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Flux-Canceling Electrodynamic Maglev Suspension:
Part | Test Fixture Design and Modeling
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Abstract—The design and analysis of a scale-model suspensionmentations have used the electromagnetic suspension (EMS) in
test facility for magnetic levitation (maglev) is discussed. We hich electromagnets support a vehicle with attractive forces

describe techniques for the design, construction, and testing of ; ; ;
a prototype electrodynamic suspension (EDS) levitation system. fo steel guideways. While EMS may be a preferred option

The viability of future high-temperature superconducting magnet for lower speed designs, it has the fundamental disadvantage
designs for maglev has been investigated with regard to their Of requiring a small gap between the vehicle and guideway,
application to active secondary suspensions. In order to test typically less than a centimeter, and requires active control to
the viability of a new “flux-canceling” EDS suspension, a 1/5- maintain the gap. The promise of EDS is that this gap can be

scale suspension magnet and guideway was constructed. The . .
suspension was tested by using a high-speed rotating test Wheefncreased by a factor of five or more, and therefore guideway

facility with linear peripheral speed of up to 84 m/s (300 km/h). tolerances are relaxed and cost reduced.
A set of approximate design tools and scaling laws has been Another purported advantage of EDS is that it can be
developed in order to evaluate forces and critical velocities in jnherently stable and not dependent on feedback control to
the suspension. maintain a constant gap. Unfortunately, this advantage is not
Index Terms—Control systems, high-temperature supercon- as real as it appears because all EDS designs are highly
ductors, inductance, levitation, magnetic analysis, magnetic ynderdamped and, in certain cases, even unstable [11]-[18].
forces, magnetic levitation, maglev, modeling, superconducting her disadvantages of EDS are higher power requirements
coils, superconducting magnets. . ; o
for suspension, higher external magnetic fields, and the need
for a separate low speed suspension. Neverthless, prototype
I. INTRODUCTION EDS trains have been successfully operated at speeds up to
LECTRODYNAMIC magnetic suspension, called EDS50 km/h in Japan.
Emagnetic levitation (maglev) and referred to as repulsive The foremost problem for all high speed ground transporta-
maglev because it relies on repulsive magnetic forces, Hi systems is the high cost of guideway construction, but
the capability of allowing high speed transportation with His key issue is not unique to maglev. Many researchers
relatively large gap between the vehicle and guideway. &€ now convinced that if maglev technology were fully
1966 Danby and Powell [1]-[3] proposed an EDS system fégveloped it would be less expensive than a high speed train
high-speed transportation using superconducting magnets witiall installation and operating costs are compared. This is
a “null flux” suspension. Other designs were later proposg@articularly true if the maglev system can provide shorter
using continuous sheet guideways ([4]-[9], among other&)avel times which in turn attracts more users so that the capital
Subsequent researchers in the United States, Japan, Germe®st, per user is reduced. The reason for the EMS preference
United Kingdom, and Canada have developed further innovaas been its apparently lower cost because it uses a relatively
tions (such as the use of a ladder-type guideway for increasstehpler technology with fewer unknowns. German maglev
lift efficiency), but there are still a number of technicablevelopers have shown that EMS can operate successfully at
problems that need resolution. speeds over 400 km/h, so the problem is to improve EDS to the
The first recorded proposal for an attractive magnetic symint that, for high speed travel, it has substantial advantages
pension was by Graeminger [10] in 1911 with a U-shapesther than that of a larger gap.
electromagnet carried on a vehicle suspended below an irofWe believe that a successful EDS design must face squarely
rail with feedback maintained by sensing a mechanical tie following problems.

pressure sensor. To date the only commercial maglev imple~ The cost of manufacturing and installing suspension and
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Fig. 1. Flux-canceling maglev topology. Top: train at null position, no
induced currents. Middle: train above null position. Currents are induced,
creating a restoring force. Bottom: magnetic spring constant.

« It is highly desirable to eliminate the need for a separate
low speed suspension system because this adds to the cost,
weight, and complexity of both the vehicle and guideway.

« Any superconducting vehicle magnets must be able to
operate reliably in a hostile transportation environment.

This and a companion paper in thesRARSACTIONS report
the latest results of MIT research to develop an improved EDS
design that addresses all of these issues.

Il. MAGLEV TEST FIXTURE DESIGN

This section describes the design and modeling of the
multiple-loop guideway and development of circuit models
to predict behavior of a novel maglev system based on a
high-temperature superconducting coils. This so-called “flux-
canceling” EDS maglev suspension achieves high efficiency
for suspension and guidance in addition to rapid attenuation
of magnetic flux with distance [19], [20] by utilizing an iron
core and superconducting octapoles. In order to test these
concepts, a 1/5-scale suspension magnet using copper coils
and guideway embedded in a high-speed rotating test wheel
was constructed. Details of the test fixture design and analysis
are given in several papers and a Ph.D. dissertation by one of
the authors [21]-[24]. - A\ >

A. Flux-Canceling Geometry

d
The guideway is composed of multiple conductive copper @

coils arranged vertically, and the train magnets are arrand:é% 2. Detail of magnet design. (a) Side view of linearized iron-core magnet
ith copper coils. (b) Rear view of dual-row magnet. (c) Iron-core suspension

in a dual-row north-south-north-south (N-S-N-S) arrangemegkgnet, mounted to multi-axis force sensor, showing capacitive position
(Fig. 1). When the train is in the vertical null position asensors. (d) Core laminations.
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Fig. 3. Flux-canceling maglev electrical wiring. (a) Magnet wiring for flux-canceling maglev. (b) Results of finite element andlysis; 2200
Ampere-turns per coil.

z = z, and traveling in thety direction, there is no net flux coils is shown Fig. 2. The magnet core is constructed with
through the levitating coils and no net current induced arouteser-cut laminations of 0.9 mm thick M19 transformer steel.
the loop. However, if the train’s vertical position deviategight copper coils were wound with 18 gauge copper magnet
from equilibrium, the net changing flux through the loogvire on an arbor with the same geometry as the magnet
induces currents in the loop. This creates a restoring for@mlefaces. The final copper coil design had 550 turns in
with the magnetic suspension acting as a linear spring withwinding window of 5 cmx 2 cm. The design limit of
spring constank.. The suspension has a resulting resonatiie copper coils is 8 amps in still air (with current density
frequency\/k./M wherek_ is the magnetic spring constant/ ~ 1000 A/cm?) and 20 amps when operating in the liquid
and M is the total suspended mass. There is no inheretitrogen bath(.J ~ 2500 A/cm?). The measured resistance of
damping mechanism intrinsic to EDS suspensions other thesich coil is 3.4 at 300 K and 0.442) when cooled to 77
aerodynamic drag. K, corresponding to a maximum copper power dissipation per
coil of ~200 watts.

The magnet is mounted to a multi-axis force sensor which
allows real-time measurement of forces and moments. The

The suspension magnet in the test facility has a pole pitchre laminations were sized by considering the power dissipa-
p = 0.126 m. A linearized view of the magnet with coppetrtion per unit length in a section of the core made upN\of

B. Suspension Magnet Design
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Fig. 5. Guideway geometry and modeling. (a) Linearized geometry of guide-
way coils. (b) Broken up into individual coils (exploded view). (c) Rim.

The magnets were designed so that the top row of coils
are operated in a N-S-N-S arrangement [Fig. 3(a)], while the
bottom row is offset by one half cycle. The resultant magnet
behaves as a magnetic octapole. A significant advantage of
the magnetic octapole is the rapid far-field falloff in the
field, which reduces the shielding required to maintain a low
magnetic field in the passenger cabin [20].

Finite element analyses were run on the nonlinear iron
core design [Fig. 3(b)]. The flux density normal to the guide-
way (B,) was calculated at a distance = 1 cm from
the poleface of the magnet, which is the nominal setpoint
for guideway-to-poleface setting. This analysis was checked
against measurements taken with a Gaussmeter on the magnet
operating with copper coils. The measured value at the center
of the poleface wasB, = 0.069 Tesla, which matches the
calculated value to within a few percent.

(b)
Fig. 4. Steps in maglev test wheel construction. (a) Prototype guidew%/ GUIdeway Coil and Test Wheel Mechanical Design
section showing two copper layers bolted and brazed along the edge. (b)a novel multiple—loop guideway was designed which allows

Completed test wheel mounted and ready for high-speed operation. simple and inexpensive manufacturing. The guideway conduc-

tor pattern was constructed from 0.093 in thick sheets of 1/2

laminations [Fig. 2(d)] calculated to be [25] hard #110 copper. The repeating conductor pattern was cut
dB\ 2 with a high-pressure numerically-controlled water jet cutter,
ULW?)(E) from 35 in x 12 in sections of copper [Fig. 4(a)] in a 60
P~y — 7 (1) arc. In a full-scale system the guideway would probably be

1677 constructed from sheets of aluminum, but copper was easier
The power loss may be made arbitrarily small by reducing tiie use for the initial prototype.
thickness of the lamination. With a core design withs 10° It is important to note the difference between this structure
(Qm)~, Ny = 40, and expected AC fields oAB < 0.5 and a guideway made of unconnected, staggered single loops.
Tesla at frequencieg < 10 Hz, the power loss in the coreThe rim connection of adjacent loops are connected electrically
is calculated to be less than a watt. through the top and bottom rims. Therefore, induced currents
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Fig. 6. Inductance modeling of circular coil with rectangular cross section. (a) Top view of disk coil. (b) Fuittfon disk coils.

are not confined to single loops, and can take multiple patleslinear peripheral test speed of 0—-84 m/s (0—300 km/h). A
This distributed guideway has a lower maglev “drag pealtfansparent coating of epoxy was used on the front face of the

velocity than unconnected multiple loops. wheel so that the copper conductor pattern is visible.
After the individual guideway sections were cut, the inner
face of the copper conductor pattern was painted with an ;1 M oDELING OF FLUX-CANCELING SUSPENSION

electrically-insulating paint. The conductor pattern was brazed . | del developed 1o d he eff
on the inner and outer radii to ensure good electrical jointsSlmpe models were developed to demonsirate the elfects

and high mechanical strength. After brazing, the eccentrici j mutual coupling between guigieway loops on the lift af‘d
of the copper ring was measured and found to be true wit ag forces and drag peak velocity. The goal of our modeling

1/16 of an inch. A precision mold was constructed, and Rfocess was to provide useful models without relying. on
composite disk of fiberglass cloth and epoxy 5/8 in thick wa%gnlflcant flnlte-el_e ment analyses and to gener ate approxmate
constructed over the copper conductors with the conduct§fSWers and scaling laws useful for engineering design.
near one surface of the disk. )

The finished test wheel was mounted to an aluminum héb LOOP-Loop Interactions
with a 3 in diameter shaft, shown mounted and ready for The linearized infinite ladder guideway [Fig. 5(a)] may
operation in Fig. 4(b). A 10-HP motor and computer contrdde broken up into individual loops [Fig. 5(b)] and a rim
allows adjustment of the wheel speed from 0—1000 RPM, wifRig. 5(c)]. A very simplified view of the infinite guideway
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0.51 cm TABLE |

COMPARISON OF CALCULATIONS ON ColL GEOMETRIES
— 0.28 cm

Measured inductance |Grover Calculation Finite Element Analysis
@ 10 kHz (using circular disk coil)(using actual guideway
coil geometry)

259 nH 276 nH (see above) |280 nH

10 cm

B. Approximate Inductance Matrix

Known solutions exist for the calculation of the inductance
of geometries such as disk coils and filamentary loops. A
realizable geometry for which tabulated results exist is the
round loop with rectangular cross section, with mean radius
a, axial lengthb, and widthc [Fig. 6(a)]. The self-inductance
of this loop may be calculated using techniques outlined in
the work by Grover [26, p. 94], where the inductance is found
to be

L =0.1aPF. 3)

For this calculation,a is in meters,L is in zH, and P
is a function of the coil normalized radial thicknesg2a
[Fig. 6(b)]. For a coil of zero axial thickness (i.e., fbe= 0),
the factor¥ = 1. For b <« ¢ ande¢ < « (coils resembling thin
disks) the facto” ~ 1, an important limiting case. Therefore,
for a thin disk coil with double the mean radius, there will be
() a corresponding doubling of the inductance.
Fig. 7. Coil model, showing primative coil section and disk coil used for The goal of this exercise is to approximate the complicated
Coprole eI (0t Inearzed geomety of e ol pte! Wihideway loop geometry by a geometry where analytic expres-
same perimeter. sions are available. Use of the calculation for the circular disk
coil with rectangular cross section was applied to a single loop
(given for illustrative purposes only) is a three-coil mode?f the guideway. Shown in Fig. 7(a) is the actual geometry of
[Fig. 5(b)]. The relationship between loop currents and "€ guideway loop coil which spans one pole pitch: 12.6
duced loop voltage in the sinusoidal steady state is cm. The procedure for finding an approximate equivalent disk
S coil [Fig. 7(b)] is as follows:
ol kl kiQ 11213 ;1 + calculate the circumference of the coil using the mean
J 12 12 2 radius o, = 36.1 ¢m;

ki ka2 4t « find the mean radius of a circular coil which has the same

1 ory mgl (i u1 perimetera = 5.75 cm;
tR{rme 1 mp|qi2 0= Qw2 (2 « calculate the mean radial thickness of the eoit 0.39
ri3 iz 1 | Lis U3 cm;

wherew is radian frequency of the excitation caused by the ¢ find P> as a function ot/2a interpolating from [26, Table
moving superconductor coils. The self inductance of each loop 26, p. 113],P = 53.87
is L and the loop-loop mutual inductandé;; = k;;L where ¢ find F as a function ot/2a andb/c using [26, Table 24,
k;; is the loop coupling coefficient which is less than one. The  P. 108], F' = 0.9182.
effects of a shared rim on the top and bottom of the guidewayThis methodology is designed to match the self inductance
loops are modeled by the off-diagonal tergy. The voltages of the actual guideway coil with a circular coil. Results using
v; are the induced loop voltages. The natural frequencief2« = 0.0337 andb/c = 0.6082 (Table 1) show good agree-
and mode shapes of this structure can be found by assumingnt between measurements made using an actual coil, finite
single-frequency excitation (i.e., by modeling the effects @lement analysis on the coil, and the approximate calculation.
the moving suspension coil as a sinusoidal excitation) and Biis result shows the weak dependence of inductance on actual
solving the resultant Eigenvalue problem. loop shape. The measured inductance (at 10 kHz) was done
For the purposes of calculating guideway coil self andith a single loop and an impedance analyzer. The measured
mutual inductances to fill the inductance matrix, approximateductance is lower than the finite-element analysis value and
models were developed for this guideway structure. Althougheasured value due to the skin effect.
the inductances can be calculated by finite element analysisin order to calculate the mutual inductance between coils,
this method gives little insight into scaling laws. Therefordurther approximations were made by modeling the circular
several simple approximations were developed which wedésk coil considered previously by a thin filament near the
used as a practical design tool. center of the cross section of the disk. An approximate formula
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Fig. 8. Comparison of calculated (solid line) to measured guideway coil-coil mutual inductance. Mutual inductance calculation based on approxima-
tions in Butterworth.

for the calculation of the self inductance of a wire loop wawherel is a length scale associated with the horizontal length
first given by Maxwell [27, p. 345], where of the coil, ¢; is the induced current in thgh coil, andB; is
the average field acting on the induced current. The drag force
I, = uoa{ln <@) _ 2} (4) is found by evaluating the power dissipated in the guideway
v coils, or

wherea is the radius of the loop in meters andk the radius of 15,
the wire. A paper by Lyle in 1913 [28] shows that the filament (fy(v))y = M (6)
approximation will give the self inductance of any circular coil j=1 2fw
with rectangular cross section to any degree of accuracy when
the mean coil radius is substituted farand the geometric wherew is linear velocity andR is the loop resistance.
mean distance (G.M.D.) is substituted far The values of
mean radius and G.M.D. are adjusted depending on the mean
radius and the cross-section profile of the coil. The same IV. CONCLUSIONS
reasoning can be applied to find the mutual inductance betweeThe design and modeling process of a 1/5-scale “flux-
filamentary loops, as in the early papers by Butterworth amdnceling” maglev suspension has been described in this paper.
Campbell [29]-[31]. The rotating test wheel facility has been used to measure EDS
Using these approximation methods, the resultant self afudices at various train speeds with test wheel operating speed
mutual inductances were found (Fig. 8) and used to fill a«15 up to 300 km/h. A set of simple techniques and models for
15 inductance matrix. The self and mutual resistances for thealysis of the guideway geometry has been developed. Using
15 loops was calculated and the resistance matrix was fillegbproximate techniques, these models are used to predict
This simplified calculation is compared to measurements maaecurately the resultant maglev lift and drag forces as a
with actual discrete guideway coils. These matrices were udedction of train speed. Test results are given in a companion
to calculated forces, dominant time constants, and the diaaper in these FANSACTIONS
peak velocity with results described later in a companion paper
in these RANSACTIONS
Once the inductance and resistance matrices are found and
solved, the vectors corresponding to loop currents are used td e authors gratefully acknowledge the support of the
calculate lift and drag forces. Lift force is found by Laboratory for Electromagnetic and Electronic Systems and
the Center for Transportation Studies at the Massachusetts
;& Institute of Technology, the U.S. Department of Transportation
{(fo(W)) =35 >~ Refi;(jw) B} (jw)} (5) under the Federal Railway Administration, and the Charles
j=1 Stark Draper Laboratory, who provided research support.
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