperations

Tho question of domand was not addreossed in detadl, but the associntod quostion of
the required capacity wos congidorod to somo extont. 1t was polntod out that thore will he
apprecinble variation in domand, with many hours of the weok when the vohicelos will ho
virtually empty, Tho Washington to New York shultle {s almost cmpty at 10:00 a.m. Lo
2:00 p.m., slthough there weroe backup tradns at 4:00 1o 5:00 p.m. Thore nre many dilforont
travel patterng, Business traval goos out in tho morning and returns the samo day, resulting
in morning and evening peaks, with the evening ponk boing groater, Othors will ho position-
ing themselves for the next morning, Student domand js churactorizad by travel out on
Friday night and returning on Sunday night, Vacation pattorns poak around houdays and
summor months, Ordinary travel ponks when pricing ig hotior, mudCog it prebably the only
market subject to demand pricing, There will be hugo peaks on Friday night and Sunday
night. The analysis starts with the peaks and valloys und how they are going to bo handled,
if' it 18 decided that they should be handled; albernativoly, penk husiness ean be drivon away
to Amtrik, as the airlines do (especially in tho Novrtheast Corvidor), Many studios have hoon
mude for transit purposes that turned out to be wildly erronoous,

It wag considered fruitless to consider the detailed intermediate slops of the system,
since those decisions will be political decigions if foderal funds are involvod, I loft to
industry, only tho most economical points will be servad, Consequently, only the approximata
sapacity required and the ability to adjust this to difforent corridors and to Inter times whon
demand will increase can be considered,

Power for trains as well as for individual cars is available, at least in tho Midwest,
so expansion of capueity by sturting with vehicles and later using trains is foasiblo from this
point of view, The cost of building the civil structures for uso by two coupled vehicles g
probably about 269 more than for digerete vehicles, unloss train-dynamic considerations arise
that require a significant redesign, Using two- or three-car units with tho same hoadway as
one vehicle would double or triple the capacity of the systom. The cost of the ingtalled powoer
and the cost of the propulsion system will inerease, however, The supgestion was made that
the eivil structure should be designed for the heaviest loads expected,

There is a question as to the desivability of incorporating too much capacity into one
guideway, since an aceident on the system would he mora disruptive to transportation in the
corridor. At some point it will be desirable to build asecond guideway that would avoid this
problem and could also provide transportation services along a slightly different route,
perhaps to the same ultimate destination, The Corps of Kngineers Systenr Parameters
recommends that eross-overs he provided on i two-way system to permit limited oporations
il one direction of the guideway is blocked for any reason, The system designed must be
nsable in all parts of the country,



A2.8 Commutors

In California, the Bay Aroa Rapid Transit (BART) systom obtains most of it revonue
feom parking und commutors, Tho systom is nol yol connectod Lo the aivports, so there is
littlo treansfor traffic to and from the nivlines, The systom, which was originally just unother
commutor gystem, ha resultod in ravorse commuting and the growth of commorcial contors
around the bay nron, Commuting to Contra Costa County is stunding room only, morning
and oveniag. Tho addition of the next 40 milos to the system will result in & greatly
ineronsod roverso commuto, The absenco of parking fucilities around the Washington, D.C,,
melro was ealled the Achillog’ hoel of the systom,

On Long Island, in Now York, & muglov gystem s scon by some ag offering a
substantial bonefit to commutors if it travels at only 120 mph, providing 45-minute
commuting time from Riverside to Now York City, compared with a two and one-hulf hour
commuto by Long lsland Railway, 1t was mentioned that the TGV now provides a 42-minute
commuto for pagssengers ina hedroom community that was two and one-half hours from Paris
hy automobilo,

A2.9 Control — On-Board Personnol

The strawman design called for contral control of the systom, but it was observed
thal there neoads to be a contral supervisory system and a lot of distributed local control
acbivitics, Reliance cannot be placed on a single point for control, A pyramid approach to
control would be employed, in which o vehicle entering & sector activates the sector and takes
aver preaminent control of that soctor and downstream sectors of the system, Moessages from
this gystem would be sent back up to the central control activity, The train would be made
to travel at agpeed determined by the voltage and frequency of the propulsion system. That
speed command would be a function of two levels, one of interblock relationships and then
a larger integration of multiple blocks. There are two controls, One is the control of the
vehicle, and the other is the control of the system, and these can be broken up,

Tho question of whethor @ pilot, monitor, or cabin attendant will be on board and
whother such persons would have any authority or capability to participate in the control of
the system was discussed, Such persons would he required to obgerve and aid passengers,
hut (heing the slowost purt of the system), they would probably not have an operational func-
Lion, There was nol unanimity on this latter point; some participants suggoested that the on-
hoard pursonnel could intercede but that the way they interceded would immediately be
relayed to the central control system, which would then adjust the balance of the gystem,
Others folt that it will be psychologically necessary to have employees on board but that their
function would be evolutionary, like that of operators on elevitors, It was agreed that
automitic operation will be required in either event,

The Sao Paulo metro system moves 4.5 million people per duy at 50 mph and

30-second headways with no oporator, This system has beon in service for 19 years and had
its (irst derailment in a tunnel, with three fatalities, just in the last several months,
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Vancouvor operates traing without operators, There are two railvoads in the U8, with no
one on bonrd: the Black Mosn and Lake Powoell, conl-to<powar-plant railroad, which is about
180 miles long, und the CP railvoad from British Columbin to the State of Washington,

It was obsorved that Amtrak traing arviving in Chicogo, Hlinols, from Los Angoles
and San Prancigeo, Californin, arrive four houry late, Thoro is no way to incorporale thal
type of gystem into an automated system of tha typo discussod,

BART uses A, B, and C carg, the A and C cars having controls, The € car can bo
introducod during the day to increase capucity without going back to the yard,

Cogts were nddressed in many diffopont contoxts and ean only ho addrossed s itoms,
since there was no {pcuged discussion, ‘ ‘

1L is generally acknowlodged that the guideway is tho most costly portion of the
gsystem, but this cost is divided into thoe cost of land, the costs of the foundations and piers,
Lthe costs of the spans, and the costs of the propulsion and levitation equipmont installed on
the guidewny. These costs can vary, dopending on tho design of the system, Thoe Transrapid
systom is expected to cost almost $20 million per mile for a comploto two-way dystem, exclud-
ing land. In the Tri-State High-Speod Rail program, the cost of veal property was rogarded
ag 4 minor part of the system, while on Long Islind, the cost of Land was regarded as so
expensive as to probably be prohibitive, unless nccoss to an existing right-of-way, such as the
interstate highways, is permitted,

For reference, the cost of a four-lane interstate highway in Huntsyille, Alubama, is
ahout $7.5 million/mile total, Renovation of 1-80 in New Jorsey iy costing about $8-10 mil-
lion/mile, and in urban areas, the cost for new construction can rench $50 million/milo or
mornc,

The Transrapid system is installed so precigely that a smooth vide is implicit in thoe
installation of the guidewny., The Japanese system should be more tolerant of impaorfections
g \ I A
and therefore less expensive,

The problem with @ vehicle traveling at 5 miles per minute (300 mph) with a
two-minute headway is that it has 10 miles of guideway associated with it that must be
amortized, If the guideway costs $16 million por mile, the vohicle must amortize and
maintain itsell plug $150 million of guidewny, I seems cconomical to provide additional
technology in the yehicle and increase its cost if this technology will permit the vehicle Lo
travel comfortably and safely over a less oxpengive guidoway,

The 'Tri-State High-Speed Rail study will estimate routes, costs, and cconomies for
TGV, Amieak, and maglev, The study includey analyses of operationand costs for anergy and
maintenanee, primarily from other studios. The costs for maglev are tontative, al bost,
however, operational costs for TGV ave fairly aceurate,
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Aluminum sheet guideways were regarded as being less expensive than aluminum
coil guideways, but there might be other problems (such as incorporating a propulsion
system).

The cost of power has been the most rapidly escalating cost of the BART system,
Maintenance cost is an important consideration,

The cost for a full-scale evaluation of a revenue maglev system on a 15-t0-30-mile
guideway might be $450 million. The experimental facility being studied here is expected to
cost perhaps $15 million. A $1 billion development cost could be financed by a gasoline tax
of 0.1 cents per gallon over the development period.

The cost of coils in the guideway is expected to be more expensive if they are made
rigid. One suggestion for coils in a U.S. system is to make the coils less rigid and less
expensive.

Except for the cost of the Embarcadero station (which was not in the original plan),
BART did not attempt to cover costs through the increuased value of land. In Los Angeles,
special benefit districts were formed around the stations. Lines were drawn around the city,
and the tax increments that came from the districts paid for the stations.

A.2.11 Earthquakes

The California earthquake of October 1989 caused virtually no damage to the
operating Bay Area Rapid Transit (BART) system. It was noted that passengers in the
transbay tube, the most sensitive structure in the system, did not know there had been an
earthquake until they came out of the tube. Overhead structures were constructed on
substantial footings and were also built on pilings. They suffered no damage and required
no realignment. After the earthquake, a rolling check was made of the system to inspect for
damage, after which the system was restarted at full capacity. It was suggested that
conservative earthquake standards be applied nationally. The incremental cost of including
these more stringent standards was not available. Obviously, the cost of not including them
could have been substantial. No comparable information was available for the Transrapid
system. The Japanese were said to have inserted offsets of several tens of millimeters in
their test system to evaluate the effects of displacements in the maglev guideway, and the
Japanese high-speed Shinkansen train was said to automatically shut down if an earthquake
was sensed. Of more than 100 earthquakes, only one was suspected to have shifted the track
alignment.

People responsible for funding large projects are not generally receptive to incorpo-
rating features designed for a contingency that might never occur. One of the best invest-
ments made in BART 'was the conservative engineering that preserved its structures,
whereas a structure like the freeway in San Francisco was ultimately torn down rather than
repaired.
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A.2.12 Freight

The transportation of time-sensitive freight and mail was projected to be a good
source of revenue for maglev systems. Such freight would be of high value, much like that
transported by express companies, The freight could be carried during the day (while
passengers are carried) or in specialized containers that can be transferred to airfreight
airplanes.

A.2,13 Grades

The Tri-State High-Speed Rail project used a maximum grade of 3% for TGV and
maglev in its study. The Transrapid system claims a grade capability of 10%.

A.2.14 Handicapped

Seating and entryways for handicapped persons must be provided. The use of

platforms at the vehicle floor height was considered adequate for the needs of handicapped
persons. If handicapped passengers are provided special seating near doorways, the
aisleways will not have to be widened beyond the width required for other passengers (see
velticle).

A.2.15 Human Factors

The ride quality of a maglev vehicle is one of the prime considerations in a system
design. The objective of an innovative design is to attain a safe, comfurtable ride while
minimizing the cost of the overall system (sce Rights-of-Way). This objective will most likely
he achieved by incorporating technology in the vehicle that permits the vehicle to ride
comfortably over an inexpensive guideway.

Many human factors are not well-known, however, and must be established in order
to determine the design criteria, Among thesc criteria are the assessment of the visual
impact of traveling at high speeds and at relatively low heights while rounding curves with
the vehicle in a bank and topping hills with the resultant negative g-forces. These effects
cannot be adequately simulated in existing aircraft simulators. The vehicle will not fly like
an airplane in which passengers are seated and belted while the airplane takes off; and when
an aircraft reaches a cruising altitude, passengers can move around the cabin before finally
strapping themselves in for the landing. There will be variations in speed and curves that
might be uncomfortable for some passengers. It was noted that pilots can get sick when they
do not feel the motion but see it on the simulator. The flicker of objects passing at high
specds hag been speculated to be @ problem, but it was noted that this does not seem to be
a problem because passengers {ocus on more distant objects, In England, where the rights-of-
way are narrow, the problem was said to be more pronounced, but minor in comparison with
the effect of being startled by abrupt changes,

I
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In the rail industry, perturbed tracks with the maximum deviations permitted by
safety standards are built and vehicles are run over them. The sensations are very
interesting and speed-independent. It is the unexpected motions that are bothersome. It was
also noted that we talk about ride quality in terms appropriate to airplanes flying in smooth
air, but the ride quality will be mor~ like a commuter plane flying through not-so-smooth air.
This ride quality can be improved, but there is a serious question about the cost of the work
to do so. The Japanese system has segmented coils for propulsion and levitation that result
in some perturbations, and it was speculated that the final system would have to be at least
this good. A continuous-sheet guideway would be smooth on a local basis, but subject to
variations in height caused by settlement and installation tolerances at piers and
temperature variations in the guideway. The Transrapid system was said not to have objects
close enough to the guideway to cause a problem.

Both the Japanese and Germans plan routes that are straight as an arrow, while in
this country we seem to have focused on the use of interstate highways. One potential
problem is cutting off part of a usable farm, which need not happen with maglev on an
elevated guideway.

A lot of money might be saved if the ride conditions could be violated part of the
time, say once every 30 minutes. The fact that the curves and hills can be anticipated might
relieve part of the problem.

A system with perturbations will probably have to be constructed and tested to
resolve the issue, but a closed-loop simulator gives a repetitive pattern and might not be
adequate.

As noted in the sections on accelerations and suspension, these considerations have
a pronounced effect on the design and cost of the system. This is clearly a topic for further
research.

Magnetic fields produced by maglev systems are a concern for operating systems
because of possible detrimental health effects. These effects appear to be related primarily
to alternating fields rather than dc fields, like the preponderant field of maglev systems. A
temporary design goal of 5 gauss (0.0005 T) was suggested for a current design, since this is
a low field (compared with that of many devices currently in use) and can be fairly readily
shielded to a lower level by known technologies at a later time, if necessary.

A.2.16 Intermodality

Maglev systems will interface with and enhance the utility of other trangportation
modes. Guideways might be used for both urban and interurban transportation systems in
an over-under configuration. Ultimately, superspeed systems in evacuated tunnels, if
constructed, would have to interface with this and other existing modes of transportation,
Rights-of-Way for highways/railroads might be used in a dual mode for maglev, enhancing
the interfacing of the systems, Maglev systems will be connected with airports and urban
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centers. Some workers currently prefer to have the main node in the urban center with
secondary lines to the airports, while others would prefer to locate the main terminals at
airports with access lines to the urban centers.

Since maglev vehicles will operate more slowly in and near heavily populated areas,
their headways will be longer and it will be possible, in principle, to intersperse lower-speed
urban commuter vehicles on the same guideway.

The interface between maglev and other transportation systems is expected to be
more than a transfer point. A maglev system, like canals, seaports, and other transportation
modes before it, will give new form to the communities it serves. The interface node is
expected to become a destination itself, and this consideration should be included in early
planning. Space must be allowed for intermodal transfers to automobiles, personal rapid
transit, rental cars, taxis, buses, airplanes, helicopters, VSTOLs, ferries, and urban rapid
transit systems. As a regional focal point, the transfer point should be planned to include
regional activities such as recreation, shopping, medical care, cte. The Bay Area Rapid
Transit (BART) system was estimated to have resulted in $20-30 billion of construction.

A.2,17 Public Awareness

It was agreed that the public does not know what we are trying to do with maglev.
A.2.18 Rights-of-Way

One of the major factors distinguishing a high-speed maglev right-of-way from lower-
speed conventional ground transportation rights-of-way is that passenger comfort dictates
that onlv small amounts of vertical and lateral curvature be permitted. Acquiring the land
for such a right-of-way is complex in that decisions must be made regarding tunneling
through or climbing over hills and slowing the vehicle to make sharper turns or purchasing
expensive real property that might be in the straight-line path.

When turning corners, the vehicle and passengers experience radial accelerations
given by the expression V2/r, where V is the velocity of the vehicle and r is the radiug of
curvature, To assure the comfort of the passengers, these accelerations must be limited to
a leval that is imprecisely known, Consequently, the speed of the vehicle and the radius of
curvature of the turns it makes (or the hills it tops) are interrelated. A lateral acceleration
of 0.03 ¢’s (proposed by some as heing comfortable in the lateral direction) occurs it 100 mph
when the radius of curvature is 6.79 km (4.22 mi) and at 300 mph when the radius of
curvature ig nine times greater or 61,1 km (38.0 mi),

The comfort of passengers, however, is disturbed about equally by accelerations of
0.10 g's (a total of 1.1 ¢’s) on the scal of the pants and 0.03 g’s taterally, and this fact can be
used to deerease the radius of curvature of the guideway while maintiaining passenger com-
fort. If the vehicle is permitted to Gl into the curve by an angle of 24,67, the acceleration on
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the seat of the pants is 1.1 g’s, and the velocity and radius of curvature are related by
V2 = 0.458 g’s. The radii of curvature are then 0.445 km (0.277 miles) and 4.00 km
(2.49 miles) respectively, at 100 and 300 mph., The radius indicated at 100 mph is shorter
than currently found on some rights-of-way and is not really necded, but the 4.00-km radius
at 300 mph would greatly reduce the problem of acquiring a suitable right-of-way.
Consequently, some tilting of the body of the vehicle with respect to the horizontal plane is
expected to be provided in a maglev system.

Three considerations arise by allowing the vehicle to tilt at this angle. First, there
is concern that the visual perception of this angle will disturb passengers. Second, the
vehicle must be prevented from toppling over on its side if it stops in the curve. (Some forms
of maglev avoid this by allowing the vehicle to roll along its axis in the guideway.) Finally,
if the vehicle comes to a stop at this tilt angle, the passengers might not be able to safely get
out of their seats and exit the vehicle. If any of these factors govern the design, the radius
of curvature will have to be increased. Decreasing the tilt angle to 12° (about the maximum
angle on which people can conveniently walk) reduces the acceleration on the seat to 1.022 g's
and the velocity and radius of curvature become related by VZ/r = 0.2125, resulting in radii
0f 0.96 km (0.60 mi) and 8.6 km (5.37 mi) at 100 and 300 mph, respectively. Railroad beds
are typically tilted (superelevated) by about 6° maximum.

Routes. Argonne National Laboratory’s studies indicated that maglev routes should
connect airports for a variety of reasons, including the following:

e The airline fare structure is generally higher than that of the railways,
and the higher fares could be charged to maglev passengers.

* There is a lack of expansion capability in the airports that maglev can
help alleviate by handling some of the short-haul passengers who wonld
otherwise be carried by the airlines.

* Connecting airports permits through-passengers to use the mauaglev
system.

The Tri-State High-Speed Rail study elected to study routes from downtown-to-down-
town, but it counsidered links to airports to eliminate long drives and delays to be an
important selling point.

It was noted that TGV has a dedicated right-of-way, except where it enters Paris and
Lyon.

Highways/Railroads. In a New York study of maglev, it was concluded that the
cost of land was high enough that existing highway rights-of-way should be used. The New
York thruway right-of-way has a typical width of 200 feet and a maximum grade of 4", The
varying curves will cause the average speed to be limited to 240 mph if a 24° bank angle is
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used and 169 mph if a 12° bank angle is used. The speed would have to be varied frequently
to keep it near the optimum for the individual curves. The Tri-State High-Speed Rail study
showed the cost of the right-of-way to be only 2-5% of the total system costs (rural property
at $8,000 per acre) and concluded that an entirely new right-of-way should be acquired. Land
near railroads is relatively cheap and available since the railroads have downplayed their
passenger operations, and their freight operations can be conveniently located at the outskirts
of town.

Like maglev, high-speed rail systems would also require new rights-of-way for
effective utilization, but since trains cannot stop on as steep a bank as some types of maglev
systems, the rights-of-way would have to be straighter.

If a maglev system is located on a highway right-of-way, an accident on one system
might affect the other. The question as to whether it is desirable to have two transportation
svstems so interrelated needs to be considered.

Power Lines. Extensive rights-of-way exist between major population centers for
the use of power lines. The use of these rights-of-way for maglev was discussed, since maglev
will require both similar routes and electrical power. Two concerns arise. The first concern
is for the safety of the vehicle when a maglev vehicle is operating under or near power lines.
The second concern is for the steep hills and sharp turns that occur in these rights-of-way
and whether these would be compatible with maglev operations. These rights-of-way, which
are typically 200 feet wide, might be usable in some cases. There is an economic advantage
to being near the transmission lines, since 138 kV of power was considered to be needed by
maglev (to avoid flicker on the lines) and since the lines cost several hundred thousand
dollars per mile. Since the maglev system will cost in excess of $10 million per mile, it
appears more cost-effective to reroute the power rather than the maglev guideway.

Eminent Domain. The price of land in a right-of-way will increase after the
decision to acquire it is known. The only way to acquire it will be through eminent domain
proceedings in which the courts establish the price.

Multiple Uses. Auxiliary uses of the right-of-way for maglev might have major
economic benefits and need to be evaluated. The use of optical fiber was mentioned as one
supplemental use that would be compatible with maglev operations and would provide a
synergistic henefit to the area served by providing new information transportation as well as
passenger and freight transportation. The superdata project was cited to have as a goal a
thousand-fold increase in communication capacity so supercomputers can communicate in a
real-time network. The possible use of the same right-of-way for high- and low-speed
vehicles, perhaps on an over-and-under basis, was suggestod. The two systems could
interconnect at terminalg in a manner that would be simple compared with interconnecting
an ontire train of vehieles. Superconducling power transmission lines were projected to



184

become available within the lifetime of the structure, and the supplemental use of the right-
of-way for this purpose was recommended for consideration.

Fencing, High-speed guideways at ground level, such as those used for TGV, will
have to be fenced to keep vehicles, animals, and vandals off the right-of-way. It the maglev
system is elevated, the fence can have gates, which will permit greater use of the land under
and around the guideway and will presumably lead to reduced acquisition costs. Fencing
over the vehicles might be required in both systems in the vicinity of overpasses, where
objects might be dropped on the vehicles.

A.2.19 Related Effects

Going back to canals, seaports, and other forms of transportation, transportation
systems have served as urban form givers. What effect will maglev have? A city that was two
and one-half hours from Paris by automobile is now 42 minutes away by TGV, and it is now
a bedroom community. Similar effects have been experienced in the Bay Area, where reverse
commuting now occurs as a result of the growth of suburban communities. The opinion was
expressed that the interface between maglev and urban transit systems will not be simply
a transfer point, but a destination.

Space must be provided to get on and off the system and transfer between different
modes in the system, including the potential for autos, personal or rental; taxis; buses;
airplanes; helicopter; VSTOL; ferries; and urban rapid-transit systems. The ability to attract
and house regional-scale activities (such as recreational facilities) that are attractive to
passengers from 300-500 miles away must be recognized. No major real estate decisions are
made without considering BART, which has more untapped potential for real estate growth.
It has 30,000 parking spaces and 25 or 26 lots large enough to accommodate mixed-use devel-
opments on the order of $300-500 million. Consequently, BART has $4 billion to $6 billion
of assets or properties that can be utilized for mixed-use development.

Within the life of these structures, superconducting cables will become available, and
the posgsibility of including these in the structure in the future should be considered. Optical
fiber communications in retworks can be included in the guideway. It is also important to
consider multiple vehicles, urban vehicles, intercity vehicles, and perhaps superspeed vehicles
as well, and not fight the question of winding up with structural members that are big
enough to support some of the alternative uses. By considering the rights-of-way structuraily
and architecturally, there is the potential to change the complete economic picture.

It was conjectured that a maglev system between San Diego and the Bay Area would
be the major west-coast route and would follow the Amtrak route along Interstate 5 (which
goes in a fairly straight line from San Diego to Vancouver) and pick up small cities like
Bakersfield and Fresno. Both rail and maglev were envisioned to be used. Upgrading
Amtrak alone would buy some short-term benefits, but the upgrade would not solve the
long-term transportation problem.



A.2.20 Startle Effect

High-speed vehicles that suddenly come into the view of existing traffic modes or that
produce a sudden noise can startle the operators of vehicles. An example of this effect is that
produced by low-flying aircraft crossing highways while landing. The startle effect is not
reduced with time, and in the Paris-Lyon corridor, so many accidents have occurred that
areas were constructed in which cars could park to watch the trains. The hope was expressed
that by building the guideways 85 to 40 feet high and by constructing them so the visibility
of and noise from the vehicles would be limited, the impact would be lessened. The fact that
the guideway would frequently cross the highway if the interstate highway rights-of-way
were used was mentioned in connection with the startle factor, but no unanimity of opinion
was obtained on this point.

A.2.21 Stops

The locations at which the vehicles stop in any transportation system funded by the
public will be dictated by public needs, as well as by economic considerations, Excessive
stops reduce the average speed of the system, making it less competitive with other modes
of transportation. Too few stops reduce its service to the public. In a practical system, the
distance between stations will be greater than in conventional railway systems, but the travel
time between terminals can be reduced. One-hundred-mile trips can be completed in 20
minutes at 300 mph (5 miles per minute). (One study advocated maglev vehicles for systems
operating at 120 mph in highly populated areas and having stops spaced as closely as 15-
20 miles apart. In another study, only three stops were projected for a 400-mile system in
a relatively sparsely populated area.) '

The desirable acceleration and deceleration of a stopping or starting vehicle is
determined in part by its passenger-carrying capacity and the corresponding headway. A
"train" transporting 1500 passengers in ten cars is equivalent to ten "velicles" transporting
150 passengers each. If 3000 passengers per hour are to be transported, one train can be
operated each half hour, while ten separate vehicles would be required operating with
3-minute headways.

Although it is probably desirable to load and unload trains off-line, it is not
compulsory, since the headway is much greater than the time stopped in the station.
Accelerations as low as 0.07 g’s are used for accelerating or decelerating. Discrete vehicles
will have shorter headways and must load and unload off-line to avoid compromising the
headway of trailing vehicles and to permit trailing vehicles to pass a vehicle in the station,
This will require higher rates of acceleration and deceleration (about 0.15 to 0.20 g’s) and
fast-acting switches. (It was noted that airplanes accelerate and decelerate at about 0.20 to
0.25 g’s and attain speeds of 150-170 mph in 30 seconds and in a distance of less than one
mile.) The service provided to the passengers differs significantly in the two modes of
aperation,
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A.2.22 Switching/Turning

If separate high-speed vehicles are used, it will be necessary to incorporate switches
into the guideway to permit off-line loading and unloading of vehicles (see stops). The faster
the vehicles exit the guideway, the less impact they have on the operation of later vehicles.
The Transrapid switches were said to operate in about 15 seconds and the Japanese switches
in about 30 seconds, although the latter are still in development. Headways are sufficiently
great that following vehicles can stop if the switch fails catastrophically.

It was generally acknowledged that any mechanical system can fail, but a vehicle can
be switched in a system with a passive switch either by deploying wheels that lift and guide
the vehicle off the guideway onto the siding or by varying the propulsion to guide the vehicle
off the guideway. Early tests of mechanical switches showed that they seldom suffered
partial failure but that they frequently failed to operate at all. It was stated, but not
discussed, that a system in which the guideway does not move and in which multiple,
redundant means are used for causing the vehicle to move sideways off the guideway is fail-
safe.

The speed at which vehicles should traverse the switch was not agreed upon, since
the range of systems being considered by different participants varied significantly (see
stops). The turnaround time for a single vehicle will be less than that for a train, unless a
circular turnaround track is provided at the end of the route.

A.2.23 Trunk Lines

It was noted that the airline traffic between city pairs, especially those serving as
airline hubs, frequently comprises more through passengers than passengers having those
two cities as origins or destinations. In the Chicago-Detroit corridor, three times as many
passengers pass through as have these cities as their origin or destination. The TGV system
from Paris to Lyon operates 50 to 100 trains per day, but some of these are routed through
to Switzerland and others are routed on South in France. The Paris-Lyon leg serves as a
trunk line for all these trains,

Although airline data are compiled between city pairs in the Northeast corridor, the
relevant maglev data combine the ground traffic between these city pairs on one trunk line.
Boston, Hartford, New York, Philadelphia, and Washington traffic could be on one trunk: th
a connecting trunk line to Philadelphia, Pittsburgh, Cleveland, and Chicago. Similarly, in
California, six of the top 50 airline city-pairs are located between the San Francisco metro-
politan district and the Los Angeles metropolitan district. One guideway along Interstate 5
would support all the maglev travel. Different guideways are not needed for each city pair.
In addition to connecting airports and possibly downtown areas of these cities, maglev offers
the opportunity to serve intermediate cities, since the vehicles can be switched off the track
and loaded and unloaded offline. Between Chicago aud Detroit, there are six cities with
populations of 100,000 or more,
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Maglev vehicles will operate at reduced speeds in urban and suburban regions to
avoid the generation of excessive noise. The headway between vehicles can be safely reduced
at low speeds and additional, lower cost vehicles using the same technology can safely be
incorporated into the guideway traffic stream for local commuter service.

These capabilities of maglev vehicle systems should be of considerable bencfit when
commuter and intercity routes are evaluated in detail.

A.3 GUIDEWAY CONSIDERATIONS

A.2.1 Bridges/Elevated Strﬁctures

Maglev systems are presumed to operate on elevated guideways requiring little earth
preparation for their installation. It will be economically advantageous to prefabricate and
standardize prestressed concrete beams and perhaps piers to the maximum extent possible
where the weight of the span is such that it can be lifted. Piers arve usually cast in place on
the foundation and prefabricated beams are installed on them. If the span is long or curved,
steel beams are more economical, but the interaction of the magnetic field with the beam
must be considered. In the interstate system, both concrete and steel are used. With thelow
stresses generated by a maglev system, the governing design parameter is the deflection of
the beam, not its strength; consequently, higher-strength concretes would be of little use.
Other materials might be useful. This deflection will be greater in steel spans than in
reinforced concrete spans. The German system with a small clearance requires more rigid
and more precisely installed guideways than the Japanese system with larger clearances.
These deflections can be calculated. A guess was made that the load-bearing capacity of a
bridge could be doubled at a cost that probably would not exceed 25% of the base cost,
depending on the foundation, since the major cost of labor for installation will increase only
slightly.

A rule of thumb used as a starting point in setting span lengths of bridges is that the
cost of the substructure and the superstructure should be equal. Another economic factor is
the tolerable deflection of the bridge. The greater the deflection, the more economical the
bridge.

It was generally felt that curves and hills should be considered in the test facility.
All the bridges and trestles were laid out in the Tri-State High-Speed Rail study.
The use of highway rights-of-way was dismissed in this study because it was felt that the

guideway would move on and off the highway too often and require costly long-span bridges

Bridges have heen a source of malicious vandalism where objects are dropped on
passing trains,
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A.3.2 Capacity/Demand

The question of demand was not addressed in detail, but the associated question of
the required capacity was considered to some extent. It was pointed out that there will be
appreciable variation in demand, with many hours of the week when the vehicles will be
virtually empty. The Washington to New York shuttle is almost empty from 10:00 a.m, until
2:00 p.m., although there were backup trains at 4:00-5:00 p.m. that same afternoon, There
are many different travel patterns. Business travel goes out in the morning and returns the
same day, resulting in morning and evening peaks, with the evening peak being greater.
Others will be positioning themselves for the next morning, Student demand is characterized
by travel out on Friday night and back on Sunday night, Vacation patterns peak around
holidays and summer months. Ordinary travel will peak when pricing is better, which makes
it probably the only market subject to demand pricing. There will be huge peaks on Friday
and Sunday nights. The analysis starts with the peaks and valleys and how they are going
to be handled, if it is decided that they should be handled, or they can be driven away to
Amtrak as the airlines do, especially in the Northeast Corridor. Many studies have been
made for transit purposes that turned out to be wildly erroneous. It was considered to be
fruitless to consider the detailed intermediate stops of the system since those decisions will
be political decisions, if federal funds are involved. If left to industry, only the most
economical points will be served. Consequently, only the approximate capacity required and
the ability to adjust this to different corridors and to later times when demand will increase
can be considered.

Power for trains as well as for individual cars is available, at least in the midwest,
so expansion of capacity by starting with vehicles and later using trains is feasible from this
point of view. The cost of building the civil structures for use by two coupled vehicles is
probably about 25% more than for discrete vehicles, unless train-dynamic considerations arise
that require a significant redesign. The use of two- or three-car units with the same headway
as one vehicle would double or triple the capacity of the system, The cost of the installed
power and the cost of the propulsion system will increase, however, The suggestion was
made that the civil structure should be designed for the heaviest loads expected.

There is a question as to the desirability of incorporating too much capacity into one
guideway since an accident on the system would be more disruptive to transportation in the
corridor, At some point that was not established, it will be desirable to build a second
guideway that would avoid this problem and could also provide transportation services along
a slightly different route, but perhaps to the same ultimate destination. The Corps of
Engineers System Parameters vecommends that crossovers be provided on a two-way system
to permit limited operations, if one direction of the guideway is blocked for any reason.

A.3.3 Dynamic Interactions
Dynamic motions of the guideway caused by the passage of a maglev vehicle will

differ if' & single vehicle or a train of vehicles passes over the guideway. The motion will
probably have little effect on the elevated structure but could result in the need for additional
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suspension control for ride comfort on the vehicle. The interaction between entrained
vehicles on the guideway is not simple. Testing a single vehicle and establishing its motions
is the first step in assessing this problem. It was felt that'if the motion of one vehicle can
be described adequately, the effect of a second vehicle would be amenable to calculation, The
ultimate system will have to be evaluated experimentally for this feature if coupled vehicles
are used,

A.3.4 Obstacles and Their Detection

The detection of obstacles on the guideway is an important task in view of the speed
of the vehicles and the damage that can be done by relatively small objects. Low-light-level
TV or other means of observing the entire guideway would be desirable.

A4 POWER SYSTEM

A.4.1 Introduction

Maglev power requirements are dominated at the highest speeds by the aerodynamic
drag power, which varies as the third power of the vehicle speed. Consequently, the instanta-
neous propulsion powers required at high speeds are comparable for high-speed vehicles of
comparable sizes. Differences arise, however, with various propulsion systems. Most
U.S. trains generate power on-board. High-speed trains use catenaries and pantographs to
pick up power from the wayside, while most maglev system concepts use linear synchronous
motors connected directly to the power grid and built into the guideway. The motor and
power conditioning equipment is carried aboard trains, while the power conditioning, propul-
sion and system control for linear synchronous motors are located at the wayside. Discrete
vehicles require less installed power than trains of vehicles. The aerodynamic registance is
greatest on the first vehicle in the train, but the power required on a grade will include power
proportional to the mass of the vehicle or train, The cost of power has escalated faster than
any other factor in the BART system.

A.4.2 Power Grid

Vehicles or trains moving through the region served by an electrical utility will derive
their power from that utility. No difficulty is anticipated in delivering 10 - 30 MW of power
as the vehicle moves through the midwest area, but the system should be connected to a
dedicated substation providing parallel 138-kV lines to avoid flicker on the line. Some
regions might have difficulties providing the power. It was suggested that the guideway be
located near power lines to avoid long distribution lines that might cost several hundred
thousand dollars per mile. Tt was noted that this cost is small compared with the cost of the
guideway and right-of-way, but obviously these combined costs need to be minimized.
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A.4.3 On-Board Power

On-board power must be provided for a variety of functions, including the usual
heating, ventilation and air conditioning (HVAC), lights, on-board control and
communications, and in some cases the power for the suspension and guidance system and
its control. This power must be picked up or stored aboard the vehicle. Details of this
system were not considered.

If sufficient power can be picked up to propel the vehicle or train, the expense of
installing a linear synchronous motor along the entire length of the guideway could be
avoided In this case, a short stator linear synchronous or linear induction motor could be
installed on the vehicle. Power pick-up is used on the TGV, which has operated to 300 mph
in a test. It was noted that in separate tests, 1500 A of current (probably at about 5 kV) has
been picked up at 400 mph, but that the pantograph and catenary pick-up system wears out
in about 1000 miles. The pick-up is accompanied by a ball of fire around the pantograph,
resulting in electromagnetic noise. These systems were regarded as not being ready for use
since little cdevelopment has been done on these systems in the United States in the past 20
years. It was suggested that contacts will have to be made of carbon fibers to succeed.

A.4.4 Conditioning

Variable-voltage, variable-frequency (VVVF) power systems are needed for the
propulsion systems for discrete vehicles. The high-power electronics required are not
manufactured in the United States but are available from Germany and possibly Japan. The
Japanese are thought to be using gate turn off (GTO) electronics, since cycloconverters are
limited in their upper frequency capabilities.

A.5 VEHICLE CONSIDERATIONS

A.5.1 Suspension/Propulsion

The rules of the conference were that no proprietary data were to be discussed, since
the purpose of the conference was to scope the requirements for testing rather than to design
amaglev system. Essentially no new basic information on suspension and propulsion system
was discussed.

A.5.2 Multiple-Car Operation

It was stated that two-car configurations would probably be minimal. Using multiple
cars will require an evaluation of multiple-car effects on both the vehicles and the guideway.
The extra power for heavier vehicles or consists will be more difficult if GTO devices are used
for power conversion and conditioning since they are not available in very high-power
configurations. The capacity of the system seemns adequate with single-vehicle operation, and
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the cost of the guideway and the installed power and propulsion systems will be less. If the
vehicles are highly underdamped, undesirable resonances of the vehicles could occur.
Modeling of the system is needed. It was pointed out that the number of trucks or bogies per
car might be more important than the number of cars.

A.5.3 Restrooms

It was suggested in the strawman design that restrooms would not be aboard the
vehicle, since the time between stops would be relatively short and vehicles frequent, so
passengers could get off to use restrooms in the terminals with little impact on their trip
time. If restrooms were on-board, the alert time before emergency braking commences would
be increased excessively and the headways would be increased by a matter of minutes. For
each minute of headway, however, the vehicle travels an additional 5 miles, and an additional
5 miles of guideway must be amortized by the operation of the vehicle. This would provide
an economic disincentive that might well be insurmountable.

A.5.4 Size/Configuration

The size of potential revenue vehicles was estimated to be from 50 to 120 feet in
length, with possible articulation of the longer vehicle to avoid interference with the
guideway. Some participants expressed reservations about having a vehicle as long as 120
feet. The weight of the TGV was said to be about one metric ton per seat, while the Japanese
maglev is about 0.2 to 0.3 tons per seat and the Transrapid vehicle about 0.5 tons. The
capacity of the vehicle would be about 96 to 222 passengers per vehicle, The pitch of the
seats was estimated at 36 inches and the width at 24 inches minimum. The aisles were
estimated to be 32 inches wide, compared with about 24 inches for airliners. It was felt that
handicapped passengers could be seated uear the doors, avoiding the need to widen the
aisles. Seating in a 3 by 3 arrangement was not highly regarded, with a 2 by 2 arrangement
being preferred. Tilting of the vehicle and banking of the guideway should be censidered in
a test facility.

A.5.6 Speed

If the system is used for both urban and interurban passengers, the speed of the
system would vary widely. BART averages 38 mph, with a top speed of 85 mph. A
commuting speed of 150 mph was regarded as too high, but if the vehicles are to be
interspersed with interurban vehicles, this speed might be required. Tunnel and passing
vehicle effects need to be considered for ultimate testing.

A.5.7 Superconducting Magnets

Superconducting magnets are essential for the performance of the electrodynamic
system with high suspension heights, and new technologies for the production of magnets
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with higher current densities were said to have been developed, primarily as a result of the
studies of magnets for the superconducting supercollider. The utilization of these magnets
in maglev systems must be carefully evaluated to see that they are appropriate for use in a
maglev system where the safety of the vehicle and passengers is paramount. Magnets with
high resistivity matricies for the conductor might operate with high current densities but
could quench to the normal state very rapidly. If that occurred, provisions, possibly including
multiply redundant magnets, would be required to assure that levitation and propulsion is
not lost. High-temperature superconducting magnets were not considered in detail since they
are speculative at this time, Low-temperature magnets will require liquid helium cooling.
Such cooling entails a refrigeration power of about 4 kilowatts for each watt of power
dissipated at 4.2 K. The Japanese were said to be developing a Sterling Cycle refrigerator
with relatively higher efficiency. Considerable work remains in this area in the United
States.

A.5.8 Brakes

The brakes to be used on a maglev system will be design-specific, but will probably
include air brakes as one braking mode. Letting the vehicle fall onto something and use
friction for braking is very effective if the normal braking mechanisms fail. The system will
be under automatic control, and on-board personnel will not be able to t rake the vehicle.

During high-speed testing of a research vehicle in Pueblo, Colorado, the redundant
brakes failed sequentially, Braking systems were recommendéd for experimental
development with the test facility.

Regenerative braking generates electrical power from the kinetic energy of the
vehicle, This power is either dissipated in a resistor or fed back into the power system. The
latter approach is obviously preferable, but the wave form of the power returned to the
system might not be very high, and additional processing might be required. This is an area
for R&D.

A.6 RESEARCH AND DEVELOPMENT

The proposed National User Facility will be used for the research and development
of magnetic-levitation concepts, components, subsystems, and systems. Such R&D may
include but is not limited to the following: new conceptual designs and configurations of
primary or secondary suspensions and associated passive or active damping systems,
guidance, passive or active braking, propulsion, power control and distribution, system
control, communications, guideway switching mechanisms, passenger comfort measurement
or means of attainment, guideway structures and construction techniques, guideway
dynamics and interactions of the vehicle with the guideway, magnet construction techniques
and magnetic field controls, magnetic shielding and effects of magnetic fields on other parts
of the system (including the passengers), superconducting and cryogenic technologies, and
related relevant aspects of maglev ground transportation systems. Such development may
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be undertaken in single- or multiple-vehicle consists as appropriate. Computer software
describing such of the above items as seems prudent will be developed. Argonne National
Laboratory will not manufacture maglev systems.

It is expected that the first system installed and operated in revenue service will not
be the final system developed and that research and development will be required to modify
and improve the systems for an extended perviod.

Scale models are appropriate for determining some properties of prototype vehicles.
Such models typically embody the features of a full vehicle in a fixed ratio of dimensions of
the model to the corresponding dimensions of a full-scale vehicle. Such models are not pro-
posed for testing in the experimental facility since only industry will develop prototype and
revenue-producing maglev vehicles. Industries may, at their option, present scale models to
the facility for evaluation if such testing is compatible with the facility. One participant was
opposed to testing vehicles or components in any size less than (ull size. Others disagreed
quite vigorously,

One industrial participant stated that the testing program should be driven by the
necessity of validating computer codes and’ that all else will fall into place from that
perspective.

Prior to its implementation in a revenue system, any new vehicle for transporting
passengers must be tested in full size to determine its perform:nce, assure its safety and
reliability, and determine its manufacturability. Such tests are costly. Assuming a test
system cost of $15 million per mile and a 30 mile test guideway, a full-scale test system
would cost $450 million. By testing in a reduced-size facility, however, different concepts and
configurations can be evaluated before committing to full scale tests of the preferred design.
Computer codes written to predict the parameters of the systems can be validated by these
tests and used to design, and project the performance of, full-sized implementations of the
maglev concept. If the same cost per mile is assumed for a smaller system, a one- to two-mile
facility could be built for $15-30 million. (Thr “ze of the test system is not established at
this time and will be determined after further di: ussions with industrial and governmental
personnel with an interest in the program.) It will be possible to perform a substantial
amount of the total required research and development on such a reduced-size experimental
facility if it is properly designed.

Tests performed using the experimental facility will be those that will save time or
money or that will entail risks that are unacceptable in a larger, more expensive system.,
Mistakes will be less costly at this size than in a full-sized system.

Vehicle. Multiple cars, suspensions, active and passive damping systems, ride
quality, braking, superconducting magnets, cryogenic systems, and controls,



194

Guideway. Structural dynamics, interaction with vehicle, construction and
installation techniques, alignment and maintenance methods, instrumentation,

A.7 COMPUTER SIMULATIONS

‘omputer codes describing the behavior of maglev systems and verified by
experiment will be of considerable value to the design of full-scale systems in extrapolating
the observed behavior in small vehicles. The testing program should be geared to developing
the parameters that allow the codes to be validated, Codes for calculating the suspension
and guidance forces in a "U"-shaped continuous sheet guideway are available, and a code for
a rigid-hody vehicle suspended and guided by four or six magnets is being revised. After
developing a complete series of codes, another program in an industrial firm was able to
design complete AWACS planes and radars without building anything.
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Argonne National Laboratory, Center for Transportation Research,
Maglev Coord, Committee

ElectroMotive Division, General Motors

Transportation Test Center, Dir. Test Kngineering
Intermagnetics General Corporation

U.S. Department of Energy

Illinois Department of Transportation, Chief, Dept. of
Transportation

Argonne National Laboratory

Bay Area Rapid Transit System, Director

Argonne National Laboratory, Center for Transportation Research
Transportation Test Center, Dir. Marketing

Alfred Benesch & Co.

Westinghouse Science & Technology Center

U.S. Army Corps of Engineers, Project Management, Huntsville,
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Commonwealth Edison

A.9 A STRAWMAN SYSTEM DESIGN
A.9.1 System Considerations

One-Way Peak Capacity: 1,800,000 passengcr~miles/112. Equivalent to 6000 passengers per
hour entering system and travelling at 300 mph or 9000 passengers per hour entering system
and travelling at 200 mph.

Fare: $0.25 to $0.35 per mile

Routing: Between major airports with one stop at a distance not less than 50 miles from
each major terminal,

Operating Hours: 6:00 am to midnight (Pagsengers)
Midnight - 6:00 am (Freight and Maintenance)

Minimum Duration of On-Beard Supplies: 18 hours

Operating Speed: 500 km/h (300 mph) with 50 km/h {30 mph) headwind, speed reduced
by headwind speed for greater wind speeds.

Accelerations (maximum):

0.15 s (1.47 m/s%, 3.29 mph/s)
0.20 ¢’s (1.96 m/s?, 4.39 mph/s)

Linear (normal):
(emergency):
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Lateral (on passengers): 0.03 g's
(on vehicle): 0.15 g’s

Downward (on passengers): 1.1 g's

Pitch, Yaw Rates: 1 degree/s

Roll Rate: 2 degrees/s

Switching Speed: 161 km/h (100 mph) minimum
Time in Station: 90 s

Loading/Unloading: Offline

Minimum Headway between Vehicles: 369 mph 250 mph 200 mph

Distance: Xy = 15V, + V_ 20.4g  4.11 miles  3.03 miles 2.10 miles

Time: Ty = Xy /V,, 49.3 s 43.6 s 379 s
Maximum Wind Speeds:
On nose: 45 mph
On side: 45 mph
Grade (at operating speed): 5%
(at reduced speed): 7%
Magnetic Field Exposure: To be minimized. 5 gauss (0.5 mT) as temporary

design goal.

A.9.2 Vehicle Considerations

Capacity: 90, 150

Seating: 3x3 0.91 m (36") aisle, 0.56 m (22") seats

Length: 22.1m (72.5) 1.07 m (3.5’) seat pitch + 6.1 m (20"

32.8 m (107.5") " o

Width: 4.57 m (15.0") outside, 4.27 m (14.0’) inside

Height: 3.20 m (10.5") outside, 2.13 m (7.0") inside

Frontal Area: 14.63 square mcters (157.5 square feet)

Weight (empty): 27.3 metric tons (60,000 1b), 43.2 metric tons (95,000 1
(loaded): 34.3 metric tons (75,750 1b), 55.1 metric tons (121,250 1)

(175 b per passenger and baggage)
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Restrooms: None on board
Food Service: None on board

Operating Temperature:

Ambient: +50°C to -30°C (+122°F to -22°F)
Interior: : +20°C = 5°C (H9° - T7°F)
Operating Weather: Operation not affected by moderate rain, snow or ice,

Weather not to disrupt clectrical propulsion system,

Brakes: Fail-Safe
Aerodynamic
Eddy Current
Reverse LSM Thrust
Electrical Regeneration
Mechanical, Parking

On-Board Power: As required for safety and comfort, Four-hour stall on guide-
way.

A.9.3 Guideway Considerations

Structure: Elevated to avoid grade crossings
Propulsion: Integral to guideway

Obstacle Detectors: Attached to guideway

Power Substations: Spaced at 20-km intervals
System Control: Central

A.9.4 Discussion

One-Way Peak Capacity. This capacity is defined as the number of passengers
entering the system in one hour multiplied by the speed of the system. Rates of
6000 passengers/hour at 300 mph (forty 1560-passenger vehicles) or 9000 passengers/hour at
200 mph (sixty 150-passenger vehicles) result in the sume capacity by this definition. Rush
hour speed decreased to safely increase the number of vehicles and passengers handled. If
3000 commuters and 6000 intercity passengers are carried to a point 50 miles from the start
at 200 mph, the extra time for the intercity passenger is increased by 5 minutes, If the
remaining 6000 intercity passengers continue at a speed of 300 mph, the capacity of the
gystem remains unchanged at 1,8 million pnss(!ngm‘-mil(\..q/hz, cither in the commuter mode
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or in the intercity mode of travel. If a fixed revenue per passenger mile is charged, the
reverue per hour would be the same throughout the system.

Vehicle Headway. Vehicles to be operated with spacings such that a safe stop can
be made before reaching the position on the guideway where another vehicle has been
involved in an accident. Deceleration will be limited to 0.2 g’s. Fifteen seconds warning will
be given to passengers prior to deceleration. Note: the headway (time) i8 not the same as the
stopping time. Minimum headways expressed in time and distance are: Headway (distance)
= 15%V, + V, 2%/2a; Headway (time) = 15(sec) + V, /2a.

Speed Distance

Time Vehicles Passengers Pass-mi/h®

mph km/h (8) mi km per hour per hour (millions)
50 81 264 029 046 1836 20,456¢ 1.02
100 161 37.8 073 118 95 14,284 1.43
1560 241 49.2 1.34 2.15 73 10,975 1.65
200 322 60.6 2.10  3.38 59 8,910 1.78
260 402 72.0 3.02  4.86 50 7,499 1.87
300 483 83.4 410 6.60 43 6,474 1.94
350 563 94.8 534 8.59 38 5,696 1,99

Route Length. It is assumed that the point to point travel time by maglev will be
shorter than for air travel for intermediate distances. For general design purposes, the route
will be assumed to be 600 miles in length and to have two 50 mile long legs in each 300 mile
segment.

Operating Speed. The vehicle must travel at a speed that makes travel by this
transportation mode as fast or faster than aircraft travel over the same distances. This can
be accomplished at a speed of 300 mph (500 km/h). Operating speceds will not be reduced by
headwinds up to 30 mph (50 km/h), Higher winds will result in a decrease in system speed.

Side Wind Load. This force increases from zero at ground level to a substantial
force at higher positions on the vehicle. The force tends to roll the vehicle leeward and must
be considered in addition to any inertial forces on the vehicle. The vehicle should operate in
side winds up to 45 mph. At higher speeds, the system should be slowed appropriately.

Magnetic Fields, Magnetic fields are being investigated for their deleterious health
effects. and the ultimate limits that might be imposed are not known. A level of 5 Gauss
will be agsumed. These fields can be shielded further if necessary. The observed effects are

thought to be caused by alternating fields rather than the static fields expected from maglev,

Rest Facilities. On-board restrooms would remove three to six seats from the
vehicle and defeat or at least confuse the use of the 15-second warning before emergency
deceleration. Increasing the warning time to two minutes increases the stopping distance by
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one minute and 45 seconds, or 8,75 miles at 300 mph. This additional 8.75 miles x §7.5 mil-
lion/mile or $65.6 million of assets associated with the vehicle must be amortized by the
vehicle’s revenues, Omitting restrooms probably has no serious effect on passenger comfort
if clean, accessible facilities are provided at the terminals. Frequent departures will
minimize the objection to use of the restrooms before departing. The maximum distance
between stations is expected to be 200 miles or less and would be travelled in about 42
minutes. By omitting on-board food and beverage service, the deed for these facilities can be
recduced.

Fare. Fares are based on a basic fare of $0.10/mile and a premium charge of
$15.00/hr for time saved compared with surface travel at 50 mph. A 50-mile trip at 200 mph
would be accomplished in 15 minutes, saving 45 minutes from compavable surface transporta-
tion at 50 mph, and would cost $5.00 + 0.75 x $15.00 or $16.25. A 300-mile trip at 300 mph
would save 5 hours and would cost $105.00. Political considerations might reduce the
commuter fare by subsidies to the system. These cannot be considered here. Examples
follow for one hour trips. The revenues per lane mile are based on the minimum headways
given above,

Note: If a system cost of $7.5 million per lane mile is assumed, and a 30% recovery of cost
is required per year, the recovery is $2.25 million /lane-mile/year or $6,164 per lane per day.
All the scenarios above yield a greater return.

Fare Vehicle Revenue Max. Revenue

Speed per hour per

(mph) Base  Premium  Total  per mile $/h $/mi System-Mile
50 5.00 0.00 5.00 0.100 7650  15.00 2,613
100 10.00 15.00 25.00 0.250 3,750  37.60 5,116
150 15.00 30.00 45.00 0.300 6,750  45.00 5,049
200 20.00 45.00 65.00 0.325 9,750 48.75 4,643
200 25.00 60.00 85.00 - 0.340 12,750  51.00 4,220
300 30.00 75.00 105.00 0.350 15,7560  52.50 3,841

350 35.00 90.00 125.00 0.367 18,750  Hh3.NL7 3,513
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