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O utline
1 Maglev System Overview

A Linear Synchronous Motor (LSM) is a complex system with many interacting 
subsystems. This section is an overview of the system requirements for a motor that is 
suitable for propelling a maglev vehicle. It also describes the key components of a 
complete propulsion system in anticipation of the more detailed discussions in the 
remaining sections.

2 Motor Analysis
An active guideway LSM consists of a number of vehicle magnets that create a 

constant magnetic field, and a guideway winding that creates a traveling magnetic field.
The interaction of these two magnetic fields produces the propulsive force. In addition, 
there must be a means of connecting the electronic inverter to the particular block of the 
guideway winding that contains the vehicle. This section discusses the analysis and design 
of all of these components of the motor. The nature of the active guideway linear motor 
makes the winding inductance an important factor, and methods of minimizing winding 
inductance are discussed. The "helical winding" is presented as an alternative which shows 
promise of reducing cost and improving performance. 3 4

3 Electronic Power Conversion
The LSM requires high power electronics for converting fixed voltage and fixed 

frequency power from the utilities to variable voltage and frequency power for exciting the 
motor windings. It is preferable, though not essential, that the conversion be reversible in 
order to allow recovery of braking energy. The cost of the power conversion equipment is 
on the order of 10% if the guideway capital cost, so any design must make cost reduction a 
major issue. But reliability and fault tolerance are equally important. This section 
addresses these issues and describes the alternatives that seem most appropriate for maglev 
applications. A major focus is on methods of estimating and reducing cost.

4 Power Distribution
The power distribution system accepts power from electric utility operated high 

voltage transmission lines and distributes this power at lower voltages to the electronic 
power inverters. This section describes both ac and dc power distribution alternatives, 
including the option of distributing energy that is regenerated from braking vehicles.
Among the issues discussed are reliability, flicker, harmonic power generation, and fault



tolerant design. This section also discusses methods of estimating the cost of delivered 
energy and some of the ownership issues.

5 Control
The control system is a critical part of the LSM because it affects many system 

attributes, including safety, reliability, fault tolerance, efficiency, and passenger comfort. 
Control of a synchronous motor depends critically on position sensing, and multiple 
position sensing schemes are mandatory. This section discusses these issues and describes 
a novel position sensing scheme that shows promise for high accuracy and reliability and 
low cost. There is also a discussion of observer based control, the preferred scheme for 
enhancing performance and improving efficiency.

6 Far Fields and Shielding
The vehicle magnets for an LSM will create magnetic fields that extend significant 

distances from the vehicle. These remote fields can create a number of problems, 
particularly for designs with large magnetic gaps and no ferromagnetic path for the flux to 
follow. This section develops approximate models that provide a good understanding of 
how the design can be adapted to minimize the impact of the far field and to provide 
shielding.



1 Maalev System Overview 5

1 M aa le v  P ro p u ls io n  Sy ste m  Overview

A Linear Synchronous Motor (LSM) is a complex system with many 
interacting subsystems. This section is an overview of the system 
requirements for a motor that is suitable for propelling a maglev vehicle. 
It also describes the key components of a complete propulsion system in 
anticipation of the more detailed discussions in the remaining sections.

1.1 B a s ic  co n ce p ts

Types of linear motors
Two types of linear motors are suitable for maglev propulsion: the Linear Induction 

Motor (LIM) and the Linear Synchronous/Motor (LSM). For each type, multiphase electric 
power can be supplied in either of two ways: to windings on the guideway, called "active 
guideway" or "long primary" or "long stator"; or to windings on the vehicle, called "active 
vehicle" or "short primary" and sometimes called "short stator," but since it isn't stationary, 
stator is an inappropriate term. The use of the term "primary," analogous to a transformer 
primary, will be used in this report.

In the case of the LIM, the unpowered portion is called the secondary. It can 
consist of a conducting sheet by itself or a sheet mounted on the surface of a steel plate. 
Sometimes the secondary consists of conducting material mounted in slots in laminated 
steel plates. The primary induces currents in the secondary, and these currents create a 
magnetic field that reacts with the primary currents to produce thrust.

In the case of the LSM, the unpowered section is called the field and consists of an 
array of magnets with constant field strength. These magnets can be normal 
electromagnets, superconducting magnets, or permanent magnets. Unfavorable scaling 
laws make permanent magnets inappropriate at the power levels required for high speed 
transportation, but they are suitable for lower power applications. An electromagnetic field 
can be used if the air gap is modest, but for wide gaps there are fundamental material 
properties that would necessitate very large power dissipation in the field magnet windings. 
Virtually all Electro Dynamic Suspension (EDS) and wide gap Electro Magnetic 
Suspension (EMS) designs use superconducting field magnets and an active guideway 
linear synchronous motor. Some EMS designs, including the German Transrapid vehicle 
TR07, use electromagnetic field magnets with the guide way winding embedded in slots in 
the laminated steel rails of the guideway.

This report is focused exclusively on the long primary LSM with an emphasis on 
EDS, but with some discussion of EMS issues.
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Existing designs
All versions of Japanese HSST vehicles and German Transrapid TR1 through TR4 

used active vehicle LIM propulsion. German TR5 through TR7 and Japanese MLU001 
and MLU002 used active guideway LSM propulsion. For an EDS system with the optimal 
air gap—probably in the range 15 to 150 mm—there is little choice except to use an active­
guideway Linear Synchronous Motor. One key problem with alternatives is the lack of a 
known, reliable way to transfer several megawatts of power to a vehicle moving at a speed 
of 150 m/s. Additionally, even if such a power transfer scheme were possible it is unlikely 
that the cost of guideway electrification, on board power conversion equipment, and 
guideway mounted conductors would be less than the cost of the long primary LSM 
alternative. A short primary for EDS would require the guideway to have a very massive 
electromagnetic structure or superconducting coils, and a short primary LIM would be 
prohibitively heavy and inefficient with a large air gap.

Many designs for both EMS and EDS use the magnets that create lift to also create 
the reaction field for the LSM. This is true for the original MIT Magneplane, German TR5 
through TR7, Japanese MLU001 and MLU002, and for most new U.S. designs being 
proposed today. If one set of magnets provide both suspension and propulsion fields, then 
there are usually two motors, which will be designated the port and starboard motors. An 
exception is the New Magneplane design which uses magnets in the middle of the vehicle 
for propulsion and separate bogey-mounted magnets for suspension.

Attributes of a long primary LSM
For an active guideway LSM the currents in the winding are controlled so as to 

make the vehicle move at the same speed as the traveling field, and hence the term 
synchronous motor. A synchronous motor system includes:
• Windings in the guideway which produce the traveling magnetic field;
• A wayside power distribution system that connects an electronic power inverter to motor 

windings in a block of guideway in which a vehicle is located;
• Electronic power conversion equipment that converts fixed voltage and frequency utility 

power into variable voltage, variable frequency power that is applied to the windings;
• A power transmission system that accepts utility generated power and distributes it to 

electronic power converters located at regular intervals along the guideway;
• A control system that provides the correct current waveforms in the guideway windings 

according to vehicle force and speed requirements, and also provides various protection 
and failure monitoring facilities.
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Propulsion differences between EDS and EMS
For an EDS system the magnetic field produced by the vehicle is assumed to be 

created by superconducting magnets with no iron in the magnetic path. Thus there is 
virtually no limit to the size of the motor winding, and the area of the conductors can be 
tailored to the need. For example, acceleration near terminals or climbing a steep grade 
more than doubles the required force, so the winding size and inverter power ratings could 
be correspondingly increased. The penalties for too large a winding are a reduced field for 
the portions of the winding more distant from the field source and a higher cost for the 
winding.

For an EMS system there is a limited area in the slots of the iron core that carries the 
magnetic flux. Thus the EMS winding size is fixed and particular attention must be paid to 
the space limitations on the conductors and their insulation. The winding resistance and 
inductance are necessarily larger than for EDS, because of the limited area and proximity to 
high permeability material. The block lengths of the EMS guideway must be reduced to 
limit the winding resistance and inductance. This creates a requirement for feeder cables '" 
and wayside switching components.

Another important difference is the electrical excitation frequency. EMS designs 
have a shorter pole length and thus a higher frequency. Examples are the Transrapid 
design with a pole pitch of 0.258 meters and the Grumman Team superconducting EMS 
design with a pole pitch of 0.6 meters. For comparison, the Japanese EDS design uses a 2 
meter pole pitch, the Bechtel Team's US 1 design uses a 1 meter pole pitch, and the New 
Magneplane design uses a 0.75 meter pole pitch. Thus the electrical frequency for EMS 
can be several times larger than the frequency for EDS. This increases the impact of 
winding inductance and affects other system design parameters.

1.2 Veh ic le  attributes

In a maglev system people and freight are carried in a vehicle or train of vehicles 
that are coupled into a single unit that is aerodynamically streamlined. In this paper the 
term vehicle is used to mean either a single rigid structure or a tightly coupled set of cars 
that are not intended to be decoupled. For U.S. applications most researchers have 
assumed that the vehicles will have the size of short haul commercial aircraft and carry 
between 100 and 200 passengers. The systems being developed in Germany and Japan 
have focused on designs suitable for longer vehicles that carry 600 to 1000 passengers.
The reason for this difference is that most proposals for U.S. maglev envision point-to- 
point travel with off-line loading or unloading and relatively few stops for a typical trip. 
Hence the focus of this paper is on smaller vehicles that operate with short headway.
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However, the system design should provide the flexibility to allow intermixing various size 
vehicles. As traffic density increases it may be desirable to allow larger vehicles, so this 
report discusses methods of upgrading the system to provide increased power for longer 
vehicles.

We assume a maximum safe operating speed of 150 m/s (336 mph) and a maximum 
normal operating speed of 125 to 135 m/s (280 to 302 mph). For these speeds we can 
estimate the vehicle propulsion requirements for different sizes of vehicles for level travel. 
The following table gives probable values for minimum and maximum size vehicles as well 
as for TR07 and a hypothetical vehicle, designated XI.

Table 1.1. Typical vehicle attributes.

Parameter EDS min EDS max TR07 XI units
Vehicle size length 26 51 51 36 m

width 3.0 4.1 3.7 4.0 m
height 4.0 4.1 4.1 4.1 m
sections 1 3 2 2
rows of seats 18 36 36 24
coach seats 72 216 180 144

Vehicle mass empty 30 60 90 50 tonnes
loaded 38 82 105 65 tonnes

Prop, magnets number 2 . 4 15 3
total length 20 40 46 24 m

Air gap mechanical 50 50 8 50 mm
magnetic 120 120 8 120

Aerodyn. drag @ 135 m/s 18 48 53 28 kN

In Table 1.1 the vehicle dimensions are overall and the aerodynamic drag could 
vary substantially with details of vehicle shape. The number of passengers for TR07 is 
reduced 10% from published values for second class seating in order to allow for baggage 
and be more comparable to values given for the EDS designs. The numerical values are 
based on ranges of parameters in some of the recently completed System Concept Design 
Studies.

The motor force for a given motor current is proportional to the length of the 
magnet assembly which provides the field for the motor. Some vehicle designs, such as 
the EDS designs proposed by the Japanese, Foster-Miller, and Magneplane teams place the 
superconducting propulsion field magnets over only about 25% of the vehicle length.
Other designs, such as Transrapid and those proposed by the Grumman and Bechtel
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Teams, assume the propulsion magnets run nearly the full length of the vehicle. The motor 
specification must indicate the maximum required force per field magnet.

1.3 M otor attributes

The power is specified by the mechanical requirements, but there are possible 
tradeoffs between voltage, current, number of phases, electrical frequency, and method of 
winding. This tailoring is constrained by a number of practical realities:
• The motor winding can have almost any number of phases but most practical designs 

will have between 3 and 6 phases. The number of phases need not be the same 
everywhere, so more phases might be used where higher acceleration is required. The 
Transrapid and all Japanese EDS designs use 3 phases, but there are very good reasons 
to consider the use of more phases for an EDS design.

• The lower limit on motor voltage is determined by the length of the propulsion field 
magnets, the motor width, and the average magnetic field. In most designs it appears 
that 1 or 2 turns per "slot" is about all that is practical, and with long vehicles even 1 turn 
per slot can require phase voltages over 10 kV. Problems of insulation suggest that the 
instantaneous voltage from a winding to earth ground should not exceed about 15 kV.

• With separate port and starboard motors it is possible to use two inverters, or the 
windings may be connected in series or parallel so as to use only a single inverter. In 
some cases it has been proposed to interconnect port and starboard motors so as to 
provide guidance. For this guidance to work the interconnection must be done on a 
scale of a few meters, not on the scale of an entire block. In a guideway turn it is 
necessary to increase the pole pitch on the outside of the turn and decrease the pole pitch 
on the inside of the turn. This change in pole pitch limits the radius of turn that is 
acceptable, and poses problems for long vehicles on a short radius turn through a large 
arc angle.

Winding
The guideway has several phases of meander windings, each carrying the same 

frequency current, but phased such that the winding currents create a traveling magnetic 
field that moves at the same speed as the vehicle. The winding can have any number of 
phases, and a simplified winding diagram for a 3-phase motor is shown in Figure 1.1. The 
wavelength X is the distance between equivalent points in the periodic magnetic wave, and 
is equal to twice the pole pitch, which is the distance between successive magnetic poles. 
The winding width w is defined to be an effective width that is somewhat longer than the 
straight section to account for the flux linking the end turns; this part of the winding 
produces the propulsive force. The three phase currents are /l, z'2 and is; the control of 
these currents is the key to controlling the propulsive force for the vehicle.
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l\ l2 13

Figure 1.1. Example of a 3-phase guideway winding.

Waveforms
The current waveforms in Figure 1.2 are indicative of what might be expected. 

They resemble sine waves but can have substantial harmonic content. For optimum motor 
efficiency the current waveform should have the same shape as the waveform of the 
induced voltage in the propulsion winding, and this shape depends on many details of the 
motor design.

Figure 1.2. Typical currents for excitation of one 3-phase group.

Acceleration and deceleration
Acceleration is limited by the thrust available from the linear motor, but it is also 

limited by requirements of providing passenger comfort. For U.S. applications it is 
expected that major sections of the guideway will follow Interstate Highway Rights of 
Way, and vehicles will thus be subject to relatively frequent speed changes in order to 
negotiate turns with acceptable banking angles. This makes it necessary to limit vehicle
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acceleration to values that are compatible with passengers standing and walking. There is 
some debate as to how high this can be, but a value of 0.15 to 0.25 g appears to be 
acceptable and even higher values have been proposed. Although still higher acceleration is 
possible with seated and belted passengers, the cost of increasing motor thrust to achieve 
greater acceleration is almost prohibitive.

Figure 1.3 shows typical acceleration and deceleration for a typical vehicle as a 
function of the motor thrust. Note that for a wide range of speeds the vehicle drag is on the 
order of 0.3 to 0.5 g, so quick estimates can be made by assuming the net propulsive force 
for acceleration is 0.04 g less than the motor thrust.

Figure 1.3. Typical acceleration vs. speed for different motor thrusts for EDS.

Under normal conditions the desire to achieve high ride quality imposes both 
deceleration and acceleration limits, and these limits are usually equal in magnitude.
Normal braking can be regenerative with most of the vehicle's kinetic energy being 
converted to electric power that is made available for propulsion of nearby vehicles or, with 
some designs, inserted back into the utility grid.



1 Maalev System Overview 1

Normal emergency braking
Normal emergency braking will occur when the vehicle is required to stop 

unexpectedly because of an unexpected fault condition, but the fault condition is within 
design limits. For example, if a vehicle switches off of the main line but the switch then 
fails, all trailing vehicles must slow down more rapidly than normal. Since the headway 
has been chosen to allow for this type of failure, normal regenerative braking would be 
employed and the electronic inverter would provide speed control. For this mode the linear 
motor should be capable of providing at least 0.25 g reverse thrust and, when the 
aerodynamic and magnetic drag are added, the total deceleration will be on the order of 0.3
g. Where possible the passengers would be given a few seconds warning before being 
subjected to this level of deceleration, but 0.3 g deceleration is commonly experienced in 
other travel modes and is assumed to be acceptable where necessary to avoid accidents.
For this scenario, and assuming typical aerodynamic and magnetic drag, the vehicle can be 
stopped in about 3 kilometers.

Severe emergency braking
For severe and very rare events, such as an unexpected and major earthquake, 

braking rates in excess of 0.5 g may be desirable. Conventional high speed trains do not 
have the ability to brake this rapidly, so some system designs do not include fast braking as 
a feature. However, the use of an active guideway LSM offers "dynamic braking" as an 
option that should be carefully considered by system designers.

With dynamic braking there are resistors connected across the motor winding so 
that the voltage generated by the moving vehicle creates current and hence power loss in 
these resistors. This induced current does not have to flow through the inverter or any 
power limiting component so very high braking forces are possible. The only limits on 
braking force are the resistance and inductance of the winding and the mechanical strength 
of the winding and guideway structural members. This mode can be made fail safe because 
it does not require active control or a source of power. The power resistors and winding 
must not overheat during the deceleration, but this is a one time process so there is plenty 
of time for these components to cool down after the braking event.

A typical plot of dynamic braking force vs. vehicle velocity is shown in Figure 1.4. 
The shape of the curve is the same for any design, and is given by Equation 1.1.

Fbrake = — wher eu is the vehicle velocity —  - - (1.1)
1 + c^u

The value of the force and velocity at the drag peak will depend on design details, such as 
winding resistance and inductance and the pole pitch. Note that the optimum resistor for
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high speed braking is typically greater than 0, so ideally an unexcited block should be 
shunted with a resistor value chosen to provide minimum stopping distance with no other 
action by the controller. For a vehicle with typical drag coefficients the stopping distance 
could be on the order of 2 km with dynamic braking.

Figure 1.4. Dynamic braking force vs. velocity for different external resistors.

A better scenario is to use a passive resistor until the vehicle slows down 
somewhat, and then place a short circuit across the winding, and at a still lower speed 
activate normal regenerative braking. This scenario requires the use of an active control but 
can reduce the stopping distance to under 2 km and the stopping time to less than 30 
seconds for an initial speed of 135 m/s.

An LSM for an EMS system can not achieve enough force for rapid braking, so 
other mechanisms must be used. In the case of TR07 there are eddy current brakes which 
induce currents in the solid steel guidance rails. These eddy current brakes are used for all 
deceleration greater than about 0.5 m/s2. High speed trains have also been fitted with eddy 
current brakes that induce currents in the rails, and this braking method can be very reliable 
and not dependent on a friction force. Concerns about rail overheating have impeded the 
application of rail eddy current brakes, but it has been proven to give faster stopping in all 
weather conditions.

Some maglev vehicle designs have proposed the use of aerodynamic braking, such 
as a parachute that would be deployed for fast emergency stops. This braking method
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should not be necessary if the dynamic braking option can provide a short enough stopping 
distance.

The most important issue to reconcile is the possible advantage of rapid braking 
versus the cost of building a stronger guideway and the risk of a faulty control system 
producing unnecessary rapid braking. An unnecessary application of dynamic braking 
could, itself, cause accidents. A cure can be worse than a disease!

Fault tolerance
For any high speed guided transportation system it is imperative that the system 

have a high degree of fault tolerance. This means:
• In the event of a minor failure it should be possible to operate almost indefinitely with, at 

most, some modest reduction in power. Thus the motor might have a multiplicity of 
phases but be able to operate at nearly full speed and power with one phase disabled.

• More serious failures should be extremely rare, and it should be possible for a person or 
team of people to effect the repair in a very short time, preferably under 1 hour.

• More common failures that can not be avoided by good design should have redundancy
or automatic repair capabilities so that the system can operate at full power in spite of a 
failure. /

• No failure that can be reasonably expected should be allowed to compromise the safety 
of operation.

• Some components can be expected to fail after several years of service. For these 
components there should be automatic monitoring to try and anticipate the failure, and 
replacement should be relatively rapid. For example, the motor winding in the guideway 
will probably have a shorter life than the concrete portion of the guideway. There is a 
high probability that there will be precursors to winding failure so scheduled replacement 
can be done if the design allows sections of winding to be replaced without major 
disruption of service.

Redundancy and maintainability
Redundancy is related to fault tolerance, but not all systems with redundancy are 

fault tolerant, and vice versa. A requirement for redundancy can lead to very high cost.
For example, in some cases it has been proposed to have a complete spare inverter that can 
be automatically substituted for one that fails. This solution is unacceptably expensive and 
it is almost certainly better to try to find other approaches. For example, if there are 
separate half-power inverters for port and starboard motors, and if inverters are always 
installed in pairs for two way travel on adjacent guideways, then a fifth inverter may be all 
that is needed. In this case the cost is only 25% higher than without redundancy. Even 
better, if it is economical to have a separate inverter for each phase, then the cost of 
redundancy may be very low.
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Capability to be upgraded
In spite of the best efforts to design a propulsion system that will meet needs for 

several years, it is inevitable that at some time in the future it will be necessary to upgrade 
the system in order to handle changes such as higher capacity, larger vehicles, higher 
speeds, etc. There should be a plan for dealing with future demands for handling shorter 
headways and/or longer vehicles.

1.4 B lo ck  sw itch ing

A generic block switching scheme is shown in Figure 1.5. The guideway is 
divided into zones with one or more inverter modules for each zone and for each direction 
of travel. The zone is then divided into blocks which are excited in sequence as the vehicle 
moves down the guideway. Switching devices, either mechanical or solid state, are used to 
connect the inverter to the appropriate block as the vehicle moves along the guideway. 
Feeder cables are used to transfer power from an inverter to an active block.

(veil)______ (veh)_______(veil)_____ (veh) (veh)

— t
feeder cable 1 hi™* feeder cable

inverter(s) inverter (s)

zone
Figure 1.5. Zone control system.

The zone length is determined by the minimum vehicle headway and the assumption 
that there will be an upper limit to the number of vehicles per zone. The zone is then 
divided into blocks with the restriction that no more than one vehicle may be in a block at a 
given time. There must be at least one inverter, or inverter pair in the case of a dual motor 
system, for each vehicle in a zone at any time.

The block length is determined by a number of factors. For an EMS system the 
winding resistance and inductance would be excessive for block lengths greater than about
0.5 or 1 km, and this implies the use of several blocks for each zone. For EDS it is 
possible to use block lengths of 2 to 3 km so one could make the zone length equal to the 
switching block length. For a high capacity systems this may be a good design, but with 
today's estimated traffic and for most U.S. locations the headway requirement will be 
greater than 4 km. Thus the block length is usually less than a full zone, and some sort of 
block switching is required.



1 Maalev System Overview 1

In addition to block switching, there must be some way to effect the gradual 
transfer of a vehicle from one block to the next. Some designs have used "leap frog" 
designs in which one inverter powers one block and a different inverter powers the next 
block. Other designs have used a staggered arrangement in which a port motor is used to 
transfer the vehicle across a gap in the starboard motor, and vice versa. Whatever the 
method, it is imperative that ride quality is not degraded by having discontinuities in 
propulsive force at each block boundary.

The determination of optimum block length is an important system design decision 
and many factors must be considered. For example, one reason to have short block length 
is to allow for short vehicle headway distances when the vehicles are operating at reduced 
speed. There will be occasions when some malfunction or weather condition requires 
vehicles to proceed at lower than normal speed along a portion of the guideway. If the 
vehicle spacing is forced to be more than about 2 km, then the guideway capacity will be 
reduced at speeds below about 100 m/s, and the entire guideway system will be disrupted 
by a slowdown in a small section of guideway. A preferred mode is to allow reduced 
speed operation with vehicles spaced as close as 2 km and this can be done by methods that 
are discussed in Section 5.

1.5 Pow er e lectron ics

Since the propulsion power source must produce a variable voltage at a variable 
frequency, it is necessary to use power electronic systems to provide the conversion from 
electric utility power to LSM power. This is done with a combination of a "rectifier" that 
converts ac power from the utilities to dc power, and then an "inverter" that converts the dc 
power to the correct voltage, current, and frequency needed for propulsion. Each inverter 
must be capable of delivering 5 to 50 megawatts. The cost of the power conversion system 
is likely to be on the order of 10% to 15% of the guideway cost, so careful design is 
imperative.

‘ In the case of rotary motors it is possible to operate many synchronous motors from 
the same power source. This is possible because there is usually an induction start 
mechanism and once the motor reaches synchronous speed there are damper windings that 
help maintain synchronism in spite of load changes. For maglev systems there are no 
damper windings that can maintain stability of synchronization. Additionally, the vehicles 
may be accelerating and decelerating for turns so that two nearby vehicles may require 
different speeds. Thus we assume there is only one vehicle powered from a single inverter 
or inverter pair.
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The fact that inverters are on the guideway instead of on the vehicle means there is 
no weight penalty on the inverter design, thus the cost can be lower. Additionally, the 
vehicle is smaller and lighter so the propulsion requirements are reduced. Since the total 
number of inverters required for a guideway is roughly equal to the number that would be 
required if they were on the vehicles, there is a cost advantage in having guideway mounted 
units. The only significant disadvantage is a reliability requirement that is much more 
severe for a guideway installation, which must always operate, versus a vehicle 
installation, which can be taken out of service for repair.

1.6 Pow er d istribution

The power distribution will normally have the generic form shown in Figure 1.6. 
Substations located every 20 to 50 km convert 3-phase, high voltage utility power to lower 
voltages suitable for distribution. The power distribution can be either dc or 3 phase ac 
with line to ground voltages in the 15 to 25 kV range. Power is distributed along the 
guideway to wayside inverters which generate variable voltage, variable frequency power 
for the LSM. This power system is similar to ones used for conventional electrified rail 
and does not pose any problems that have not been addressed in that context.

Figure 1.6. Generic power distribution system.

The choice of transmission line voltage is based on availability and power 
requirements. Lower transmission voltages are preferable because they lead to lower cost 
substations. Transmission voltages less than 66 kV will not normally have enough 
capacity for a high speed maglev system, and even 66 kV systems may be inadequate for 
reasons to be discussed. Voltages over 230 kV will lead to very high substation cost and 
should be avoided unless the maglev substation can share facilities with other power users, 

The choice of distribution voltage is based on power levels and distribution 
distances. Most high speed rail systems use 25 kV, the exception being the German ICE
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which uses 15 kV. The German Transrapid maglev design is based on a 20 kV, 3 phase 
distribution system that is common in Germany. Studies have also arrived at line to ground 
voltages in the 15 to 25 kV range as the best choice for U.S. maglev.

The substations contain transformers and equipment for protection and control. For 
dc distribution the substations also include a rectifier. There are options as to whether 
regenerated power can be fed back into the transmission line system and whether there is a 
voltage control capability for the distribution circuit.

The required power levels depend upon speed, vehicle size and headway distances. 
As an example, if the vehicles can operate with headways as short as 5 km and each vehicle 
carries 144 people and requires 7 MW average power, then a 2-way system will require
2.8 MW per km (i.e.2 x (7 MW / 5 km). A simpler way to estimate power requirements is 
in terms of guideway capacity. A fully loaded maglev vehicle averaging 125 m/s will 
require about 100 Wh per passenger km. If the guideway capacity is 12,000 passengers 
per hour, then the power demand is 100 x 12,000 =1.2 MW per km for each direction of 
travel, or 2.4 MW/km for a dual guideway. Note that this calculation is independent of 
vehicle size and indicates that power system cost is more closely related to guideway 
capacity than to any other design parameter.

Assuming an average demand of 2.5 MW/km and a substation spacing of 30 km, at 
times of maximum demand the average power per substation is 75 MW. Because of 
statistical fluctuations in headway and power levels, the maximum power averaged over 
several minutes will probably be less than this value, but the instantaneous peak power will 
be significantly larger. Because power consumption depends strongly on speed, at times 
of maximum demand it is possible to reduce the system speed somewhat, thus decreasing 
maximum demand. This type of power consumption management could easily reduce 
average demand to about 2 MW/km.

1.7 Position  se n s in g  and p ropu ls ion  control

It is not possible to simply excite the guideway with the desired electrical frequency 
and hope that the vehicle stays in synchronism with the traveling field. The vehicle must be 
maintained in synchronism by electronic feedback control. The method used in all existing 
maglev designs is to sense vehicle position relative to the traveling field, and vary the 
winding current to maintain the desired relative vehicle position. There are several means 
to determine vehicle position and following is a partial list of proposed schemes.
• The vehicle carries an electronically readable "tag" that is read by a guideway detector 

every time the vehicle enters a new zone or block. This type of block sensing is almost 
mandatory and is a part of most proposed designs.



1 Maalev System Overview 1 9

• A special signal can be superimposed on the motor winding by the vehicle, and the 
inverter controller can then sense the relative position of the vehicle within a one 
wavelength span of the LSM. This short distance sensor is then combined with a cycle 
counter to locate the vehicle within a block. This type of sensing can be so accurate that 
the sensor can detect perturbations in guideway uniformity.

• The motion of the vehicle causes voltage to be induced in the winding, and this voltage 
can be used to identify vehicle position quite accurately once the vehicle reaches some 
threshold speed.

• The vehicle can detect some suitable guideway signal to determine position, and this 
information can be "radioed" back to ground controllers.

Most designs use a combination of these four sensor types to provide continuous 
and fault tolerant monitoring of the exact vehicle position. With knowledge of the exact 
vehicle position, the controller supplies the correct voltage and current waveforms to follow 
the desired velocity profile while also satisfying some other criteria. In some designs, such 
as TR07, the other criteria is the optimization of motor efficiency. In other designs, such 
as the Magneplane, the LSM is used to help control ride quality by virtue of lateral and 
vertical forces. In this case the controller will sacrifice efficiency as necessary in order to 
provide this control of ride quality.

The control system must also monitor the behavior of the vehicle with an intent to 
identify component degradation or malfunction. Parameters such as winding resistance, 
winding irregularities, power distribution voltages, and vehicle drag can be monitored in 
order to help achieve this objective. The vehicle can also monitor it's own acceleration and 
velocity in all directions, and send this information back to the zone controller to help 
monitor guideway parameters.
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2 M otor A n a ly s is  and D e sign

An active guideway LSM consists of a number of vehicle magnets that 
create a constant magnetic field, and a guideway winding that creates a 
traveling magnetic field. The interaction of these two magnetic fields 
produces the propulsive force. In addition, there must be a means of 
connecting the electronic inverter to the particular block of the guideway 
winding that contains the vehicle. This section discusses the analysis 
and design of these components of the motor. The nature of the active 
guideway linear motor makes the winding inductance an important factor, 
and methods of minimizing winding inductance are discussed. The 
"helical winding" is presented as an alternative which shows promise of 
reducing cost and improving performance._____________________________

2.1 M otor m o d e ls  and perform ance ch aracte ristics

DC model
The combination of motor and electronic inverter can be thought of as a dc motor 

that can be modeled as shown in Figure 2.1. This simplified dc motor model consists of a 
winding resistance Rw and an electromechanical transducer that is modeled as two 
dependent sources, Fe and vm. The force is modeled by dependent current source Fe, 
which is proportional to the motor current, and the induced voltage is modeled by 
dependent voltage source vm, which is proportional to vehicle velocity. This transducer is 
lossless and represents the transfer of electric power to mechanical power and vice Versa. 
The load is modeled as a set of three current sources representing the drag. The values of 
the current sources have the following velocity dependence: aerodynamic power loss varies 
as the cube of the speed so it is represented by a current proportional to the square of 
velocity; suspension related drag is modeled by a constant power term so the current is 
inversely proportional to velocity; and the eddy current losses vary as the square of the 
speed so the current is proportional to the speed. Although it is not usually possible to 
identify voltages and currents directly related to the model quantities, the model is very 
useful in portraying the major motor performance limitations.

dc source electromechanical
transducer
Figure 2.1. DC motor model.

model of vehicle load
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The dc model leads to the generic representation of the motor characteristics shown 
in Figure 2.2. This plot is a superposition of force vs. velocity and current vs. voltage 
with the model parameter ke and km used to scale the two plots so that they overlap. It is 
then possible to show mechanical attributes, such as force vs. velocity for level travel, 
superimposed on a plot that shows the required motor output voltage and current implied 
by the force and velocity. Note that the maximum available voltage and the voltage drop in 
the motor winding resistance limit the thrust at any given speed. The model of Figure 2.2 
does not include loss in the inverter or power distribution system.

Figure 2.2. Generic representation of motor performance based on dc circuit model.

The generic motor characteristics depicted in Figure 2.2 can be converted to specific 
performance attributes, such as the curves shown in Figure 2.3. This Figure shows the 
thrust limit and speed limit as horizontal and vertical lines. For this example the maximum 
motor power output is 15.9 MW and the maximum inverter power output is 20.5 MW.
The contours of constant acceleration of 0 and 0.1 g are shown superimposed on this plot, 
and the nominal cruise power of 6.05 MW is the intersection of 0 g acceleration and 135 
m/s velocity. The curve of constant motor power output is shown as a hyperbola and in 
some designs there may be a power limit in addition to voltage and current limits. The 
voltage and current scales are not shown since they will depend on the details of motor . .. 
design. As an example, if the motor requires 20 amps per kN of thrust, then conservation 
of power demands that there be 50 volts per m/s of velocity for the motor back voltage.
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Figure 2.3. Performance requirements for an typical design.

An inverter may have only voltage and current limits, but in some cases it may be 
necessary to impose power output limits as well. For example:
• If the inverter is powered from a utility transformer or drives an output transformer, the 
rating of the transformer may be less than the peak Volt-Amp output for the inverter.
• In case of a failure in a utility substation, if there are many vehicles in operation it may 
be necessary to impose power limits on all vehicles traveling in a given area.
• The commutation circuitry for the power switches may create lower current limits at 
high voltage, and thereby provide the equivalent of a power limit.

Figure 2.3 shows the effect of a 10 MW limit; note that this 50% reduction in
maximum motor output power does not limit top speed, but jt  does limit acceleration at
higher speeds.

AC model
The dc model shown in Figure 2.1 is a good representation of how the motor 

performs, but in order to design an inverter we need a more complete ac model. For EDS 
designs the lack of steel makes a linear model suitable for virtually all analysis. Even for an 
EMS design it may be possible to use a linear model because of the large air gap. A simple 
linear model is shown in Figure 2.4.
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R

Figure 2.4. Single line circuit model for LSM.

\ s is a multiphase source, R represents the winding resistance matrix, L is an 
inductance matrix, and V& is the back voltage produced by the interaction with the vehicle 
magnets. Just as with the dc model; the force is proportional to the motor current and the 
back voltage is proportional to the vehicle speed. Here each winding has the same 
resistance, Rw, and the inductances are described by an inductance matrix. For example, 
the winding impedance of a three phase winding is described by

Z = R  + sL =
~RW '  Ls L m

1--------l

R w +  s L m L s L m

R w. .~ L m L m L s .

i  = t i. h 4 f  (2.i)

v, = [vM vM vMf
where Rw is the resistance of each phase, Ls is the self inductance of each phase, and Lm is 
the mutual inductance between adjacent phases. The calculation of R and L are considered 
later.

2.2 Vehicle  field

Field calculations
The magnetic field produced in the plane of the motor windings by the 

superconducting vehicle magnets can be calculated by using the Biot-Savart Law, Equation
2.2. To compute the field produced by a loop we integrate Equation 2.2 around the loop.

1 s x rd\\ - ------- — I ds
4n  r2

where s and r are unit vectors in the s and r directions.
(2.2)

If the loop is composed of straight sections, then we start by integrating Equation
2.2 over the length of a straight section of conductor, as modeled in Figure 2.5. The result 
is shown in Equation 2.3.
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Figure 2.5. Model for field contribution due to a straight current element.

B _ u 01 z (  ( y - a ) (y -b )
4k  d2 { ^ ( y - a ) 2 + d2 ^ j(y-b)2+ d 2 ,

By = 0

B _ HqI x - c( ( y - a ) ________ ( y - b )
4 k  d2 ^ ( y - a ) 2 + d 2 ^ ( y - b ) 2 + d 2 ^

where d2 = ( x -  c)2 + z2

(2.3)

The motor field magnets, located on the vehicle, are modeled as a linear array of 
rectangular coils as shown in Figure 2.6. We compute B(jc, y, z) by summing the 
contributions of all coils.

Figure 2.6. Model of vehicle magnet for field calculation.

Field calculation example
In order to illustrate the calculation and interpretation of the field produced by the 

vehicle magnets, consider an example with the parameters given in Table 2.1. The pole 
pitch is chosen as 1 meter not only because this is a practical value, but also because it 
facilitates scaling to estimate the field for other dimensions. For example, if all dimensions 
are multiplied by kd and all currents are multiplied by ku then all values of B are multiplied 
by ki/kd-
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Table 2.1. Typical coil parameters for vehicle magnets.

Pole pitch p  1.0 m
Length lc 0.8 m
Width wc 0.8 m
Current If 500,000 A-tums____________________________________

In practice the coil conductors will occupy a finite volume and the coil dimensions 
are assumed to be an average of all the turns in the actual coil. For simplicity, the coils are 
assumed to be square with dimension 80% of the pole pitch. The choice of 80% is 
consistent with practical designs and has the added benefit of eliminating the fifth harmonic 
component of back voltage, for reasons that will be discussed. The same methodology will 
work with other coil shapes, and the conclusions are similar. In typical designs the 
distance between the planes of the vehicle coils and the LSM windings is on the order of 
20% of the pole pitch, so for this example we assume h = 0.2 m. The resulting 
components of the magnetic field are shown in the three 3 dimensional plots of Figures 
2.7-8.

Figure 2.7. Bz produced by vehicle coils with parameters given by Table 2.1.

Figure 2.7 is a plot of Bz for a quarter section of one pole of an infinitely long array 
of vehicle coils and for a separation between coils and windings of h = 0.2 meters. Bz is 
the only field component that produces a net propulsive force. Unless h is exceptionally 
small, the z component can be approximated as:
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Bt = Bz0 sin(7r;t /  p)cos(47ty /  (w + h))e~k,ia/p 
\y\<(w + h )/2 , z < p /2 (2.4)

The parameter kz is an empirical, dimensionless constant to account for the fact that the 
field falls off more rapidly than it would if the coil width were infinite; a typical value is kz 
= 1.25. This approximation neglects higher space harmonic terms so, for more precise 
analysis, the third and, possibly, fifth harmonics should be added. Note that the presence 
of a significant third harmonic term is not necessarily undesirable because it can reduce the 
peak motor voltage while simultaneously contributing additional thrust.

There can also be guidance forces produced by Bz if the vehicle is not centered over 
the windings. The longitudinal component of the LSM windings, i.e. the "end turns," 
produce these guidance forces and they are usually small because the end turns are usually 
located in regions where Bz is small. But currents in a "helical" winding, which will be 
discussed later, can interact with Bz to produce strong guidance forces. Alternatively, the 
propulsion windings can be specifically designed to provide for guidance forces. ^

The x  and y components of B are also important, and are shown in Figure 2.8 for 
direct comparison with Bz in Figure 2.7.

Bx can not produce a net propulsive force, but it can produce lift forces by 
interaction with the y-directed sections of the LSM winding. By can not produce a net 
propulsive force, but it can produce lift forces by interaction with the x  directed sections of 
the LSM winding. Bx and By are important if the linear motor is being used for heave 
damping as well as for propulsion.

Bx is produced only by the transverse components of the vehicle coils and By is 
produced only by the longitudinal components of the coils. These fields can be estimated 
using Equation 2.5, the field near a long, current carrying wire.

2  nr ’
r is distance to current element, x  not near the wire end;
e.g. if /  = 500,000A, z = 0.2 m, then B = ±0.5 Tesla =±5,000 gauss.

(2.5)

The end turns of the winding can be located in the region where By is large, so by proper 
choice of the LSM winding currents a strong vertical force can be produced.
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Figure 2.8. -Bx and By for same vehicle parameters as Figure 2.7.

2.3 G u idew ay w ind ing

Design example _
In order to illustrate the operation of an LSM, consider a particular example. The 

motor winding is assumed to have rectangular shape with simple end turns as shown in
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Figure 2.9. The vehicle field is assumed to be as given in Figures 2.7-8 and the winding 
parameters are given in Table 2.2.

Table 2.2. Dimensions for LSM example.

Pole pitch P 1 .0 m
Winding width ww 1 .0 m
Number of phases nP 6 -
Winding cross section area Aw 400 mm-
Winding block length lb 2 0 0 0 m

These parameters lead to field plots for different heights as shown in Figure 2.10 
for the centerline, y  = 0 .

Figure 2.10. Bz vs. x  for different h and y = 0.
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If we use eight vehicle coils and compute the field in the center region there will be 
negligible difference from the field for an infinite array as long as the height h is less than 
about one half the coil width. In a later section, we consider the far field and the end effect.

The voltage waveform can be computed by determining the average value of Bz 
over the length of the transverse winding section and at a sequence of x  values. The 
resulting plot is the shape of the voltage waveform. For the example the result is a 
waveform with a shape that depends on the height as shown in Figure 2.11.

Figure 2.11. Average flux per pole for rectangular winding and for different heights.

A good way to analyze the motor voltage is by performing a harmonic analysis and 
representing the average field in the plane of the winding as a Fourier expansion in x  and z. 
If the winding is long in the y direction, then the Fourier series can be approximated by 
Equation 2.6.

Ba(x,z) = Y,Bane~KmzlP sin(7rnx /  p)
n=l,3„.

Ba is Bz averaged over the width of the winding (2.6)
kn are empirical constants with values > 1

We can use this as an analytic approximation with kzn adjusted to fit the data. Figure 2.12 
shows a comparison of the computed harmonics with Fourier coefficients chosen to give a 
best fit to the computed data. The resulting Ban and kn are given in Table 2.3.
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Figure 2.12. Amplitude of harmonics of Ba as a function of height. The straight lines 
are approximations from Equation 2.7 and the marks are calculated.

For this example the average flux can be modeled using the Fourier terms given in 
Table 2.3. The 5th harmonic is exactly 0 because the coil length was assumed to be 0.8p. 
We could have chosen a coil length of 2p/3 to eliminate the third harmonic, but this would 
lead to less propulsive force. The 7th harmonic is less than 1.3 % for h > 0.2 m.

Table 2.3. Fourier coefficients for approximations of Figure 2.10

n Bfj n
1 5884 1.25
3 3065 1.03
5 0 . . .

The Fourier model fits extremely well and allows accurate analysis with minimum 
computational effort. For heights greater than about 20% of the pole pitch the only 
important harmonics are the first and third. With h = 0.2p the third harmonic is 16% of the 
fundamental.
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Three phase windings
A simplified drawing of a 3 phase winding is shown in Figure 2.13. The 

wavelength X is the distance between successive peaks in the magnetic wave. It is also 
twice the pole pitch, which is the distance between successive magnetic poles. The 
winding width w is defined to be an effective width that is somewhat longer than the 
straight section to account for the flux linking the end turns; this part of the winding 
produces the propulsive force. The three phase currents are ii, i'2  and z'3 . The control of 
these currents is the key to controlling the vehicle, and is considered in Section 5.

* 1 *2 * 3

Figure 2.13. Simplified plan for a 3-phase guideway winding.

The wavelength should ideally be an order of magnitude greater than the gap 
between the vehicle coils and the guideway, but if it is too long the motor efficiency will 
suffer. Additionally, a long pole pitch would cause electromagnetic fields to extend greater 
distances from the vehicle. For many EDS designs the same magnets are used for 
suspension, guidance, and propulsion so it is not possible to optimize the pole pitch for a 
single function. Ultimately, for any national maglev system the pole pitch must be 
standardized, but before this is done it is essential to study the issue in detail, not only with 
respect to the initial design but, in so far as possible, to anticipate future evolution.

The width of the winding, w in Figure 2.13, need not be part of the guideway 
standard, and the vehicle magnet pole width could be less than the guideway pole width, 
but in practice the pole width probably has to be part of the standard.

Winding impedance

To calculate the winding impedance accurately, the exact shape of the end turn must 
be considered, but very good accuracy can be achieved by assuming rectangular loops 
connected by two wire transmission lines as shown in Figure 2.14.
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(a) Two turns per "slot"

(b) One turn per "slot"

2 6 10

I
a

1

c
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(c) Generic model
Figure 2.14. Inductance model of rectangular meander winding calculation.

Inductance calculation
Figure 2.14 shows typical winding patterns for current flowing down one phase 

and back on another phase in the same three phase group. The winding loop creates a 
series of rectangular loops interconnected with closely spaced end turns. In the end turns 
the two conductors are in close proximity and act like a transmission line.

In order to compute the winding inductance we first compute the inductance of a 
single rectangular coil and then add the effects of mutual coupling to all of the other loops 
and the effect of the end turn transmission line. The transmission line model has no net 
coupling to the loops and the interaction between adjacent transmission lines is neglected.

The calculation proceeds by assuming the following: L; is the self inductance of the 
ith filament of wire, L ij  is the mutual inductance between the tfh and filaments, Lm[ is 
the mutual inductance between one loop and a loop i pole pitches away, Ltf is the 
inductance of the transmission line. If we assume the winding has infinite extent we 
proceed as follows to calculate Lpp, the inductance per pole of the complete winding.
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Lr = 2Ll +2L2- 2 L ['3- 2 L 1'4 
Lm\ = — Lj_7 — Lj, s + 2 1 ^  — 2L2S

Lmi = 2Li>9 — Ljn — Lji9 + 2 Lj 10 — 2 4 ,1 2  

Lpp ~ Lr + Ltl — 2Lml + 2Lm2 — ..

(2.7)

The factor of 2 .for the mutual inductance between loops accounts for the coupling 
in both directions and the signs account for the direction of current flow; if the currents in 
two filaments are in the same direction then the mutual inductance increases the total 
inductance, otherwise it decreases it. Because the coils are rectangular there is no mutual 
inductance between an odd and an even filament.

The inductances are calculated using the terminology of Figure 2.15. Assume that a 
round wire with radius r and length l is spaced d from an identical wire. Then, assuming a 
permeability of JJq everywhere, the self inductance of a single filament, Ls, the mutual 
inductance between two filaments, Lm, and the inductance of a two wire transmission line 
are as given in Equation 2.8 [Ref. 1].

4 In'2Ps 2 k V  ̂r )
( (

Lm= B i In l— +
2 k dV V

3 "

4 J
2 ̂ 
I
/

L „ = 2 L + 2 L = ^ -
n r) A - l

d 1 —  « 1
/ -

(2.8)
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Table 2.4 gives an itemization of the inductances for a typical design according to 
the method described. Note that the self inductance term dominates and the negative effect 
of the mutual is approximately canceled by the remaining terms. Thus, for a very simple 
calculation we can simply add the self inductance terms.

Table 2.4. Calculation of typical winding inductance; units are microhenries per loop.

2(Li +L2) 1.10
2(Li3+L24) -0.25
Ltl 0.1
All else________0.05
Total Lpp______ 1.00

Because of the importance of the self inductance of the wire segments, it is 
desirable to use a design that minimizes this inductance. The self inductance of a straight 
section of wire is approximately inversely proportional to the perimeter of the wire. Thus, 
for a given cross section area a circular wire has the largest inductance and a wide, thin 
strip will have much less inductance. The best strategy is to make each phase conductor as 
wide and thin as possible.

The winding resistance is computed using equation 2.9. We use relatively fine 
strands of insulated wire to reduce eddy current loss, and to eliminate skin depth effects at 
the excitation frequencies used for propulsion. In a typical design the individual strands are 
24 gauge wire with a diameter of 0.51 mm. Note that the stranding increases the outer 
dimensions of the cable and will increase the length somewhat because of the spiral 

, twisting.

w here p  is th e  resistivity  of alum inum  (2 .9 )
£ is the  leng th  of the conductor 
A is the  cross - sectional area  of the conductor 

Table 2.5 gives the key parameters for the motor example. Note that in this design 
there are 6  phase windings for each motor, so the total thrust and power output is 12  times 
the value for a single phase. The inductance is based on maximum use of inductance 
mitigation methods.
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Table 2.5. Assumed motor parameters for one half of motor
Parameter value units
Block length 2 ,0 0 0 m
Pole pitch 1 .0 m
Pole width 1 .0 m
Winding resistivity (Al) 29 nohm-m
Wires per "slot" 
winding)

2 (i.e. round-trip phase

Wire length 8 ,0 0 0 m
Cable cross section area 0.0005 m2

Winding space factor 85 %
Resistance per phase ,0.55 ohms
Inductance per phase 2.5 mh
Wire density 2680 kg/m3

Phase current, rms 500 amperes (235 A/cm2 in Al)
Phases, port + starboard 12

Power loss at Imax 1 .6 Mwatt
Poles per vehicle, each side 24
Cruise speed 135 m/s
Electrical frequency 67.5 Hz
Average B for winding 0 .6 Tesla
Back voltage, rms 2700 volts
Maximum thrust 122 kN
Efficiency at max. thrust 91 %
Wire mass per phase 55 tonnes per km of guideway
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2.4 V o ltage  and  current w aveform s

Figure 2.16. Six phase switching system for controlling the power flow to the windings.

In Figure 2.16 there are two 3-phase switch bridges, each controlling the current 
flow in a three phase group of windings. In a 6-phase LSM there are two distinct sets of 3- ' 
phase windings, the odd phases and the even phases, each group displaced longitudinally 
so as to create the effect of a single 6-phase winding. The switching is then displaced in 
time so that the upper and lower bridges are never switching at the same time.

Considering only one of the switching bridges, the currents in the corresponding 3 
phases are approximately as shown in Figure 2.17. The current source is switched 
progressively from one phase to another, and with the finite current rise and fall times, 
caused by winding inductance, the current waveforms have a crude resemblance to 3 sine 
waves displaced 120° from the each other. With a 3-phase bridge and symmetric control 
the lowest frequency harmonic is the 5th. However, in a favored inverter design there 
would be 6 single phase bridges in series, and in this case there could be a third harmonic 
component of current. Note that if there is a third harmonic of induced voltage, then for 
optimum efficiency there should also be a third harmonic of current.
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*2

13

Figure 2.17. Typical currents for excitation of one 3-phase group.

The current requirements for the guideway windings depend on the shape and 
strength of the field produced by the vehicle magnets. The total thrust produced by a single 
winding is F = B / i, where B is the average magnetic field strength in the plane of the 
winding, l is the total effective length of the winding in a direction perpendicular to the 
direction of travel, and i is the winding current. For a given vehicle at a specified speed 
and acceleration, the force requirements and vehicle magnet strength will dictate a required 
winding current. For a national standard there must be a limit on. the required winding 
current and voltage and the vehicle must provide the necessary 5  to achieve the thrust 
required to maintain the desired synchronous speed. The speed at each point on the 
guideway must be set by the system and continually monitored to ensure safe operation of 
vehicles with a close headway.

Note that longer vehicles will require somewhat less force per unit length of 
vehicle, but will require more thrust for acceleration and more power for cruise. One 
design problem is to devise a way to increase the power capability if vehicle length 
increases without requiring the initial installation to be too expensive, and without ever 
changing the guideway winding. This problem is common to all LSM designs, and to our 
knowledge no published paper has explained how existing systems will be upgraded to 
deal with the high voltages required to propel long vehicles. For example, the published 
Transrapid LSM design will work properly with up to 4 or 5 cars, but with 8 or 10 cars the 
winding voltage will exceed the insulation rating of the wire. If the wire insulation 
thickness is increased, then there will be less space for conductor and hence greater power 
loss in the winding.
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2.5 End effects

Near the end of the array of vehicle coils the field will deviate from the values 
calculated previously. For example, if the vehicle has a long array of coils, then the field 
near the end of the array is as shown in Figure 2.18. The last pole has somewhat less field 
strength than the others, and there is some field beyond the last pole that will contribute 
useful force. As a result, the end effect is not too significant as far a propulsive force is 
concerned. The main importance of the end effect lies in its impact on the far-field, and this 
is discussed in Section 6.

2.6 Helical w in d in g

Alternative winding schemes
Rectangular windings have been used for almost a century for rotary and linear 

motors. This winding scheme uses transverse sections of the winding for propulsive and 
braking forces and the longitudinal sections, or end turns, develop transverse forces which 
are usually not of interest; one must, of course, insure that these forces do not produce 
undesirable effects. This rectangular winding method is well suited to rotary machines 
with a laminated steel core because the windings can fit in slots while the end turns wrap 
around the shaft. .



For air core machines there is no need to fit windings in slots and it is difficult to 
find a good place for the end turns, so there is merit in pursuing alternative winding 
schemes. For an EDS LSM we would prefer a winding that is thin in the z direction so that 
the conductors can all be exposed to a high flux level. Prof. James Kirtley at MIT, and 
others, have pioneered the use of a "helical" winding for superconducting generators,.
Now virtually all rotary superconducting machines use a helical winding. This winding 
scheme appears to be well suited for maglev for reasons that will be discussed.

A simplified comparison between a rectangular and a helical winding is shown in 
Figure 2.19. The helical winding intercepts less flux but the winding follows a shorter 
path and when a complete analysis is conducted [Ref. 3] the helical winding often comes 
out ahead. The helical winding has the added virtue of being thin so that it can be closer to 
the vehicle and hence in a region of higher magnetic flux density. This is particularly 
important with aluminum conductors because they require more volume for the same 
winding resistance.

__ __________________________ 2 Motor Analysis and Design__________________

Construction of a helical winding
In order to picture how the helical winding is constructed, imagine that several 

wires are wound together in helical fashion in a single layer around a cylindrical core, and 
then the core is removed and the winding flattened. A perspective view is shown in Figure 
2.20; the resulting structure resembles a braided belt. This winding would be fabricated in 
a factory and long lengths would be transported on a reel to the site for field installation.
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Figure 2.20 shows a winding with 10 conductors and as such it could be used with 
a 5 phase inverter, but the winding can be fabricated for almost any number of phases. It is - 
important to remember that each conductor, shown as a round circle in Figure 2.20, is 
actually a Litz wire composed of many strands of fine wire so as to minimize eddy current 
losses due to the rapidly changing magnetic field produced by the moving vehicle. For 
inductance mitigation the Litz wire would be flat instead of round. Several companies have 
automated machines for making this helical Litz wire.

Other virtues of the helical winding
In addition to being a thin winding, the helical design has insulating virtues for high2 

voltage applications. In the superconducting generator application it is envisioned that 
transmission line voltages can be generated directly by this winding. In our case we can 
limit the voltage between adjacent wires to about 5 kV while allowing up to 15 kV between 
non adjacent wires.

Another helical winding advantage is the reduced inductance of the winding. 
Although an LSM for EDS applications will have a lower inductance than a comparable 
winding for an EMS system, the inductance still creates problems for switching and 
inductance mitigation techniques are important.

Series-parallel switching options
The helical winding can be installed with almost any number of conductors. There 

is very little extra cost for a winding with more conductors, assuming a given total cross- 
sectional area. This allows the option of installing 12 phase windings and allowing 
adjacent phases to be connected either in series or in parallel. Rotary motors used for



2 Motor Analysis and Design

propulsion have been switched in series/parallel combinations for many decades and the 
advantages are well known. We can allow higher motor current at lower speed when the 
induced voltage is low, and lower currents when the voltage is high. Transrapid uses a 
transformer to achieve a similar effect. At low speeds their controllers drive the windings 
directly while at high speeds they use a 2.5:1 transformer to generate the higher voltages 
that are needed for high speeds.

One possibility is to use the series connection at low speeds so that the LSM can be 
used to provide enough vertical force to provide full levitation at zero speed. Alternatively, 
the series/parallel connection could be used to allow a lower power inverter to give fairly 
good performance, exactly as Transrapid uses a transformer to provide this function.
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3 Electronic Power Conversion

The LSM requires high power electronics for converting fixed voltage 
and fixed frequency power from the utilities to variable voltage and 
frequency power for exciting the motor windings. It is preferable, though 
not essential, that the conversion be reversible in order to allow recovery 
of braking energy. The cost of the power conversion equipment is on the 
order of 10% if  the guideway capital cost, so any design must make cost 
reduction a major issue. But fault tolerance and reliability are equally 
important. This section addresses these issues and describes the 
alternatives that seem most appropriate for maglev applications. A major 
focus is on methods of estimating and reducing cost.______________ '

3.1 P ro p u ls io n  pow er requirem ents

There are five major components of propulsion power requirements, listed here in 
order of importance:
• Aerodynamic drag;
• Power for acceleration due to a probable need for frequent acceleration and deceleration;
• EDS loss associated with induced currents in the guideway;
• LSM losses associated with resistance of the guideway LSM winding;
• Power loss in the transmission and conversion of power;
• Eddy current loss in conductors exposed to high and rapidly changing fields;
• Hotel power if this is provided by a linear generator, as with Transrapid TR07.

Table 3.1 gives a rough idea of the power requirements for level travel at different 
speeds for a vehicle capable of carrying about 120 passengers. This table assumes 
aerodynamic drag power varies as the cube of speed, eddy current loss is proportional to 
speed, power loss in the magnetic suspension is constant, and the linear motor losses are 
proportional to the square of motor thrust. Losses in the electronic converter will be about 
4 % of the power output. There is an additional "hotel" power requirement of about 1 kw 
per passenger, and refrigeration power if there are is on-board refrigeration equipment; 
these power requirements are not included in the following discussion.
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Table 3.1. Baseline power requirements for level travel for a typical 120 passenger 
vehicle designed for a nominal maximum operating speed of 135 nVs.

Speed m/s 30 45 60 75 90 105 120 135 150
mvh 67 101 134 168 201 235 268 302 336

Aero, loss MW 0.06 0.20 0.46 0.90 1.56 2.48 3.70 5.27 7.22
EDS loss MW 0.63 0.63 0.63 0.63 0.63 0.63 0.63 0.63 0.63
Eddy loss MW 0.01 0.02 0.03 0.05 0.07 0.09 0.12 0.15 0.19
LSM loss MW 0.16 0.95 0.11 0.13 0.19 0.28 0.41 0.60 0.87
Total loss MW 0.86 0.95 1.23 1.72 2.45 3.48 4.86 6.65 8.91
Energy/dist kJ/m 28.8 21.2 20.5 22.9 27.2 33.2 40.5 49.3 59.4

wh/s-km 65 48 47 52 62 76 92 112 135

A TR7 200 passenger vehicle is estimated to consume 4.2 Mw on a level guideway 
at 111 m/s (400 km/h). EMS consumes less power for suspension than EDS, but the 
aerodynamic drag can be greater because of the greater vehicle surface area associated with 
the wrap-around support structure.

We have assumed a top speed of 150 m/s (540 km/h, 336 mph) in order to allow 
continuous safe operation at 135 m/s (302 mph). With this design speed there will be 
enough extra capability to allow some variations with power supply, weather, partial 
failure, etc. We expect that a typical route will allow an average operating speed in the 
range 90 to 120 m/s (201 to 268 mph). .

The minimum operating speed is zero, but for main line guideway operation we 
assume a normal minimum of 30 m/s. Some EDS designs will not operate at this low a 
speed except on wheels, and some will operate below 10 m/s. If low speed operation is 
possible the stations can be built with shorter acceleration and deceleration lanes.

The vehicle is assumed to be designed for one direction of travel, but reverse 
propulsion must also be possible at reduced speed.

There is an important compromise to determine the optimum LSM thrust capability. 
A typical vehicle requires between 40 and 50 kN of thrust for level cruise at 150 m/s.
Figure 3.1 shows the net vehicle acceleration for different motor thrusts from -120 to 120 
kN, where a negative thrust implies braking. Note that at speeds below about 75 m/s the 
magnetic drag dominates, so the total vehicle drag is relatively constant at about 0.04 g over 
a wide speed range. It appears that anything less than 120 kN thrust capability will not 
allow enough acceleration to accommodate varying guideway speed so as to accommodate 
terrain, wind and some performance degradation for unanticipated effects. This means the 
normal power rating of the inverter will be 120x150 = 18,000 kilowatts. For the normal
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maximum speed of 135 m/s and considering all of the losses, the inverter must provide 
about 6.6 megawatts for level cruise. In short, the power inverter should be sized for 
almost three times the power required for level travel at maximum operating speed. This 
may seem like an excessive over-rating, but anything less will lead to limited acceleration 
capability. If the guideway is level and straight, then a reduction in acceleration may be 
acceptable, but we will assume that the power converter should produce on the order of 10 
to 20 megawatts in a frequency range of 20 to 100 Hz.
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Figure 3.1. Acceleration vs. speed for various motor thrusts’

With the assumed 120 kN maximum thrust, and considering aerodynamic and 
magnetic drag, Figure 3.1 shows that the average acceleration capability is about 1.6 m/s2 
except at the highest and lowest speeds. For braking the aerodynamic and magnetic drags 
add to the regenerative braking so 120 kN gives an average deceleration of about 2.4 m/s2.

3.2 S e m ico n d u c to r  power sw itch ing  d e v ice s

The key components in all power electronic circuits are the silicon power devices 
used to control the flow of power. At high power levels these are always operated in the
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switched mode with a device either conducting substantial current with voltage drop of only 
a few volts, or operating with negligible current at voltages of several kilovolts. Following 
is a brief description of semiconductor power switching devices currently suitable for 
operating at megawatt power levels.

Silicon-Controlled Rectifier Thyristor (SCR)
The thyristor, or silicon controlled rectifier, is available in a wider Volt-Ampere 

range than any other semiconductor switch. It is a 4-layer device that uses the PNPN 
structure to sustain very high currents once a gate signal triggers the device into the on- 
state. It's simplicity accounts for the fact that an entire 4 inch wafer can be used to build a 
single device and still achieve good yield. It depends on a mature, stable technology and is 
extremely robust. For example, a 3000 ampere thyristor may have a peak, 1/120 second 
surge rating of over 55,000 amperes,

The major disadvantage of the SCR is the need for external commutation circuitry, 
which can be extremely bulky, expensive, and lossy. Fast turn off devices now cost about 
the same as slower devices, but there are still serious speed limitations caused by the 
relatively slow commutation process.

Gate Turn Off Thyristor (GTO)
A GTO is very similar to an SCR except that the gate can be used to turn the device 

off, so there is no need for expensive commutation circuitry and higher switching rates are 
possible. However, the GTO costs substantially more for several reasons:
• The device cost is 2 to 3 times higher than a comparable SCR because it requires many 

more processing steps.
• The gate drive circuitry is much more expensive. In order to turn off a given current, the 

gate drive may need to supply 20 to 25% of the conduction current with a 30 to 50 psec 
rise time.

• Unlike the thyristor, many types of GTOs cannot block reverse voltage, and thus there 
may be a need for auxiliary diodes in some circuits.

• Snubbers for a GTO application are stringent, and can account for a substantial portion 
of the losses.

In spite of it’s higher cost, the GTO has become widely used in the last few years, 
and has completely replaced the thyristor in some applications. For example, the new 
design for Transrapid power converters uses GTOs, as does the power circuitry in the 
German ICE high speed train. We believe that the GTO is the device best suited for use in 
inverters designed for use in a maglev system.
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MOS-ControlIed Thyristor (MCT)
The MCT is a newer device that is not yet available in the highest power levels. It 

is similar to the GTO in allowing the gate to turn the device off, but the gate drive circuitry 
is much simpler. The MCT, like the SCR and GTO, has the advantage of relatively high 
efficiency as compared with transistor-like devices such as the Insulated Gate Base 
Transistor (IGBT) which is commonly used for lower power applications.

MCT modules currently exist which can block 3000 V and turn off 600 A, thus 
making them suitable for this power range, but fairly expensive. Although it is not known 
when MCTs will be commercially available for megawatt power levels, it will be relatively 
easy to replace GTOs with MCTs when such a change is appropriate.

Other power switching devices
There are a number of other switching devices available, but none of them are 

suitable at present. The most likely candidate is the IGBT, but device researchers who 
believe very strongly in the future of the IGBT also believe megawatt level inverters are at 
least 5 years away. For lower power levels, and possibly for gate drive and hotel power 
applications, the IGBT and various types of transistors will be the components of choice.

Device cost
Since the cost of the power switching devices gives a good indication of the cost of 

a complete inverter, it is instructive to examine the device costs. SCR devices, in a range 
of voltages with similar power ratings, have costs shown in Table 3.2. Here we see that 
the optimum design is for intermediate voltages and currents. The cost of the complete 
inverter is discussed later.
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Table 3.2. Cost of SCRs, GTOs, and GTO gate drives.
(a) Inverter Grade, 1MVA Powerex SCRs (prices from Gerber Electronics). 

Volts Amps MVA tq(uS) Part# $ 0 ) 1 $  @ 100
1600 650 1.04 80 T72H164214DN 173.78 159.87
1400 700 0.98 40 T7 2H144544DN 137.30 126.32
1200 885 1.062 40 C477PB 137.16 114.30
1000 1000 1 40 C447P 173.58 159.61
800 1180 0.944 40 T82F087543DN 172.55 158.74

(b) Power frequency grade, 1MVA Powerex SCRs (prices from The Orion Group).
Volts Amos MVA ta Part# $(1-24) $(100+)
1400 750 1.05 200 T820-14-74 04dh 169.86 131.21
1200 900 1.08 200 T820-12-90 04dh 190.92 148.82
1000 1000 1.00 350 T9G0-10-10 03dh 196.52 152.54
800 1400 1.12 150 C451-N2 203.50 157.96
700 1500 1.05 150 C451-S1 128.10 128.10
600 1600 0.96 250 TA20-06-16 03dh 301.06 211.95
600 1800 1.08 250 TA20-06-18 03dh 349.92 246.35
800 1200 0.96 350 T9G0-08-12 03dh 183.15 142.16

(c) High voltage Powerex and GE SCRs (prices from The Orion Group).
A av A rms V pk (8)100 pieces 

TA204014 1400 2200 4000 $209.25
FT1500DV-80 . 1500 2350 4000 $364.23
C784DD 1650 2950 4400 $391.65

(d) Asymmetric GTOs and Gate Drives from Marconi (prices from MPS electronics).
Volts A rms MVA A ave Part# $(1-10) Gate Drive $(2-10)
1300 310 0.403 200 DGT224SE13 108 GDU91-2 387
1800 625 0.945 335 DG386AP18 324 GDU91-201XX 387
2500 330 0.825 210 DG306AE25 225 GDU91-2 387
2500 620 1.55 395 DG386AP25 360 GDU91-201XX 387
4500 470 2.115 300 DG388AP25 864 GDU91-201XX 387
2500 1280 3.2 820 DG606AH25 990 GDU91-202XX 630
4500 1365 6.142 870 DG758BX45 1440 GDU91-203XX 720
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3.3 P a s s iv e  com pon en ts

The major passive devices are resistors, capacitors, inductors, and transformers. It 
is not necessary to elaborate on the properties of these devices except for a few important 
observations relevant to requirements for maglev propulsion.

Power resistors
Power resistors are required to allow regenerative braking in case of power system 

failure. Power resistors may also be required for dynamic braking in emergency situations, 
but it may be possible to use the guideway winding resistance alone for this function.

Capacitors
Capacitors play a crucial role in all power electronics, particularly when the load has 

substantial inductive energy storage. The capacitor is used to store energy during 
transitions so that the switching devices due not have to dissipate substantial energy. For 
megawatt conversion the capacitors must store many joules of energy, and in this range the 
cost is roughly proportional to the energy storage. For example, in order to double the 
voltage rating the insulation thickness must be doubled, so the capacity is reduced by a 
factor of four for given capacitor dimensions (i.e. half the area of the metal electrodes and 
twice the thickness of the insulator). The parameters and cost for a specific GE non­
polarized capacitor are given in Table 3.3.

Table 3.3. Parameters for a typical commutation capacitor

Part number V peak j jf  A rms $@1500 $1 Joule
97F8625FC 1500 10 218 $38.03 $3.38

Other sizes of non-polarized capacitors have very nearly the same cost per unit 
energy storage. A typical application requires a capacitor with a capacitance of 100 jif, a 
current rating of 500 amperes rms, and a voltage rating of 3000 volts. It would take a 
series/parallel combination of 40 of the capacitor described in Table 3.3 with a total cost of 
over $1500. This cost may be greater than the cost of the associated semiconductor devices 
in an inverter.

Inductors
At low power levels it is common to use capacitors as the main filtering component 

with inductors used only at frequencies above the audio range. This is because large 
inductors that would be needed for low frequency application are relatively expensive and 
inefficient. However, the scaling laws imply that capacitor cost per unit energy storage
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does not reduce with size but for an inductor cost does decrease with size. For example, if 
an air core inductor has an inductance L  and resistance R, and all dimensions are doubled 
the ratio UR  will be quadrupled because it is proportional to the ration /iJp which has 
dimensions henries/m2. Thus, inductors can be used to store large amounts of energy at a 
lower cost per unit energy storage than capacitors, and this means that inductors can play a 
more dominant role at megawatt power levels.

At medium power levels we would use iron core inductors to store energy but at the 
highest power levels an air core inductor is preferable. One analysis [Ref. 6] indicated that: 

An air core inductor is better if W > 37,000 t1-5 
where W = Lfi/2 = maximum energy stored 
t = UR = time constant.

As an example, a chopper for a 10 megawatt inverter might require an inductor with 
parameters given in Table 3.4.

Table 3.4. Parameters for an inductor in a 10 MW chopper.

L 0.05 Henry
R 0.1 ohm
I 800 Arms
W 16,000 J

T 0.5 s

Wr l-5 45,300 J s-1-5

The implication is that an air core inductor would be somewhat less expensive, but 
an iron core inductor is definitely worth considering. An aluminum winding, air core 
inductor with these parameters would have a mass of about 250 kg, and a cost of about 
$2500. A capacitor bank with the same energy storage capability would cost over $54,000; 
this is an order of magnitude more expensive! The capacitor energy storage would be more 
efficient, but for converter applications the efficiency of this inductor is entirely adequate.

Transformers
The transformer is another device commonly used in power electronic circuits.

Like inductors, in larger sizes they are more efficient and less massive on a per unit power 
basis. However, they are still very expensive and require considerable space and related 
cooling and protective equipment. In general one should avoid too many levels of . 
transformer and, when possible, use semiconductor devices instead. As a specific 
example, Southern California Edison obtained a quotation for a 25 MVA 3 phase 
transformer at $500,000. Smaller transformers would be more expensive per unit MVA
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rating, so for power and frequency ranges of interest we can assume that, roughly, large 
transformers cost on the order of $20 per kVA.

3.4 Inverter an d  converter m odu les

Generic inverter architecture
Virtually all high power dc to ac converters can be visualized in terms of the generic 

circuit shown in Figure 3.2. In these Figure we used a symbol that is a cross between a 
diode and a switch to signify a generic switch.

14= £ X S
(a) (b) (c) .(d) (e)

(B) Typical switching devices.

Figure 3.2. A generic converter and examples of switching devices.

In Figure 3.2 the dc voltage source Vj is converted to an n phase voltage source Va 
by means of 2n switches indicated as polarized, generic switches. In an actual circuit the 
generic switch is replaced by a specific switching device such as the examples shown.
Thus (a) in Figure 3.2 might be replaced by a simple diode (b), a thyristor (c), a Field 
Effect Transistor (d) or a GTO in parallel with a reverse diode (e). The type of switching 
device used will depend on the application, and passive devices, such as resistors and 
capacitors, may be added to control transients, but the basic topology is almost always the 
same. In Figure 3.2(A) there is an optional ground circuit shown as a connection from a 
mid-point in the dc source to a neutral terminal in the n-phase ac load. Note that power 
flow may be from dc to ac, from ac to dc, or both according to the nature of the switches 
and their controllers.
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Rectifiers
If the generic switch is replaced by a simple diode the result is the conventional 

rectifier. If it is replaced by a diode in parallel with a reversed GTO, as shown in Figure
3.3, it becomes a 4 quadrant rectifier if the GTO is triggered to turn on at the correct time.

At high power levels the simple 3 phase rectifier, commonly called a 6 pulse 
rectifier, does not provide a constant voltage, or a good power factor for the transformer, so 
it is common to use two rectifiers in series. One of the series rectifiers is fed from Y-

pulse rectifier with very good regulation and power factor attributes. In some cases it is 
even worthwhile to build a 24 pulse rectifier.

Voltage source inverter
One approach to finding a suitable topology for an inverter is to examine systems 

developed for other purposes. A good example is the electronic power system used in the 
German Intercity Express high speed train. This system uses a Voltage Source Inverter 
with Pulse Width Modulation (PWM) control and a fixed voltage dc link.

A simplified block diagram of the ICE system is shown in Figure 3.4. The ICE 
locomotive uses a transformer to reduce the catenary voltage of 15 kV, 16 2/3 Hz, to about 
2500 volts, which is then converted to dc with four 4-quadrant rectifiers. This dc link is 
filtered with a parallel capacitor and series LC resonant circuit, tuned to 33 1/3 Hz, to 
produce a controllable dc voltage for four 3-phase Pulse Width Modulated Inverters.

ac

Figure 3.3. 4-quadrant rectifier.

connected windings and the other from A-connected windings, so that the result is a 12
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Figure 3.4. Rectifier and PWM voltage source inverter used on ICE locomotives.

In the new design the inverters use GTOs which, it is claimed, reduce the switching 
losses by almost a factor of 3 and save 3.5 tonnes of mass in the locomotive. The output 
of the inverter passes through suitable inductors and switches and is applied to 4 traction 
motors. Note that there is substantial fault tolerance so that the failure of any one 
component in the system will not totally disable the locomotive. Only the transformer is 
critical, and this is one of the more robust components.

Following are some of the advantages and disadvantages of a PWM voltage source 
inverter with a variable dc voltage source.

Advantages
• The output voltage as well as frequency may be controlled by a PWM scheme. This 

allows the use of a diode bridge rectifier at the input, which is less expensive, more 
reliable, and has better power factor than a phase controlled rectifier.

• Harmonic content is better than for a quasi-square wave inverter, and output frequency 
may be varied down to 0 Hz with minimal torque ripple. Also, selective harmonic 
elimination may be used to remove troublesome harmonics.

• Output frequency is only limited by switching losses or thyristor commutation, and 
output frequencies of over 200 Hz may be achieved.

Disadvantages
• While the high switching frequency reduces filter requirements, it also lowers efficiency 

because of switching losses.
• Regeneration to the ac supply requires additional hardware.
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The ICE locomotives and Transrapid LSM propulsion systems were both built by 
Siemens, and share many attributes. The new system for Transrapid is being built with the 
same GTO modules used on the locomotive, and the system design approximates that for 
ICE, except with multiphase power input and the possibility of a variable voltage dc link.

Current Source Inverter
A second major class of inverters is the Current Source Inverter (CSI) in which a 

current source is created with an inductor, thus providing a constant current over a 
switching interval, and switches are used to control the power flow to the individual 
phases. A typical 2-quadrant CSI is shown in Figure 3.5. Here the switching devices are 
thyristors which are commutated by capacitive coupling to adjacent phases. For 
regenerative operation the voltage source polarity is reversed and the current polarity 
unchanged.

L

Figure 3.5. Quasi-Square Wave Current Source Inverter.

The CSI shown in Figure 3.5 uses an adjustable voltage source, V, to provide the 
input dc power, and an inductor, L, to maintain constant current over switching intervals.
It can be a highly reliable solution in the megawatt power range, and its primary 
characteristics may be summarized as follows:

Advantages
• Commutation circuits are relatively simple (compared to a VSI), and sources indicate that 

commutation losses are relatively small [Ref. 2,5].
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• Some sources [Ref. 2,3,5] indicate the commutation hold off times are long enough to 
permit inexpensive rectifier grade thyristors and diodes to be used, reducing the cost of 
the converter. The long holdoff times are the result of the need to oversize the 
commutation capacitors for voltage spike control.

• The CSI is known to be more rugged and reliable than a comparable voltage source 
inverter. Commutation failure is a non critical event for this converter, because shoot 
through is not an issue. Also, because commutation voltages respond to load currents, 
varying the rectifier output voltage does not affect commutation reliability, and the 
inverter responds well to sudden load changes [Ref. 5].

Disadvantages
• The commutation capacitors for this type of system need to be matched to load 

parameters in order to control voltage spikes at the output. The size of these capacitors 
along with the link inductor tend to make this circuit somewhat bulky and expensive.

• At low frequencies (< 5 Hz), torque ripple may be a problem. However, this can be 
somewhat remedied by changing conduction patterns [Ref. 3,5].

• The upper output frequency is limited by the relatively slow commutation process.
• Without additional circuitry, this inverter cannot operate at no load since current is 

required for commutation.

Most of the negatives do not have a major impact on the LSM application for EDS, 
thus this topology may be a reasonable choice. For an EDS design the maximum electrical 
frequency will be in the range of 60 to 120 Hz, as compared with the 240 Hz value for 
Transrapid. Assuming there are either two motors or one motor with 6 phases, we can 
configure the circuit to use one inductor in series with two three-phase bridges as shown in 
Figure 3.6. The switching of the series sections is staggered so that only one is switching 
at any given time, so a smaller inductor is adequate. Also, this series design allows the 
power source to be taken directly from a medium voltage dc distribution system.

We can carry the series converter idea one step further by using a separate H-bridge 
for each phase, and putting all phases in series as shown in Figure 3.7. This topology is 
particularly convenient to use with a dc distribution system since the variable voltage dc 
source can be provided by a buck converter supplied directly by a 15 kV dc source.
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L

Figure 3.7. Series Current Source Inverter

Cycloconverter
The MLU002 Japanese EDS maglev system used cycloconverters to generate 

power at up to 34 Hz. This very low frequency makes the cycloconverter feasible, though 
not necessarily optimal.

The cycloconverter is similar to the generic switch of Figure 3.2, but the input is 
multiphase ac and there are four switches from each phase of the input to each phase of the 
output. These switches directly convert ac line power to a different frequency, without 
going through a dc link. The elimination of energy storage elements makes this an 
economic solution at high power levels, but also leads to several drawbacks. While
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cycloconvertors are widely touted for use at high power levels, they are typically used in 
naturally commutated applications, where forced commutation circuitry is not an issue. 

Following are some of the advantages and disadvantages of a cycloconverter: 
Advantages

• The elimination of energy storage elements reduces the converter size and cost.
• Regeneration is simple, and does not require any additional hardware, although bilateral 

switches are necessary in the first place.
Disadvantages

• Sources indicate that control is relatively costly and complex, making it only suitable for 
high power drives [Ref. 2,5].

• The cycloconverter fundamentally operates at less than unity power factor, and the 
power factor degrades as the output voltage is reduced.

• The supply current harmonics vary with output frequency and load, making them hard to 
filter.

• For some control schemes [Ref. 14], subharmonics may exist in the output voltage and
input current. These harmonics are hard to filter out, and the output harmonics can 
cause significant torque ripple. “

Other alternatives
In soft-switched architectures, switching losses are decreased by using a resonant 

or qUasi-resonant auxiliary circuit to obtain a zero voltage and/or zero current switching 
opportunity for the main devices. These designs have not yet achieved major commercial 
success, and they do not appear to have any advantage in a maglev application.

3.5 C om m u tation

The relatively high inductance of the winding poses a major problem for the design 
of the inverter commutation circuitry. If the inductance is too high the CSI is probably not 
a good choice. As a rough measure, assume the waveform is sinusoidal and compare the 
voltage across the inductor at full load with the induced back voltage in the motor. If the 
inductive voltage is less than 1/2 the motor voltage, then a CSI is probably a good choice.
If the inductive voltage is equal or larger than the motor voltage it is preferable to use a 
VSI. With a VSI it may be preferable to utilize an ac power distribution scheme in order to 
develop the low voltages and high currents required for the converters.

For EDS designs with reasonable care in reducing the winding inductance, the 
advantage of the series connected CSI is quite significant. It is then possible to use a dc 
power distribution system with lower overall cost because of the reduction in transformer 
and distribution line cost.

The commutation problem is aggravated since, for cost reasons, we do not wish to 
use a large enough capacitor to store all of the energy stored in the phase inductance. If the
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inductance can be kept within reasonable limits, then a good option is to use 4 GTOs and a 
relatively small capacitor to commutate a bridge that uses 4 SCRs to perform the switching 
for a 2-quadrant inverter. A capacitor across the winding limits the voltage during 
switching and the GTO is "chopped" to prevent the voltage from getting too large during 
the transition. The turn-off is accomplished with the aid of natural commutation using the 
motor back voltage. The circuit and a simplified model are shown in Figure 3.8

(a) Series connected current source inverter.

(b) Simplified model of one phase for positive half-cycle. 
Figure 3.8. 2-Quadrant, series connected CSI 

with GTO based power control and SCR based regenerative braking.

The circuit of Figure 3.8 can be simulated using the state variable representation 
given in Equation 3.1.The source i'i is either Is , 0, or -Is.

S: closed, S2 open: s
~vc' ' 0 -ycc' ~vc‘ ' 0 o' v S

}p_
—

.X, j p .
+

:Y l, 0
0

J _

Sj open, S2 closed:, s V
J p .

= ' 0 
.X,

-/q ■
- % J

V
Jp .

+
■ 0
_~Xf

X
0'.U

The results of simulating the circuit are shown in Figures 3.9 arid 3.10.
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4000
volts

Figure 3.10. Same as Figure 3.9 except the back voltage is twice as large.
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3.6 Chopper control

Our recommended design uses a dc power distribution bus to distribute power to 
the inverter stations. It is also the intention to use this dc bus for transmitting regenerated 
power from a braking vehicle to a vehicle which needs the power. By using a 30 kV bus it 
is possible to transmit power at least 30 km so the probability of finding a vehicle to absorb 
this power is relatively high. Note that although we use 30 kV, this is actually separate 
+15 kV and -15 kV voltages so the maximum voltage to ground is only 15 kV. If there are 
port and starboard motors, then one would be powered from +15 kV and the other from 
-15 kV. Alternately, if there is only one motor we would power half of the phases from 
each bus.

Figure 3.11 shows a two phase, two quadrant chopper. This design uses 2:1 
interleaving to achieve the effect of a 2:1 step down transformer for reducing the 15 kv bus 
voltage to about one half that value for powering the series connected CSI. This 
interleaving has recently been studied in depth by Miwa [Ref. 51] and the principal 
conclusion is that interleaving can provide dramatic improvement in power control:
Figures 3.9b and 3.9c shows typical waveforms and it is clear that large fluctuations in the 
current in each of the 2 inductors are added out of phase to produce relatively small current 
ripple in the output. The two inductors together do not need to store as much energy as the 
single large inductor that would be required without interleaving, and the peak input current 
is reduced by about a factor of 2.
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Figure 3.11. Two phase, two quadrant chopper.

3.7 Cost analysis
The cost per watt of power conversion circuitry does not decrease significantly as 

the total power capacity increases. For megawatt level converters the use of a few large 
power semiconductor devices creates problems because of the low yield for the large 
silicon area, and because of heat removal problems.

An important observation: In most megawatt level power conversion electronics the 
silicon power switching devices contribute only about 5% of the total cost. Silicon devices 
are likely to become better and less expensive, while other components are not likely to
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become substantially less expensive. Thus the important design maxim: Use more silicon 
and less metal!

Inverter cost
The cost of commercial motor drive inverters supplied by a number of 

manufacturers is given in Figure 3.12. These inverters have ratings from 75 to 750 
kilowatts (100 to 1000 HP) and it is clear that at the lower end, where quantity production 
and competition are most extensive, the cost decreases somewhat with increasing power 
level. However, at the higher power levels the lack of a large market or extensive 
competition causes the specific cost to rise.

Figure 3.12. Inverter cost vs. power level for families of motor controllers.

As an independent check, an estimate of the manufacturing cost was made using a 
detailed cost analysis.
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Tal?!? 3.5. Estimated cost for a 20MVA inverter including buck converter at input.
Num S/unit $ Tot $

Inverter, 6 1-phase bridges, 10 MW 32520
GTO, 2.5 kV, 1300 A rms 6 990 5940
gate drive for GTO 6 630 3780
thyristor, 3.2 kV 1300 A rms 48 200 9600
gate drive 48 100 4800
diode, 2.5 kY, 1300 A rms 24 100 2400
snubber 30 100 3000
heat removal components, 5 kW 30 100 3000

Chopper, 2 phase, 2 quadrant, 15 kV, 700 A 36000
GTOs, 4 kV, 800 A rms 24 1000 24000
gate drive for GTO 24 250 6000
diodes, 3 kV, 650 A rms 24 50 1200
snubbers 24 100 2400
heat removal components, 5 kW 

Inductors, air core, 800 A rms
24 100 2400

8400
0.05 h, O.lohm, 560 kg 2 3400 6800
heat removal equipment, 64 kW 

Braking resistors
2 800 1600

6000
1 Mw 12 400 4800
heat removal equipment 

Block switching
12 100 1200

16800
thyristor, 3.2 kV 1300 A rms 24 500 12000
gate drive 24 100 2400
heat removal components, 5 kW 

Sensing and control electronics
24 100 2400

38800
Embedded control microprocessors 12 200 2400
Communication facilities 1 10000 10000
Zone control computer 1 20000 20000
Position sensing 1 2000 2000
Battery backup 1 2000 2000
Disconnect switches 12 200 2400

Miscellaneous 65000
building space, square meters 40 1000 40000
mounting racks, furniture 1 5000 5000
shipping and installation 

Total component cost
1 20000 20000

203520
spares 10% 20352
G&A, sales, manufac., eng'g 200% 447744
contingency 10% 67162

Total cost $738,778
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4 Power Distribution
The power distribution system accepts power from electric utility operated 
high voltage transmission lines and distributes this power at lower 
voltages to the electronic power inverters. This section describes power 
distribution alternatives for an LSM propulsion system including the 
option of distributing energy that is regenerated from braking vehicles. 
Among the issues discussed are reliability, flicker, harmonic power 
generation, and fault tolerant design. This section also discusses 
methods of estimating the cost of delivered energy.

4.1 Overview
The power distribution system will normally have the generic form shown in Figure

4.1. Substations located every 20 to 50 km convert 3-phase, high voltage utility power to 
lower voltages suitable for distribution. The power distribution can be either dc or 3 phase 
ac with typical voltages in the 15 to 33 kV range. Power is distributed along the guideway 
to wayside inverters which generate variable voltage, variable frequency power for the: 
LSM. This power system is similar to ones used for conventional electrified fail and does 
not pose any problems that have not been addressed in that context.

high voltage transmission high voltage transmission

Figure 4.1. Generic power distribution system.

The choice of transmission line voltage is based on availability and power 
requirements. Lower transmission voltages are preferable because they lead to lower cost 
substations. Transmission voltages less than 66 kV will not normally have enough 
capacity for a high speed maglev system, and even 66 kV systems may be inadequate for 
reasons to be discussed. Voltages over 230 kV will lead to very high substation cost and 
should be avoided unless the maglev substation can share facilities with other power users,
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The choice of distribution voltage is based on power levels and distribution 
distances. Most high speed rail systems use 25 kV, the exception being the German ICE 
which uses 15 kV because of a 1912 decision. The German Transrapid maglev design is 
based on a 20 kV, 3 phase distribution system that is common in Germany. U.S. studies 
have arrived at voltages in the 30 kV range as more suitable for U.S. maglev.

The substations contain transformers, circuit breakers and equipment for 
disconnection, switching, protection and control. For dc distribution the substations also 
include a rectifier, and there are options as to whether the rectifier can regenerate power into 
the utility system and as to whether there is a dc voltage control capability.

The detailed design decisions will be based on required power levels and headway 
distances. As an example, if the vehicles can operate with headways as short as 4 km and 
each vehicle requires about 6 MW average power, then a 2-way system will require 3MW 
per km. If the substations are spaced at 25 km, then the maximum average power per 
substation is 75 MW. Because of statistical fluctuations in headway and power levels, the 
maximum power averaged over several minutes will be less than this value, but the . 
instantaneous peak power could be significantly larger.

4.2 Utility issues
Conventional electric trains are single-phase loads, while proposed maglev systems 

have the advantage of being balanced three-phase loads. This avoids a difficult load 
balance problem, but maglev still has all of the other utility problems associated with 
electrically propelled rail systems. These include power regeneration hazards, periodic 
power fluctuations (i.e. flicker), harmonic generation, and power flow. Evaluation of 
these issues is required to verify that they do not adversely affect the utility power systems.

Regeneration into the utility grid
Recovering of energy from decelerating vehicles is done in many electric rail 

systems, such as the German ICE and the San Francisco BART systems. In low speed 
transit applications there is almost always a vehicle near enough to absorb the regenerated 
power. A typical design allows 'power to be returned to the overhead catenary or third rail 
whenever the generated voltage is less than 110% of the normal supply voltage. When 
voltages exceed 110% of the nominal level, dynamic braking resistors are used to dissipate 
the excess power. A very similar system seems ideal for a short headway maglev system. 
With the dc distribution option it is relatively inexpensive to distribute regenerated power, 
and with a 30 kV bus the power could be transmitted as far as 30 to 50 km.
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With large vehicle headway, such as proposed by Transrapid, in conjunction with 
their larger vehicles, the headway is on the order of the substation spacing so there may be 
no power distribution along the guideway. Regenerating energy back into the transmission 
system is an option that can save Transrapid significant energy. However, since they are 
using ac distribution there could be serious utility problems unless there is specific 
provision to protect the utility system when the transmission line can not absorb the power 
without exceeding a voltage limit. The regeneration may also create excessive harmonic 
power and flicker.

With small headway systems there will typically be several vehicles powered from a 
single substation, so the regeneration can be limited to providing power to neighboring 
vehicles. This is particularly convenient with dc distribution and it may preclude the need 
for substation rectifiers with 4-quadrant capability.

Periodic power fluctuations
Momentary fluctuation in transmission line voltages, or "flicker," causes irritating 

fluctuation in electric lighting connected on a utility system. All electrically propelled rail 
systems can create flicker problems as the vehicles accelerate, decelerate, and possibly 
regenerate power into the utility grid. In order to reduce flicker to acceptable levels, utilities 
have created requirements for loads that are subject to large and frequent changes. All 
electrically propelled rail systems must meet these flicker constraints.

Power fluctuation is important primarily because it can produce visual changes in 
electric lighting, so the flicker specification is related to how rapidly the maglev load varies, 
and how big a change it produces in transmission line voltage. When the power is 
extracted from a 220 kV transmission line there is very little effect because the maglev load 
is a small fraction of the total load, but for 66 kV transmission voltages the problem is more 
serious. The measure of acceptability is related to the ratio of the load current to the short 
circuit current of the transmission system. Although flicker is well understood, maglev has 
more potential to produce flicker than any existing utility load.

Southern California Edison has created Planning Guidelines for flicker and these 
are shown in Figure 4.2. For a maglev system with reasonable traffic density the flicker 
frequency will be on the order of a few hundred "dips" per hour, so the voltage flicker 
must be less than about 1 %. With the possibility of a single vehicle producing fairly rapid 
changes from -10 MW to +20 MW, the need to reduce flicker to 1% may require the use of 
110 kV power lines.



4 Power Distribution 70

Figure 4.2. Flicker guidelines for Southern California Edison loads.

Large headway systems, such as Transrapid, will have more trouble meeting flicker 
guidelines because there are larger load changes and no one substation will be powering 
more than 2 or 3 vehicles at any one time, so there is less averaging. This may necessitate 
the use of 110 kV or higher transmission line voltages. With smaller vehicles and shorter 
headway it is conceivable that one could enforce "cooperation" between neighboring 
vehicles so that only a small number of vehicles in one region will accelerate rapidly at the 
same time.

Harmonics
Any variable speed motor can create power at frequencies other than the power 

distribution frequency. The other frequencies can be harmonics of the power system . 
frequency, such as 120 or 180 Hz for a 60 Hz system, or they can be entirely different 
frequencies, often related to the motor speed or the switching frequency of the motor 
controller. Higher frequencies can usually be removed by proper design of the power 
electronics or addition of filter circuits, but the generation of power frequency harmonics 
requires special consideration.

As an example of harmonic generation, Figure 4.3 shows the output voltage of an 
n-pulse rectifier assuming sinusoidal voltage sources connected to ideal diodes. The



4 Power Distribution .71
waveform shown is for a 6-pulse rectifier; for example, this could be the output from a full- 
wave, 3-phase bridge. The output voltage can be represented as the sum of dc plus 
harmonics of the power line. For a n-pulse rectifier the harmonics generated are multiples 
of n times the power line frequency. For 60 Hz power and a 6-pulse rectifier the 
harmonics are 360 Hz, 720 Hz, etc.

Figure 4.2. Voltage waveform for an n-pulse rectifier.

Table 4.1 gives the ratio of the rms voltage of all of the harmonics to the total rms 
voltage. For pulse numbers greater than 6 the ac harmonic power is inversely proportional 
to the square of the pulse number. Note that if the load is not a resistance, then the power 
in the harmonics is not necessarily proportional to the rms harmonic voltage. Also, if the 
transformer and rectifier circuits have a finite resistance and inductance, these impedances 
can create additional harmonic power.

Table 4.1. Percent rms voltage of harmonics as a function of the pulse number'.

n total harmonic %
4 8.79
6 4.00
8 2.27
12 1.02
18 0.45
24 0.25

In most applications a 12 pulse rectifier produces adequately low harmonic power. 
This type of rectifier is readily constructed by stacking two 3-phase 6-pulse rectifiers in 
series. Both rectifiers are powered from the same transformer, but one of the rectifiers 
uses a Y connected secondary and the other uses a A-connected secondary. This leads to a 
reasonably efficient use of the transformer, and is an established practice in providing high 
power dc, such as for transit applications.
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It is possible to construct a rectifier with silicon controlled rectifiers instead of 
diodes, and then control the firing time to control the output voltage. This scheme is 
effective in regulating voltage and is not much more expensive than a diode rectifier. 
Unfortunately, it can reduce the power factor by a significant amount and it may be 
necessary to use substantial filtering to eliminate the effects of the harmonics.

Power flow
In the distribution system of Figure 4.1 it is possible for power to flow from one 

transmission line to the other through the distribution circuit. This power flow poses 
serious problems to the utilities and must usually be avoided. There are known circuit 
breaker schemes for providing protection, but these could impose reliability problems on 
the maglev system. One of the virtues of dc distribution with diode rectifiers is that it is 
inherently impossible for power to flow from one transmission line to another through the 
dc link. With a dc link there does not appear to be a need for regeneration into the utility 
grid, so this seems to be an ideal solution to both the power flow and regeneration 
problems.

4.3 Power distribution examples
This section provides an overview of various existing and proposed scenarios for 

power distribution for high speed rail and maglev.

AC distribution for high speed rail
The first experiments with electric trains were done by Mr. Siemens in Germany in 

the late 1800s. Early designs used a variety of power distribution schemes, including 3- 
phase overhead catenary systems with three pantographs for power pickup. An electric 
vehicle with 3-phase pickup set a speed record of 60 m/s (134 mph) in 1903. The early 
attempts to use induction motor drives gave way to designs using series dc traction motors 
with mechanical commutation. The variety of early designs led to a variety of power 
distribution systems, and the lack of uniformity had a serious impact on the growth of 
electric powered rail systems. As a result, in 1912 Germany standardized on a 15 kV,
16 2/3 Hz distribution system, and this is used throughout Germany today, even though it 
is far from an optimum choice for modem propulsion. The power is generated by a special 
railroad power system.

The German Inter City Express locomotives each have a 4.5 MVA transformer and 
a single phase rectifier that produce a dc voltage of 2800 Vdc for the electronic inverters. 
Because of the low frequency, the transformer weight is 10 tonnes and constitutes 10% of 
the weight of the locomotive. When trains enter and leave Germany they must change
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locomotives because most other European countries have a different standard. Some of the 
newer locomotives have power electronic systems that can accommodate a range of power 
sources, so the lack of a common standard is becoming less significant. When all 
locomotives are equipped with dual power capability Germany may well change to a higher 
voltage, higher frequency distribution system.

For the French TGV and most new high speed European rail systems the power 
distribution is at 25 kv, 50 Hz single phase. The use of single phase power is mandated by 
the use of a single catenary with rail return. The large single phase load produced by 
electrified rail can create severe unbalance on the otherwise balanced 3-phase utility power 
distribution system. It also requires unsightly overhead power distribution lines. Recent 
proposals for new electrification of U.S. rail from New Haven to Boston are planned to 
use a new type of catenary tower with less objectionable environmental impact.

Japan has both 50 Hz and 60 Hz utility systems. When they built the Shinkansen 
high speed rail system they made the decision to use 60 Hz throughout. This entailed the 
use of large rotary power converters in regions of the country where 50 Hz was the utility 
power frequency. The existing and proposed extensions to Shinkansen use 25 kV, single 
phase 60 Hz power.

AC distribution for maglev
For maglev with ac distribution the substations include:

• Three-phase transformers that convert utility transmission voltages to lower voltages 
suitable for distribution;

• Three phase ac distribution lines that are underground or mounted in the guideway;rand 
deliver the ac power to the inverter stations;

• Associated circuit breakers and disconnects that protect both the electric utility and 
distribution system from faults;

• A control system that monitors and controls the various parts of the system.
For the Transrapid design the proposed distribution uses 20 kV, 3 phase, 50 Hz 

with transformers and rectifiers that produce 2.6 kv dc at the inverter stations. Recent U.S. 
System Concept Designs have proposed similar systems, typically with 33 kV, 60 Hz 
power distribution and a second set of transformers located at the inverter stations.

DC distribution for maglev
For maglev with dc distribution the substations include:

• Transformers that convert utility transmission voltages to lower voltages suitable for 
driving rectifiers;

• 12-pulse rectifiers that create dc power for distribution along the guideway;
• Distribution lines that are underground or mounted in the guideway, for delivery of the 

dc power to the inverter stations;
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• Associated ac circuit breakers and disconnects that protect both the electric utility and 
distribution system from faults;

° A control system that monitors and controls the various parts of the system.

There is merit in having dc circuit breakers for the distribution system but, because 
dc breakers are not readily available and are expensive, it is worth considering systems that 
do not require dc breakers. For example, one can use dc disconnects and momentary 
activation of the ac circuit breakers to turn the power off before the disconnects are 
activated. Alternately, it might be possible to use solid-state circuit breakers with the ac 
breakers used as a last resort in case of extreme failure conditions. Ultrahigh-voltage dc 
transmission systems have successfully avoided the use of dc circuit breakers.

4.4 A dc distribution system

Figure 4.3 shows a maglev utility substation for a dc distribution system. This is 
particularly appropriate to an EDS system with short headway vehicles and high 
acceleration and deceleration capability:

±15 kV, 4000 A distribution
Figure 4,3. Maglev dc substation (courtesy of Southern California Edison).

The substation depicted in Figure 4.3 is based on a load of 75 MVA with 30 kV dc 
distribution. The dc bus includes a mid point ground return so that the load can use the + 
and - voltage buses as separate supplies provided the load is approximately balanced. This 
type of 3-wire bipolar system is now common in dc transmission systems.
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Fault tolerant considerations
A fault tolerant design philosophy must be used to ensure reliable operation in spite

of many types of failures of individual parts of the system. Typical fault tolerant features
are shown in Figure 4.3 and itemized below.
• The control system allows reduced power operation in case of failure of any part of the 

system. At times of peak load the reduced power may require the vehicles to slow down 
or accelerate less rapidly, but the guideway capacity need not reduced so the slow down 
affects only a few kilometers of the guideway. At times of reduced guideway loading, 
and for most types of failure, there would be no reduction in operating speed. Monitors 
on the transformer and rectifier can allow some overload as long as temperature and 
current limits are observed. For example, in cold weather the transformers will be able 
to operate indefinitely at higher than rated power.

• There are two parallel connected transformer and rectifier modules at each utility 
substation. A failure in either module does not prevent the system from continued 
operation at reduced power. In this case the neighboring power stations pick up the 
additional load with a modest increase in power loss on the dc distribution system.

• The dc distribution cables are mounted in the guideway or buried underground so they 
are not exposed to severe weather conditions and hence are less subject to failure.

• The transformer and rectifier modules are standardized so that mobile spares can be" 
located at appropriate intervals along the guideway. This method is used for existing 
utility transformers, and it is fortuitous that a 50 kVA, 3-phase transformer can be 
carried on a flat bed trailer so that a reasonably rapid installation of a spare is possible.

• The dc distribution uses +15 kV and -15 kV with a neutral ground return. In ease of a 
failure in either the plus or minus power bus the system can operate at reduced power 
and speed using the other power bus.

• The multiple power feed for the guideway distribution systems prevents a power 
interruption of at any one of the substations from halting operation. The only effect is 
reduced power availability, and thus a possible need for reduced speed operation.

• The normal design does not use a battery backup for the dc distribution power, but in 
regions where power outages are unusually common it is possible to install battery 
backup modules. In some cases it may be desirable to install cogeneration peaking 
power, and excess power could be sold to the utilities at times of high demand but could 
also provide emergency power backup. Operating statistics for most utilities indicate 
that tiie probability of failure of two adjacent power line interconnects will be 
extraordinarily rare, on the order once every 5 or 10 years for failures of more than a 
few minutes. This excludes power interruption due to extreme weather conditions 
which would cause the maglev system to be shut down even if there was no power 
failure.

• Circuit breaker protection on the ac side of the transformers allows the system to clear 
most types of faults, such as ones due to lightning, and will allow the isolation of 
sections that can not be cleared so as to avoid shutting down the entire maglev system.

4.5 Cost analysis

Capital cost
Southern California Edison did a study of the cost of providing a utility interface for

a maglev system connecting San Diego to Sacramento with a spur to San Francisco. The
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results of this study led to an estimated cost of approximately $2,700,000 to $2,800,000 
per mile for a 640 mile installation. This cost was 53.5% for new maglev substations, 
13.5% for additions at existing substations, and 33% for transmission and subtransmission 
line work. The cost included all components shown in Figure 4.3 but did not include the 
cost of the dc distribution system.

SCE estimated the cost of the dc power distribution system with results as shown in 
Table 4.2.

Table 4.2. Cost of dc power distribution.

Underground Overhead
Cable: Power 2000 KCM Cu 1590 KCMA1 x2

Ground Return 1033KCMA1 954 KCMA1
Cost $1000/mile $1000/mile
Construction 390.0 26.0
Material 568.0 182.0
Home office 48.0 10.4
Contingency 96.0 20.8
Construction overhead 276.0 59.8
Total cost, $1000 per mile $1378.0 $299.0

Summary: for underground installation the total estimated power system cost is 
about $3,100,000 per mile or $1,930,000 per km. At least $670,000 km can be saved by 
using overhead power lines, but it may be possible to mount the dc bus on or in the 
guideway and achieve the advantage of underground installation without the high cost.

Power cost
There is a 3 to 1 variation in power cost from one region of the country to another, 

and each region distributes the charge differently. As a guide to typical cost, Table 4.3 lists 
the ratio of kWh usage to total cost for large industrial customers. This table includes the 
lowest cost state, Kentucky, and the highest cost state, Hawaii, as well as states in which 
early maglev systems are most likely to be built. For a maglev system that owns the 
substations and distribution facilities, and assuming a vehicle consumes 5 to 10 MW for 
level cruise power, it may be possible to reduce the cost an additional 20% below the 
values given in Table 4.3. If utilities own the substations and have to install new power 
plants to provide power for a maglev system, the cost could be substantially higher.
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Table 4.3. Average power cost for large industrial users by state.
State SI MWh
Kentucky 33
Wisconsin 42
Texas 45
Maryland 47
Illinois 48
Ohio 49
Florida 51
Pennsylvania 59
California 62
New York 72
New Jersey 74
Massachusetts 80
Connecticut 81
Hawaii 108

Assumptions: 10 MW demand, 5,000 MWh/month usage.
Source: Based on Edison Electric Institute's Typical Bills, from Plants, Sites and Parks, 
Sep/Oct '92, Vol. 19, No. 6.

Cost of delivered electric energy
Most utilities are expected to be willing to offer a large customer a choice as to who 

owns the substations and distribution facilities. If the utility owns and operates this 
equipment, they would increase the electric power charges to cover the amortized capital 
cost. In the case of SCE, the electric cost per kWh would be about 40% less if the maglev 
system operator owned the substations and distribution system and purchased the power in 
bulk directly from the transmission lines.

The ownership decision will ultimately be based on the most favorable overall 
economics, but in estimating cost one should be careful to separate the equipment cost from 
the base cost of electricity as delivered from the transmission lines. In most parts of the 
country the cost of bulk power is expected to be in the range $40 to $60 per MWh. A 
heavily used system could have 500,000 vehicle passages per year on each km of 
guideway. With a 5 MW consumption at 125 m/s the total power usage would be 6,700 
MWh per year per km. Therefore, the power usage cost would be between $230,000 and 
$400,000 per km per year. Assuming a power system cost of $1,500,000 per km and 
10 % interest and amortization, the capital cost would add about $22 per MWh to the cost 
of electricity. Thus, a good median estimate for electric energy delivered to the inverters is 
$75 per MWh.
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Assuming a vehicle consumes an average of 5 MW at 125 m/s and carries 110 
passengers, the electric consumption is 0.100 kWh per passenger km. At a cost of $0,075 
per kWh; the electric cost is about $0,008 per passenger km. If one assumes this as the 
operating cost, then there is no additional cost associated with the power distribution 
system. Alternatively, one could assume a power cost of $0.05 per kWh and an additional 
capital cost of about $1,500,000 per km.
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5 Control
The control system is a critical part o f  the LSM because it affects many 
system attributes, including safety, reliability, fault tolerance, efficiency, 
and passenger comfort. Control of a synchronous motor depends 
critically on position sensing, and multiple position sensing schemes are 
mandatory. This section discusses all of these issues and describes a 
novel position sensing scheme that shows promise for high accuracy and 
reliability and low cost. There is also a discussion of observer based 
control, the preferred scheme for enhancing performance and improving 
efficiency. _____________________________

5.1 Overview
The motor primary is driven by an inverter that produces a magnetic field pattern 

that moves along the guideway as a traveling wave. The velocity and position of the 
traveling wave are determined by the frequency and phase of the currents in the motor 
windings. The interaction of the traveling magnetic field pattern produced by the winding 
currents with the field produced by the vehicle coils produces forces that propel and, in 
some cases, lift and/or guide the vehicle.

A synchronous motor produces a net force only when the stator and rotor fields are 
stationary with respect to one another. Without the use of damper windings, a stable 
synchronization of the stator and rotor fields can be accomplished only if rotor position and 
velocity information are utilized by a controller to derive and produce the correct currents in 
the stator windings.

The control is best done by an observer based control system that continually 
compares the speed and position of the motor with a prediction based on a mathematical 
model of the propulsion system. This observer allows the system to provide more precise 
control and to follow a predefined velocity profile that takes account the known attributes of 
the route, such as hills, turns, and expected wind velocity. An observer based control also 
allows the system to detect any deviations from normal behavior that may require special 
attention.

5.2 Position Sensing
A closed loop control scheme requires a sensor to determine the position of the 

vehicle. Some control systems require a rotor velocity sensor, others derive velocity 
information from repeated sensing of position. Rotary synchronous motors often utilize 
optical shaft encoders or hall-effect sensors, but the cost of placing optical or hall-effect 
position sensors along the entire length of the maglev guideway is prohibitive.



5 Control

In addition to sensing position, several "sensorless" position sensing schemes have 
been proposed for use in rotary machines. These schemes rely on sensing the voltage 
induced in the stator windings by the moving magnetic field of the rotor. This "back EMF" 
is substantial when the rotor velocity is large, and reliable sensing is possible. However, 
when the rotor is moving slowly, or is stationary, the back EMF is small and masked by 
voltage drops in the winding impedance. While it is theoretically possible to operate 
without induced voltage sensing, this does not seem to be a wise choice.

Proposed position sensor
It is preferable to have a position sensing system that will operate reliably at slow 

vehicle speeds. A proposed position sensing concept is pictured in Figure 5.1. An 
inductor and its driver are located in the vehicle. The inductor is driven with a current II  = 
Icsin coct which links a flux A. = <2>0 sin coct with the three stator winding phases located in 
the guideway. The amount of flux linked by each of the stator phases varies as a function 
of vehicle position. Figure 5.1 is drawn with the vehicle in the position that links the 
maximum possible amount of flux with stator phase A; define this position as 0 = 0.

Figure 5.1. Position Sensing Pictorial.

Note that each of the induced phase voltages represents a signal at the carrier 
frequency (Oc amplitude modulated by the cosine of the position 0 (or 0 shifted by ± 2tt/3). 
The frequency of the carrier is chosen to be much higher than the frequency of position 

* variation. Figure 5.2 shows a plot of the modulated signal for a the vehicle accelerating 
from a stationary state at position 0 = 0.
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Figure 5.2. Modulated carrier sensing signal for an accelerating vehicle.

A block diagram of the system to extract the position information from the 
modulated carriers present on the stator phase windings is shown in Figure 5.3. Each 
phase voltage is first sent through a band-pass filter centered at the carrier frequency to 
reject signals other than the position information. A synchronous demodulator extracts the 
envelope waveform from each modulated carrier, and an A/D converter digitizes the 
envelopes. An algorithm implemented in the microprocessor determines the position of the 
vehicle by finding the value of 0 that best solves the nonlinear system equations relating the 
envelope waveforms to 0.

The synchronous demodulators must be clocked at the carrier frequency. Since an 
unmodulated carrier is not explicitly available, the carrier frequency must be reconstructed 
from information contained in the modulated carriers. This reconstruction is accomplished 
by phase locking an oscillator to the sum of the squares of the modulated carriers. The 
oscillator frequency is divided by two to obtain the reconstructed carrier. Note that this 
reconstructed carrier may be either in phase or n radians out of phase with the original 
carrier. This half-cycle uncertainty is not resolvable without additional information from 
the modulating circuitry. A simple method of providing this additional information may be 
realized by occasionally blanking the carrier for exactly one cycle. The demodulating 
circuitry detects the blank carrier cycle with a threshold detector and resets the -*-2 circuit, 
thus ensuring the proper phase relationship between the actual and reconstructed carriers.
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Figure 5.3. B lock diagram  o f demodulator.

This position sensing scheme has been built and tested with a 1/50 scale model 

L S M  propelling a wheeled vehicle with a permanent magnet field. The sensing scheme has 

been found to be so precise that m inor perturbations of the w inding can be detected. W hen 

used with a w inding that has uniform spacing, the vehicle position relative to the magnetic 

field can be detected with about a 1° tolerance.

5.3 O bse rve r based  control

Velocity Control Loop
The velocity control loop for the system is shown in a block diagram form  in Figure

5.4. The structure o f this control loop is quite sim ilar to a speed control loop for a dc 

motor system. The Proportional Integral (i.e. P I) compensator, the observer, and the 

commutation algorithm are all implemented on a microcontroller. The digital 

implementation allows sophisticated features such as adaptive control and parameter 

estimation.

The desired velocity profile‘vcm(i is a function o f position in order to allow  speed 

changes for hills, turns and stations, as well as for weather and traffic conditions.

A
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Figure 5.4. B lock  diagram of velocity control loop.

Zone Switching
A  guideway zone consists o f a section o f track approximately 4 kilometers in 

length, a set o f power inverters to drive the track windings, and a controller. Control p f  theJ?-
vehicle must be passed from one zone controller to the next when the vehicle crosses a zone 

boundary. W ith reference to Figure 5.5, this hand-off o f control is accomplished in the 

fo llow ing manner.

W hen the vehicle reaches position X , controller A  notifies controller B  o f the 

approaching vehicle. Controller B  synchronizes its inverter drive signals to controller A  

(i.e. controller A  acts as a master, controller B  as a slave). Thus the track w indings in zone 

B  carry current waveforms identical to the corresponding w indings in zone A .

A s  the vehicle reaches position Y, controller B  assumes the role o f master, with 

controller A  as its slave.

W hen the vehicle is entirely within zone B , at position Z, controller B  relieves 

controller A  o f its role as a slave. Controller A  shuts down the drive to its track windings.

Additional position sensing hardware may be included at zone boundaries to ensure 

sufficient knowledge o f position information to allow a smooth transition across zone 

boundaries.
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Figure 5.5. Zone sw itching pictorial.
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6 Far F ie ld s and  Sh ie ld in g

The vehicle magnets for an LSM will create magnetic fields that extend 
significant distances from the vehicle. These remote fields can create a 
number of problems, particularly for designs with large magnetic gaps 
and no ferromagnetic path for the flux to follow. This section develops 
approximate models that provide a good understanding of how the 
design can be adapted to minimize the impact of the far field and to 
provide shielding.

6.1 Far field a n a ly s is

The far field can be calculated by methods discussed previously, but there are 

simpler methods that are more appropriate for conceptual design studies involving far field 

effects and their mitigation.

A Bessel Function approximation
A  good approach is to model the vehicle magnets as an array of small magnetic 

dipoles which can then be approximated with a Fourier series. This model, shown in 

Figure 6.1, is equivalent to representing the field of the vehicle coils as an array o f coils 

which have negligible extent in the y  direction but have the correct dipole moment. Since 

the dipole moment dominates the far field behavior, this model can give good results. The 

trick is to use a Fourier series representation because the higher harmonics have very little 

effect on the far field.
z

The assumed problem is to calculate IBI in the y  =  0 plane. The same methodology 

can be used to calculate the field in all o f space, but that more complex problem is not 

considered here. The fields are calculated in the cylindrical coordinate system x, r, and 0
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as shown in Figure 6.1. Note that x  is used instead o f z as the linear axis in order to avoid 

confusion with z in the rectangular coordinate system used previously.

For large r  the fields can be approximated with the Bessel Function approximation 

given in Equation 6.1. In  this equation the coefficient k<p is calculated to match the 

computed field for a very long array.

I f  r  >  p  / n  then:

m .
^ n n '  

P  ,
P _ e  n n r l p f ^  +  ^ l P _  +  . V o s t / W E C  /  p ) C O S ( d )

~ ■ V n n r  J
S

A n  K P  J  \ n K r V n7tr

m n is the n * harmonic o f the Fourier repesentation o f the dipoles, 

k . =  1.017.

( 6. 1)

Equation 6.1 can be sim plified by neglecting all Fourier harmonics except the first, 

because the higher harmonic fields attenuate very rapidly. A  less accurate, but adequate 

approximation is to neglect all but the leading term in the polynom ial in 1 /r.. To  calculate 

IBI use classical field theory on the sim plified form of Equation 6.1, with the result shown 

in Equation 6.2.

fo ry  = 0 replace z by r  and cos# by 1, then:

B  3 1 ,

d r  A n  *

d t p  i± 0m x

B , = - i | £ = o .
y z d 6  

For r  »  p i 2 n :

f n '

k P ;  

r

2z

n  
+  —

P )

— e mlp cos(7Et / p ), 
nz

n_

V P J

/ P  r - x * ! p sin (^ t / p ),

(6.2)

A n  *

n

k P ,

¥ - e ~ mlp.

Equation 6.2 predicts that the far field attenuates as Q-m/P H z .. This exponential 

dependence on z is much faster than is possible with simple multipoles and makes the field 

strength surprisingly small at distances only 2p  from the field magnets. The field also 

attenuates exponentially in the y  direction, and for a given r  the field is usually less for y  

than it is for y  =  0.

Example of far field calculation
In  order to apply this method to the example in Section 2, we first perform a 

Fourier analysis of the field array. The coil length and width were 80%  o f p , so the 

harmonic components are:
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0.4 p

=  4 J O .Sp If  cos( m i x / p )d x  =  
o

3.2 p 2I f

M l
sin(0.4n;r)

m j =  0.9687, =  -0.1996, m5 =  0, ..

(6.3)

Figure 6.3 shows a comparison o f the Bessel approximation with the calculated 

field for the example o f Figure 2.6. The array for the example had 8 coils, with parameters 

in Table 2.1. The x  =  0 position is in the middle o f the array where there is only an x  

directed field, and the position x  = 0.5 is where there is only a z directed field. I f  the 

magnet array had infinite length then the field at both o f these locations would have the 

same far field magnitude, but for z greater than 2 they diverge because o f the finite length 

o f the vehicle array.

Figure 6.2. Com parison o f fields for example o f Figure 2.? with approximations.

For distances up to 2.2p  the Bessel approximation is good enough for shielding 

calculations. A t larger distances the fact that there were only eight coils in the example 

causes the field to have nulls and plateaus, and to be larger than the approximation. 

Although IBI has a complex spatial dependence, it depends primarily on the distance from  

the line o f dipoles.
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6.2 End effects

The field predicted by Equations 6.1 and 6.3 falls o ff very fast and it encourages 

one to believe that the undesirable effects o f this field can be m inim ized by m aking p  as 

sm all as possible and using a spacing o f at least 2.2p  between the magnets and people. 

Unfortunately, this simple approach neglects the very important end effect. Even if  

magnets run the full length o f the vehicle, at some point they end and the field for a given z 

can be an order o f magnitude larger at the end o f the dipole array. This effect is indicated 

by the plot o f Figure 6.3.

Figure 6.3. Far fields near end o f array for same example as Figure 6.2 
x  =  0 is location o f middle o f 8 coil array with a pole pitch o f 1 meter.

Figure 6.3 shows the field as a function o f x  for different z for the same example as 

Figure 6.2. The field has a surprisingly complex set o f peaks and valleys, but the 

important conclusion is simple and shown graphically in Figure 6.4. Th is Figure is a plot 

o f the field as a function o f z for different x . It shows that for z > 2 p  the field at a: =*3.5 is 

4 to 5 times larger than at x  =  0.5. The field at x =  3.5 can be predicted quite accurately 

using a magnetic dipole model. W e observe that the field o f a magnetic dipole, described
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by vector m, is as given in Equation 6.4. This field falls o ff as 1/z3, or much more slow ly  

than that o f an array o f dipoles. To find the field above the last dipole in a long array we 

observe that half o f the dipole field is almost canceled by the field o f the array to one side, 

but there is no array on the other side to cancel the remaining dipole field. Thus the actual 

field is almost exactly that of a half strength dipole. To find the approximate field for r  =

3.5 in Figure 6.4, compute the field above a current loop carrying 250,000 ampere turns 

and having an area o f 0.82 square meters, or Iml = 160,000 A -m 2. The field from this 

dipole is shown in Figure 6.4 and it is clear that it accurately describes the far field for large 

z, at least until the fact that the array is o f finite length causes the field to fall o ff much more 

slow ly.

Figure 6.4. Far field for dipole array o f Figure 6.1.



6 Far Fields and Shielding 9
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(6.4)

6.3 M itigation  techn iques

There are two solutions to reducing the impact o f the field produced by the vehicle 

magnets: remove sensitive equipment and people froiti this region, or reduce the effect. 

This section considers the various possibilities for reducing the impact so that moderately 

close spacing o f people and magnets is possible.

Reduce the pole pitch
One o f the easiest ways to reduce the far field is to reduce the pole pitch so that the 

field falls o ff more rapidly. This has the disadvantages o f requiring higher frequencies for 

propulsion, increasing eddy current loss in the propulsion winding, and requiring either 

more ampere turns in the magnets or a closer spacing between vehicle coils and guideway 

windings. Although there is no way to determine an optimum pole pitch without 

considering many system attributes, various m aglev designers have converged on a pole 

piteh in-the-fange 0T5-to-2-rO-meter-s;--it-appeafs-that-a-geod--strategy4s-to-^ie;k a pole pitch

that is about I  titties the vehicle coiled guide way) w inding spacing, and to'keep this spacing
'■ /(' b n i>  $ r h  I-.*} t m - u H  . ‘j a  d t r . u c  . L s i .

ri: ic .n:r.-
as sm all !as'

H ; (

Taper the fields for the end magnets
i'v. y n j S ' j ' j i - L .

I f  a long array o f magnets is used the field may be sufficiently low except in the
b <, rrt-r:: b b f i  i - v o t i - j r  b  ;. r r o ?  r : r .  r . 3

regions near the end magnets. W e can reduce the end effect by tapenng the field strength 
■ s e:p to 07/ -,m{: 1*. yrb adq »qo~.r - i>.\ A: ;■ :b.

o f the end magnets. "Figure 6.5 shows the field for the same example used in  Figure 6.4 
r.  F . .  v i l  j j i c / j ; ; ' i . r T ' v ' ■ ; - j ; o  0  t o  ’> . tf  . “ i . n

except that the 2 end coils have 250,000 ampere turns while the middle 6 coils have
-:r\: .M/JSO -.T: i, JO e

500,000 ampere turns. .This tapering decreases the maximum field by about a factor o f 3
i.rilt IO a 'r; d..^: a ' M d ■■! if!-. —' 1 r  i!‘.y -

with only a 12.5% reduction in motor thrust. M ore gradual tapering o f field strength near

the end o f the magnet array can be used to achieve an almost perfect cancellation o f the

excess field, but this w ill lead to substantially less propulsive force for the motor.

Use longer arrays
In  the example used to illustrate the far field, there were only 8 vehicle magnets 

with the result that for z > 2 p  the field did not follow  the Bessel approximation. I f  the array
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had been longer, the field would continue to drop for larger z, so it is clear that a larger 

number o f coils is desirable from the point o f view o f reducing the far field. A n  additional 

advantage o f long arrays is the fact that tapering the strength o f the end magnets does not 

produce as large a percentage reduction in motor thrust.

0,0 - ; 0.5’ • 2.'5 od;. 3.0
Figure 6.5. Same field as Figure 6.4 except the end magnets have J O ^ o f  the ampere

turns o f the other magnets. ........

■ [a *j'tv  s a & v  V )  7r>T:ft '2 n o *
Use flux canceling designs

I f  there are port and starboard field magnets, then there is a possibility o f achieving
: t>r‘ . r,-xv: •? • : hud sd: 'ii,o i>w bns *;r;-r;:er '‘>v i

some reduction in far field by proper phasing of the two sets o f magnets. This method is 
; "  i .:> "5 • :• i p t  1 > »n  r*U  ;- .w o n  • d  , ; . i y  y y y  bi.

only effective if  the two rows of vehicle coils are within about 2p  o f each other, but it can.- ' o •- >L- c : " r-.mi.i ‘r-.cm:.-, C«l ..<.•>'A y ;,;i  ziio-s hn i L u.fr l»n
lead to a factor o f 2 reduction in the peak field strength in the passenger cabin.

r  • :).>■ ■ v-: -j yd an ->tn: s.lf tw tyjosj wifi ^rnu; .rtscmB •
A  much larger improvement is possible if each row. o f field coils is replaced by two 

■■ •’>u r-’tCi’vi . ?.:x ..1.:/K!|-xn ‘ r 21 • vl.
closely spaced and oppositely phased coils. This configuration is, in effect, a replacement

o f magnetic dipoles by quadrupOles. It w ill not change the form of the Bessel Function

approximation, but it w ill reduce the amplitude of the coefficients. This design w ill

probably lead to heavier and more expensive vehicle magnets, but it may be preferable to

alternative field reducing techniques.
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Use active shielding
I f  it is necessary to reduce the passenger cabin field to flux levels less than about 5 

to 10 gauss, then it may be necessary to use active coils under the floor o f the vehicle. 

These coils can be located and excited in such a way as to cancel most o f the field. In  some 

o f the System Design Concept Studies this active shielding was shown to be capable o f 

providing at least an order o f magnitude field reduction. The trick is to place these coils as 

far from the vehicle coils as possible so that the field created by the active coils can be as 

small as possible; locating the coils directly under the floor is a good idea.

If  the flux to be shielded is no more than 5 or 10 gauss, then active shielding 

requires only modest increases in vehicle mass and power requirements. This method 

tends to be much more unwieldy if  it is required to cancel fields o f 50 to 100 gauss. Thus 

active field cancellation should only be included after implementing other field reduction 

techniques..
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