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Present Status ,of Computational Tools
for Maglev Development

by

Z. Wang, S.S. Chen, and D.M. Rote

Abstract

High-speed vehicles that employ magnetic levitation (maglev) have received '
great attention worldwide as a means of relieving both highway and air-traffic
congestion. At this time, Japan and Germany are leading the development of
maglev. After fifteen years of inactivity that is attributed to technical policy
decisions, the federal government of the United States has reconsidered the
possibility of using maglev in the United States. The National Maglev Initiative
(NMI) was established in May 1990 to assess the potential of maglev in the United
States. One of the tasks of the NMI, which is also the objective of this report, is to
determine the status of existing computer software that can be applied to maglev-
related problems. The computational problems involved in maglev assessment,
rese_u'ch, and development can be classified into two categories: electromagnetic
and mechanical. Because most maglev problems are complicated and difficult to
solve analytically, proper numerical methods are needed to find solutions. To

determine the status of maglev-related software, developers and users of computer
cc×tes were surveyed. The results of the survey are described in this report.

1 introduction

Worldwide, over the past twenty years, many researchers and engineers have been
interested in studying, designing, and developing high-speed vehicles that employ magnetic
levitation (maglev) as a means of relieving both highway and air-traffic congestion. Several full-
sc_le prototype rn(xiels that can carry passengers at speeds of 250 mph have been developed in
Japan (Fujie 1989; JNR 1983) and Germany (Menden, Mayer, and Rogg 1989; Miller and Rouss
1989). The United States was very active in maglev research in the late 1960s and early 1970s
(Coffey, Chilton, and Hoppie 1971; Coffey, Chilton, and Barbee 1969). Unfortunately, federal
support was withdrawn in 19'75, and most maglev projects were shut down. Little progress has
been reported in the United States since that time.

During recent years, however, the federal government has begun to take a second lcx)k at
the possibility of using maglev in the United States. The National Maglev Initiative (NMI) was
established in May 199(). The NMI is organized by three government agencies: the Federal
Railroad Administration, the U.S. Army Corps of Engineers, and the U.S. Department of Energy
(I)()I:.). The major near-tr'rna goal of the NMI is lo determine which (_tthe following three options
shotlld be selected for the develc_pment and implenat:ntation of nlaglev in the tlnilcd States:



(1) provide assistance in inlplementing an existing foreign technology, (2) form lt cooperative
development program based on an Existing foreign technology, or (3) develop a next-generation
technology in the United States. The NMI is currently assessing various technical and economic
issues involving maglev technology and evaluating the potential impacts of maglev on the
environment, human health and safety, and energy consumption. The status of computational
totals for maglev development is one of the more important concerns to the NMI.

The objective of this dcxmment is to report the findings of a survey of computer code users
and developers that was conducted to ascertain the status of such codes. However, before
proceeding with the report, one needs to understand the basic theory of maglev and the existing
problems in maglev research that require the use of computational tools.

Fundamentally, maglev vehicles differ from conventional vehicles in that they lack
mechanical contact with the guideway; the vehicle is supported, guided, and propelled by magnetic
forces. Two principal types of maglev systems have been extensively developed: the repulsive-
tk_rce or electrodynamic suspension (El)S) system and the attractive-force or electromagnetic
suspension (EMS) system. The Japanese maglev model is based on the EDS system, while the
German mc×tel is based on the EMS system. In an EDS system, superconducting magnets are
carried aboard the vehicle to achieve a high levitation height. Eddy currents are induced in shorted

. conducting coils on the guideway when vehicle-borne superconducting magnets pass over them,
Repulsive magnetic forces are prtxtuced by the interaction between the eddy currents and the
magnetic fields. The main advantages of the EDS system are inherent stability, high payload
efficiency, and large clearance. Possible shortcomings of the EDS system include the problem of
shielding the passenger compartment of the vehicle from the magnetic field and the need for
mechanical support at rest and at speeds below the lift-off v'aJue of about 20 m/s.

In an EMS system, conventional electromagnets are fixed to the vehicle and are attracted
upward tow_u'd ferromagnetic rails attached to the underside of the guideway above the magnets.
Attractive magnetic forces are paxtuced by the interaction between the electromagnets and the

: ferromagnetic rails. The m_finadvantages of the EMS system are high overall operation efficiency
and a low magnetic field around the vehicle. The major disadvantages of the EMS system m'e
inherent instability, small clearance (which requires very close tolerances on the guideway-
mounted components), and high vehicle weight (attributable to iron-core magnets and on-board

: power conditioning and control equipment).

-._._= Several methods have been proposed for propelling maglev vehicles, includ:ing long-stator
linear synchronous motors, long-stator linear induction motors, short-stator linear synchronous
motors, and short-stator linear induction motors. Theoretically, any one of these motors can be
combined with EMS or ['.I)S to form a maglev system. However, for practical reasons (Johnson et
al. I989), the most cotnpatible means (_fpropulsicm is the long-stator linear synchronous motor.

Essentially, the basic elements of a maglcv-vehicle system consist of the vehicle; guideway-

structural suprx)rt; guideway electrical conductors used for propulsion, levitation (or suspension),
: and guidance; a power distribution system; redundant braking systems; guideway sensors; and an
_. operational control system. Associated with each element are electromagnetic and mechanical

research problems, the sc)lutions of which require the proper computaticmal tools. Figures 1 and 2



summarize a number of electromagnetic and n_echanical dynamic problems, respectively, To solve
these problems, physical, mathematical, and computer models must be generated. Most of the
problems require the treatment (i.e., formulation of models) of one or more of the following
physical factors:

1. Magnetic field distributions for given coil geometries and excitations, as well as
for relative motion.

2. Levitation, guidance, drag, and propulsion forces, as well as eddy current and
magnetic field distributions for various coil geometries, excitations, and relative
motions.

3. Dynamic response of vehicles and guideway structures.

4. Estimates of ride quality.

5. Aerodynamic drag and lateral forces, as well as noise emissions from
vehicle/guideway configurations.

6. Propulsion and power system design and operating parameters.

After a physical model is established that incorporates the main physical factors, a
corresponding mathematical mcx:lelcan be generated. The mathematical model could apply to one,
two, or three dimensions of space, depending upon the geometry of the problem and the required
accuracy of the results. In order to solve mathematical equations, appropriate methods (either
analytical or numerical) must be found. Because it is usually difficult to obtain analytical solutions
for most of the problems, numerical solutions are generally required. Several numerical methods
are available, such as the finite element methcxt, the boundary element method, the finite difference
method, Fourier transformation and harmonic analysis, and the dynamic circuit theory method.
The objective of this report is to survey the existing computer software and to evaluate how
effectively the codes can be applied to maglev-related problems, as well as the extent to which they
have been verified, validated, and documented for use.

The remainder of the report is made up of two sections. Section 2 discusses the problems
associated with maglev research and describes the tools for solving electromagnetic and mechanical
problems. Section 3 provides conclusions and makes recommendations ()ra the basis of the
information provided in Section 2.
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2 Problems Associated with Maglev Research

2.1 Computational Tools for Electromagnetic Forces and Fields

Research on maglev technology involves the solution of various technical pr(%lems
associated with electromagnetic fields. Some of these problems are considered in this section.

2.1.1 Propulsion Systems

Two major types of linear machines are used in maglev systems to produce propulsive
forces: linear synchronous machines (LSM) and linear induction machines (LIM), The EDS
maglev system dses air-cored long-stator LSM, the propulsive force for which is generated by the
interaction between the superconducting magnets aboard the vehicle and the magnetic U'aveling
wave produced by polyphase stator windings mounted on the gaideway. The Japanese maglev
prototype at Miyazahi uses air-cored LSM for propulsion, The EMS maglev system (e.g,, the
German Trtmsrapid) employs iron-cored long-stator LSM in which magnets excited with controlled
direct-current (DC) power are used aboard the vehicle, and the three-phase windings on the
guideway are enclosed by ferromagnetic lamination cores. The iron-cored LSMs are similar to
conventional synchronous motors, and most of the conventional machinery theory can be directly
applied to EMS systems. Two major problems are associated with the air-cored LSM used for
maglev applications that are closely relaled to this survey:

1. The generation of spatial harmonics caused by the discontinuous distribution of
superconducting magnets.

J

2. The generation of magnetic fields caused by the strong field magnets needed for
high motor performance. The passenger compartments of maglev vehicles need
to be shielded from these fields.

Similarly, there are problems associated with the use of LIM to pr{xtuce propulsive forces.
There are two types LIM: the short-starer LIM and the long-stator LIM. For a short-starer LIM,
current pick-up at high speed is a serious problem, because the vehicle will be powered by power
supplies off the vehicle. For a long-stator LIM, the scheme is similar to the long-stator LSM,
except that a passive reaction plate, rather than controlled DC excitation coils, is mounted on the
vehicle. The major problems of a long-starer LIM are that (1) very large currents need to flow
through the three-phase windings in order to pr{×luce the desired propulsion forces and (2) the
power factor i,_very poor because most of the power is reactive rather than real. One potentially
fruitful research topic is to investigate the feasibility of designing a superconducting LIM, thereby
irr_proving the perf,,rmancc of LIM and avoiding the need to use superconductor winding along the
length of the guideway. In this case, a short-stator I_,IMwo_,ld have to be used.



2.1.2 SuspensiOn-System Design

The suspension system is one wf the main p_u'tsof the guideway. As mentioned earlier,
EMS and EDS are two major types of suspensions. In the EMS system, the attractive force is
produced by the interaction between conventional iron-core, copper-wire-wound electromagnets on
the vehicle and ferromagnetic rails un the guideway. The EDS system uses repulsive threes
between superconducting air-core magnets on the vehicle and eddy current induced in continuous
conductive sheets or discrete coils mounted on the guideway. In addition, another suspension
system based on repulsive forces exists, the alternating-current (AC) induction system, An
example of this type of system is the "magnetic river" (Laithwaite 1987). Among the three types of
suspension systems, many investigators faw_r EDS, To date, most of the research and
development effort on EDS systems has focused on the use of three distinctly different guideway
conductor designs:

1. Continuous-sheet suspension:

The operatillg principle of a contiilt_ous-sheet guideway is as follows:
superconducting coils aboard the vehicle are energized by large persistent
currents that induce correslx)nding large eddy currents in the conducting sheets;
these two currents interact each other to pr{×tuce the repulsive levitation force.
The net repulsive force is roughly the pr_xtuct of these two currents,

2, l_x)op-shaped coil suspension:

In a loop-shaped or shorted-turn coil suspension system, superconducting coils
are levitated above the k_p-shaped coil guideway instead of above a continuous
sheet guideway. A l{x)p-shaped coil guideway is considered superior to a
continuous sheet guideway because a loop-shaped coil guicteway will pr(v,.tuce
lower magnetic drag forces. Gener_dly, because the induced eddy currents are
smaller, the excitation currents must be larger in order to produce the same net
prc×luct (i.e., repulsive force).

3, Figure-eight-shaped null-fltix coil suspensiola:

The concept of a figure-eight-shaped l_ull-flux coil suslx:s_sion was invented by
J. Powell and G. Danby in the late 196()s (see Powell and l)anby 1969). 'l'he
major merit of figure-eight-shaped coils is that both suspension and guidance
forces can be pr(x:luced with a relatively low drag three. When compared with
loop-shaped coils of the same dimensions, however, the suspension force
prcxtuced by figure-eight-shaped coils is ;tlso low,

Other types oi"guitlcways may be superior to the three mentioned above. 'i'o study and
c(_mt_tre various EDS conductor configurations, thrce-dimctasion_ll cotlaputer tuotlels that
i_corporate a treatment of moving conductors have to be used. In some cases, for example, when
tr(ll_ccITccts or end effc¢'t_ can be ignor_:_dto tt first +tpproxin++ttion, two-tlimcnsiotl;ll conlptiter
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models may be quite useful. Examples inclucte the continuous sheet guideway conductor-EDS
system, EMS systems involving continuous iron rails, and AC induction systems.

2.1.3 Force Computation

Force computation is one of the most important aspects of maglev research. The following
electromagnetic forces are necessary: levitation, propulsion (and drag), and guidance. These
forces act on each magnet that is mounted either rigidly or through a secondary suspension system
to the vehicle body that is, itself, either rigid or flexible. If it is rigid, then there are six degrees of
freedom for the vehicle: three rotating motions (roll, yaw, pitch) and three linear motions. The
three forces are also used to determine dynamic performance, assess guideway structural design,
predict ride quality, and guide the design of fastenings.

Force computation is a three-dimensional problem; sometimes, however, it can be reduced
to a one- or two-dimensional problem. For electromagnetic problems, the forces can be calculated
as follows from the electromagnetic field equations:

V×H = J =Jc+ oV x B (1)

V._3 = 0 (2)

where H and B are the magnetic field intensity and flux density, Jc is the applied current density, c
is the conductivity, and V is the velocity of the conductor with respect to the fields.

Knowing the distribution of magnetic field, one can compute forces on the basis of the
following equation:

F =(J x Bdv (3)J

where the integration isover the whole secondary conductor sheet.

Several methcxts are commonly used for the computation of magnetic forces for given coil
geometries in maglev systems, including the finite element methc×t, the boundary element method,
Fourier transformation and harmonic analysis, and the dynamic circuit method.

2.1.4 Shielding Problem

in the EDS system, to achieve a large magnetic lift-to-weight ratio for practical maglev
vehicles, superconducting magnets operating at high magnetomotive force are needed (i.e., with
large currents). Not only can these lm'ge currents be sustained indefinitely without being connecte_d
to a power source (persistent-current mcxte of operation), but they can also be confined to very



small conductor cross sections, resulting in a very high current density (because the conductors
have no resistance). The high-density currents, in turn, produce very high levels of magnetic flux
density near the conductors. The level of magnetic flux density, however, must be confined to the
vicinity of the magnets because of the following considerations (Hayes 1987):

1. In the long term, even a low-intensity DC magnetic field may produce adverse
health effects in passengers and crew members (although such effects are
unknown).

2. Tile magnetic field may affect the way in which electronic devices function,
either in the system control and communication equipment or in personal
devices (such as pacemakers, watches, calculators, and tape recorders) and
magnetic-information storage devices (such as credit cards, magnetic tapes, and
computer discs).

' 3. The high density of the magnetic field may affect the normal operation of
conventional iron-cored electric machines, such as pump drives for refrigeration
systems.

: Therefore, shielding may be necess,try in order to reduce magnetic fields to acceptable
levels (which have yet to be determined). Passive magnetic shielding that is made of ferromagnetic
laminated sheets is usually suggested. However, the weight of this shielding can be a significant
portion of the total weight of the vehicle. Thus, the design trade-offs between the location of
magnetic winding (which can affect the performance of the vehicle) and the distribution of passive
shielding thickness is an important research topic with respect to maglev systems.

2,1.5 Edge-Effect Problem

Electric machines or magnets generally have edges that are transverse to the direction of
moti¢)n and that cause distortion of the magnetic field in the region of interest (i.e., in the air gap).
These field distortions adversely influence the performance of the machine. This phenomenon is
defined as edge effect. In a linear machine, the air gap between the primary and the secondary is
usually large so that the edge effect may significantly change the performance of the entire system.
In contrast, there is no significant influence of edge effect on rot_ry machines because the air gap is
usually small. Edge effects also change the lift, guidance, and drag forces of magnets moving
over un aluminum sheet. To study the influence of edge effects on the lift, drag, and guidance of a
magnet moving over a conducting sheet, a group of scientists at Argonne National Laboratory
(ANL) has conducted a number of experiments. Useful results have been obtained, but more
theoretical analysis should be performed to verify those results. To study the edge effects of a
linear machine or magnet at rest, two-dimensional electromagnetic field equations can be used.
J[nwcver, to analyze the edge effects of a moving linear machine or magnet, a three-dimensional
mc×tel is required._
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2.1.6 End-Effect Problem

The essential property that distinguishes tile linear machine from the rotary machine is the
open linear air gap, which has both an entry and an exit. The open-ended quality of the air gap
gives rise to the unique characteristics of the linear machine. In ,;ontrast to the performance of
synchronous machines, tile performance of an induction machine is much more affected by end
effects. In an induction machine, the high-speed movement of the reaction plate tends to prevent
the penetration of the main flux produced by the stator. To study the influence of the end effect,
one can generate one-, two-, or three-dimensional mathematical models, depending upon the
required accuracy of the results. After the model is developed, either analytical or numerical
methods can be used to solve tile equations. For one- and two-dimensional models, the analytical
solution may be obtainable. However, for a three-dimensional model, the numerical method must
be used. A three-dimensional model can be used to study both edge and end effects.

2.1.7 Existing Software Packages

To survey existing computer codes applicable to maglev problems, a questionnaire (see
Appendix A) was sent to 124 investigators, requesting information on the nature, availability, and
extent of validation of computer codes. Of these investigators, 27 responded to the questionnaire.
Tables 1 and 2 (Arkadan 1991) summarize the computational capabilities of several commercial
software packages.

A software package usually consists of three parts: preprocessing, analysis, and
postprocessing. Each part should be evaluated separately. The following information should be
provided to the user:

I. For preprcxzessing:

• The way in which the geometry or the ccx)rdinates of tile model are entered
into the computer-aided design (CAD) drafter.

• The way in which the model geometry is stored.

• The way in which materi',d property curves are stored.

• The way in which the finite element mesh is formed: four-node
quadrilateral or three-node triangular element.

• The way in which bound_uy conditions are specified.

2. For analysis:

• The kinds of problem formulations that are available.
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• The options that are available for first- and higher-order polynomial
approximations,

• The kinds of material properties that are accounted for (such as B-H
curves).

3. For postproccssing:

• The kinds of results that are available.

• The ease with which one can calculate important parameters (such as
magnetic field distribution, energy, force, torque, inductance, resistance,i

etc.).

• The ability of other software (such as WordPerfect) to read the results.

The above criteria are for the general evaluation of commercial software. In this report,
only analysis is emphasized. In particular, because most maglev problems involve relative motion
between two parts (or coils), the Maxwell's equations shmlld incorporate the appropriate velocity-
dependant term(s) as tbllows'

Vx .-1-Vx A =J =Jt+ crV x (V x A) (4)
la

V x -I-v x A = J = -J,. + jox_A + c_Vx (V x A) (5)
g

where A is a vector potential, Jc is the applied current, cr is the conductivity, m is the angular
frequency of the input power supply, and V is the velocity of the media with respect to the fields.
Therefore, to determine the extent to which the analysis part of a particular computer code is
applicable to a maglev problem, it is important to know if the computer ce×tc is based on a physical
and mathematical m(×tei that contains the option of conductor motion.

On the basis of the survey results, the following capsule summaries of computer codes
were compiled. These codes can be used to solve electromagnetic problems in maglev research.
Because they have been commercialized, ali of the following cc_.tesare already validated, except for
a few new options. In addition tc)the codes described in detail, other software is available, such
as Cosmos M (from Structure of Research and Analysis Co., [2131 454-2158), MEGA (from
the University of Bath, [0225] 826826, extension 4315), NS3D/VOI.INT (from Sabbagh
Association, Inc., [812] 339-8273), and EPAI.S/EI)S-II/LSMMIS (from PSM Technologies, lhc.,
l'112] 829-1205).
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ANSYS

Dl.',Vl:l.Oel_.r: Swanson Analysis Systems, Inc.
Johnson Road, P.O, Box 65
Houston, Penn. 15342-0065
TWX: (510) 690-8655
Fax: (412) 746-9494
ElaineTravers: (412)746-3304 x103

AVAII,Ai,III,rI'Y:Lease.

MHllor_s: Finite element.

VAI.II)ATION: Good agreement with test data.

CAPAIm.rrY: ANSYS was first available in 1970. lt can be used to solve either two- or

three-dimensional electromagnetic field problems. For both two- and three-
dimensional problems, it can be used to solve static magnetic field problems,
which may involve saturable materials, permanent magnets, and current
sources. ANSYS can be used to solve problems involving time-harmonic
loads (AC currents), which may involve materials of constant permeability,
as well as current sources and eddy currents. ANSYS can also be used to
solve transient state problems, which may involve saturable materials,
conductors, permanent magnets, current sources, and eddy currents. In
addition, for two-dimensional problems only, skin effects can be studied.
ANSYS has a design optimization module, which is a useful feature.

ANSYS may be used to solve some maglev-related problems, including
those involving shielding, edge effects without moving conductors, eddy
current analysis, saturation effects in LIM, system geometries optimal
design, force computation in EMS and AC induction systems, and magnetic
field distribution for given coil geometries and excitations.

ANSYS does not have the capability to solve the problem of eddy current
induced by constant velocity motion of one part of the model with respect to
the rest of the system.

COMPtmiRS: IBM PC, Apollo, ltarris, Silicon Graphics, Celerity, Hewlett-F'ackard, Sun,
Computervision, Prime, VAX and MicroVAX II, Data General, Ridge,
Alliant, Convex, IBM (VM/CMS), CDC Cyber, and FPS.
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Flux 2D/3D

Dl.:vi:,l.oi,l,:r_: Magsoft Corporation
1223 Peoples Avenue
Troy, N.Y. 12180
Philippe F. Wendling: (518) 271-1352

AVAII,AlZ_II,I'rY:Lease or retail.

Ml_,'tlloi_s: Finite element.

VAl._13^'r_oN: Good agreement with test data.

CAPAItil.rI'Y: Flux 2D/3D was first awiilable in 1986. lt can be used to analyze two- or
three-dimensional problems, which may involve magnetostatics,
magnelodynamics, and transient magnetics with linear or nonlinear material
properties.

The code can be used to solve some maglev-related problems, including
those involving shielding, edge effects without motion conductors, eddy
current an,'llysis, saturation effects in LIM, force conlputation in EMS and
AC induction systems, and magnetic field dist:ibution for given coil geom-
etries and excitations.

The code does not have the capability to solve the problem of eddy current
induced by constant velocity motion of one part of the model with respect to
the rest of the system.

(?f)MI'UTI",RS:VAX, HP9(_)0 Series 5(X)or 8()(),PRIME, Apollo, SUN, and HP90(X) Series
330 or 320.
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MagNet 2D/3D

DI.:VEIX)PER' lnfolylica Corporation
1140 de Malsonneuve St., Suite 1160
Montreal, Canada I-t3A IMg
Fax' (514) 849-4239
Telex: 05562171 Mtl. (Attn. 1490)
Robert Rohonczy: (514) 849-8752

AVAII,ABIIATY: Lease or retail.

MI_TilODS: Finite element.

VALm,_TION: Good agreement with test data.

CAPABH.n'Y: MagNet 2D/3D was first available in 1978. The two-dimensional version of
MagNet 2D/3D can be used to solve two-dimensional Cartesian or
axisymmetric nonlinear magnetostatic problems. MagNet 2D can handle
magnetic azimuthally periodic currents and azimuthally invariant materials.
Ataexample of a problem that can be solved is edge effect in rotating ma-
chines, and the results of an edge-effect analysis of rotating machines could
be applied to studies of linear machines. The code can be used to solve two-
dimensional Cartesian or ax_symmetric nonlinear transient magnetic prob-
lems. Excitations can be defined as a function of time, such as sinusoids,
square waves, and ramps,

The three-dimensional version of MagNet 2D/3D can be used to solve three-
dimensional eddy current problems. MagNet 2D/3D calculates the time-
harmonic magnetic field in and around specified current distributions in the
presence of materials that may be conductive, anisotropic, magnetic, or ali
three. The regions of permeability may be specified as either linear or
nonlinear.

MagNet 2D/3D may solve some problems associated with maglev research,
such as shielding, eddy current analysis, saturation effe,cts in LIM, force
computation in EMS and AC induction systems, and magnetic field distribu-
tion for given coil geometries and excitations. However, the code does not
have the capability to solve the problem of eddy current induced by constant
velocity motion of one part of the model with respect to the rest of the
system.

CoMPtm.:_s: IBM PC, SUN3, MicroVAX, VAXstation, Apollo 3000, Apollo 4(XX),HP
300, VAX7(X), SUN, VAX8(XX)series, HP 8(X)series, Apollo 10(X)(),Cray,
and IBM mainframes.
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MAGNETO/AMPERES

DEVE1.Ot'I_.R:Integrated Engineering Software, Inc.
347-435 Ellice Avenue

Winnipeg, Manitoba, Canada R3B IY6
Fax: (204) 944-8010
Jennifer A. Sherry: (204) 942-5636

AVAIi.AP, llATY' Lease or retail.

M_.'rtt()t)s' Boundary element.
/'

VAIJ!/,)A'rloN: Good agreement with tesl data.
J
t
/

C,,,p,t_mlrv' MAGNETO/AMPERES was first awlilable in 198q_. The boundary element
rnethod (BEM) is used to solve the integral equation formulation of a prob-
lem. A variation of the moment method, BEM merges the moment method
with the finite element method and contains the best of both methods. The

I

/ advantage of the BEM is its inherent ability to deal with open field prob-
/ lerns.
/
a'

With the BEM, MAGNETO/AMPERES can be used to solve two- or three-

dimensional electromagnetic field problems, lt can be used to calculate the
torque at any point (for two dimensions) or any line (for three dimensions).
The code can be used to analyze nonlinearities attributable to the change in
the pemaeability of the materials as a function of the magnetic field. The
code can be used for several maglev applications, including the design and
analysis of magl,ets (including superconducting magnets), force computa-
tion in EMS and AC induction systems, and magnetic field distribution for
given coil geometries and • "' ' '¢.XClt,tllons,

The cc'_de_does not have the capability to solve the problem of eddy current
induced by constant velocity motion of one part of the model with respect to
the rest of the system.

CoMptrH._s" IBM I"C, SUN4 (Sparcstation), IfP 7(X)Series, and II_M RS/6000 worksta-
tions.
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MAGNUS 3D

DI,'.vl_,l.oPl_.R:MAGNUS Software Corporation
P,O, Box 7801

The W_dlands, Texas 77387
Fax: (713) 292-2948
Sergio Pissanetzky: (713) 292-294

AVAII,AltlI.rI'Y:[.,ease,

Mi_TIIoDS: Finite element,

VAIJI)ATION: No information provided; see vendor,

(?APAI31I.rI'Y: MAGNUS 3D was first available in 1990. lt can be used to solve three-

dimensional electromagnetic field equations, including those involving eddy
current. MAGNUS 3D uses a naodular approach to generate mesh (i.e.,
modules of mesh of simple geometry and topology _u'eindependently gener-
ated). Hence, it is easy to simulate magnets with complex geometry.
Maglev-related applications include the design of superconducting magnets
and the computation of three in EMS and AC induction systems.

The code does not have the capability to solve the problem of eddy current
induced by constant velocity motion of one part of the model with respect to
the rest of the system,

CoMPU'rt;.r_s: VAX, SUN, Apollo, IBM, Cyber-205, Cray, NEC SX-2, and Macintosh Ilx.
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MARC

Dl_;'t!i.opl,:R: MARC Analysis Research Corporation
260 Sheridan Avenue Suite 309

Palo Alto, Calif, 94306

AVAII,AillLITY;Lease.

MH'llo_._s: Finite element,

VAI,Ii)A'II()NI No inJbrmation provided; see vendor.

CApAlsn.rrY: MARC was first awlilable irl 1971. lt can be used to solve two- or three-

dimcnsic_nal problems, including linear static, dynamic, steady-state, and
tr_msient heat-transfer problems. MARC may solve some problems associ-
ated with maglev, including those involving rnagnctic, field distribution for
given coil geometries and excitations, shielding, lorce computation inEMS
and AC indt,ction systems, and edge effects without moving conductors,

The code does not have the capability to solve the problem of eddy current
induced by constant velocity motion ot' one part of the model with respect to
th_, rest of the system.

C(}MI"tJTF.RS:Digit_tl Equipment, Hewlett-Packard/Apollo, IBM, Silicon Graphics, and
Sun Microsystems.
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Maxwell 2D/3D

DEVJ_.I.OPI,:R:Ansoft Corporation
Four Station Square Suite 660
Pittsburgh, Penn. 15219
Fax: (412) 471-9427
Karl F. Szymanski: (412) 261-32(X)

A VAII.AI:III.ITY:Lease.

Mt,:'rlIoDS: Finite element,

VAI,IDATION: No inlormation provided; see vendor.

CAFAI_,IIXI'Y:Maxwell 2D was first available in 1989. lt can be used to solve DC mag-
netic problems that may involve constant, functional, anisotropic and/or
nonlinear material characteristics, and excitations may be external fields,
DC currents, and permanent magnets. Maxwell 2D can solve AC magnetic
problems that may involve constant, functional, anisotropic and/or nonlinear
material characteris)ics, Excitations may be external fields and AC currents;
eddy current and skin effects can also be considered.

Maxwell 3D can be used only to solve DC magnetic problems. Excitations
rnay include DC currents, permanent magnets, and external fields.

The maglev-related problems Maxwell 2D/3D may solve involve shielding,
edge effects without tnotion conductors, eddy current analysi ;, saturation
effects in LIM, torte compt)tation in EMS and AC induction systems, and
magnetic field distribution for given coil geometries and excitations.

q he cc_c does not have the capability to solve the problem of eddy current
inciuced by constant vek_ity motion of one part of the mt×tel with respect to
the rest of the system.

C()MI'tlTI,'.R,'.;:IBM PC, Macintosh, Apollo DN35(X)/45(X),Apollo 4(X)series, HP, Sun 4,
and Sun SPARCstation,
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MSC/EMAS

Dl_vl.:lxWl;_: The MacNeal-Schwendler Corporation
9076 North Deerbrook Trail
Milwaukee, Wisc, 53223-2434
Telex: 9102502831

Fax: (414) 357-0347
Mark M, Jenich: (414) 357-8723

A VAII.Ai_II.I'rY:Lease.

Mv,'rlioDs: Finite element,

VAIADATION: Good agreement with test data.

CAI'ABIlATYI MSC/EMAS was first available in 1989. lt can be u.,;edto solve either two-
or three-dimensional problems, including those involving linear and
nonlinear steady-state magnetic fields with linear isotropic or anisotropic
materials mrnonlinear permeable materials; sinusoidal time-varying,
coupled electromagnetic fields with linear isotropic or anisotropic perme-
able materials; and linear or nonlinear transient electromagnetic fields with
linear isotropic or anisotropic materials or nonlinear permeable materials.
Several parameters, such as induced eddy current and losses, torques, forces,
and Lorentz forces (J'B), are available as outputs.

The maglev-related problems that MSC/EMAS can be used to address
involve shielding, edge effects without motion conductors, eddy current
analysis, saturation effects in I.,IM, force computation in EMS and AC
induction systems, and magnetic field distribution for given (.'oil geometries
and excitations.

The c_xtedoes not have the capability to solve the problem of eddy current
induced by constant velocity motion of one part of the model with respect to
the rest of the system. The vendor is currently investigating the incorpora-
tion of lhe motion feature into the next productive release of the software.

C()MIUT!!RS: IBM PC, Apollo, MicroVAX lira, VAX CONVLX, Cray, and DEC.
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PE2D/ELEKTRA

DEVELOPER: Vector Fields, Inc.
17(X)North Famsworth Ave.
Aurora, I11.60505
Fax: (708) 851-2106
Betty L. Stoub: (708) 851-t734

AVAILAI_ILfrY: Lease or retail.

MH'IlODS: Finite element.

VALIDATION: Good agreement with data.

CAPAmLrrY: PE2D/ELEKTRA was first available in 1989. PE2D can be used to solve
two-dimensional electromagnetic field problems. PE2D uses either first- or
second-order triangular elements. Five analysis programs are available.
The useful programs for maglev research are those involving eddy current
analysis, steady-state AC currents with linear materials, transient eddy
currents with multiple drives and nonlinear materials, and eddy currents
induced by constant velocity motion of one part of the model with respect to
the rest of the system.

ELEKTRA solves the _hree-dimensional, time-varying magnetic-field
equations associated with eddy current analysis+ The time variation can
either be transient or time ham_onic. Recently, a velocity option was added,
and validation studies of this code are in progress at ANl_,.

PE2D/ELEKTRA may be used to solve some maglev problems, including
those involving magnetic field shielding; comparisons of various suspension
systems, including EMS, EDS, and AC induction systems; edge effects;
eddy current analysis; saturation effects in LIM; and magnetic field distribu-
tion for given coil geometries and excitations.

The code does not have the capability to solve the problem of eddy current
induced by constant velocity motion of one part of the model with respect to
the rest of the system.

COMPU'rEKS: SUN, SPARCSTATION, Apollo, IBM Rise, VAXStation, lnte_Graph
lnterpro, DEC VAX, IBM 3090, and Cray.
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Phi3D

DEVEI.OPl_R: Magsoft Corporation
1223 Peoples Avenue
Troy, N.Y. 12180
Philippe F. Wendling: (518) 271-1352

AVAILABILITY; Lease or retail.

Ml:'rIloDS: Boundary element.

VALI1)ATION:Good agreement with test data.

CAPARIU'rY: Phi3D was first available in 1990. It can be used to solve problems in linear
magnetostatics and thin-skin-depth steady-.state AC. For linear
magnetostatics, Phi3D computes magnetic fields for materials of constant
permeability caused by DC currents. For thin-skin-depth steady-state AC, it
computes magnetic fields and losses for high-frequency eddy currents.

Phi3D may be useful for solving some maglev-related problems, including
those involving magnetic field distributions for given coil geometries and
excitations.

The code does not have the capability to solve the problem of eddy current
induced by constant velocity motion of one part of the model with respect to
the rest of the system.

COMPUTERS: VAX, HP9(X)0 Series 500 or 800, PRIME, Apollo, and SUN, and HP9(X)0
Series 330 or 320.
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2.2 Computational Tools for Mechanical Forces and Dynamics

The guideway of a maglev line is expected to cost about 60-80% of the initial capital
investment for different maglev systems. The guideway needs to meet appropriate safety
requirements and achieve good ride quality; therefore, the design of the guideway is a critical area
that will result in potential capital savings. One of the goals in the United States is to develop a
maglev system that travels at high speed with the aforementioned qualities. One way to achieve
this goal is to use computer codes, which can be used to predict the dynamic response of coupled
maglev vehicle/guideway systems.

The problems and solutions of dynamic interactions of maglev vehicles and guideways first
appeared in the literature 20 years ago. In addition, part of the technology (for example, secondary
suspension, guideway structure, and models for vehicle/guideway interaction) for other types of
vehicles (such as wheel-on-track trains) may also be applicable to maglev systems. At this time, it
is important to use, whenever possible, available technologies (or at least the knowledge and
computational tools acquired as a result of studying those technologies) in the development of
commercial maglev systems. In some areas, additional research will be needed in order to develop
the required technology.

In this section, exi,;ting computer ccxtes used for solving problems involving mechanical
forces and d)namics that can be applied tc) the design of maglev vehicles and guideways are
provided. The modeling of vehicles and guideways, as well as the excitation and their interactions,
is summarized. Available computer codes are presented, and their capabilities, modeling
techniques, extent of verification and valicb_tion,and related information are provided.

2.2.1 Vehicle Model

For maglev systems, different vehicle models may be used for different conditions; the
models are summarized below.

1. One-Dimensional Mcxtel: Vehicles consisting of a single primary magnetic
suspension and a secondary suspension on a guideway.

2. Multiple Degree-of-Freedom Model: Maglev systems with distributed
suspension and rigid or elastic vehicle bodies.

3. Multiple Vehicle Model: Multiple vehicles.

Vehicle dynamic_ can be analyzed on the basis of various mathematical models. The
objective is to provide tlm basic information for the evaluation of ride quality, structural integrity,
and safety.
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2.2.2 Guideway Model

Maglev guideways can be described by different nlathematical models. For a very stiff
guideway with a vehicle of low mass in comparison with the mass of the guideway, the guideway
can be considered a rigid body; the roughness, thermal effects, and misalignments are the,,

excitation sources for the vehicles. With a flexible guideway, the elastic deformation of the
guideway has to be considered. In general, the Bernoulli-Euler beam equation can be used to
model the characteristics of the guideway.

The guideway may be analyzed using the finite eleraent, finite difference, or modal analysis
methods, depending on the parameters of the system. Maglev guideways may consist of single-
span or multiple-span beams. These guideways can be analyzed without much difficulty,

2.2.3 Excitation and Noise

Sources of excitation on maglev systems include the following: vehicle payload shifts,
unsteady aerc×tynamic forces (caused by, for example, wind gusts al_d obstacles or initiated when
the vehicle passes or enters tunnels), guideway roughness and misalignments, ,'rodperturbation of
magnetic and electric fields.

Guideway roughness is an input to maglev vehicles, and it can be measured and studied
statistically. The guideway profile consists of a static profile (which is attributed to static loads,
construction tolerances, settlement movement c)fsupports, thermal effects) and a dynamic profile
(which is attributed to guideway deflections from traveling maglev vehicles). The guideway
profile can be expressed as follows:

G(x,t) =:Gs(x) + Gctfx,t) , (6)

where the total profile Gfx,t) is the sum of a static profile Gs(x) ,, which is a function of lcx:ation
(and maybe of the loact history), and a dynamic profile Gd(x,t),.which results from traveling
vehicle loads.

Two major types of disturbances are attributed to the guideway: periodic excitation and
random excitation.

2.2.3.1 Periodic Excitation

The guideway profile usually contains an ensemble of waves with varying frequencies.
The deviation of the surface profile at position x from a reference point along the guideway may Ix:
expressed as follows:

h = Z an sin(_2x) and
n
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_2 = 2nrt/"L (7)

where an is the Fourier c¢_el'ficient,n is the wave number, and ),,is the span length.

2.2.3.2 Random Excitation

The characteristics of guideway roughness are defined in a manner easily applied to
vibration studies. On the basis of a wide variety of experimental data, the power spectral density
of the roughness can be expressed as follows:

S(f*) = A/f22 (8)

where f_ is the wave number in radians per meter, and A is the roughness amplitude in meters (its
values range from 0.6 x IO.6 m to 20 x 10.6 m).

Large-impact loads may be generated during the touchdown of a maglev vehicle (because
the vehicle falls as a result of the sudden loss of magnetic field) or when the vehicle runs over
joinls, irregularities, and misalignments of the guideway. This impact may be the most severe
loading case. The longitudinal loads include magnetic and aerodynamic drag, as well as
propulsion und braking forces. The lateral loads may be due to centrifugal and guiding forces
inherent irahigh-speed maglev, as well as wind forces.

The pr_x:edures to select the guideway parameters are as follows:

• Estimate an uptmr limit for guideway roughness and a range of span length.

• Estimate an upper limit for guideway detlection due to vehicle motion.

• Determine the vehicle response from an appropriate vehicle model and
guideway mcxtel and, it"needed, construct an ensemble of conditions based orr
vehicle response on a guideway or trip of specified length.

• Compare the vehicle response with the accepted ride-quality criterion.

If the guideway satisfies the a,'cepted criteria, the selected guideway parameters are acceptable. If
the guideway is not acceptable, etmat the selection pr{x:ess.

Noise pollution has been recognized as a national environrnental problem. The noise level
has to be determined inside and outside of a vehicle before the maglev system is built. Appropriate
meth{×ls have to be developed to predict the noise for maglev systems. System noise will depend
on the configuration of the vehicle and guideway and on the mt_terials used in construction and
fabrication.
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2.2.4 Vehlcle/Guideway Interaction

The essential elements for vehicle/guideway iilteraction include vehicle ttyilamics,
secondary suspension, primary suspension, guideway dynamics, and support dynamics.
Analyticttl methods can be used to predict tile nature of the i_lteraction among these eleluents.
'l'hree different meth_xts are used: lumped niass ineth(xts, direct nunlerical rneih_u,ts, und In_tlil
ailtllysis methcxts. Different meth(xls have different advantages; the lttmpcd mass mettlc_.lis simple,
and easily applied for laonuniform properties, tile direct numoric,'ll method is accurate but requires
more computer time, and tile modal tmalysis meth_xt is an efficient compromise between the two
methods.

To account for tile interactive effect, ,lifferent methc×ls are used, depending on the

parameters of tile system, One of the key parameters is allowable vel_icle acceleration. When
acceleration is less than 0.05 g (gravity), the inerti_ll force is much smllllcr than the static load, and
tile dynamic coupling between the vehicle rind guideway is small. In this case, deflection is then
used _s a known displacement illput to tile suspension system, and the vehicle dynamic motions
are antllyzed using standard tr_tnsfer function analysis.

When the vehicle mass is large in COml)ilrison with tile guideway mass (or the vehicle
accelerations tire riot constrained to be sm_lll), the guideway deflection may tx_significantly affected

by the coupling of vehicles and guideways. Irl this case, the coupled equations of naotion of the
vehicle ,'tndguidew_ly need lo be solved.

2.2.5 Simulation of Ride

Ride qutllity depends orl vehicle velocity, acceleration, jerk, and other factors (including
noise, dust, humidity, and tempertltltre). The fatigue time and ride index methods can he used to
specify ride quality. Numerous criteria tire appliclible to these methods. One criterion that appears
to bc p_rticularly useful is the composite me×Icl by Peplcr ot til. (1978). Ride index W is defined as
tT)llows:

W = 1.0 + 0.5 wr + ().IIdB(B)-- 651 + 17 tit + 17 av (9)

where wr is the rms (root mean sqt=are) roll r_tlc,at is the n-f_stransverse acceleration, _v is the rms
veIaical acceleration, tliacldB(B) is the noise level, in decibels, meastircd by using the l_-weighting

system. This mcydel incorporates ttle features associated with btiscs, tralills, and airplanes, but it is
riot developed specifically for m_tglev systems.

Most simulations inodel the vehicle as tt rigid body with several degrees of freedom. "l'he
vehicle acceler_ttions under different conditions c;lia be calculated by using accepted vehicle and

gtiidcway models, ltowever, ill seine cases, this type of simulation may not be stitTicic,iatly
;lccurzlte, becztuse the flexibility of the vehicles m_ly bc imlx)rtant. In this ctisc, tlw flexibility of the
w_hicle will have to be m(xtelett, Although simtllttti()lls under the asstimpti(_n of a rigid vehicle may
be. tq;lwed ila ride tltl_llily an;tlysis (bo_'ausc vctliclc',flexibility makes _llaillaport;Int colatribulion to
ride tttl;llity), it m_ly ilc_tbc fc_lsible to pcrforlll ;iii _lcctir_ltc_lia_llysisinc_rpor_itiilg the flcxibilily _t"
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the vehicle, lt is important to understand the limitations of various assumptions used in an
analysis.

One of the most cost-efficient pr,_x.:eduresirl the simulation of ride quality is to use a rigid
vehicle mcxtel that responds to the excitation of a flexible guideway, lt is a simple matter to
incorporate the effects of wtrious system parameters once they are known. However, the major
problems arc asscx:iated with the lack of detailed information on the effects of the system restxmse
on ride quality, such as the interaction of different frequencies of oscillations and vehicle responses
irldifferent directions,

2.2.6 Existing Software Packages

Computer programs have emerged as one of the most irnportant developments in different
fields. In particular, finite element methods have become the most useful techniques in solving
practical problems on structural mechanics. Because the vehicle response, guideway vibration,
and interaction of vehicles and guideways are associated with structural and fluid dynamics, many
existing computer codes will be applicable to maglev. Several hundred finite element programs are
available today for education, research, design, and evaluation. Severalreviews have been
performed to summarize the state of the art of the technology and describe the many ccx:tes,with _m
emphasis on structural mechanics (Pilkey and Pilkey 1975; Nc×)r and Pilkey 1983).

Requests were sent to develot_rs of computer programs that we believed to be applicable to
maglev systems; several restxmses were received. In this section, only the computer certes that we
believe are the most applicable tc) maglev vehicles and guideways, as well as those specifically
developed or modified for applications tc)maglev systems, are summarized. Many other conaputez"
codes may be applicable to maglev systems, such as the structural response of vehicles and
guideways. The details of other computer programs can be found in the two reviews by Pilkey
and Pilkey ( 1975) and Ncx)rand Pilkey (1983).
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ACSL

DI._,VF,I.,()P!!!,',: Mitchell and Gauthier Associates, Inc,
2(X)Baker Avenue
Concord, Mass, ()1742-9931
William Toscano: (508) 369-5115

AVAII.ABILrI'Y: Lease,

Mm'lloD: Numerical solutions of initial value problems,

CM,aumrrY: Modeling of the dynamic response of physical systems, including
analyses of vehicle dynamics and vehicle/guideway interactions.

VEIllCI,EMoi)l!l,: Users' choice,

GLIIDEWAYMoD_' Users' choice,

ExcrrATION: Users' choice,

VAIJi)ATION: The developer maintains a technical library made up of more than 340
technical articles that document the application, results, and validation
of the code, including ACSL results compared with empirical data.

LANGLIAGF,: Fortran.

, iii u[lli'
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ADAM (Elliot! and McConville 1990)

I)I_VI_J,oPI_R: Mechanical Dynamics, Inc,
2301 Commonwealth Blvd.
Anu Art_×_r,Mich. 48105
Andrew S, Elliott: (313) 994-38(X)

AvAt_.amt.rrv: Contact the developer.

Mv:'rIIOD: Systems are modeled at the basic level as groups of rigid mass parts
connected by joints and forces that correspond directly to physical
components.

CAI'ArSilATY: Calculations of mechanical systems undergoing large displacements,
including kinematic, static, quasi-static, and dynamic analyses. An
extensive inte_'nal function library is available, which enables the user
to model complex mechanical phenomena for user-defined differential
equation:; and threes.

Vv:lllcu_.MODV:L: Rigid body or elastic body.

GtIIDI,;WAYMoDI_L: Elastic beams,

I]xcrrATION: Vehicle running over guideways and unsteady aerodynamic forces.

V AI,II)A'I'I()N: The application of AI)AM to rnaglev is proprietary information.

I ,AN(RJA(W2 Forlr,'Hl.
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AERODYNAMIC NOISE CODES

I)Z!W,:I,OPER: Sibley School of Mechanical and Aerospace Engineering
Cornell University
208 Upson Hall
Ithaca, N,Y, 14853

A,R, George: (607) 255-6254

AvaII+At_lt,rrY: Contact the developer,

M_mtoD: Nurncric,'d method for tt'trce-dimensional problems,

CAPAI]IIJ'I'Y: Analysis of acoustics t'or maglev systems,

VHIICLEMODEl,: Ttlree-dimensional rnodel,

GUlDEWAY.MoDlil+:Thrce.-dirnensiortal model,

EXCITATION' Operating conditions.

VAI,il)ATION: No comparative or experimental data are available; general trends ,'tnd
parametric sensitivity believed to be correct.

[..,ANC]LIAGI!: U I1k llOW n,
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ANLMAGLEV

l)l!vl!t,oPl_J_: Argonne National Laboratot3,
97(X)South Cass Avenue

Argonne, lll, 60439
Y, Cal: (708) 252-3949
tI,'[', Coffey: (708) 252-5630

AVAII,AIIlI,ITY: Contact the developer,

Mj!,'rllor._: "l'ime integration for nonlinear transient analysis with magnetic forces,
aer(_tynamic forces, forexample,

C^P^ntt.rrv' Prediction of dynamics of a vehicle along a curved guideway,

Vv,lllc't,i_,MoDt_l.' Rigid body with six degrees of freedom,

GUlDI!WAYM¢)nl,:r.:Rigid gt_ideways containing curves, hills, surface irregularities, and
bank angles,

I!:,XcrrATION: Force, displacement, and guideway roughness,

VAI,il)A'I'i()N: No tf_l'ormatior__" ' , 't tovldt.d, !_cedeveloper.
I

[.,ANGllA(]I';: MS-DOS on a PC and Unix on Sun Station,
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F

APLDYN (Daiiey, Caywood, and O'Connor 1973)

l)_;vl;1.opl,',_t: Applied Physics LIfl_orntory
The Johns Hopkins University
Silver Spring, Md,
George Dailey, Willitml C, C,aywood, ttnd Jttnle,s S, O'(.]()llllor[q

AVAII,AI_,II,II'Y: Contl_ct the developer,

Mt;'rlloD: The m{x_|elIs based on the finite element method, in which _tcomplex
, system is made up of tl number of dtscret¢ components: elernents or
I building blocks, which consist of springs, dampers, masses, beams, or
I I

guideway spltns; l'orces 111111tire externully npplied; and constraints thnl
define the reltttionships between the d(@endent and indc,pendent degrees
of freedoms,

CAI'AIIlI.rrY: Calculation of the dynumic response of vehicles traveling owr surt'nce
or ele,vilted gtlidewltys wilh prescribed irrcgulltrities, APH)YN is a

general purpose comptiter program thtlt is @plicable to a broad class ot'
trlmsportation systems; ii may dimlniltc rlume,rotls spizcilllized pl'ogl'ams,

I The program contlltns it lm'ge selection of _lelnel_ts or |')l_ilding blocks,
with some restrictions, Modit'icntions nrc needed for curved guldeways,

Vt,'.IIK'l.i,:MoDliI,: Rigid masses connected by springs and dampers or flexible structure,

CIUIDI!WAYMol)lil.: Flexible straight beams,

Ex(.'rrA'rloN: Periodic or lll)eriodic t'orring functions, including guideway roughness,

VAI,IDA'nON: No int'ormlttion is provided,

I.AN(_)tIA()F,: PI.,/l language in IBM 36()/91coillputer,
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DYNFLEX

l)l!Vl;t.Cn,l!U: Department ot' Mechanical Engineering
'l'he University of British Colunlbia
2324 Main Mali
Vancouver, B,C,
Canada V6'I" 1W5
D,B, Cherchas

AVAII,AI_IIXi'Y: Contact the developer,

Mi;,'rtt(m: Numerlcal methocts,

CAI'AIIIIATYI Analysis of dynamic response of flexible vehicles on flexible guideways
with random roughness,

VHtlct,l{Metal:l,: Two-dimensional flexible vehicles,

(]UII)I_,WAY Morrill.: Flexible guideway with random roughness,

EX(?I'I'AI'I()N: Gutdeway roughness,

VAI,II)ATION: No information provided; see developer,

[.,AN(ltJA('JI{; ]:;Ortl'Llll.
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DYNSIM

DI_VELOPI!R: Railway Engineering Associates, lhc,
World Trade Center'
401 E, Pratt St,, Suite 1355
Baltimore, Md, 21202
George List: (301) 539-5575
Fax: (301) 576-014I

AVAILAIIlI,rI'Y: Retail,

MI_.TitOD: The model is based on the numerical integration of conventional
Newtonian force-balancing relationships in ali six directions,

CAl'al_tl,l'rv: Calculations of vehicle dynamics and vehicle/guideway interactions.

Vl:,lllCl,l_MOt)I,:L: Three-dinaensional elastic btxlies,

GUIDI!WAYMoi)lIJ,: Beilms,

EXCITATIONS: Various operating conditions,

VM,IDATION: No information provided; see developers,

COMI'UTI{RS: IBM-compatible 80386-based PCs,
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FEAP (Vu-Quoc and Olsson 1989, 1991)

DEVF.I.OPF.R: Department of Aerospace Engineering, Mechanics, and Engineering
Science

University of Florida

31 Aerospace Building
Gainesville, Fla. 32611

Loc Vu-Quoc: (904) 392-0961

AVAILABILITY" S hareware.

Mv:'rlu)o: Solution of u,fferential equation using finite elements and finite
differences.

CAPABILI'FY: Analysis of the dynamic vehicle/guideway interaction of Maglev

systems.

VEIHCt+t._Mo0h;t.: Two-dimensional vehicles.

GLIiI)F.WAY MODFI.: Beams.

EXCITATION: Vehicle under operating conditions.

VAI,II)ATION: No information provided; see developer.

COMmrrERs: U nix Workstations.

==_

i
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MAGDYN (Cherchas 1979)

DI_VV,LOPI:R: Dep_u'tment of Mechanical Engineering
University of British Columbia
2324 Main Mali

Vancouver, B.C.
Canada V61"1W5
D.B. Cherchas

AvAII,AI_IHTY: Contact the developer.

MI,;'I'IloD: The model includes effects of elastic defomlation of vehicles and
,,

guideway, vehicle suspension, multiple guidcway spans, and aerody-.
namic loading.

C,xPAI_u.nY: Simulation of vehicle and guideway dynamic response for EDS.

VH_Icl,_.:Mol)I.:L: Rigid and elastic bodies with a combination of rigid and flexible t×)dy
motion and four suspension pods and two propulsion pods.

(.]UIDFWAY Mol)_:.l.: Bernoulli-Euler beams with bending in two directions and twisting.

EXCITATION: Aerodynamic forces and moments, gravitational forces, and propulsion
forces.

V^I.mA'nos: The code was not validated.

",1 ) ,_..OMJU'n:.RS 1I3M370/165
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MEDYNA

DI.:VEI.OI'|_.R: MA N Technologie AG
Thetydor-Huess-Platz 8
D- 1(XR')Berlin 19
W. Kik: 30 3019647
Fax: 30 3019744

AVAII,ABIIXI'Y: Lease/retail.

Mv.'nioD: Natural frequencies and frequency response for linear models, numerical
integration irl time domain tbr nonlinear models, and random vibration
analysis for stochastic mc_els.

CAi'ABiI.ITY: Analyses of the dynamics and vibration of mechanical systems, such as
ground transportation vehicles and machinery, lt can be used to predict
the vehicle behavior, including stability, performance, and ride quality.

V_,:_llCLl_iMODV,L: Rigid bodies with up to six degrees of freedom and elastic bodies in
rnodal coordinates or chains of beams.

GtuDl_w,xyMODEL:Rigid guideway with perturbations.

Excn'A'nON: l)eterministic time or space t'unctions and random excitations.

VAI,II)ATION: The verification was completed by comparing the results of different
programs with experimental data for railway and other types of vehicles
in field tests. No special verifications have bccn done for maglev
vehicles. Continuing development of the program is being made; it has
been combined with another model, SZMPACK, to predict both linear
and nonlinear response.

LANGI.JAGF,; Fortran 77, UNIX, DOS-extended mode, VMS, ,BS2(X),NOS.
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MOTION (Coffey et al. 1972, 1973, 1974) .

DEVV:U)PER' Argonne National Laboratory
9700 South Cass Avenue

Argonne, Ill. 60439
Howard T. Coffey: (708) 252-5630

AVAn.ABnJTY: Contact the developer.

MI':TIIOD: Time integration for nonlinear transient analysis with magnetic levitation
and guidance forces applied.

CAI'ABII,ITY: Prediction of the dynamic response for a vehicle undergoing large dis-
placements.

VV.IilCLEMODV.L: Rigid body with six degrees of freedom.

GUIDI:WAYMODEL' Rigid and straight guideways with surface irreguhu'ities.

ExcrrA'VION: Force, displacement, and track perturbation.

VALIDATION: No information provided; see developers.

LANGUAGE: MS-DOS on PC.
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NAGAI AND IGUCHI'S MODEL (Nagaiand Iguchi1980)

DI,:VI¢I,Oi'I!R: Tokyo University of Agriculture and Technology

I! Koganei, Japan
Masao Nagai

University of Tokyo
Tokyo, Japan
Masakazu lguchi

AVAII.,AI_ILITY: Contact the developer.

Mv:nloi): Mcxtal analysis and numerical methods, including the Runge-Kutta
method, are used to predict dynamic response.

CAI'ABII,ITY: F'rediction of vibration characteristics of a long train of EMS vehicles
running over flexible guideways.

Vi,:lllct.EMoDv:z,: Multiple vehicles ,are considered; each vehicle is modeled as a tour-
degree-of-freedom system with heave and pitch motions of the vehicle
lx)dy and heave motions of two tracks, The coupling l:xztweenthe ve-
hicles and guideways is through distribtlted suspension forces.

GtJlI_I,;WAYM(mEt,: Single-span Bernoulli-.Eulcr beams simply supported at both ends.
I!

EXCITATION: Vehicles over guideways for' unitbrm and nontJnifonn intervals of trucks,

V,al.mA'rloN: No information is available; see developers.

Compm'l!rs: I+tlTAC 8700/8800.
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NUCARS (Blader 1989)

DEVI_J£)Pl_,R: Association of American Railroads

J,A, Elkins: (719) 584-0582
P,E. Klauser: (719) 584-0575

A VAIt.A BII,I'I'Y: Lea se,

Mi!TflOD: Time integration for nonlinear transient analysis, such us response to
track irregularities, and equilibrium analysis for steady-state solution,
such as curving analysis,

Capnl3H.rl'Y: Prediction of stability, ride quality, vertical dynamics, and steady-state
and dynamic curving response of rail vehicles.

Vi,:JilCLF,MODI:L: Vehicles may be modeled as rigid bodies and elastic bodies. Bodies
may be linked by translational or rotational constraints. Coupling
elements include nonlinear spring, damper, and friction elements.

GUIDI_Wt,YMODV:I.:Two track models are used: (1) point spring and damper model with
nonlinear characteristics in vertical direction and linear stiffness and

damping in lateral direction and (2) beam on Kelvin foundation model
with mass and linear stifflaess and darnping.

EXCITATION: Force, displacement, and long wavelength track geometry inputs.

VAI.II)ATIONI NO information provided; see developers.

LANGUAGE: MS-DOS on PC, Unix on Apollo or IBM RISC workstations, and VMS
on VAX mainframes.
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3 Conclusions and Recommendations

Commercial software packages can be used to solve some maglev-related problems,
including those thai involve magnetic field shielding, edge effects witlaout moving conductors,
eddy current analysis, saturation effects iraLIM, system optimal design, force computation izaEMS
and AC induction systems, and magnetic field distribution for given coil geometries and
excitations. Computer programs can also be used to screen new system concepts, compare
alternative designs, resolve specific dynamic problems, and perform design trade-off studies of
system components. However, additional development of computer programs is needed, as
outlined below.

1. For electromagnetic problems, no programs are available that can deal with AC
steady-state machines associated with moving conductors. Only one company
(Vector Fields, Inc.) has provided the velocity option that can be used to solve
moving conductor problems* under steady-state conditions. However, to aw)id
significant errors, there is a limitation to this velocity option, in that the mesh
size should be of the order ot"

where o is the conductivity, bt is the permeability, and V is the velocity.
Therefore, wt cannot obtain gcxxt results when the speed of the vehicle is high,
unless the n,.'sh size is very small. In addition, when a system involves relative
motions with space and tivne dependence, the finite element method requires
extensive computation time in order to obtain the force-speed or force-time
characteristics. Therefore, in order to simulate high-speed maglev systems,
there are two suggestions:

(a) Dynamic circuit theory may be applied to maglev research (for details, see
Appendix B; also see l-le, Rote, and CoftEy 1991). lt can overcome some
of the limitations of the finite element methc×t and can be used to perforrn
three-dimensional electromagnetic analysis ot: maglev systems. With
dynamic circuit theory, it is easy to obtain the force-speed or force-time
characteristics, lt is particularly suitable for the simulation of the loop-
shaped coil guideway, the figure-eight-shaped null-flux coil guideway, and
the EDS non-sine-wave propulsion system. However, this method
generally computes the forces directly. The field and eddy current
distributions are generally not produced as intermediate results that are
available as output.

*Undera Slmcialagreementwith VectorFields, lhc,, membersof ANl_,staff are currenllyc,wlltmtingthis code t'c_r
maglevapplicationsinvolvingmovingconductors.
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(b) Because tile finite element method has an inherent disadvantage for
simulating high-speed motion of tile conductors, tile boundary element
method may serve as an alternative. In the boundary element methcxt, tile
mesh size is not critical, and it may aw)id large errors due to the high speed
of the conductors, Unfortunately, existing commercial software that uses
the boundary element methc×t does not contain the speed option, tlence,
tile results of this survey indic,atc that further efforts in comptntational tcx)l
developrnent will be required before it will t_ tx_ssible to solve a wlriety oi'
maglev problems inw)lving magnetic Rwce and moving conductors.

2. For mechanical problems, the t'ollowitlg suggestions are made:

(a) Ali ride-quality criteria have their limitations, and their applicability to high-
speed maglev systems remains to be determined. Ride quality tbr maglev
systems will _ an important subject for further study. Once an appropriate
ride-quality criterion is developed, it can be readily incorporated into the
computer codes for vehicle dynamics. For example, Eq. 9 can be used to
calculate tile ride index along the guideway according to the composite
model by Pepler et al. (1978).

(b) 'l'he specifications required for the development ofcomptlter codes that can
be used to simulate dynamic vehicle/guideway interactions are not well
understocx.t. Once the specifications are known, appropriate codes can be
developed to perform detailed analyses.

(c) The critical system parameters for EI)S and EMS relative to guideway costs
should be identified and sitJtlied by using seeping calculations, existing
comptJter ct>ties,orft_ture pre)grams.

(d) Very few experimental data have been gathered for a well-instrumented
vehicle-guideway system, and additic)rlal detailed data on guideways,
vehicles, stlspension forces, and motions would be valuable. The,_e data
would be useft|l for validating lhc computer programs and assessing the
performance of maglev systems.

Irl summary, the application of existing computer codes is u,,;eful tbr the development of
U.S, maglev systenls. I lowever, existing programs appear incomplete because they do not
contain ali of the necessary capabilities for the design and evaluation of various types of maglev
systems. Furthermore, tile well-documented experimental data sets needed to validate existing or
new ccxles for use in a commercial maglev system are unavailable. 'l'he development ot"computer
codes that can be used to predict lhc dynamic interactions of vehicles and guideways is important
for lhc developrnent c_t"l.J.S, maglev technc)lc)gy.
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Appendix A:

Questionnaire and Letter Used in
Survey of Computer Codes

May 9, 19!)1
Dear Colleague:

One of the tasks ANl, has been asked to perform in support of tile National Maglev
Initiative (NMI) is tc)report ()tatile status of cOn_l)Utathmalt(×)Is,

The types of comptiter codes that are of tnlczvst are lhcmethat c_lnIx; used to c()mpule:

1, Magnetic field distributions given coli ge(mac,tries, e,xcltatlcms, and relative
motion,

2, Magnetic field shMdtng,

3, l,evltaticm, guidance, drag, and l_ropulstc_nforces, eddy currctlt aral tnagt_ctic
"' "3 ' 1 'field LIISLPII.tttions for vamctlS coil ge_mmtrles, excltatlc_ns, aild relative motlotis,

,:I, l)ynamic response of magnetically levitated vellicles (llnke_l and tllllitlkecIt)to
various force transients (guideway irregulliritics, wind loads, payload shifts,
elc,), ii_cludlng the effects c)t'flexible gui¢tt_way Slm_ls,grades, curves, tunnels,
etc,, given the number and location of vnagnets, varl()us inputs (such as
magnetic force stiffness) and damping t'unctton:_ for primary and secondary
suspensicm systems, Ability to handle active suspension is also of interest,

5, Estimates of ride quality ccm.ected with itc.m 4 al_c_w',and ccmJpartscms with
various standards,

6, Aere)dynamic drag forces and noise elnissic_ns from vehicle/guldeway
configurations,

7, l'ropulsicm and power system desig, alld operating lmrametcrs, iacludi.g block
length, coil geometry, voltage, current, power, power factor, and efficiency as
a functicm of ¢)pcrating conctitic_rls, such as vehicle size, vehicle speed, and
accelerat it,n,

Please c_tnplete the attached qttesticmnairc for each COml_ttlc.rc¢_dcthat you would like to
have inclttded in the survey report, which will be ttislribute¢l to lmrllcipants in tile National Maglc,v
lllitiativc, Please kccp your answers brief,

Thank you for your assistance,

,_lncercly,

l.)cmald M, Rote 7()8/9"72-3786
l)avkl Meyer 708/972-6489
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Plcllse apply the following questions to your c(xlc which best suits the needs mcntkmed oli the
revlot!si_agt',,Civclcallimswcr,s(mm'kedwith,)whichal)lilYtoyourccxlclindtotheClUCStlonat

mntl, filling in tmswcrs where necessary, Skip any unapt)llcablc questions,

1, lJroduct ililmc'?

2, l:orinulalion _t'ctxlc: Whut t!(_s it accomplish?
, DflncnsIoil of space simulated . Two • q'hree
, Solution of differential equations using finite difft;rcnccs
• Numerical integration using quatffattlm techniqtms
. l;ilflteelements
° Other

Al)proxtnlate execution thlle tbr typical problem?. On machine?.

3, What killclsof problems can be solved? (Please use space lit bottom of page to explain)
• Electromagnetic ficlct (II' yes, dtx_s it include speed tem1, i,c, motion edcty current,)
. Vohicledynamics
. Vchiclc-Guidcway tntcractkms
• Structtit'al atlalysis
• Other ,_.

4, C(xlc,inl)ut/otitput procedures: Can f()r_.;igrldata [x_acc,cssed by the ct×lc? .Yes . No
Ii"yes, what fl)nnats arc SUplx)rtcd?

5, User Illtel'facc: • Mciltl driven • Mouse support . GI [1 • (._rai)hical ()Utl)Ut

6, l:'7)x'ttlatof ccxtc: • l;tinctic)ns • lrull soi'twarc imckagc • Library . Other
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Appendix B:

Introduction to Dynamic Circuit Theory

The dynamic circuit theory is also culled general machinery theory or the mesh-matrix
metht)d, lt can be used to perform thre,'.-dimensional electr(xtynanlic analysis of rnaglev systems,
With tile dynamic circuit theory, an electrodynamic system can be described by a set of differential
equations with space- and time-dependent circuit parameters, If plate or sheer conductors are
contained in the system, the conductors will be divided into many zones, each of which can'ies
different current, Once the lumped-circuit p_u'ameters for every conducting zone are determined, a
set of differential equations in the form of matrix is formed, After equations for the current
distributions are solved, the force acting between the system components can be known, Thus, the
performance of the system can be determined, Because the dyrmmtc circuit theory treats a set of
equations in the time domain, it is suitable for the computer simulation of an electrodynamic
system, especially for a maglev system,

A maglev system can be represented by the dynamic circuit model in which the system
energy, force, and power can be expressed in terms of circuit parameters, Consider a maglev
system in which m vehicle coils interact with n guideway coils to prcxtuce propulsion, levitation,

and guidance forces, On the basis of Kirchhoff's voltage law, the system voltage equations can be
written in matrix form:

Icl = IRlliJ + vxlG×llil + vylGylli] + vzlGzllil + _-{ILI Iii} (B,1)

where Iii and Icl are column (ro+n) matrices made up of the individual currents and w_ltages
associated with the vehicle and guideway coils, respectively; IRI is a diagonal (m+n elements)
resistance matrix; ILl is a (ro+n) by (ro+n) matrix whose elements represent either self-inductances

or mutual inductances between the vehicle coils ,'rod guideway coils; vx, Vy, a_,,dVz are the
velocities of the vehicle in the x, y, and z directions, respectively; and lGxl = dlLI/dx,

IGy] = dlLl/dy, and IGzl = d[Ll/dz. Therefore, the three force components Fx, Fy, and Fz acting
on the vehicle can lyeobtain_ from the following equations:

Fx = J-- Iii TIGxI iii (B.2)
2

l::y= .L Iii TIGyl Iii (B.3)
2

IVz= 1__lilTIG,,] Iii (I3.4)
2

The equations look very simple, The key point is how to obtain the expression of the matrix of
inductances associated with relative positions between vehicle coils and guideway coils.






