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To travel rapidly at the lowest possible maximum speed, maglev systems for

urban transport should reduce vehicle weights, use efficient vehicle shapes and

employ high acceleration and braking rates.

By RicHARD D. THORNTON, Fellow IEEE

ABSTRACT | Maglev has the potential to be more efficient and
affordable than alternative technologies for many transporta-
tion applications. To achieve this potential we need new
designs that build on what we have learned from existing
maglev designs, while taking advantage of supporting technol-
ogy that did not exist when most of them were created. The
keys to reducing energy intensity are to use light vehicles with
low aerodynamic drag, use a linear synchronous motor that is
excited in short sections, and operate with a dynamic schedule
that achieves a high load factor. The key to affordability is to
use small, light vehicles that can operate on less expensive
guideways, and require less power for propulsion. This paper
provides more details on these issues, provides estimates of
what is feasible with today’s technology, and discusses how to
choose performance parameters, such as speed and acceler-
ation, so as to maximize the probability that maglev will
become the technology of choice for a wide range of
applications. It also includes an historical perspective and
recommendations for future development.

KEYWORDS | Automated people mover; linear motor; linear
synchronous motor; maglev

I. INTRODUCTION

A transport system should be fast, efficient, and affordable.
These conflicting objectives must be solved by a careful
compromise that takes advantage of the strengths of the
underlying technology. Operating maglev systems have
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demonstrated that linear motor propulsion of magnetically
levitated vehicles provides fast, safe, comfortable, and ef-
ficient transportation over a wide speed range, but maglev
is perceived to be expensive and not enough better than
competing technology to justify major funding of new
designs. The reality is that demonstrated maglev designs
have efficiencies comparable to competitive technology
and can be both less expensive and more efficient. To
realize this potential we must develop next-generation
maglev. This paper provides evidence to support this
claim, with the term “E&A maglev” used to describe
maglev designed from the perspective of efficiency and
affordability. A major focus is on opportunities for applying
E&A maglev in the United States.

Topics discussed in this paper can be explored in detail
at a variety of internet sites, a few of which are given but
many more are readily found.

ITI. OVERVIEW

This section contains personal views on steps that should
be taken to achieve E&A maglev and the remaining
sections provide evidence to support these views.

A. Speed Categories and Competition

It is important to match speed to application and
recognize competing modes of transportation. Table 1
characterizes speed in five regions with typical applica-
tions, travel distance, and competition. In this table some
commonly used acronyms are: Automated People Mover
(APM); Personal Rapid Transit (PRT); High Speed Rail
(HSR); Automated Electric Transportation (AET); Bus
Rapid Transit (BRT).

Lest we focus too much on speed, higher acceleration
and braking rates are often a more effective way of
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Table 1 Attributes of Five Speed Categories

Max speed, km/h 100 200 400 600 900
Descriptor Low Medium High Super Subsonic
mph, m/s 62.1,27.8 124,555 249, 111 373, 167 497, 222
Applications Shuttles Subways Intercity Intercity | Long distance
Intra-city Commuting | To/from airport travel
Intra-airport To/from airport
Travel dist., km 1-20 10-100 50-600 400-1200 =800
Competition Auto Auto Auto Jet Jet
Light rail Heavy rail HSR
| APM, PRT, BRT AET Commuter jet

reducing travel time. Fig. 1 shows a Transrapid (TR)
simulation of an 8-car TR08 maglev train making a 421-km
(261-mi) trip from Anaheim, CA, to Las Vegas, NV, with
four intermediate stops. This route, like most routes in the
United States, involves substantial slowing for turns and
stops and crosses two mountain ranges with grades of up to
6.5%. The top speed is 500 km/h, but the average speed,
not including stopped time, is only 271 km/h. Later we will
see how a lower top speed but higher acceleration and
braking rates allows the same travel time to be achieved
with lower capital and operating cost and reduced energy
consumption.

B. The Status of Maglev and Competing Technology
Thanks to multibillion dollar development projects in

Germany, Japan, and China, the advantages of maglev have

been proven in convincing ways in two speed regions:

e Low-speed maglev was implemented in a 600-m
shuttle in Birmingham, U.K., that operated reliably
from 1984 to 1995. The early Transrapid TR TR04
design evolved into HSST, and then Linimo with
an 8.9-km line operating in Aichi Japan since
2005." South Korea is installing low-speed maglev
from Seoul to the airport using a variation of the
Linimo system [16]. These electromagnetic sus-
pension (EMS) designs were intended as upgrades
for light rail and APM in the low-speed region, and
have proven to be efficient and reliable, but not
cost effective.

e Super-speed maglev was studied extensively in
Germany, Japan, the United States, Canada, and
elsewhere, with major test tracks constructed in
Germany and Japan. These developments evolved
into the operational TR EMS maglev system in
Shanghai, China, in 2005, and the Yamanashi Test
Line (YTL) ElectroDynamic Suspension (EDS)
maglev in Yamanashi Prefecture, Japan, in 2004
[15]. These designs were intended as upgrades of
HSR and competition for commuter jets.

There have been two new installations, major marketing
efforts, and several false starts, but almost no major
commitments to maglev of the type envisioned by the

1http:/ /en.wikipedia.org.
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developers. One possible exception is the Central Japan
Railway, which has made a commitment to fund and build
the Tokaido Shinkansen Bypass from Tokyo to Nagoya
starting in 2015, using their superconducting EDS maglev.
In the last 30 years there have been substantial
improvement in operational designs, but without major
installations there have been no commitments to a test
facility for a next-generation design. If one wants to install
a proven maglev system today, the only choices are designs
that have not changed as much as the competition has
changed.

e HSR speed has increased operational speed more
than 80%, locomotives have been eliminated by
integrating propulsion into the cars so higher pro-
pulsive force is possible with lighter axle loadings,
and three different manufacturers can provide
trains designed to operate at 350-360 km/h
(217-224 mi/h, 97-100 m/s).

e Commercial jets have evolved into lighter, more
efficient, and more cost-effective designs for both
short haul and long haul.

e Both light rail and APM technologies have been
implemented in many places and are now reliable
and cost effective for many applications.

e The bus has evolved into comfortable, efficient, and
cost-effective transportation for intercity applica-
tions, and BRT is now operational in cities around
the world with promises of substantial cost savings.

Speed, Elevation
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Fig. 1. Speed and elevation for simulated trip from Anaheim to
Las Vegas on TROS.
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e PRT has evolved from the Morgantown, WV,
system [25] to an installation at Heathrow Airport,
and plans by several companies to install other PRT
systems in the near future.

e AET, or operation of electric cars on automated
highways [8], is being proposed as an energy-
efficient and cost-effective way to provide intercity
transportation.

e And of course, the modern automobile is comfort-
able and cost effective for travel up to fairly long
distances, and modern designs are very efficient.

Japan and Germany are still investing in improvements

in their existing maglev technology, including the new
Japanese MLX01 EDS vehicle using superconducting
technology and the Transrapid TR09 using EMS. Both of
these designs can be made more cost effective by making
maximum use of supporting technology that did not exist
when these designs were committed to expensive test
facilities. Important supporting technology is covered by
other papers in this Special Issue of the PROCEEDINGS OF
THE IEEE. Here are a few examples.

e Evolution of high-energy permanent magnets
allows EMS to be constructed with a 20-mm gap
and an order of magnitude reduction in suspension
power loss [7]. With a gap that is one-fourth of the
stator width, the suspension magnets can provide
passive guidance without the need for separate
guidance rails and magnets. Permanent magnets
can also be used for EDS [13].

e High-temperature superconductors are still im-
proving. Designers of both EMS and EDS maglev
should consider using them at high speeds where a
higher field can allow a larger gap, and reduced
guideway and propulsion cost.

e Powerful microprocessors with dedicated motor
control features and mass produced semiconductor
power devices make it possible to reduce the cost
of power electronics. This makes it practical to
achieve higher acceleration with shorter time
penalties for slowing for curves and stopping at
stations.

e The ability to return regenerated braking energy to
the utility grid is now a more practical option,
particularly if the peak power is not too large and
the linear motor efficiency is high.

e The evolution of modern computer aided design
tools make it possible to optimize a design before it
is committed to expensive test facilities.

C. Why Has Maglev Not Become More Widely Used?

Here are some of the real and perceived problems with

maglev.

e  Fully developed low-speed maglev systems do not
have significant performance or cost advantages
over wheel-based systems. People responsible for
installing new low-speed transport are more

interested in avoiding risks than investing in new
technology, even if it is less expensive and more
efficient.

e Germany and Japan have worked the most to
develop high-speed operational maglev systems,
but both countries have excellent HSR. Citizens of
these countries have shown reluctance to support a
new technology that is perceived to be only
marginally better than the latest HSR, but more
expensive.

e China is currently operating a TR maglev system
on a 30-km line from Pudong Airport to
Shanghai, but has abandoned all plans to extend
this line.

Although the TR and YTL developments have short-
comings, they have benefited from outstanding engineer-
ing that can be used as a solid base for next-generation
maglev.

The TR development has proved that EMS can work
reliably at speeds up to 500 km/h with a magnetic gap of
8 to 10 mm. The latest TRO9 train has lower drag per
seat and produces less external noise at 400 km/h than
HSR at 350 km/h. The extensive documentation of route
layout, guideway design, and many safety and comfort
related issues can be used by any future developers and
their new inductive power transfer system [6] could be
the method of choice for providing all onboard power at
all speeds.

The YTL test line holds a record of 581 km/h
(361 mi/h) using superconducting EDS technology with a
100 mm magnetic gap. They have developed light weight,
composite vehicles with particular attention to the
problem of entering and exiting tunnels, an important
part of any Super Speed route. The MLXO01 train has low
drag at high speed and can be used as the basis for a vehicle
design for both EDS and EMS systems.

This paper provides a basis for the belief that maglev
will be the winning technology for transporting people and
cargo over a very wide range of speeds. A proposed E&A
maglev will be discussed later, but a key feature is the use
of small vehicles or short trains with rapid and efficient
acceleration and regenerative braking.

D. Energy Intensity as a Measure of
Transport Efficiency

The efficiency of people mover transportation is best
measured as Energy Intensity (EI), the energy required to
move one passenger one kilometer. Even when compar-
ing similar vehicles using similar fuels, efficiency
comparisons can be misleading because of variations in
testing procedure, climatic conditions, load factor, etc.
Attempts to compare the EI of different technologies is
guaranteed to create confusion, disagreements, and
misleading representations and interpretations. Consider
data presented in the Transportation Energy Data Book
[1], published and updated frequently by Oak Ridge
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National Laboratory (ORNL). This book contains data
comparing travel modes in the United States in terms
of EI measured in BTUs per passenger-mile. For
example, ORNL determined that the average personal
car gets 22.7 mi/gal of gasoline. With a national
average of 1.57 passengers per car we find EI=
3512 BTU/pas-mi. Comparing plug-in hybrids and all-
electric cars with fossil fuel cars is particularly difficult.
The ORNL approach assumes that electricity is generated
with fossil fuels and that the efficiency from fuel source to
power delivered is now 33%. This leads to an assumed
energy equivalence of 1 Wh =3600 J =10.339 BTU.
(See Appendix for other conversion factors and energy
content data.)

For this paper an attempt was made to create a fair
comparison. Table 2 shows the somewhat surprising
conclusion: EI for the latest air, rail, maglev, and auto
technologies are all substantially the same and significantly
better than for the same modes a few years ago. ORNL
gives EI values shown in Table 2 for existing automobile,
rail, and air transit technology. EI for the 787-3 is based on
Boeing’s claim that aircraft entering the fleet today use
0.035 L per passenger-km and that the 787-3 uses 20% less
than older aircraft [18]. Toyota claims the 2009 Prius will
deliver 50 mpg. EI for the Velaro High Speed Train and
TRO9 are from Table 6. Data in this table can be used only
as a rough guide, but the important fact is that modern
technology is all quite comparable and substantially better
than older technology.

In the future, an increasingly large fraction of power
will be generated from non-fossil fuel sources, so the
ORNL comparison will be increasingly unfair to electri-
cally propelled vehicles. If wind turbines or solar cells
convert electric power to hydrogen for fuel cell based
electric cars, should we not penalize the fuel cells for the
efficiency of the hydrogen conversion?

Argonne Laboratory has been charged by the U.S.
Department of Energy with finding a way to compare EI
for various types of cars. They are using a “well-to-wheel”
philosophy, but any comparison must be interpreted with
caution because the “well” is not the only source of
electric energy. This paper avoids this problem by limiting
most comparisons to electrically propelled vehicles with
energy consumption measured in Wh/km or J/m
(1 Wh/km = 3.6 J/m). There is still a problem of knowing

Table 2 El for Various Modes Assuming 1 Wh =10.339 BTU

Mode | EI BTU/pas-mi  Whipas-km  J/pas-m
Domestic commercial aviation 3,261 196 706
Automobile, 2006, 1.57 pas 3,512 211 760
Rail transit 2,784 167 602
Boeing 737-3 Dreamliner 1,607 97 348
Velaro E HSR, 300 km/h 1,814 109 392
2009 Prius, 50 mpg, 1.57 pas 1,592 96 345
TRO9 maglev, 350 km/h 1,398 84 302
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what to assume for a test route, load factor, climate,
etc. But at least there are fewer factors to confuse the
issue.

I believe that E&A maglev should average EI <
100 Wh/pas-km under operating conditions.

E. Summary

For three decades competing transportation technolo-
gies have seen dramatic changes that make them more
efficient and cost effective. Operational maglev designs are
both fast and efficient, but have not seen this same level of
development. There is now a unique opportunity to invest
in next-generation E&A maglev. This next generation can
use existing designs as a base and create reductions in cost
and EI by using supporting technology not available when
operational designs were developed.

IIT. DESIGN ISSUES

Maglev is similar to other transport technology: we can
create a basic design that is almost independent of speed,
but the implementation varies considerably according to
the application. As always, the devil is in the details, three
of which are discussed in this Section.

A. Vehicle

Choice of vehicle weight, shape and length dominate
transport system design. In this paper the term vehicle also
refers to trains with any number of mechanically coupled
cars. There are three key issues that affect the EI of a
transport system and are primarily determined by vehicle
design.

1) For high-speed travel the dominant energy usage
is to overcome aerodynamic drag. For constant
speed travel EI is proportional to the drag force
per passenger with 3.6 N/pas = 3.6 J/pas-m =
1 Wh/pas-km. Airplanes do much better than is
possible for ground transportation because at an
elevation of 12 000 m (39 370") the pressure, and
hence the drag force, is reduced by a factor of four.
An airplane traveling 900 km/h (559 mi/h) is
comparable in aerodynamic drag to a maglev ve-
hicle traveling 450 km/h, and with a larger dia-
meter body the energy efficiency can be quite
good for long trips.

2) For low-speed travel the dominant energy loss is
due to the need to supply kinetic energy to
change a vehicle’s speed, and this is typically lost
when the vehicle brakes. For high-speed travel
the problem still exists because there is typically
a need to slow for turns to achieve acceptable
lateral gee forces and to stop at stations.
Regenerative braking can reduce the net loss by
a factor of two or more provided the propulsion is
reasonably efficient and there is a way to reuse
the energy.
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Table 3 Empty Vehicle Mass for Several Technologies; Dimensions in m, Mass in Mg

Vehicle Cars Len Width Seats Stand Mass kg/seat kg/pas
Siemens Velaro E HSR 8 200 295 536 134 439 819 655
TRO9, high speed EMS 3 76 3.7 306 51 190 621 532
Siemens U2 light rail 2 486 265 128 64  64.1 500 334
YTL MLXO01, super speed EDS 3 75 2.9 120 40 60 500 375
Boeing 787-3, jet 1 57 574 330 0 132 400 400
Electric Car 1 5 2 4 0 1.2 300 300
Mitsubishi APM 2 224 36 210 298 828 121
Chubba HSST-100L 2: 30 66 220 30 455 105
M3, low speed EMS 1 10 2.9 18 18 9 306 153
M3+, high speed EMS 2 50 29 128 32 42 328 263

3) Suspension and propulsion losses are always sig-
nificant. Not only is there a direct loss, such as
wheel hysteresis and bearing friction or magnetic
drag, but at even moderate speed the aerodynamic
loss attributable to the suspension and propulsion
components exceeds the direct losses.

With these facts in mind, consider the design aspects of

vehicle weight, shape, and length.

1) Weight: All transport technology has been moving in
the direction of reducing vehicle weight, and using re-
generative braking. With energy conservation a major
issue, this takes on new urgency. Table 3 gives examples of
vehicle empty mass, empty mass per seat, and empty mass
per passenger including standees (1 Mg is sometimes
called a tonne, or metric ton, and equals 2205 1bs). The
Boeing empty mass is the maximum takeoff weight less
100 kg per seat. The low-speed designs have mostly
standees, as appropriate for low speed, and the others have
seats for most passengers, as appropriate for higher speeds.
For this paper we assume there are two E&A maglev de-
signs, a low-speed version, designated M3, for urban ap-
plications and a high-speed version, designated M3+, for
competition with HSR. They have the same basic design
but M3+ has stiffer guideway girders, higher power pro-
pulsion electronics and a vehicle that is a two-car train.

I believe maglev empty vehicle mass should be less than
200 kg/pas for low speed and less than 400 kg/seat for high
speed.

2) Shape: Shape is important because it affects aero-
dynamic loss and noise, both external and internal. Even
low-speed vehicles should have modest streamlining and
high-speed vehicles need more extreme shapes. Fig. 2
shows examples of recent designs: Japanese Fastech 360
train designed for 360 km/h, Transrapid TRO9 designed
for 350-500 km/h, Japanese Yamanashi Test Line MLX01
designed for 550 km/h. The nose section is very important
for high speed, particularly for vehicles entering and
exiting tunnels. For HSR the main aerodynamic drag is on
the body, wheels, and pantograph. Well-designed maglev
vehicles have less drag and are quieter than modern high-
speed trains, even when going substantially faster.

3) Length: Vehicle length is a critical parameter. The
frontal area is constrained by the assumed need to provide
height for standing headroom and width for at least four-
abreast seating with reasonable comfort. With maglev the
frontal area can be less than for conventional trains
because the suspension has less frontal area and there is no
pantograph. The minimum length is determined by
passenger carrying ability, but with clusters of vehicles

Fig. 2. Fastech 360, TRO9, MLXO1.
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operating as virtual trains we do not need long trains for
high capacity.

Long trains have a few advantages.

e Aerodynamic drag per seat is less but this advantage
diminishes for trains longer than about 50 m.

e Higher capacity can be achieved with a given
headway.

e Higher speeds imply longer trips and a need for
more onboard amenities which can be shared by
many passengers if the train is longer.

But with maglev there are more reasons to use uncoupled
vehicles or short trains operating with shorter headway.

e Lighter vehicles can operate on lighter and less
expensive guideways.

e  With smaller vehicles it is easier to match supply to
demand.

e  With LSM propulsion it is possible to reduce head-
way and achieve high capacity with small vehicles.

e Short headway reduces wait time.

e LSM propulsion can be less expensive if there are
more and lighter vehicles.

e With smaller and lighter vehicles it is less
expensive to provide higher acceleration and
braking rates and achieve good efficiency at these
higher rates.

e Smaller vehicles can operate with smaller and less
expensive stations.

e Lower peak power and more closely spaced ve-
hicles make it easier to reuse regenerated braking
energy and minimize electric utility peak power
problems.

B. Speed and Acceleration

An important advantage of maglev is the ability to
accelerate and brake much faster than is possible with rail,
so for typical routes with stops, curves and hills, maglev
does not need to be faster to deliver shorter travel time.
This is evident in the plots in Fig. 3, which compare ac-
celeration rates of three maglev designs with a Velaro high-
speed train operating with a top speed of 320 km/h

400
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E 250f-f/o- Ao e mmm s e bememmnnnee bommmeeeee
= [/ /TR Shanghai ! | !
2 200117 \M---E: : : ;
aro E| 1 1 I
o L) O s SEESRERES SRS SRR S SRR
o || : ! ; ;
100 f#L -~ --=---- omemmnnee- oo b e Foomoeeoee .
50} : :
5 : : ! !
0 5 10 15 20 25

Distance [km]

Fig. 3. Comparison of maglev with a high-speed train
during acceleration.
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(199 mi/h). The Japanese MLXO01 has the best acceleration,
but all maglev designs can accelerate much faster than the
Verlaro. The Japanese Fastech 360 and the Alstom TVE
have acceleration attributes similar to Velaro due to prac-
tical limits on thrust and drag for steel wheels on steel
rails.

An important measure of performance is the time
penalty for stopping. There is time lost in braking, un-
loading and loading, and accelerating, and these penalties
can be calculated separately. For example, the M3+ per-
formance in Fig. 2 implies that for travel at 400 km/h the
time penalty for acceleration to 400 km/h is only
37 seconds due to finite acceleration after a stop. For
braking the deceleration rate is 1.6 m/s®> for the whole
deceleration so the time penalty is t, = (400/3.6/
2x1.6) =35s. If we allow 60 s for stopped time the
travel time is only increased by 2.2 min for every stop.

The time penalty for HSR is much higher as
evidenced by the performance of the Velaro E on the
625-km (388-mi) run from Madrid to Barcelona, Spain.
With a top speed of 320 km/h the nonstop travel time is
2 h 38 min for an average speed of 237 km/h, but this time
is increased by 19 min if there is one stop at Zaragoza and
additional stops cost at least 12 min each. This high time
penalty for stopping poses a serious problem for U.S.
applications where there are likely to be more stops: the
fastest Acela in the Northeast Corridor stops a minimum of
10 times in the 650 km (404 mi) between Boston, MA, and
Washington, DC. The same problem occurs in the
proposed 695-km (432-mi) run between San Francisco
and Los Angeles, CA, with 11 intermediate stations.

Table 4 gives suggested vehicle attributes and
performance metrics for maglev vehicles operating in
four speed regions. For low and medium speed the design
is based on the M3 vehicle shown in Fig. 4 and discussed
later. For high and super speed the M3+ vehicle is
envisioned as a shortened version of a two-car MLX01
train, shown in Fig. 2, but with some features from TR09,
a permanent magnet EMS suspension, and a power sys-
tem designed to achieve high efficiency at accelerations
up to 1.6 m/s?.

In Table 4 the energy per seat-km is for 100% load, and
does not include losses due to speed changes. The force
and power for acceleration are based on an acceleration of
1.6 m/s? up to 60% of maximum speed and then constant
inverter output power above that speed, and the ability to
sustain a 1.6 m/s* braking rate at all speeds. For emergency
braking the deceleration rate is allowed to be as high as
2.4 m/s* using both aerodynamic drag and LSM regener-
ative braking. Under extreme emergency it is possible to
achieve even higher braking by using mechanical braking
to supplement LSM braking.

Some observations:

e The force requirement for good acceleration and

braking is greater than the force required for
constant speed cruising at all speeds.
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Table 4 suggested Maglev Vehicle Attributes for Four Maximum Speeds

Parameter | Speed region Low  Medium High Super
Maximum speed, Up,y, km/h 100 200 400 500
mph 62 124 249 311
m/s 27.8 55.6 111 139
Maximum acceleration, 8y, m/s> 1.6 16 1.6 1.6
Length, m 8.8 8.8 50 50
Passengers, 90 kg each 36 36 120 120
Empty mass, Mg 5.5 55 42 42
Frontal area, m” 7.5 75 B85 85
Coefficient of drag, including effect of length 0.4 0.4 0.6 0.6
Computed performance
Loaded mass per seat, kg 243 243 440 440
Aerodynamic drag at max speed, kN 1.39 556 378 590
Magnetic drag at max speed, kN 0.064 0.084 0.742 0.859
Force for acceleration at 1.6 m/s%, kN 8.8 88 672 672
Power input (@ 60% ¢ kKW 155 360 5,387 7371
Energy loss from drag forces (@ w4, Wh/seat-km 10.7 429 874 136.6
Time penalty for acceleration to 2, s 9 19 37 48
Time penalty for braking from wu,,,,, s 9 17 35 43
Time to stop with LSM emergency braking from 4y, S 7 14 31 37

e Magnetic drag is much less than aerodynamic drag.

e  With rapid emergency braking that is not depen-
dent on friction, it is possible to have very short
headway and still meet a brick wall stopping
criterion.

C. Operating Strategies

Maglev has the virtue that headways can be much
shorter than with wheel based designs and this allows the
use of smaller vehicles with more options for scheduling
and greater ability to minimize unnecessary stops.

West Virginia University in Morgantown has operated a
Group Rapid Transit (GRT) system [25] (similar to PRT but
carrying 12-18 passengers) for more than 30 years and has
converged on an operating strategy that is worthy of study.

e At times of peak demand the origin-destination

pairs of riders can be accurately predicted and the
highest capacity is obtained when the vehicles
operate on a schedule.

e At times of high, but not peak, demand the

operation is based on demand as signaled, by

Fig. 4. Proposed M3 vehicle on existing ODU guideway.

waiting riders. This avoids unnecessary vehicle
travel and minimizes passenger trip time.

e At off peak most of the vehicles are removed from
the loop and the remaining vehicles circulate
around the loop stopping on demand.

This type of flexible operation can increase both
capacity and efficiency. It is most important to avoid a
simplistic schedule that does not match supply to demand,
such as operating long trains infrequently at off peak times
or not adapting to daily or seasonal changes that are
predictable. For example, for high-speed maglev between
Los Angeles and San Francisco with 11 intermediate
stations we can use a cluster of three 2-car trains each
carrying 128 passengers. The trains could operate with one
minute intracluster headway, which satisfies brick-wall
stopping criteria, and 5-min spacing between clusters to
create a capacity of 4608 passengers per hour per direction
(pphpd) without standees. Scheduling would be like
Morgantown. For rush hour each train stops at two or
three intermediate stops based on predicted loads with a
schedule that guarantees service between all pairs of sta-
tions at least once every hour. For low capacity a single
vehicle every 15-30 min would stop at all stations. For
intermediate loads the cluster spacing can be increased to
15 min so as to allow the lead train to go nonstop between
Los Angeles and San Francisco while the other two trains in
the cluster stop on a dynamic demand basis. This type of
scheduling can create a substantial reduction in travel time
and energy consumption that would not be possible with
eight-car trains.

IV. THE M3 URBAN MAGLEV SYSTEM

The M3 maglev system has been developed by Magne-
Motion as part of the FTA Urban Maglev Project. This design
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is used as a baseline design to demonstrate the potential of
E&A maglev. The ongoing construction of a full size test
facility allows accurate estimates of efficiency and cost for
low and medium speed maglev, and this data can be
extrapolated to higher speeds with reasonable accuracy.

A. M3 Design

The most important design requirements were speci-
fied by the Federal Transit Administration (FTA): operate
at speeds up to 100 mi/h (44.5 m/s, 161 km/h); transport
12 000 people per hour per direction (pphpd); accelerate
and brake at 1.6 m/s®; and negotiate horizontal turns with
a radius of 18.3 m (60). These are carefully developed
requirements, and M3 meets them with a design that can
be extended to much higher speeds. The acceleration limit
is the maximum allowed by FTA for standing passengers
and is a good choice for all maglev applications, except in
countries where regulations limit acceleration to 1.5 m/s?.

MagneMotion is now working with Old Dominion
University (ODU), Norfolk, VA, to continue this develop-
ment with the objective of testing a full size vehicle at
speeds up to 100 km/h on an existing guideway at ODU.
Details of this design, called M3, have been described in
other papers [7]. The two most important features are:

e Use of a long stator linear synchronous motor
(LSM) for propulsion. This allows all propulsion
power and control systems to be on the guideway.
There is no need to transfer propulsion power or
safety-critical information to the vehicle and no
dependence on mechanical forces for acceleration
and braking. LSM can be less expensive and more
efficient than linear induction motor (LIM)
propulsion for maglev at any speed.

e Use of one set of permanent magnets to provide
suspension and guidance forces in all dimensions
and provide the field for LSM propulsion. The use of
permanent magnets allows a larger magnetic gap
and a more efficient suspension. The use of only one
set of magnets simplifies the design and reduces
Weight, cost, and energy consumption. Permanent-

Table 5 Parameters for ODU Maglev Installation

magnet and electro-magnet EMS both have a Lift-to-
Weight ratio of about 7 : 1. At maximum speed the
permanent magnet control requires only 50 W/Mg
with a gap of 20 mm as compared to more than
1 kW/Mg for electromagnet EMS with a gap of
10 mm. With a magnetic gap four times the rail
width there is a natural guidance force of up to 0.4 g
so there is no need for a separate guidance system
and offset magnets allow active lateral damping.

These are believed to be the best propulsion and sus-
pension choices for speeds up to at least 400 km/h
(249 mi/h). A working model has verified that analysis and
simulations can accurately predict performance, so the
discussion in this section of efficiency and cost are well
substantiated at low speed and good predictors for higher
speed.

Table 5 gives the key parameters for the M3 maglev
system being developed for installation at ODU [7]. Fig. 4
is a rendition of what a full size vehicle might look like on
the ODU guideway. The vehicle has a shell of composite
material in order to allow lightweight with streamlined
shape. The suspension bogeys can be designed to rotate
and pivot so as to allow short horizontal and vertical turns.

The guideway beams at ODU were inherited from a
prior project and are not optimally designed, but simu-
lations show that the vehicle ride quality is very good at
speeds up to at least 100 km/h. (Here we define “very good
ride quality” as an ISO2631-weighted vertical acceleration
of less than 1 m/s?.) With an optimally designed beam with
the same mass, and with precamber matched to the vehicle
mass, the ride quality is very good up to 180 km/h. A 3-D
model tested in a wind tunnel at ODU verified the
aerodynamic drag coefficient of the M3 design.

M3 has a loading on the LSM stator of 70 kN/m?
(10 psi), about the same as for TR09, but the stator
width is 80 mm instead of 185 mm and the guideway
suspension system mass is only half of that for TR. A key
vehicle difference is the narrower body and use of com-
posite materials to reduce the vehicle mass per unit length.
The suspension provides passive guidance so there is no

Parameter

Vehicle capacity, pas
Vehicle mass, empty
Vehicle mass. max loaded
Vehicle length

Vehicle width

Vehicle height

Vehicle frontal area

Gage

LSM wavelength
Guideway girder length
Guideway girder mass

Vehicle coefficient of aerodynamic drag

Guideway suspension component mass

Metric English
36 pas 36 pas
55 Mg 6.06 tons
9.0 Mg 9.92 tons
880 m 289 fi
255 m 84 fi
350 m 11.5 ft
75 m* 807 f2
0.4 0.4
1.8 m 591 #
05 m 1.64 ft
244 m 80 fi
1.40 Mg/m 938 Ib/fi
0.28 MEJ’m 80 Ib/ft
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Fig. 5. Performance of Velaro and M3+.

need for separate magnets on the vehicle and additional
steel rails on the guideway.

An important feature of M3 for urban applications is
the use of small vehicles operating in clusters with “safe-
follower” intracluster headway and “brick-wall” interclus-
ter headway [10]. Safe-follower is the way we drive on a
highway: allow room to stop if the car in front stops at the
maximum possible rate, including allowance for response
time. Brick-wall headway is the way most trains operate:
allow enough headway to stop if the train ahead stops
instantly. A cluster of vehicles (or short trains) is a virtual
train (i.e. electronically coupled instead of mechanically
coupled) and with propulsion that does not depend on
friction or communication with a moving vehicle it is as
safe as a conventional train. For high throughput the
cluster operates with safe follower control but the
intercluster headway is based on brick wall control.

Most important, the use of a small light vehicle allows a
major reduction in guideway cost and more flexible

scheduling options that facilitate a higher load factor.
For the proposed M3+ 2-car train, with a maximum
operating speed of 400 km/h and capacity of 4608 pphpd,
the longer vehicle and reduced capacity requirements
make it possible to operate all vehicles with brick-wall
headway, but if higher capacity is required M3+ could use
safe follower control.

B. Vehicle Efficiency

A good place to start a discussion of vehicle efficiency is
with the physics of aerodynamic drag. If we could remove
the Velaro body from its suspension there is a basic drag
that is hard to reduce. A good estimate of this drag is to
assume a coefficient of drag for the frontal area of 0.15 and
a coefficient of drag due to skin friction of C; = 0.0018
(based on a characteristic length of 200 m, turbulent air
flow, a speed of 320 km/h, and [22]). For the Velaro we
can estimate the frontal area of the body alone as 9 m?
and the skin area as 2000 m? giving a drag of 24 kN at
320 km/h. From the plot of Fig. 5 we can estimate that the
actual aerodynamic drag is about 61 kN so more than half
of the drag is due to the suspension components and
pantograph. If we were to place a maglev suspension on
this body the drag should be no more than 32 kN and
operation at 420 km/h would have the same vehicle loss
per km as HSR at 320 km/h. Since aerodynamic drag is
what creates noise, the noise at 420 km/h should be no
more than HSR noise at 320 km/h, not even counting the
noise of the steel wheels on steel rails. This noise advan-
tage has been substantiated by measurement on TR [23]
and is a major advantage of maglev in congested areas.

Table 6 gives a comparison of EI at constant speed for
the Velaro high-speed train, Transrapid TR09 maglev for
two different train lengths, and proposed M3+. In order to
make these comparisons fair, the following assumptions
have been made. All three use cars (or sections) that are
about 25 m long, so the data assumes 18 rows of passengers
in the center cars and 16 rows in the end cars. TRO9 is
wider than the others, so five-abreast seating is assumed.
Data in Table 6 for Velaro and TR09 is based on [2],
[4]-[6]. For high-speed travel the constant-speed EI values
in this Table are a good indicator of overall EI, provided
acceleration and regenerative braking are reasonably

Table 6 Comparison of Vehicle Efficiency When Operating at Constant Speed

System Velaro TRO9 M3+
Cars per train 8 8 3 2
Length, m 200 198 75 50
Width, m 298 3T AT 29
Seats per train 560 700 250 128
Empty mass per seat, kg 784 659 686 328
Energy Intensity at constant speed, Wh/seat-km
300 km/h 109 84 101 113
350 km/h 144 105 127 153
400 km/h 130 157 198
450 km/h 156 192 249
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efficient, so it is evident that we pay a high price in energy
for high-speed travel. The objective should be to achieve an
average operating speed that is as close as possible to the
maximum speed.

Both three and eight-car TR09 trains are more efficient
than an eight-car Velaro. The two-car M3+ is the least
efficient because it is short and narrow, but by using higher
acceleration rates it can provide shorter travel time with a
lower top speed, and by using clusters of trains the number
of stops can be reduced so a high load factor is easier to
achieve. For all designs the kinetic energy changes and
aerodynamic drag are the dominant loss mechanisms. We
can afford a more expensive vehicle if it is lighter and more
efficient.

At high speeds the dominant loss is aerodynamic drag.
If it were the only loss, then EI would increase as the
square of the speed. This implies that if we compute the
RMS (root-mean-square) of the speed for the whole trip
and then compute the EI at that speed, the result would be
close to the actual EI. This is surprisingly accurate because
the energy lost during acceleration and braking is
compensated by the energy savings due to reduced
aerodynamic drag during the acceleration and braking
phases. One aspect of reducing EI is to reduce the
difference between RMS speed and average speed.

An electro-dynamic suspension (EDS) has significantly
higher loss than EMS, a loss that leads to high EI at low
speeds. However, because an EDS suspension can be
constructed with less aerodynamic drag on the suspension
components, an EDS suspension can be more efficient
than EMS at speeds over about 450 km/h. The jury is still
out on whether EDS or EMS is the best choice for speeds
between 400 and 500 km/h, but EDS seems to have the
advantages at speeds over 450 km/h.

In summary, with propulsion not dependent on friction
and control not dependent on communication with a
moving vehicle many of the reasons that make long trains
desirable for wheel-based suspension are not relevant. For
maglev to be most competitive it should play to its
strengths and use smaller vehicles or short trains operating
with short headway on lighter guideways.

C. LSM Efficiency

Examples in this section assume the use of regenerative
braking and this creates a problem in describing the LSM
efficiency for a complete trip. A good solution is to compute
inefficiency, defined as the total loss divided by the total
electromechanical power transfer via the linear motor. If ¢
is the inefficiency, then for a motor the efficiency is
1/(1 4+ ¢) and for a generator it is (1 — (). These are nearly
the same when ¢ is small but differ when ¢ is large. For a trip
which involves motor and generator action the trip £ is the
ratio of the sum of the LSM loss divided by the sum of the
electromechanical energy transferred by the LSM.

Published papers have sometimes stated that linear
motors are inefficient as compared with rotary motors. The
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correct statement is that designers must often make a
compromise between efficiency and cost. For maglev LSM
the duty cycle is low so it is possible to use much higher
current densities in the winding than are possible for a
rotary motor that must operate with 100% duty cycle. This
allows us to opt for a design with lower efficiency and
lower cost without creating excessive temperature rise in
the stator. But we can also achieve high efficiency if the
added cost can be justified.

It is important to make a distinction between motor
efficiency and system efficiency. Bombardier has installed
several transit systems with LIM propulsion and these
systems are able to use lighter vehicles with smaller wheels
and operational statistics show that the total energy con-
sumption is typically less than with rotary motor powered
transit systems. The LIM is not more efficient, but the
system is. The rest of this section is devoted to an analysis
of the efficiency of the LSM to show that the overall system
efficiency can be outstanding. The design problem is to
achieve a compromise between cost and efficiency.

The important criteria is to achieve good efficiency
over a complete trip while producing less noise, requiring
less maintenance, and being able to accelerate and brake
rapidly so as to negotiate curves and stops. Fig. 5(a) and
(b) shows propulsive and drag force vs. speed for
Siemens Velaro high-speed train [2] and M3+. Note that
maglev can maintain full speed up a 3% grade while
HSR will have to slow dramatically and this has major
implications on a route with hills and sharp turns. Maglev
systems can be designed to negotiate 10% grades and this
can be a major advantage in hilly terrain. For example, in
the case of the Los Angeles to Los Vegas trip in Fig. 1 the
trip distance and time could be reduced by allowing
10% grades.

1) Blocks and Subblocks: An LSM has the property that
the stators are divided into blocks with a restriction that
only one moving vehicle can be in one block at one time.
The block length needs to be short enough to allow the
desired vehicle headway, but otherwise can be quite long
[10]. But if it is much longer than the vehicle, there will be
substantial losses in the part of the stator that is not
producing force. The way to reduce loss is to divide a block
into subblocks with switches for each subblock that allow
one inverter to excite more than one subblock. (Some
papers use the term block to refer to what is here called a
subblock.)

There are many ways to do this, but a simple way is
shown in Fig. 6. Inverters A and B drive alternate sub-
blocks with switches used to control which subblock is
excited. This “leap-frog” scheme allows 2 inverters to
drive an arbitrarily long block without exciting too long a
stretch of stators that do not contribute to propulsion. Each
subblock for each motor requires a 3-phase switch, but a
switch costs much less than an inverter, so there is a major
cost saving. The block length is determined by minimum
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vehicle headway but if it is too long the feeder cable power
loss will be excessive.

As an example, if the vehicle is 10 m long and the
subblock is 12.5 m long, 1/5 of the time there is only one
inverter operational and 4/5 of the time there are two
operational. From a loss perspective it is as though a
22.5-m block was active all of the time. There are ways to
control the current to reduce this loss, but this can create
pulsating forces, both horizontal and vertical, which would
affect ride quality. For a conservative analysis we calculate
loss on the basis that the active subblock length is the
vehicle length plus the physical subblock length.

If the subblock length is at least twice the vehicle length,
then it is possible to use three inverters for the combined
port and starboard motors. With this scheme, called three-
step or triplex, the inverters alternate sides. Both TR and
YTL use this scheme because they have long subblocks.

For High and Super Speed the vehicle is long and the
power high so there can be advantages in using three
inverters per block per motor, with inverter A driving
blocks 1,4, 7, ..., inverter B driving blocks 2, 5, 8, . . ., and
inverter C driving blocks 3, 6, 9, . . .. At least two subblocks
will be excited at all times and three subblocks will be
excited part of the time. For M3+ the vehicle is 50 m long
and if the subblocks are 25 m long then the three inverters
will always excite 75 m. The subblock length does not have
to be constant and can vary with the terrain to reduce cost.
Using more inverters with shorter subblocks leads to higher
efficiency and helps reduce the voltage required to for the
windings. Power electronic cost is almost proportional to
inverter MVA rating so there is not a large cost
disadvantage to using more and smaller inverters, and in-
verter cost is not dominant. This multiple inverter scheme
has been used successfully for low-speed elevators lifting
heavy loads and can be a good solution for high-speed

maglev.

2) Power System: The power system design is critical to
achieving high efficiency at reasonable cost and the
optimum design depends markedly on the speed range
and vehicle size. This section compares various designs of
proposed and actual maglev installations.

Low and medium speed M3: For this speed range the
power system resembles conventional transit with a dc bus
used for interblock power transfer. For the power levels
involved and with today’s technology the most cost-
effective way of exciting stators is to use IGBTs with a
1200-V rating powered from a 600- to 750-VDC bus. When
the vehicle is being magnetically braked power is fed back
to the bus and used by nearby vehicles, returned to the
utility grid, or (hopefully not!) dissipated in resistors. The
most efficient solution is to transmit £750 VDC plus
ground. With port and starboard inverters operating off of
different polarities we can distribute most of the power at
the 1500-V level. Rectifier substations can be located at
intervals of 4-10 km as with conventional transit, except
that the dual voltage provides redundancy and higher
efficiency.

Electronics for converting ac to dc and then back to ac
are a key part of the power system. Simulations show that
the inefficiency of these over a complete trip is on the
order of 4%-5%.
formers the conversion typically has an average efficiency
on the order of 92%. This efficiency is applicable to power
being supplied either way, from dc bus to propulsion or the
reverse.

TR09: TRO9 is the latest TR vehicle. It has high ve-
hicle efficiency but the LSM has low propulsion efficiency
which makes it impractical to achieve high acceleration
rates. This inefficiency is due to the propulsion system
design, which is dictated by the decision to use wide, heavy

When combined with losses in trans-

trains of up to 10 cars operating at speeds up to 500 km/h.
Following is an explanation of the origin of this inefficiency
for the simulated trip from Anaheim to Las Vegas shown
in Fig. 1.

The Anaheim to Las Vegas simulation assumed an
eight-car TRO8 train. TRO8 is an older version of TR0O9 but
the vehicle attributes are similar. The simulation assumed
480 passengers. The design used “12 substations with
36 blocks per substation and two blocks on,” which in the
language used here means a block length and substation
spacing of 36 km and 2-km-long subblocks. With 216 sub-
blocks the average subblock length is roughly 2 km, but
varies with terrain. The eight-car train has a magnetic
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length of 197 m, so the subblock is about 10 times the train
length, and they use the “three-step” switching scheme.
The average block length is about 36 km so power has to be
transmitted by feeder cables an average distance of 9 km.
These long blocks and subblocks lead to an LSM ineffi-
ciency of about 30% for the Anaheim-Las Vegas trip. In
addition, the substation inefficiency is about 12%.

The motor constant is given as an average of 42 N/A per
car so to achieve 1 m/s®> acceleration with a loaded car
weight of 67 Mg the current must be 1600 Arms per phase
per motor, and the resistance loss in 1.1 subblocks is
12 MW, essentially independent of how many cars are in
the train. In order to reduce this loss the acceleration in
Fig. 1 is rarely over 0.5 m/s?.

In short, the motor inefficiency is an order of mag-
nitude higher than for a comparable rotary motor. This is
not due to faulty engineering, but is the only affordable
solution for propelling wide, long, and relatively heavy
super speed trains. The decision to use long trains was an
attempt to provide direct competition with HSR before it
was fully realized that maglev is most efficient and af-
fordable when operated with short, light vehicles. If trains
can go long distances with no need to slow for curves, then
long trains are a good solution, but for typical routes with
curves and stops it leads to high losses, limits on accel-
eration, and difficulty in maintaining a high load factor.

MLX01: The MLXO01 is designed for operation at
550 km/h and uses a long stator LSM, but the wavelength
is 2.7 m so the excitation frequency at maximum speed is
only 56.6 Hz. There is no iron in the stator so there is more
room for winding conductors and skin and eddy current
effects are negligible, assuming the wire uses insulated
strands. This makes it possible to achieve high acceleration
with fair efficiency. The design is based on 80% operation
in tunnels so slowing for turns is not too important. The
evolution of high-temperature superconductors and better
high-voltage semiconductor switches will help to reduce
cost of this system and it is very likely that EDS is the best
solution for speeds of 450 km/h and above. The chief
problem with this design is that there are few corridors in
the world where a straight enough guideway can be built
without tunnels or where the relatively high cost of tun-
nels can be justified by transport demand. In spite of major
efforts at streamlining the EI is unavoidably high because
of the high aerodynamic drag force.

M3+ power system: This design assumes the use of
a two-car train operating at speeds up to 400 km/h
(249 mi/h), acceleration of 1.6 m/s> up to 60% of maxi-
mum speed, and LSM braking at 1.6 m/s? at all speeds.

For M3+ the chain of design decisions starts with the
use of a two-car train with minimum mass so the total
force requirement is reduced, and there is a focus on
reduced cost with a top speed of 400 km/h. Short trains
require short headway, but with high acceleration and
braking rates it is possible to get the same capacity as TR09
and HSR. For minimum cost it is most effective to use
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thyristors for subblock switching. For a cost-effective
design this limits the stator excitation voltage to about
2.5 kVyps. This reduced voltage also means less need for
insulation so a high slot fill factor can be achieved. The
problem is to reduce cost without limiting acceleration.

One option for interblock power transfer is a dc bus
with voltages on the order of +15 kV dc, but with available
power semiconductor technology it may be more cost
effective to use 60 Hz, 3-phase power. This is similar to the
scheme used by HSR: pantographs pick up 25 kV single
phase ac and transformers and rectifiers on the train
generate 570-700 VDC for onboard inverters that drive
rotary synchronous or asynchronous motors. A detailed
study is needed to optimize the design, but for M3+
assume the use of 3-phase ac for interblock power transfer
with a voltage on the order of 33 kV that can be distributed
using underground or in-guideway cables. At suitable
intervals the 33 kV would be provided by connections to
the utility grid.

Assuming a one minute minimum headway with a
speed over 250 km/h and a vehicle length of 50 m, for most
of the guideway we can use 4-km blocks, 25-m subblocks,
and an inverter substation every 4 km that contains the
inverters for a dual guideway. The inverters can be
constructed using multilevel converters [11] for each of
six inverters per block per direction. This scheme then uses
essentially the same inverter modules as used by M3 but
eight times as many per block. The blocks are more than
eight times longer, so the inverter and two-way rectifier
cost per km is about the same, and does not dominate
system cost. With this design the LSM inefficiency for a
complete trip is about 8% and the substation inefficiency is
about 12%.

Very possibly, future evolution of the silicon carbide
MOSFET will make it feasible to use higher voltages with
lower losses and reduced cost, but the proposed design
achieves the E&A objective.

3) Winding Impedance: We have seen that power dis-
sipation in the LSM winding and feeder cables is the
primary LSM power loss under almost all conditions. This
loss is proportional to the square of the phase currents
and proportional to the winding and feeder cable resist-
ance. The effective winding resistance increases with
frequency due to hysteresis and eddy current losses in the
stator.

The winding inductance also plays a major role at high
currents and high speeds. The use of short subblocks helps,
but even with short subblocks the inductance can create a
need for excessively high inverter kVA rating. Simulations
show that a good solution is to provide acceleration of
1.6 m/s* up to 60% of maximum speed and then limit
inverter power output above that speed. This can reduce
inverter kVA rating by a factor of two with only modest
increase in acceleration time. This design allows regener-
ative braking at 1.6 m/s® over the whole speed range.
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Fig. 7. Power in and power out for each LSM and speed versus time
for an M3 trip of 8 km.

D. Examples of Energy Intensity and
LSM Inefficiency

In this section we use simulations to demonstrate the
potential for low EI and low LSM inefficiency.

1) Energy Intensity Example for Medium Speed: In order
to illustrate the potential for E&A maglev to achieve
medium speed with high efficiency, Fig. 7 shows a
simulation of power input and output for each LSM for
an 8-km (5-mi) trip by an M3 vehicle with a top speed of
200 km/h. By virtue of accelerating at 1.6 m/s? up to 60%
of maximum speed and limiting power above that speed,
we can achieve an average speed of 161 km/h (100 mi/h)
with acceptable inverter size.

For Fig. 7 the vehicle was assumed to carry 27 pas-
sengers, 75% of the rated maximum load. The inverter and
rectifier stations were assumed to have an overall
efficiency of 92%. The total energy usage was 16.4 kWh
giving EI = 76 Wh/km. The LSM inefficiency for the trip
was 8.4% and for the cruise portion of the trip was 3.6%.
Maximum power for the two motors is 530 kW and the
inverter ratings are 460 kVA each.

The performance shown in Fig. 7 cannot be achieved by
any commercially available wheel-based transport system
and it shows that medium speed, but high acceleration can
achieve results comparable to designs with higher speeds
but lower acceleration. For example, the Pudong Airport to
Shanghai TR maglev takes 7.5 min for a 30-km trip with a
top speed of 430 km/h. The proposed 200 km/h design
would take 9.67 min, or about 2 min longer, but at greatly
reduced cost for construction and operation. The vehicles
could start on demand so that high load factors are achieved
and by using clusters of vehicles the capacity could exceed
the capacity of the TR system. Average passenger wait times
would be reduced from 7.5 min to less than a minute, so the
perceived trip time is actually reduced.

2) Energy Intensity Example for High Speed: If the maxi-
mum speed is increased from 200 km/h to 400 km/h the
M3 design requires significant changes. The vehicle length

should be greater in order to reduce aerodynamic drag per
seat and to allow more onboard amenities. In this section
an attempt is made to compare EI and LSM inefficiency of
TR0O9 and M3+ for the Anaheim to Los Vegas trip. In order
to make fair comparison, we assume that all cars are about
25 m long (this seems to be the norm) and that the center
cars will have 18 rows of seats and the end cars 16 rows.
Most high-speed trains have some cars for first class with
fewer total seats, but for simplicity we assume all cars have
the maximum number of seats. In computing energy effi-
ciency we assume a 75% load factor, which is achievable
with good scheduling, as witness the airlines which now
average about 78%. For onboard power we assume 1 kW
per seat plus power for an EMS suspension. For TR
vehicles the 3.7-m width is sufficient for five seats per row
but for M3+ the width is 2.9 m (the same as MLXO01) so for
long distance travel the maximum is four seats per row.

In order to make a performance comparison we created
zones with maximum speeds that approximate the speed
limits shown in the plot in Fig. 1. Fig. 8 shows how the two
maglev designs compare in speed vs. distance. The travel
time for TROS8 is 92 min but only 88 min for M3+ in spite
of the lower top speed. Table 7 compares other metrics.
The acceleration and braking rates for M3+ are about three
times larger than for TRO8 so the travel time and EI are
less. Additional advantages of M+ are: lower peak power
and closer vehicle spacing makes it easier to use
regenerated power; with a shorter travel time it takes
fewer vehicles to handle the load and it is easier to deal
with off peak loads; with more and smaller vehicles it is
possible to limit any one vehicle to two intermediate stops
with additional savings in time and energy.

The TRO9 vehicle is more aerodynamically efficient
but because of the higher maximum speed and large LSM
losses the EI for the two designs are virtually the same. In
actual usage the smaller trains for M3+ would have a
lower EI because they are able to better match supply to
demand, allow a reduction in the number of stops, and
increase the average load factor. The high LSM ineffi-
ciency is the chief factor that prevents TR09 from
achieving higher acceleration and thereby faster travel
with lower maximum speed.

500
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Fig. 8. An-LV trip for TRO8 and M3+.
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Table 7 performance Comparison of Eight-Car TRO8 and M3+ for Anaheim-Las Vegas Trip

Parameter MWh per train ' Wh/pas-km
TR09 M3+ TR09 M3+
Aerodynamic drag 769 216 30.7 535
Magnetic drag 132 0.12 53 3.0
Linear generator drag 1.40 5.6
Potential energy gain 074  0.08 29 20
Windings loss 344 003 137 08
Feeders loss 305 008 122 20
Recoverable energy 343 045 137 111
Input to LSM 21.06 293 842 725
Inductive power input 0.16 0.19 06 48
Substation loss, assuming 88% efficiency 2890 043 116 105
Energy recovery including substation loss  -3.02 -0.40 -12.1 -9.8
Total energy input 21.10  3.16 844 781
Seats 792 128
Passengers, 75% load 594 96
Energy Intensity, Wh/pas-km 85 78
LSM inefficiency, % 30 3.5

A good way to view the tradeoff between acceleration
and speed is to plot contours of constant travel time in the
acceleration vs. speed plane, as shown in Fig. 9. This figure
also shows contours of constant EI. For example, we can
achieve a travel time of 90 min by operating at 500 km/
h maximum speed and 0.5 m/s*> maximum acceleration,
or we can decrease the maximum speed to 335 km/h and
increase the acceleration to 1.6 m/s®. The lower speed
solution has EI =55 Wh/km as compared with
EI = 75 Wh/km for the high-speed solution. Although
the details of this plot vary with the assumed speed zones
and propulsion attributes, the general behavior will be the
same for any practical route design.

The best way to achieve E&A maglev is to use the
maximum practical acceleration and braking rates and
the minimum maximum speed that achieves the desired
travel time.

An interesting question is how maglev performance
compares with HSR. Lacking a good model, the best we can
do is make an educated guess. For the Madrid-Barcelona
trip with a maximum speed of 320 km/h and an average

Acceleration (m/s?)

0.4 %~ S
300 320 400

420

SIBU
Speed (km/h)

Fig. 9. Contours of constant travel time (minutes, colored) and
EI (Wh/pas-km, black) in acceleration-speed plane.
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speed of 237 km/hr we can guess that the RMS speed is
about 280 km/h. Since aerodynamic drag dominates losses,
and since part of the operation is at lower speeds, we can
approximate the losses by using the value of 54.2 kN for
drag at 280 km/h. Assuming a propulsion efficiency of 75%,
a load factor of 75% or 303 passengers, and 1 kW/seat
onboard power we find EI = 70 Wh/pas-km.

This is only a rough estimate but it shows that HSR is
efficient but can only achieve an average speed on the order
of 240 km/h (150 mi/h) even when making few stops. With
maglev operating at a maximum speed of 400 km/h it is
possible to achieve a lower EI, and an average speed on the
order of 320 km/h, even when making fairly frequent stops.

E. Cost

The cost of a low-speed M3 is known from prototype
construction and from this we can estimate the cost of a
higher speed version. Table 8 shows cost for two designs
with different top speeds and vehicle size, but the same
basic guideway design. The principal difference is in girder
stiffness, vehicle length, the number of turns per coil in
the stator, and the inverter voltage and current ratings.

The inverter cost for M3 is $60 per kVA, including the
cost of controllers, power modules, filters, cabinets, etc.
The higher power inverters for M3+ are constructed from
several modules similar to the ones used at low speed, so
there is no difference in cost per MVA. The girder cost is
nearly proportional to the mass. For higher speeds with
longer vehicles the girders need to be heavier, but the stator
loading per meter of guideway does not change, so stator
cost per meter is the same. The costs in the table are for a
dual guideway with the expectation that a single guideway
would cost a little more than 50% of these values.

The cost of the low-speed design is competitive with
the cost of light rail and less than the cost of APMs. The
cost of the high-speed system is comparable to the cost of a
new installation of HSR. For all speed ranges a maglev
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Cost, including installation M3, 100 km/h M3+, 400 km/h
units’km  k8/unit  kS/km__ units  kS/unit _ k$/km
Girders, Mg 3000 1.6 4,800 5000 1.6 8,000
Supports columns, Mg 2000 2.0 4,000 2500 2 5,000
Stator support structure, Mg 2000 1.2 2,400 2000 1.2 2,400
Stators, m 4000 1.1 4400 4000 1.1 4,400
Inverters and controllers, MVA 12 60 720  10.8 60 648
Transformers, rectifiers, f 0.25 1000 250 025 4000 1,000
Vehicles, per km 1.5 700 1,050 0.2 5000 1,000
Management, contingencies, testing, 40% 6,167 7,857
Total cost, $M/km 23.8 30.3
Total cost, $M/mile 38.3 48.8

system designed with the E&A objective will provide faster
travel, higher capacity, reduced maintenance, less noise,
lower operating cost, and reduced energy consumption as
compared with HSR.

The cost is about $24 million per kilometer for low and
medium speed and 25% higher for high speed. By far the
largest cost is for the guideway, stators, and stator support
structure. These costs are nearly proportional to the mass
and the cost advantage of M3 as compared with TRO9 is
due to a reduction in these masses by more than a factor of
two. Propulsion for TRO9 requires 7.5 MVA per km
compared with 10.8 MVA/km for M3+, but M3+ uses
lower voltages that tend to cost less per MVA and inverter
cost is not dominant.

In short, the M3+ design retains the average speed and
vehicle efficiency of TRO9 but with more efficient
propulsion that allows higher acceleration, lower maxi-
mum speed for the same travel time, lower cost capital and
operating cost, and greater operational flexibility.

V. APPLICATION EXAMPLES

A. Low Speed, Up to 100 km/h

In this speed range maglev can beat any competition on
performance and cost, including both capital and operating
cost. A good example is the APM contract for a Miami
Airport APM to be installed by 2011. The complete system
cost is $259 million for a 2.04-km-long dual guideway and
eight vehicles. This system is slow and inefficient by the
standards discussed here, but it has been proven to be
reliable, the most important attribute to an airport. Some-
day maglev should be the only system considered for this
application, but other applications will have to prove the
reliability before this market is open to maglev.

Maglev can also compete with PRT. The Heathrow
Ultra PRT installation [26] is a 3.8-km (2.36-mi) loop that
could be serviced by a fleet of five 36-passenger M3
vehicles circulating with headway of 1 min. There is no
need for the land area and cost associated with offline
loading and the system could handle several times as many
passengers per hour for the same installation cost. Maglev

with a noncontact suspension, minimal use of mechanical
brakes, no pneumatic tires, no use of batteries for
propulsion, and fewer vehicles should lead to dramatically
lower maintenance cost with no increase in energy usage.
This type of short, noncritical system is a good place to
develop a reliable transport system with the ultimate
objectives of replacing all wheel-based airport APMs.

Examples of near term applications in the United States
include college campuses and entertainment centers
where there is a need to allow people to travel distances
too long for walking without the campus becoming clut-
tered with cars and parking lots. Once a design is proven in
less demanding applications like this it should be the
preferred choice for airport shuttles and a cost-effective
alternative to light rail.

B. Medium Speed, Up to 200 km/h

In this speed range maglev offers outstanding oppor-
tunities for connecting airports to cities and as a re-
placement for commuter rail or heavy rail. For example,
New York City is constructing a Second Avenue Subway
8.5 mi (13.7 km) long with 16 stations. The projected cost
is about $2 billion per mile ($1.24 billion per km) and
while most of this is for constructing tunnels there is a
good chance that a fully proven maglev design could offer
lower capital cost and much lower operating cost.

Maglev is very competitive for replacing commuter
rail. In the United States there are many commuter rail
lines that are not used to capacity at peak times and grossly
underutilized at off peak times. Traveling at speeds up to
161 km/h (100 mi/h) and with shorter and fewer stops,
typical travel time could be reduced by almost a factor of
two with no increase in operating cost. Transportation
from a city to a remote airport is another excellent appli-
cation for medium speed maglev.

C. High Speed, Up to 400 km/h

In this speed range it is unlikely that maglev can be sold
as a replacement for existing HSR, but it can provide
higher performance at the same cost for any new
installation.
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Europe and Japan have excellent HSR service that is
very cost-effective because a high percentage of travel is
between large cities. Velaro trains are or will be operating
in Spain, Germany, China, and Russia. The Japanese
Fastech 360 train is now operating in Japan and the newest
Alstom AGV is planned for France and Italy. These trains
were designed for 350 or 360 km/h but technical problems
have prevented significant commercial operation over
320 km/h. HSR will probably eventually operate at
360 km/h but not much higher. The AGV record of
574.8 km/h (357.2 mi/h) was achieved on a test run on a
very straight section of track at great cost, and this is not
indicative of a commercially viable operating speed.

We should perform a new study of the potential for
maglev in lieu of HSR from San Diego to Sacramento, CA.
Initial funding for this project has been voted with the
objective of train service at speeds up to 360 km/h
(224 mi/h). A study in 2005 made the following
determination:

Authority studies have shown that maglev tech-
nology would have higher potential maximum
speeds and could accelerate and decelerate more
quickly, than steel-wheel-on-steel-rail technology
but would require more energy to operate and be
more expensive to build [19].

For a given travel time TR09 maglev system would use
less energy than any HSR and with E&A maglev both cost
and efficiency arguments are mitigated. The other signifi-
cant argument in favor of HSR was the need to use existing
rail corridors. With light, quiet vehicles operating at speeds
up to 400 km/h maglev can operate on a guideway that is
high enough to be installed over an operational railroad and
even use existing stations. Any right-of-way suitable for
HSR can be used by maglev with the same top speed but
much lower travel time. It can also connect to airports and
other transportation hubs and, where necessary, it can be
installed underground for less cost than for HSR. Maglev
would offer significantly shorter travel times, lower noise,
less maintenance, and less energy consumption for a given
travel time. The existing rail lines can be then be used for
freight and slow-speed passenger service.

The 695-km (432-mi) trip from San Francisco to
Los Angeles is planned to take 2 : 38 for an average speed
of 264 km/h (164 mi/h), the same time it currently takes
for nonstop service on the 70-km-shorter Madrid-Barce-
lona route. It is doubtful that this trip time objective can be
achieved for nonstop service and, more important, the plan
includes 11 intermediate stations and there will be serious
problems in using eight-car, slow accelerating trains to
provide adequate service to these stations. Maglev could
definitely meet this trip time objective and provide good
service to the intermediate stations. If every E&A maglev
train made three stops per trip then every station pair can
be serviced at least once per hour with a total time penalty
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of only 5 min per trip while providing a San Francisco to
Los Angeles trip time of 2 h.

Many countries that do not have extensive installations
of high-speed train service now have plans to install HSR.
E&A high-speed maglev should be considered for all of
these applications and this creates a major potential
market for maglev.

D. Super Speed, Up to 600 km/h

Most maglev development to date has been in this speed
region, perceived as an upgrade to HSR. The only real
competition is commercial jet, but there is an important
question: Can super speed be justified in light of higher
cost, greater noise, stringent requirements on straightness,
and time and energy cost associated with the need to stop or
slow for curves in the guideway. The minimum radius of
curvature increases as the square of the speed, the pro-
pulsive power increases as the cube of speed, and external
and internal noise and guideway tolerances become in-
creasingly difficult to manage at speeds over 400 km/h.

In spite of the cost and performance issues, in the
United States there are now four proposals for installing
500 km/h (311 mi/h) maglev systems based on TR tech-
nology. It is likely that 400 km/h E&A maglev could
provide comparable or lower travel time at substantially
lower cost.

There is an active proposal for maglev in England to
connect London to Glasgow with a top speed of 400 km/h.
Possibly a cooperative effort could develop a design that is
suitable for both the U.K. and the United States.

E. Subsonic, Up to 900 km/h

This is the range where maglev is competitive with air
for long trips, but it is also a range not accessible with any
proven maglev design. It is highly probable that someday
we will have partially evacuated tubes carrying passengers
at speeds at or above 600 km/h, but it will take substantial
funding to develop a propulsion and suspension system
that is both efficient and affordable. This is a good domain
for visionaries who want to grapple with the myriad
problems that must be solved.

It is assumed that trip distances will be at least 800 km
(500 mi) and travel must be in a very straight line,
preferably in a partially evacuated tube to reduce drag. The
tube pressure could gradually decrease as the vehicle
accelerates into the tube so there is no need for pressure
locks. Here is an idea based on the belief that we need
basic concepts not currently developed in any detail.

Use high-temperature superconducting meander coils
in the guideway to support a vehicle using EDS and use
onboard fuel cells to power a short stator LSM for pro-
pulsion. The vehicle would be sized like a commuter jet
with short wings used for suspension, LSM propulsion, and
aerodynamic control. Rough cost estimates suggest that the
hardware can be built at a reasonable cost if we can find a
way to install the tubes at less cost than it now costs to build
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asubway. This is a variation on Hooke’s 17th century idea of
the Gravity Train,! but with a linear motor replacing
gravity, and Bachelet’s 1912 patent # 1 020 942 for reverse
EDS, only on a much larger size and speed scale.

Others should come up with similar ideas with the
objective that someday we can have ground transportation
that is competitive with air for long distance travel. In the
meantime, I believe the focus should be on E&A maglev at
all speeds up to 400 km/h, with the ultimate objective of
increasing speed with evacuated tube designs.

VI. U.S. MAGLEV DEVELOPMENT

A. A Short History of U.S. and U.K. Maglev Projects

Other papers in this Special Issue [14]-[17] have dis-
cussed the history of maglev, but primarily from the pers-
pective of European and Asian efforts. Although Germany,
Japan, China, and Korea have devoted far more resources
to maglev development, the U.S. and U.K. have made some
important contributions.

Emile Bachelet, an American citizen born in France,
was far ahead of his time when he conceived of a way to
suspend, guide, and propel an object using magnetic forces
that Faraday had explored almost a century before.
Bachelet worked in the United States and England and
devised a maglev system that used EDS and LIM pro-
pulsion to drive a cigar shaped aluminum “vehicle” that
was about 1 m long, and suspended by “reverse EDS.” This
was demonstrated in 1912 but there was not enough
supporting technology to make it practical for transport.
Graemiger worked on EMS in 1911 but little is known
about this effort. Starting in 1922 in Germany Hermann
Kemper developed an EMS design. This effort was also
ahead of its time but was an important stimulus to the
German attempts to build practical maglev systems.

The modern maglev era began in the 1960s with
pioneering work that included:

e papers by Powell and Danby on an EDS system

using superconducting magnets;

e EDS and EMS prototypes developed by what

became the German TR consortium;

e studies by a Japanese group on linear motors and

EDS designs;
e small prototype demonstrations in the United
States and Canada;

e many published papers in technical journals.

The first commercial system was an airport-to-railroad
station shuttle installed in Birmingham, U.K., in 1984.
This system worked so well that it required very little
maintenance and when it finally failed there were no spare
parts available, so its developers abandoned it after eight
years of successful operation. It has been replaced by a
cable-propelled, wheel-suspended system and one of the
old maglev vehicles is in the York Transportation Museum
in England. This regressive development is particularly

ironic since it occurred shortly before the United States
initiated funding of the Urban Maglev Project.

Studies and experiments in Germany, Japan, the
United States, Canada, and elsewhere showed the versa-
tility of maglev but only Germany and Japan persevered
with major experimental programs. The German TR prog-
ram has shown that EMS designs can operate safely at
speeds up to 500 km/h (311 mi/h) and the Japanese effort
has demonstrated a five-car train operating at a speed of
563 km/h (343 mi/h) and two trains passing at a relative
speed of 1026 km/h (638 mi/h).

After several false starts in Germany the TR consortium
worked with China to construct a 30-km-long airport-to-
city shuttle in Shanghai, China. This system now carries
passengers 30 km in 7.5 min at speeds up to 430 km/h
(267 mi/h). The Japanese and German maglev efforts
always focused on trains because maglev was perceived as
a new form of high-speed train. The emphasis on trains
has had a profound effect on the nature of their devel-
opments. Historically, long trains developed as the most
cost-effective way to move people and freight. Trains are
also used for steel wheel suspended vehicles because their
limited acceleration and deceleration and lack of precise
position sensing makes it unsafe to operate individual
vehicles with the short headway that would be needed to
achieve the required capacity.

This early maglev work was followed by the National
Maglev Initiative in 1987, spearheaded by Senator Patrick
Moynihan with contributions by James Powell, Gordon
Danby, and colleagues at Brookhaven National Laboratory.
Four teams developed concepts for high and super speed
maglev, all using individual vehicles with capacities on the
order of 80 to 120 passengers. In the United States maglev
systems must be able to compete with airplanes and auto-
mobiles and hence designers preferred individual vehicles
operating with short headway under automatic control.
Unfortunately, the U.S. Office of Management and Budget
terminated the initiative before any hardware was built.
Work on various aspects of maglev and linear motors con-
tinued for several years with support from the Federal
Railway Administration. In 2002 the Federal Transit
Administration initiated the Urban Maglev Project and is
currently supporting continuing efforts at General Atomics
and MagneMotion.

Here is a short summary of some of the early efforts:

e In 1942 Robert Goddard, of rocket fame, was

issued a posthumous patent on a form of vacuum
tube transportation that resembles space travel in a
tube. He was not the first to suggest the use of
evacuated tubes and had no suggestion for sus-
pension or propulsion.

e In 1955 Gilbert showed how to use electronic

control to stabilize EMS.

e In 1959 Polgren, from the U.K., proposed levita-

tion via permanent magnets on the vehicle repel-
ling permanent magnets on the guideway.
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e  Starting about 1962 Powell, later joined by Danby,
developed an EDS design using superconducting
magnets on the vehicle in conjunction with a “null
flux” suspension that greatly improved the effi-
ciency of EDS. The Japanese adopted a variation of
this suspension for their super speed maglev
development, leading to the latest MLXO1.

e Inlate 1960 Guderjahn and Wipf proposed EDS for
rocket launching.

e In October 1968 both SRI (Coffey, Chilton, Barbee)
and Atomics International (Guderjahn, Wipf, et al.)
presented papers on maglev at the Applied
Superconductivity Conference in Gatlinburg, TN.
These papers introduced the maglev concepts to the
U.S. community.

e In November 1968 Howard Coffey wrote a Re-
search Brief, “The use of superconducting magnets
for suspension and guidance in high speed ground
transportation,” in which he used the term maglev
to describe a “transport system using magnetic
suspension and propulsion.”

e In late 1960s and 1970s, with support from FRA,
teams at Stanford Research Institute (Coffey,
Chilton, Barbee, and others) and Ford Motor
Company (Reitz, Borcherts, and others) built EDS
and EMS maglev vehicles.

e Starting in 1969, with support from the National
Science Foundation, an MIT team (Kolm,
Thornton, and others) built the first operational
long stator LSM for maglev and used it to propel an
EDS vehicle with superconducting magnets.

In summary, the U.S. work was particularly important
in developing superconducting EDS and long stator LSM
propulsion technology. References [24]-[34] are repre-
sentative of the earliest U.S. publications.

B. Early U.S. Patents

Some of the important early work is described in U.S.
patents, a few of which are described in Table 9. Some of

Table 9 Early U.S. Maglev Patents

these patents are seminal, having been referenced by more
than 50 later patents.

C. Present U.S. Efforts

The Urban Maglev Project is currently supporting two
projects, one at General Atomics and one at MagneMotion.
The objective of these projects is to install an operational
system at a University in the United States. There are
maglev research projects at Brooklyn Polytechnic Univer-
sity and at Old Dominion University, but none of the
existing projects have enough funding to complete an
operational system.

D. Future U.S. Maglev Development

In March 2009 the U.S. Government Accountability
Office submitted a hundred page report to Congress on
HSR [20]. This report considered maglev a form of HSR
and did not recommend a specific technology. One of their
key recommendations was:

Develop a written strategic vision for high speed
rail, particularly in relation to the role high speed
rail systems can play in the national transportation
system, clearly identifying potential objectives and
goals for high speed rail systems and the roles federal
and other stakeholders should play in achieving each
objective and goal.

In April 2009 the Federal Railway Administration
submitted a report to Congress on a Vision for High Speed
Rail in America [21]. This document elucidated four
Strategic Transportation Goals:

e Ensure safe and efficient transportation choices.

¢ Build a foundation for economic competitiveness.

e Promote energy efficiency and environmental

quality.

e  Support interconnected livable communities.

Maglev can play a major role in achieving the objectives
elucidated in these reports.

Patents  Dates filed Authors Topic

1020943 1912 Bachelet Reverse EDS

1020943 1912 EDS

2488287 1949 Goddard Vacuum tube transportation
2946930 1955 Gilbert EMS with feedback control

3158765 1959 Polgren (UK) Repelling permanent magnets
3470828 1968 Danby, Powell ~ Null flux superconducting EDS
3589300 1968 Wipf Superconducting EDS

3717103 1970 Guderjahn Low drag EDS using Fe in guideway
3892185 1972 I _ S
3768417 1971 Kolm, Thornton LSM powered superconducting EDS
3842751 1973

3850109 1973

3871301 1973
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The rest of this section describes ideas that should be
considered.

There are four active proposals for super-speed maglev
installations in the United States, but none have sufficient
funding to create an operational system. More details on
these can be found in [38] and on the Internet. Equally
important, there are several proposals for wheel-based
transit systems that are amenable to maglev, if there was a
proven design that was clearly Efficient and Affordable.
Following are a few examples.

e California has initiated an HSR Project for

San Diego to Sacramento via Los Angeles and
San Francisco;

e  Construction of the new Second Avenue Subway in
New York City shows the cost of conventional
technology and studies should be made of cost for a
comparable maglev system;

e Miami, Atlanta, Chicago, and many other large
airports are installing or upgrading APM
installations;

e Several college campuses would like to install
people movers to alleviate parking and congestion
problems;

e Several cities are planning urban light rail or bus
rapid transit.

The total cost of all of these projects is in excess of
$100 billion and none of this is proposed to employ
U.S.-originated technology. The only significant contribu-
tions of U.S. technology to modern public transportation
are commercial aircraft manufactured by Boeing. In
the areas of HSR, APM, PRT, and maglev, there is no
U.S.-originated technology that has been developed to the
point of commercial application. Here is a recommenda-
tion to change this:

The United States should fund three efforts:

1) Continue the Urban Maglev Project to the point
that at least one installation is operational. The
design should be completed and tested to the point

it can be seriously considered for all of the low and
medium speed applications listed in Table 1.

2) Fund a team to complete a detailed design of a
maglev system for high-speed maglev. The team
should study the MLXO01, TR09, and proposed
M3+ designs and decide which features of each
are best with a particular focus on how newer
technology (including particularly high-energy
permanent magnets, high-temperature supercon-
ductors, and microprocessor-controlled power
electronics) might facilitate major reductions in
cost and EI. The initial design should be focused
on developing E&A maglev operating at speeds up
to 400 km/h with the potential to increase this
speed when the technology matures. If detailed
analysis shows that E&A maglev is competitive
with HSR and suitable for multiple installations in
the United States, then a full-scale test track

should be constructed and the design completed
to the point that it is ready for commercial
application.

Fund preliminary studies of subsonic maglev with
design and simulation done in sufficient detail to
determine if aircraft-like speeds can be achieved

3)

with justifiable cost for installation and operation.
The performance should be cost competitive with
air travel for routes over 1000 km that have suf-
ficient demand. If the initial studies are promising
a follow-on development should be funded.

The total cost of this proposal is a very small fraction of
the money that might be spent on foreign transportation
technology over the next few decades. Many U.S. com-
panies have expertise that could be applied with major
benefits to both the environment and the economy.

The United States should explore the possibility of
creating a maglev development project in consort with
other countries that are currently exploring major instal-
lations of HSR or maglev including: the U.K., China,
Korea, England, Switzerland, and several countries in
South America and the Middle East.

VII. SUMMARY

The keys to fast and efficient transportation are:

e  Minimize vehicle weight so guideways can be light
and kinetic energy reduced.

e  Use a vehicle shape and size that minimizes aero-
dynamic loss.

e  Operate vehicles in a way that achieves a high load
factor.

e  Use the maximum practical acceleration and brak-
ing rates so as to achieve the desired travel time
with the lowest possible maximum speed.

Maglev offers the best way to achieve these goals: the
suspension system allows more efficient vehicles; linear
synchronous motor propulsion allows the vehicle to be
light and avoids the need to transfer propulsion power to
the vehicle; a propulsion system that does not depend on
communication with the vehicle for control or on friction
for braking can operate safely with a short headway; rapid
acceleration reduces the time penalty for stopping and
slowing for curves; and small vehicles operating with short
headway make it possible to better match supply to
demand and achieve a high load factor.

Most important: focusing on reducing travel time
instead of increasing speed can lead to a system that is less
expensive to build and operate as compared with wheel-
based technology. Maglev has the ability to achieve much
higher acceleration and braking rates than steel wheels on
steel rail. Designs that take advantage of this fact will be
the most efficient and cost effective. Maglev’s greatly
reduced noise, improved ride quality, and reduced energy
consumption will make it much easier to sell high-speed
ground transportation.
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Table 10 Conversion Constants and Energy Content

Parameter Metric (mks) Metric (km, hour) English
Distance 1000 m 1 km 1.60934 mi
Mass 1 kg 0.001 Mg 220462 1b
Speed 1 mfs 3.6 km/h 2.23694 mph
Energy 3600 J 1 Wh 3412 BTU
El, 1 kWh=10,339 BTU 36 Jm 1 Wh/km 16.639 BTU/mile
Acceleration of gravity ~ 9.80665 m/s 35.304 km/h/s 21,937 mph/s
Volume 1 m 1000 liter 264.17 U.S. gal
Energy content, gross
gasoline 34.84 Mlliter 9.678 kWh/liter 125 kBTU/gal
diesel fuel 38.66 Ml/liter 10.739 kWh/liter 138.7 kBTU/gal
jet fuel (kerosene) 37.63 Ml/liter 10.452 kWh/liter 135 kBTU/gal
Maglev can and should be the transportation Acknowledgment

technology of choice for many applications over a wide
speed range in the United States and elsewhere. If we
develop next-generation maglev with a focus on E&A,
then capital cost will be comparable to or less than for
competing wheel-based technology and operating cost,
energy consumption, travel time, and maintenance will
all be reduced. There is a window of opportunity for the
United States to play a major role in this development
before many billions of dollars are committed to
technology that is slower and less efficient. When this
technology is employed to develop E&A maglev, market
pull rather than technology push can lead to widespread
installations. W

APPENDIX
CONVERSION CONSTANTS

Table 10 provides a number of conversion constants and
the energy content of various fuels.

REFERENCES

[1] S. C. Davis, S. W. Diegel, and R. G. Boundy,
Transportation Energy Data Book, 27th ed.
Oak Ridge, TN: Oak Ridge Nat. Lab.,

2008.

Dec. 2008.

)

[2] Details on the High Speed Trainset Velaro E . L .
for Spanish National Railways. [Online]. [9] M. Thompson, “Practical issues in the use
Available: www.siemens.nl/transportation/ of NdFeB permanent magnets in maglev, .
getfile.asp?id=196 motors, bearings and Eddy current brakes,

[3] Description of the Japanese Fastech 360 High Proc. IEEE, NSV' 2_()0?" .

Speed Train. [Online]. Available: http://www. [10] B. Perreault, Optimizing operation of
jreast.co.jp/e/development/tech/pdf_12/ segmented stator linear synchronous
Tec-12-04-07eng.pdf motors,” Proc. IEEE, Nov. 2009.

[4] Description of TR09. [Online]. Available: (1] L. Fran'quelo, J. Rodrguez, S. Kouro, J. Leon,
htp://www.maglev2006.de/005_Tum_ok/ R. Portillo, M. Perez, and M. M. Prats,
005_tum_ok.pdf “Multilevel converters: An enabling

[5] Detailed specifications for TR09. [Online]. ;f)lcm?é%%y fNolr):u%léggo wer applications,
Available: http://ec.europa.eu/enterprise/ ) ’ ) : .
tris/pisa/cfcontent.cfm?vFile= [12] D. Hazelton and V. Selvamanickam,
120070384EN.PDF “SuperPower’s YBCO coated

[6] M. Tum, G. Huhn, and C. Harbeke, “Design h;lgri‘l-temperange supercondFCtipg »
and Development of the Transrapid TR09,” ;mcngvgée Iflrcl»v I;lg%r;et applications,
presented at the Maglev 2008 Conf., | > : '

[13] H. Gurol, “General atomics linear motor

San Diego, CA, Dec. 2008.

R. Thornton, T. Clark, B. Perreault, J. Wieler,
and S. Levine, “An M3 maglev system
for Old Dominion University,” presented at

20 PROCEEDINGS OF THE IEEE | Vol. 97, No. 11, November 2009

the Maglev 2008 Conf., San Diego, CA,

Description of Proposed Automated Electric
Transportation Initiative. [Online]. Available:
http://faculty.washington.edu/jbs/itrans/
AET%20Concept%20Paperl.pdf

applications: Moving towards deployment,”
Proc. IEEE, Nov. 2009.

In 40 years of working on maglev and linear motor
development I have benefited from the work and ideas of
many outstanding people. Thanks to: Henry Kolm who
directed the MIT Magneplane project; the many partici-
pants in the National Maglev Initiative; and the Depart-
ment of Transportation, particularly FRA and FTA, for
support and management of U.S. maglev development.
I owe a dept to Tracy Clark, Brian Perreault, and
Marc Thompson for their MIT research that was crucial to
continuing the effort. Tracy and Brian have made major
contributions to the MagneMotion M3 Maglev project, as
have Jim Wieler, Mike Bottasso, Jesse Mendenhall,
Steve Levine, Todd Webber, and many more, including
our vendors. I thank John Harding and John Coffey for
contributions to the early history of U.S. maglev.
Particular acknowledgement goes to Senator Daniel
Patrick Moynihan, without whose effort there would
have been very little early support of U.S. maglev. Perhaps
M3 should stand for Moynihan Memorial Maglev.

[14] Y. Luguang, “The linear motor powered
transportation development and application
in China,” Proc. IEEE, Nov. 2009.

K. Sawada, “Outlook for superconducting
maglev,” Proc. IEEE, Nov. 2009.

D. Y. Park, B. C. Shin, and H. Han, “Korea’s
urban maglev program,” Proc. IEEE, Nov. 2009.
R. Hellinger and P. Mnich, “Linear
mtor-powered transportation: History,
present status, and future outlook,”

Proc. IEEE, Nov. 2009.

Discussion of Energy Efficiency of Commercial
Airplanes. [Online]. Available: http://www.
boeing.com/commercial/environment/
index.html

Information on the CA HSR Project. [Online].
Available: http://www.cahighspeedrail.ca.
gov/fags/technology.htm

GAO Report. [Online]. Available: http://www.
gao.gov/new.items/d09317.pdf

FRA Vision. [Online]. Available: http://
www.fra.dot.gov/Downloads/RRdev/
hsrstrategicplan.pdf

The Stanford Atmospheric Calculator. [Online].
Available: http://aero.stanford.edu/stdatm.
html

(15]
[16]

(17]

(18

(19

[20

[21]

[22



[23]

[24]

(25

[26

[27]

[28]

[29

[30

[31]

[Online]. Available: http://www.
transrapid.de/cgi-tdb/en/basics.prg?
session=42edb2c24a02f71e_959758&a_
no=48

J. L. He, H. T. Coffey, D. M. Rote, and

Z. Wang, Publications on Maglev Technologies,
Argonne National Laboratory, Dec. 1991.
An extensive bibliography of maglev
publications.

Description of Morgantown GRT. [Online].
Available: http://www.cities21.org/
morgantown_TRB_111504.pdf

Description of ULTra PRT Installation at
Heathrow Airport. [Online]. Available:
http://www.ultraprt.com/heathrow.htm

J. R. Powell, “The magnetic railroad: A new
form of transport,” presented at the American
Soc. of Mech. Eng., Railroad Conf., Apr. 1963,
Pap. No. 63-RR4.

J. R. Powell and G. R. Danby, “High speed
transport by magnetically levitated trains,”
presented at the ASME Winter Annual
Meeting, New York, paper 66-WA/RR-5,
1966.

C. A. Guderjahn and S. L. Wipf, “Magnetic
suspension and guidance for high-speed
trains by means of superconducting magnets
and Eddy currents,” in Proc. 1969 Cryogenic
Eng. Conf., vol. 15, Advances in Cryogenic
Engineering, Jun. 16-18, 1969, pp. 117-123,
UCLA.

H. T. Coffey, F. Chilton, and T. W. Barbee,
“Suspension and guidance of vehicles by
superconducting magnets,” J. App. Phys.,
vol. 40, p. 2161. presented at Applied
Superconductivity Conf. and Exhibition,
Gatlinburg, TN, Nov. 1969.

C. A. Guderjahn et al., “Magnetic suspension
and guidance for high-speed rockets by

Thornton: Efficient and Affordable Maglev Opportunities in the United States

(32

(33]

(34]

superconducting magnets,” J. Appl. Phys.,
vol. 40, no. 5, pp. 2133-2140.

H. T. Coffey, F. Chilton, and T. W. Barbee,
“Magnetic Suspension and guidance of
high-speed vehicles,” in Proc. Low
Temperatures and Electric Power Conf.,

Paris, France, 1969. International Institute
of Refrigeration, Bulletin I.I.F.A.LR. 1969-1.
R. H. Borcherts and J. R. Reitz, “High-speed
transportation via magnetically supported
vehicles: A study of the magnetic forces,”
Transportation Res., vol. 5, pp. 197-209,
1971.

H. H. Kolm and R. D. Thornton,
“Magneplane: Guided electromagnetic

ABOUT THE AUTHOR

Richard D. Thornton (Fellow, IEEE) received the B.S. degree in
electrical engineering from Princeton University, Princeton, NJ,
and the S.M. and Sc.D. degrees from the Massachusetts Institute
of Technology (MIT), Cambrigde, MA.

He was on the faculty at MIT for more than 40 years before
retiring and helping found MagneMotion Inc., Devens, MA. He has
worked on maglev and linear motor development since 1968,
including work on high-speed electrodynamic systems and
electromagnetic systems with a focus on long stator linear
synchronous motor propulsion. This work has included partici-

(35
[36

(37

(38

|

flight,” in Proc. Paper 5th Int. Appl.
Superconductivity Conf., IEEE, 1972, pp. 76-85.
Publ. No. 72CH0682-5-TA BSC.

“Applied superconductivity conference,”

J. Appl. Phys., vol. 40, p. 2161, Apr. 1969.
Applied Superconductivity Conf., Jun. 1972.
IEEE Publ. No. 72CH0682-5-TA BSC.
“Intermag 1974, Toronto, Canada,”

IEEE Trans. Magn., vol. MAG-10, no. 3,

Sep. 1974.

Proc. Maglev 2008 Conf.,
Dec. 2008.

San Diego, CA,

pation in an MIT team supported by the National Science Foundation to develop the
Magneplane; work on a team with Bechtel, MIT, GM, and Draper Laboratry with support
from the Federal Railway Administration as part of the National Maglev Initiative; and
work at MagneMotion supported in part by the Federal Transit Administration as part of
the Urban Maglev Project. He is author or coauthor of more than 20 papers on linear
motors and maglev, and author or coauthor of 21 patents, mostly in the field of linear

motors and maglev.

Vol. 97, No. 11, November 2009 | PROCEEDINGS OF THE IEEE 21




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <FEFF005500740069006c0069007a007a006100720065002000710075006500730074006500200069006d0070006f007300740061007a0069006f006e00690020007000650072002000630072006500